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EXECUTIVE SUMMARY
VOLUMES 1 -4

VOLUME 1: PROGRAM SUMMARY

Rollover is one of the most significant factordigavy truck accidents on America’s
roadways. Accidents involving heavy trucks caruperaffic for hours, and do serious
damage to roads and related infrastructure. Retloxashes account for 14% of fatal and
9% of injury crashes, with approximately one hia# truck drivers killed each year

losing their lives in rollovers.

As part of the Department of Transportation's ligeht Vehicle Initiative, Freightliner
LLC was awarded a Cooperative Agreement in 199 thiree-year test of a Roll
Advisor and Control System. The overall projeaeagnent included 4 main topics: The
development and analysis oRall Advisor and Control SystefRA&C) was primary,

and directly related to it was the development dfiger interface. A second, and
separate system was included on the vehicles taaeacurrentane Guidance
technology. Separate studies were conducted, tistngame Global Positioning Satellite
data collected for Roll Advisor, to develop andmef3D Road Mappingechniques, and
this led to the evaluation of the effectivenesa pfredictiveRoll Warningtechnology.

For the field test, Freightliner partnered with D&rChrysler Research and Technology
of North America, Meritor WABCO, Praxair, and thai\dersity of Michigan
Transportation Research Institute. Each partnerspacific responsibilities associated
with the various topics covered in this field test.

Meritor WABCO engineers collaborated with Daimler@ier Research and Technology
of North America and Freightliner's Department afjibeering and Technology to
develop and refine the RA & C software and hardwdteaxair was the Freightliner
customer that operated the vehicles used for adiiection during their normal business
operations from a terminal in LaPorte, Indianasash neither Meritor WABCO or
Praxair had final reporting responsibility.

Freightliner, as the prime contractor to the DOdd the overall project management
responsibility. The remaining partners each hagtigip task responsibilities and
reporting requirements; the full reports on thespective activities are included as stand-
alone Volumes II-IV of this final report. Volumeépresents a summary of the overall
project and highlights of the most relevant findiregpntained in the reports of the other
partners. Volume Il from The University of Michigd ransportation Research Institute
(UMTRYI) includes the details related to the RA&C FQehicle instrumentation, data
collection, and analysis of the system. Volumdrdm Daimler Chrysler Research &
Technology North America’s Vehicle System Techngl@gnter (VSTC) contains

details of human factors interface developmentbsead to the RA&C system,
Theoretical Rollover Warning Effectiveness, andleaton of the Lane Guidance system



performance. Volume IV is the final report fromibéer Chrysler Research &
Technology North America (RTNA) of Palo Alto, Calrhia covering the specifics of
their work regarding a technique for developing enaccurate digital maps for roadway
geometry.

VOLUME 2: FINAL REPORT

A field test was conducted for the purpose of eatahg the effectiveness of the
Freightliner/Meritor WABCO Roll Stability Advisorrad Control (RA&C) in reducing
the risk of rollover crashes. This summary introekithe RA&C system, describes the
experiment, and provides an overview of findingd escommendations.

RA&C is a system in continuing development. Thimsary, as well as the full
technical report, applies only to that versiont@ system tested in this FOT.

Roll Stability Advisor and Control—RA&C

RA&C is a composite system whose primary elemergdall Stability Advisor (RSA),
Roll Stability Control (RSC), and Hard Braking Evéretection (HBED). Each of these
systems provides advisory messages to the drigeat {driver Message Center. Advisory
messages are accompanied by an audible tone.

« RSA s an in-cab training aid that presents ansuy g e
whenever the system observes conditions judgeg
have presented a significant risk of rollover. Thejs
intent of RSA is to modify driver performance
through training; RSA is not a rollover-warning
device. Accordingly,
RSA messages are
not delivered
immediately upon
detecting a risk of
rollover but are Driver Message Center  Figure provided by Freightliner
delivered a short
time after the risk has subsided. There are tlenedds of RSA advisories.

* RSC is an active control system intended to prera@idver. When RSC detects
an exceptionally high risk of rollover, it sendsignal to the engine’s electronic
control unit to reduce engine power and, if deeaygaropriate, to apply the
engine retarder. An advisory message is deliveiraditaneously with RSC
control.

* HBED, like RSA, is a training aid that advises tliever when an unusual braking
event has been detected. There are three levelBED advisories.

The experiment

This FOT was primarily a human-factors experimatt¢mnded to determine whether or
not the introduction of RA&C could babjectivelyrelated to changes in drivers’ behavior
in negotiating turns and whether such changes egtlthe risk of rollover crashes. The
experiment was structured such that the drivere st observed operating vehicles in



a baseline condition without RA&C for approximatsix months. During this baseline
phase, RA&C was installed on the vehicle but wasastivated, nor was it evident to the
drivers.) Moreover, the drivers were not yet awarthe nature of the system to be
tested. Later, RA&C was activated, and the drivegge given an introductory briefing
on the system. Their driving behavior with RA&Csathen monitored for another six
months. Changes in driving behavior of individdabvers were evaluated and then
pooled. Other factors, which could influence driyperformance—weather, lighting
(day/night), turn severity, etc.—were monitoreddtighout the test and included in the
analyses.

The field test

The field test took place within the
naturalistic context of everyday
operations at the facilities of ?
Praxair Corporation in La Porte, Fo o .
Indiana. Six, five-axle tractor semi S, A |

trailer vehicles, each composed of [l
Freightliner Century Class, day-cal: =
tractor hauling a Praxair cryogenic &S
liquid-nitrogen semi-trailer, made
up the test fleet. Twenty-three

Praxair drivers participated; 14 remained in thuelgtfor
its entirety and became the subjects of the evaluat m:g:,“s;% Y e 2
On board the vehicles, data were collected desayithie ? '

motion, location, and operating state of the vehicl
control inputs of the driver, ambient conditionsggaof
course, the functioning of RA&C. Praxair provided
logistical data for identifying individual driverterminal ~ , &
and customer locations, and payload transfersth8gnd -
of the field test, some 25 gigabytes of data hahbe i
collected, most in the form of time histories frtme
vehicles. After creation of additional variablasaugh
post processing, the database used for analysistgre
over 60 gigabytes.

= SRR

FOT test vehicles

inonas,
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Routes of the FOT fleet
Exposure of the fleet

The field test began in Novembe \
2000, and ran through Novembe  reaive

2001. During that time data favel
were collected on approximately
770,000 kilometers and 10,000
hours of travel. As shown in the
histogram to the right, most fleet
travel was in the fully loaded or
empty condition, and most was "o Loaded
at highway speeds. About 65
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percent of travel was on freeways.

RA&C was activated in June of 2001. Total traueld and distance were split rather
evenly between the two phases of the experimerst Mther physical exposure
variables were reasonably well balanced acrosseghaih some notable exceptions.
Phase 1, as would be expected, had more traveldmieather and more in darkness.
Although the average length of a trip remained Iyesqual from phase to phase, the mix
of delivery points changed because the product ddro&individual customers changed
and because some new customers were gained andfbmetomers lost during the
test. Most importantly, the mix of drivers chandmdween phases. Some drivers left the
study altogether. Even among the drivers who @peted in both phases, the
distribution of travel between the more conseneatind the less conservative drivers
changed.

Overall turning behavior of drivers and the risk of rollover

The turning behavior of drivers was examined onbéss of two measures: lateral
acceleration at the driver’s position, which wdsetaas a measure of the driver's own
experience, and rollover ratio, which is a measdithe actual risk of rollover. (Rollover
ratio ranges from zero to one; a value of one etéE impending rollover.)

Of all the factors monitored in the test, the onnthe strongest influence on turning
performance was the driving style of the individuAlthough exact differences
depended a great deal on the specific driving mstance, it is fair to say that the
measures of turning behavior of the least conseevdtiver had roughly twice the
magnitude of those of the most conservative drivenong all the drivers in the test, the
performance of the most conservative driver stadichwarkedly from the group, while
the performance of the least conservative coulddbeer described as lying at the upper
edge of the group.

Judged in terms of the driver’s lateral-accelerag&perience, turning performance was
more conservative with loaded vehicles than witlpgmehicles, suggesting that drivers
are aware that loaded vehicles are less stabléhanthey attempt to compensate for that
lower stability with a more cautious driving styl8ubjective data gathered through
interviews and periodic surveys of the drivers supthis view. However, when judged
in terms of the actual risk of rollover, turningrfmemance wasgessconservative with
loaded vehicles. Although

0.060 1 drivers modified their turning
behavior depending on load,
0.040 | they did not fully compensate

for the reduced stability of

loaded vehicles. This

observation is in keeping
,—| with accident studies, which

0.020 +

Improvement with second condition

0.000 : B — TR . - show rollover to be far more
Leastvs. most  Full vs. Right vs. Good vs. Day vs. ||ke|y for loaded trucks.
conservative driver empty left turn bad weather night

Measured either by the

Relative strength of several influences on driver’'s own lateral-
rollover ratio in turns



acceleration experience or by the risk of rolloverning behavior was less conservative
at lower speeds. This agrees with reports initbeature showing that passenger-car
drivers also tend toward higher lateral accelenstiat lower speeds. (Most such
observations derive from contrived experimentsaathan field tests.) In this FOT, this
trend in driver behavior may have been augmentesirbgle opportunity (i.e., well
designed, high-speed roadways generally do not thféeopportunity for high-
acceleration turning) and perhaps by the driveestgption of the stabilizing influence of
off-tracking of the trailer in low-speed, tight-iad turns.

Other factors were also seen to influence turnigigalior. Turning was more
conservative in bad weather than in good, morearwasive in darkness than in daylight,
and more conservative in left turns than in riginhs. The latter probably is related to
road geometry. That is, at intersections, rightdwgenerally require tighter radii than
left turns and far more freeway ramps are to thltiihan to the left.

RA&C advisories

There were 379 advisory messages issued by the R&y&@ems during the second phase
of the FOT. Ninety percent were RSA or RSC adwesor The large majority of RSA

and RSC advisories were issued during relativehpt episodes involving just one
advisory. However, some episodes were more congldxncluded as many as five
advisories. The HBED advisories were all of a tigseied for ABS activity only, not for
rapid deceleration. In all but one case, HBED saies and RSA/C advisories occurred
in separate, isolated episodes.

Number of RA&C advisory messages
RSA-1 RSA-2 RSA-3 RSC All RSA/C HBED-1 Total
241 65 6 29 341 38 379

Although RA&C was intended to be sensitive to thialtvehicle mass and, hence, to the
prevailing roll stability of the vehicle, in thisugly RSA and RSC advisories appeared to
be issued on the basis of lateral acceleratioreal@ds a result, and because the drivers
were less conservative in driving empty vehiclegrd0 percent of RSA/C advisories
were issued under empty or nearly-empty loadingltmms. All RSC actions were in
empty vehicles. The actual acceleration threshiblaistriggered advisories were
relatively conservative for
loaded vehicles and highly

04 | %8 conservative for more stable,
2 %1 é‘% empty vehicles. Overall, 93
03 7 % 0.4

[
3

0.7

percent of RSA/C advisories

Rollover ratio

Magnitude of lateral acceleration, g

02 | 0.3 1 were issued during episodes
02 in which rollover ratio did not
*H 01 exceed 0.5. In their
0 ‘ ‘ ‘ 0 ‘ ‘ ‘ subjective evaluations, many
RSA1 RSA2 RSA3 RSC RSA1 RSA2 RSA3 RSC drivers commented that the
Type of advisory Type of advisory

RA&C did not appear to
Ranges of peak lateral acceleration and rollover itz account for loading and that

associated with RSA/C advisories in the field test such capability would



enhance the value of the system. Some drivers emad that the RA&C appeared to
be too sensitive.

RSA/C episodes were not evenly distributed acroseis. Of the 19 drivers who
participated in the second phase of the studyaweounted for 39 percent of all RSA/C
episodes; the “top” seven drivers accounted fopéigent of all episodes. On the other
hand, six of the 19 drivers had none or only ond/Spisode.

By location, RSA/C episodes tended to be concesdran freeway ramps and at
intersection turns. Two specific locations stoot dOne, a 90-degree right turn at an
intersection between major urban arterials hadpk8edes. The second, a 270-degree,
right turn on a freeway interchange ramp had 28asf@s. Five other locations had ten or
more episodes. Regarding such locations, how#usiimportant to note that (1) the
locations with the highesbuntsof episodes did not necessarily have the higtagss of
episodes (i.e., episodes per pass), and (2) losatiad high counts partly because they
had many passes widmptyvehicles.

The influence of RA&C on turning performance

As described above, RA&C is a composite systenuding RSA, RSC, and HBED
functions. The influences of RA&C on driver belavobserved in this study can only
be ascribed to thentire system. The influence of individual elements daubt be
determined objectively.

Several approaches were taken to determine if RA&Ca significant influence on
turning behavior that would reduce rollover riskhe simplest analysis examined the
change in overall turning behavior of the compagablvers from Phase 1 (without
RA&C) to Phase 2 (with RA&C). The analysis did sha small, but statistically
significant change in high-acceleration turninghesn phases that suggests a lower risk
of rollover in Phase 2. However, this analysismid rigorously account for all the
factors, other than the presence of RA&C, whichhhltave also changed with phase.
Thus, it cannot be asserted that the change oltbera® definitely the result of
introducing RA&C.

Multifactor statistical analyses were also undegtathat did account for other factors. In
addition to phase, these analyses consideredwesather, lighting, and curve severity.

In these analyses, no statistically significanatin effec(i.e., overall effect) of RA&C
could be found, but certain significanteraction effectshat suggest a positive influence
of RA&C in opportune situationsere found. For example, small but significant
reductions in rollover ratio in phase 2 (with RA&®gre found in the most severe turns
in good weather and also in the most severe tortisetright.

A separate analysis examined the change in tupenigrmance that followed soon after
RA&C advisories. Turn performance in relativelysee turns coming within a
prescribed distance following advisories was comgao performance in similar
situations before advisories. Results showedk&havior in severe turns was
significantly more conservative following advisa@je@specially within the first 250 km.



Improvement with RA&C

o ; o Overall, the results of all these
Interactive influences of RA&C :Influence of RA&C advisories i .
w ithout RA&C ! 250 km before advisory ObjeCtlve analyses were
0.010 - versus with RA&C . versus 250 km after . . -,
: decidedly mixed. (In addition to
| the positive results mentioned
0.005 | here, some statistically
significant, but negative, results
were also found.) However, the
high-severity turns  high-severity turn‘s higher-severity turns pICture seems to be genera”y
in good w eather to the right in good w eather encouraging with respect to the
Relative strength of some effects of RA&C potential of RA&C-like devices
on rollover ratio . . .
particularly since the device

0.000

studied in this FOT was not as sensitive to theadtability of the vehicle as intended,
and the drivers who participated were a rather reand experienced group.
Subjectively, the drivers appeared to embrace titigywf RA&C but, at the same time,
reported that it had only “some or little” influemontheir driving. However, they
thought the system would work well witlexperiencedirivers. Drivers found the
system to be simple to understand and indicatddhbanessages were clear, legibly
presented, and produced minimal distraction whiiamg.

Recommendations
Major recommendations based on the facts and therexces of this field operational
test are as follows.

* RA&C-like devices should be made more sensitivehe prevailing roll stability of
the vehicle and should generally be less consees#ttian was the case in this FOT.

* Future field testing of RA&C-like devices shoulatlude evaluation of the device
with feedback to drivers from their manageand the fleets studied should have
less experienced drivers and more variation inctekiand/or loading conditions.

» To the extent that an FOT is intended to resetireltriving process or to evaluate
a particular concept such as RSA, the technobagkagestudied should be less
complex than the 3-component RA&C of this FOT.

* In designing FOTSs, researchers should be veeptte to the broad range of
behavior typically exhibited across the populatdmirivers.

» Consideration should be given to further minifighe rich database that was
generated in this Federally sponsored field test.



VOLUME 3: VSTC ACTIVITIES

This volume describes the outcome of the VSTC’sigpation in the RA&C project
with regards to the three topic areas. This rejg@eparated into chapters with each
chapter being devoted exclusively to the diffefadtvidual topics.

HUMAN FACTORS ASPECTS OF THEROLL STABILITY ADVISOR &

CONTROL SYSTEM

This chapter summarizes the human factors aspactisd Roll Stability Advisor &
Control system. It describes the driver messagijtones for the Roll Stability
Advisor (RSA), the Roll Stability Control (RSC),&the Hard Braking Event Detection
(HBED) systems. Each portion of the RA&C systerda$ined and the methodology for
developing the associated Message Center texplaiard.

THEORETICAL ROLLOVER WARNING EFFECTIVENESS

In this chapter, the concept of a predictive radlowarning system is introduced. First, a
vehicle speed analysis is presented based on thed&t for the two geographical
locations that produced the most RSA advisoriegdu?hase 2, referred to as
“hotspots,” and originally identified by UMTRI. Mg a detailed dynamic analysis of
these two hotspots is performed. This is achidyedpplying multi-body dynamics
simulations to the Praxair tractor semi-trailer &amation to better understand the
physical behavior of the combination vehicle aslaglthe driver input that produced
each maneuver within the limits of the road geowelhe simulation results are then
used to produce vehicle specific and maneuver Bpelginamic rollover characteristics
that accurately capture the essential elementsiathe rollover. The intention of this
study is to answer the question: What informatgnacessary to accurately predict
combination vehicle rollover? Information gainédaugh this analysis is used to better
understand the requirements for a predictive system

Next, the concept of extending the Rollover StabAidvisor to a proactive Rollover
Warning System is described. It discusses refolts a preliminary statistical analysis

to understand the characteristics of rollover evastwell as addresses the methodology
and requirements of a Rollover Warning system.efdnstration of the predictive
rollover-warning algorithm is performed for hotspdtand 2 as a proof of concept, based
on data collected during the FOT. Finally the ¢eaploses with prospects for
deployment of a Rollover Warning System.

EVALUATION OF THE LANE GUIDANCE ™ SYSTEM

This chapter addresses the analysis of the ddtctad by the Lane Guidari®esystem

as part of Task 21 of the Field Operational T&ste goal of this investigation was to
understand the performance of the system underdiif environmental conditions such
as rain, snow, and night/daytime. Additionallye thata were used to identify

10



characteristics for potential warning scenariowels as lane change maneuvers in order
to better understand the overall system capalsiliied performance.

RESULTS

Data collected by the Praxair tractors from Noven#®®0 to June 2001 relevant to the
Lane Guidanc® system were analyzed. The results showed thatathe Guidanc#
system performed best when the driver was potgntiathe least attentive, during the
night and early morning hours with cruise controgj@ged at highway speeds, during dry
conditions.

Task 21 of the FOT required the examination ofithee Guidanc® System. This was
achieved through analyzing the Lane Guid@hestatus byte. This byte was recorded
more than one million times on average, thus piogidtatistically valid data.

The general conclusion of the analysis regardiegotrformance of the Lane Guidaftte
system is that the system performed best whenrtherdvas potentially at the least
attentive, during the night and early morning howith cruise control engaged at
highway speeds, during dry conditions.

The Lane Guidance™ System was evaluated based on:
* Overall Lane Tracking Performance
» Performance Dependent Upon Time of Day (Daylight)
» Performance Dependent Upon Weather Conditions
* Performance Dependent Upon Vehicle Speed
» Performance Dependent Upon Use of Cruise Control
* Performance During Lane Change Maneuvers
* Warning Situation Performance (no system feedbaak made to the driver
during the FOT)

The general characteristics of the system were:
* The system performed better at night than duriegdiy
* The system performed better at highway speeds
» The system performed best during cruise controtaifmm when the vehicle
speed was greater than 90 kilometers per hour

General results of the analysis:

1. The average tracking performance of the Lanel&@we™ system was 83.12% of
vehicle operation.

2. Performance increased at night as much as &R#tve to day, with an average
night increase of about 4.6%.

3. Weather conditions affected tracking performance
a. Dry Condition (Wiper Off, Temp > 0°C) ~ 85%
b. Wet Condition (Wiper On, Temp > 0°C) ~ 81%
c. Slush Condition (Wiper On, 0°C > Temp > -2°CY1%
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d. Slush Condition (Wiper On, Temp < -2°C) ~ 66%

4. Vehicle speed affected tracking performance:

» Best tracking performance (96.3%) occurred for elehspeeds in the
range of 80 to 100 kph
» Combination of all operating speeds greater thakpdOyielded 87.2%

5. Cruise control tracking performance:

* When vehicle was operating at speeds greater th&p!9, the cruise control
was engaged 87.9% of the time

* When cruise control was engaged and the vehiclenaasling at speeds
greater than 90 kph, the tracking performance was peak of 96.9%

6. Potential warning situations (no feedback teetrduring FOT):

* Based on a daily average, over two times more wgrsituations (potential lane
departures) were identified at night compared tandLthe day and nearly three
times more warning situations were identified ia tkery early morning hours
compared to during the day

VOLUME 4: RoAD GEOMETRY REPORT

The IVI-RSA (Intelligent Vehicle Initiative-RolloweStability Advisor) project is
designed to evaluate and extend measures to rédekerollover. Current technology
includes a box that measures a “rollover” scordenvitruck rounds a curve, and
communicates that score to the driver. The neheescore to 100, the closer the truck
came to tipping over. The intention is that theelrwill learn to correct his own
behavior when he sees examples of dangerous driving

In this project, data was collected from many ttipgest this hypothesis and to improve
the technology. One improvement would warn theadrahead of the curve if the
situation is dangerous, and possibly automaticatiw the truck. This improvement
requires a prediction of the rollover score withimtérvention, which in turn requires an
accurate estimate of the radius of curvature.hAtDaimlerChrysler Palo Alto research
lab, there is an active research program to creghdy accurate maps with curvature
from large collections of less accurate positiortnages.

This report described techniques and results fatorg precision maps of roadways
from uncoordinated data collection vehicles. Fiea maps are required for many
advanced driver assistance systems, in order todealetailed insight on current and
upcoming situations. One curvature is particulariportant for rollover warning, as
detailed in the report.
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1.0 BACKGROUND

Rollover is one of the most significant factordigavy truck accidents on America’s
roadways. Accidents involving heavy trucks caruperaffic for hours, and do serious
damage to roads and related infrastructure. Retlokashes account for 14% of fatal and
9% of injury crashes, with approximately one hia# truck drivers killed each year

losing their lives in rollovers

FIGURE 1: HEAVY TRUCK ROLLOVER ACCIDENT

As part of the Department of Transportation's ligeht Vehicle Initiative, Freightliner
LLC was awarded a Cooperative Agreement in 199@ fibwee-year test of a Roll
Advisor and Control System. The overall projeaeagent included 4 main topics: The
development and analysis oRall Advisor and Control SystefRA&C) was primary,

and directly related to it was the development dfiger interface. A second, and
separate system was included on the vehicles toaeacurrent.ane Guidance
technology. Separate studies were conducted, tisengame Global Positioning Satellite
data collected for Roll Advisor, to develop andnmef3D Road Mappingechniques, and
this led to the evaluation of the effectivenesa pfredictiveRoll Warningtechnology.

2.0 INTRODUCTION

For the field test, Freightliner partnered with D&rChrysler Research and Technology
of North America, Meritor WABCO, Praxair, and thai\dersity of Michigan
Transportation Research Institute (UMTRI). Eactirg had specific responsibilities
associated with the various topics covered infibld test.

Meritor WABCO engineers collaborated with Daimler@ier Research and Technology
of North America and Freightliner's Department afyiheering and Technology to

! Winkler, C.B.; Bogard, S.E.; Ervin, R.D.; Horsman; Blower, D.; Mink, C.; Karamihas, S. 1993.
Evaluation of innovative converter dollies. Finaport. Michigan University, Ann Arbor, Transportat
Research Institute. Sponsor: Federal Highway Adiration, Washington, D.C. Report No. UMTRI-93-
41-1/FHWA/MC-94/019 (3 volumes).



develop and refine the RA & C software and hardwdteaxair was the Freightliner
customer that operated the vehicles used for adliaction during their normal business
operations from a terminal in LaPorte, Indianasash neither Meritor WABCO or
Praxair had final reporting responsibility.

Freightliner, as the prime contractor to U.S. D®ad the overall project management
responsibility. The remaining partners each hamti§ip task responsibilities and
reporting requirements; the full reports on thespective activities are included as stand-
alone Volumes II-1V of this final report. Volumeépresents a summary of the overall
project and highlights of the most relevant findirggpntained in the reports of the other
partners. Volume Il from UMTRI includes the desaiélated to the RA&C FOT, vehicle
instrumentation, data collection, and analysishefgystem. Volume Il from Daimler
Chrysler Research & Technology North America’s \é&hiSystem Technology Center
(VSTC) contains details of Human Factors interfdeeelopment as related to the RA&C
system, Theoretical Rollover Warning Effectivenesg] evaluation of the Lane
Guidance system performance. Volume IV is thel fieport from Daimler Chrysler
Research & Technology North America (RTNA) of PAlw, California covering the
specifics of their work regarding a technique feveloping more accurate digital maps
for roadway geometry.

3.0 ROLL ADVISOR AND CONTROL

(Reference Volume Il for details)
RA&C is a composite system whose primary elemer@$all Stability Advisor
(RSA), Roll Stability Control (RSC), and Hard BragiEvent Detection (HBED). Each
of these systems provides advisory messages tiritre via a Driver Message Center.
Advisory messages are accompanied by an audibée ton

RSA is an in-cab training aid that presents ansamyimessage to the driver whenever
the system observes conditions judged to have miex@ significant risk of rollover.

The intent of RSA is to modify driver performanbedugh training; RSA is not a
rollover-warning device. Accordingly, RSA messages not delivered immediately
upon detecting a risk of rollover but are deliveaeshort time after the risk has subsided.
There are three levels of RSA advisories.

RSC is an active control system intended to prek@didver. When RSC detects an
exceptionally high risk of rollover, it sends argjto the engine’s electronic control unit
to reduce engine power and, if deemed approptatgply the engine retarder. An
advisory message is delivered simultaneously wBICRontrol.

HBED, like RSA, is a training aid that advises thiver when an unusual braking event
has been detected. There are three levels of HBREi3ories.

As described above, RA&C is a composite systenuding RSA, RSC, and HBED
functions. The influences of RA&C on driver bel@avbbserved in this study can only
be ascribed to thentiresystem. A separate analysis on trip and leg padiace data,
examined the change in turning performance th&vi@d soon after RA&C advisories.
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Turn performance in relatively severe turns comvimitpin a prescribed distance
following advisories was compared to performancsimilar situations before advisories.

The primary intent for the FOT was to answer if@lRdvisory System can influence
driver behavior and reduce rollover accidents gagmxed in the previous section. The
Freightliner Roll Advisor and Control system utdthe network of ABS sensors
installed on the truck wheels, each sending dathedelectronic Control Unit mounted
on the tractor frame rail. Accelerometers in tli@ Eneasure lateral acceleration of the
truck, and proprietary software estimates the \lelmass and center of gravity, then
compares this information with pre-defined tesadatdetermine when a rollover would
occur. If a potentially hazardous maneuver isaetk the system alerts the driver by
sounding an audible tone in the cab, and baseldelevtel of rollover risk detected, one
of three predetermined messages suggesting aispeditiction in speed is displayed on
Freightliner's proprietary Driver Message Centeated in the center of the dash. At the
highest level of risk where rollover is imminertetcontrol feature of the system
activates the engine brake, and interrupts fuel tlm reduce the vehicle’s speed.

Six, five-axle tractor-trailer vehicles, each catisig of a Freightliner Century Class day-
cab tractor hauling a Praxair cryogenic, liquid-ogien semi trailer, made up the test fleet
as shown in Figure 2.

FIGURE 2: FREIGHTLINER CENTURY CLASS S/IT

e =

Praxair took delivery of the six specially equipgaéightliner Century Class S/T tractors
in September of 2000. The tractors were put iatular service, delivering products
from Praxair's terminal in LaPorte, Indiana to oansérs in Indiana, Michigan, and

lllinois as shown in Figure 3.
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FIGURE 3: ROUTES
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The field test began in November 2000, and raruiindNovember 2001. During that
time data was collected on approximately 770,00fhketers and 10,000 hours of travel.
Most fleet travel was in the fully loaded or empbndition, and most was at highway
speeds. About 65 percent of the travel was omags.

The University of Michigan's Transportation Resadrstitute, (UMTRI), oversaw the
collection and analysis of data during the fiel@@ional test. Prior to the field test,
UMTRI conducted a series of controlled tests piajilthe system's operation to establish
a "baseline" against which field test data wouladcbmpared. Full vehicle maneuvers on
a closed test track were conducted to profile yiséesn software, and full vehicle tilt

table tests were performed to determine the rotlttweshold of the combination
vehicles. UMTRI also designed, fabricated, anthiied the test instrumentation. On
board the vehicles, data was collected descrilliagriotion, location, and operating state
of the vehicle, control inputs of the driver, amitieonditions, and the functioning of the
Roll Advisor and Control System. Throughout the whases of the FOT, UMTRI
conducted driver interviews to assess attitudestdw system like this, and determined
whether drivers perceived benefits of the systenthay became more familiar with its
functionality.

The field operational test was designed to detegniia Roll Advisor System could
influence driver behavior and reduce rollover aenid, by communicating rollover risk
and recommending corrective action to the driveicarefully constructed human
interface with a specific messaging scheme waslopeé to communicate in a manner
that was acceptable to the drivers. Drivers falmedFreightliner Driver Message Center
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to be simple to understand and indicated that tbesages were clear, legibly presented,
and produced minimal distraction while driving.

FIGURE 4: DRIVER MESSAGE CENTER

During Phase I, the first six months of the yeagldata collection period, UMTRI
collected baseline data of driver and system perdoice, with no advisories displayed to
the driver. The turning behavior of drivers waamined on the basis of two measures:
lateral acceleration at the driver’s position, Wwiveas taken as a measure of the driver's
own experience, and rollover ratio, which is a nmea®f the actual risk of rollover.
Rollover ratio ranges from zero to one hundred gr@rc A value of one hundred percent
indicates impending rollover.

The advisor display functions were activated inggh2 of the test, and data was collected
for an additional 6 months. There were 379 adyisoessages issued by the RA&C
Systems during the second phase of the FOT. Sade TaRoll Advisory & Control
Events.

TABLE 1: ROLL ADVISORY & CONTROL EVENTS

RSA Level 1 241
RSA Level 2 65
RSA Level 3 5
RSC 29
Total RSA/C 341
HBED 38

TOTAL 379

The 294 RSA/C episodes were not evenly distribatadng the drivers. RA&C
advisories and control actions were strongly asgediwith a few individual drivers.
Two of the 19 drivers who participated in Phase@anted for 39 percent of all the
RSA/C episodes (including 43 percent of all RSA/€ssages) but only 12 percent of
Phase 2 travel. The top driver had 69 episodestensgecond highest had 45 episodes.
Five other drivers experienced from 19 to 23 epesoech. These top 7 drivers
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accounted for 75% of all the episodes. On therdthad, six drivers had none or only
one RSA/C episode. See Table 2, RA&C AdvisorieDRyer.

TABLE 2: RA&C ADVISORIES BY DRIVER

Driver % of Episodes

Top 2 drivers

39%

Top 7 drivers

75%

6 drivers

0to 0.3%

Table 3, RA& C Episode Counts by Type of Curve shitlve episode counts and
classifications of curves, which took place. Arm ba seen from Table 3, RA&C
episodes were concentrated on freeway ramps amdéution turns. Two locations
referred to as hotspots stood out: 90-degree tightintersection and 270-degree right
turn freeway onramp. Five others had 10 or moreoeies.

TABLE 3: RA&C EPISODE COUNTS BY TYPE OF CURVE

Counts of episodes in:

curves curves all curves
Curve with = 1 with 1 with
type  Description episode episode  episodes
1 Freeway on-ramp 4 13 17
2 Freeway on-ramp, 270 deg 48 4 52
3 Freeway off-ramp 5 8 13
A Freeway off-ramp, 270deg 2 2 4
5 Freeway connector ramp 11 2 13
B Highway intersection 18 3 21
7 Urban intersection 23 25 48
_._.8_____Intersection onto or off of freewayramp ____ 32 L 48
g Curve in urban street 28 14 42
10 Urban street on-ramp 3 a 3
11 Highway on-ramp 2 1 3
A2 Curveinhighway ] 12 15 .
13 Construction lane shift 2 a 2
14 Highway turn to Praxair lot 7 2 9
15 Parking lot 0 2 2

The two locations that stood out were referredstb@spots: Figure 5, Hotspot #1

Location of greatest number of RA&C episodes Gargiue West to Cline Ave. North,
Gary, IN and Figure 6, Hotspot #2 Location of 2melagest number of RA&C episodes
on ramp from US 31 North to I-80 West near SouthdBeN.
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FIGURE 5: HOTSPOT #1
LOCATION GARY AVENUE WEST TO CLINE AVE NORTH, GARY, IN

" Hwy 912 ﬂ'

FIGURE 6: HOTSPOT #2
LOCATION US 31 NORTH TO 1-80 WEST NEAR SOUTH BEND, IN

Judged in terms of the driver’s lateral acceleratigperience, turning performance was
more conservative with loaded vehicles than witlpgmehicles, suggesting that drivers
are aware that loaded vehicles are less stabléhanthey attempt to compensate for that
lower stability with a more cautious driving styl8ubjective data gathered through
interviews and periodic surveys of the drivers surpthis view.

The simplest analysis of the data examined thegghanoverall turning behavior of the
comparable drivers from Phase 1 (without RA&C ae}tito Phase 2 (with RA&C active).
The analysis did show a small, but statisticalgyngicant change in high-acceleration
turning between phases that suggests a lower fisklover in Phase 2. However, this
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analysis may not have accounted for all the factateer than the presence of Roll
Advisor and Control, which might have also changetiveen phase 1 & 2.

For these reasons, multi-factor statistical analysere also undertaken that did account
for other factors. In addition to phase, thesdysea considered load, weather, lighting,
and curve severity. In these analyses, no stalbtisignificant main effect (i.e., overall
effect) of RA&C could be found, but certain signént interaction effecthat suggest a
positive influence of RA&C in opportune situationsre found. For example, small but
significant reductions in rollover ratio in Phaséath RA&C) were found in the most
severe turns where weather was clear and, therefora factor, and also in the most
acute turns, found to be to the right.

A separate analysis examined the change in tupenigrmance that followed soon after
RA&C advisories. Turning performance in relativeBvere turns coming within a
prescribed distance following advisories was comgao performance in similar
situations before advisories. Results showeddehavior in severe turns was
significantly more conservative following advis@j@specially within the first 250 km.

In other words, a simple analysis comparing drbaravior in the two phases showed a
slightly lower risk of rollover when advisor ales®re activated during phase Il. More
complex analyses showed less risk in the most sauens, with significantly more
conservative turning behavior within the first 26@ following an advisory alert.

4.0 LANE GUIDANCE SYSTEM

(Reference Volume Il for details)
Beyond the primary Roll Advisor and Control aspafcthe field operational test, the
project also gathered large quantities of datatbardechnology. Single incident road
departure incidents represent the most serioub pradlem based upon National
Highway Accident Data Analysis (source: U.S. DOMany are fatigue related
accidents. For Car/Truck fatal accidents, 19%catesed by a car failing to stay in its
lane and 11% are caused by a truck failing to istag lane (source: Center for National
Truck Statistics — UMTRI).

Test vehicles were also equipped with a Lane Guel@ystem, which is designed to
reduce road departure incidents, and utilize a cameunted behind the windshield.
This camera “reads” the lane markers, and can alériver with a tone if the vehicle
begins to leave the lane unintentionally. Durinig #OT, the Lane Guidance was not
visible to the operator of the truck and tone-disdln order to collect data on the system
to evaluate its effectiveness of tracking lane nmgk during different conditions.

FIGURE 7: LANE GUIDANCE SYSTEM
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Taking the tracking performance data of tractotsvben February 1, 2001 and May 18,
2001, the overall tracking performance was 83%acHKing performance is defined as the
percentage of the time the system recognizes'tfiaeks”) either a left or right-hand lane
marker. Above 60 kph tracking was 87%. Best tiragloccurred from 80 to 100 kph at
96%. Tracking peaked at 97% with cruise controbod speeds greater than 90 kph.
The system tracked lane markers slightly betteigiit than during the day. The result
of this performance evaluation showed that the lgandance system performs best
when the driver is potentially least attentive,idgrthe night and early morning hours
with cruise control engaged at highway speedsdamichg dry conditions. For more
detail see Volume lll, Section 4.4, Performancel&aigon.

5.0 ROAD GEOMETRY MAPPING

(Reference Volume IV for details)
Data was also collected to facilitate more detaBBdroad mapping, techniques with the
ultimate goal of a predictive roll warning and adenmce system. Such predictive
technologies could warn a driver prior to a cufvibe situation is dangerous and ideally
slow down the truck in advance. Future safetyiappbns such as this will require
detailed foreknowledge of the road ahead. Cureagnadient, super elevation, and
typical speeds are critical parameters that cumanitgation systems do not provide. The
DaimlerChrysler Research and Technology Centerla RlIto, CA builds precise maps
with these parameters from large quantities of @lplositioning satellite data.
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FIGURE 8: 3-D MAP OF HOTSPOT #1: LOCATION OF GREATE ST NUMBER
OF RA&C EPISODES: GARY AVENUE WEST TO CLINE AVENUE NORTH,
GARY, IN

Road mapping/geometry used FOT data to refine peeseand algorithms to create
highly accurate 3D maps from large collectionsestlaccurate positioning data. Maps
can have errors up to 15 meters with Driving eroanstributing typically 10-30
centimeters on maps. The maps can calculate dequaition to within a few
centimeters. Road mapping/geometry analysis ircludehicle speed analysis, detailed
analysis of two FOT “hotspots”, Multi-body dynansicnulations of a tractor-trailer, and
demonstrations of a predictive algorithm base upOi data (both three dimensional
road map data and driver performance).

Road maps were generated to within one-centimetrracy from FOT data. It may be
possible to project speed and lateral acceleratiinas few as ten passes. Rollover
prediction ten seconds in advance was demonstwatkd33 second accuracy when
compared to an actual event recorded during the. HOWas determined that it is
possible to provide enough advance warning to agtaidjerous situations. Better
prediction may be possible with more sophisticaediel refinements.

6.0 ROLL WARNING EFFECTIVENESS

(Reference Volume Il for details)
The intention of Rollover Warning Effectiveness viasnswer the question: What
information is necessary to accurately predict cowtion vehicle rollover? Information
gained through this analysis can be used to hetiderstand the requirements for a
predictive system. First, a vehicle speed analggmsesented based on the FOT data for
the two geographical locations that produced thetrR&A advisories during Phase |,
referred to as “hotspots,” and originally identifiey UMTRI. Then, a detailed dynamic
analysis of these two hotspots is performed. Ehéchieved by applying multi-body
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dynamics simulations to the Praxair tractor-tradembination to better understand the
physical behavior of the combination vehicle areldhiver input that produced each
maneuver within the limits of the road geometnheBimulation results are then used to
produce vehicle-specific and maneuver-specific dynaollover characteristics that
accurately capture the essential elements of vehatlover.

7.0 SUMMARY OF RESULTS

RA&C episodes were concentrated on freeway ramgsrdarsection turns. Two
locations stood out (hotspots): 90-degree right tatersection and 270-degree right turn
freeway on ramp. Furthermore, RA&C demonstratedllsinut statistically significant,
influence on the driving behavior of RA&C, with a&atance of both fleet management
and the drivers.

The FOT has demonstrated that RA&C has the aliditpodify behavior and thus, can
influence driver behavior and reduce rollover aenid; however, it cannot prevent all
rollovers, or replace good driver judgment.

The picture seems to be generally encouraging egpect to the potential of RA&C-

like devices, particularly in light of the fact ththe subject device evolved and was
improved upon during and as a result of this FOTe drivers who participated were a
rather mature and experienced group. Subjectitiedydrivers appeared to embrace the
utility of RA&C but, at the same time, reportedttitehad only “some” or “little”

influence on their driving. However, they thougjit system would work well with
inexperienced drivers. Some of the driver commesti®: system simple to understand,
messages were clear and legible, minimal distnaatioile driving, system did not
account for loading and such capability would emeavalue of system, too sensitive,
and generally encouraging potential for RA&C tedbgg.

Freightliner and Meritor WABCO have made modificatito the RA&C system outside
of the FOT. The modification improved the masswstor, thresholds for advisory and
control, and service brake activation on the tnatit@ler was added as an additional
feature to prevent rollover.

While quantitative results of Roll Advisor and Cuanitwere not overwhelmingly
dramatic, there was statistical significance oridg behavior. RA&C is currently
available on a limited basis with plans to offeg 8ystem in additional product
applications. Freightliner has built additionahiges for Praxair and other customers
with RA&C since the FOT was completed.

Best tracking performance 96.3% occurred for vehsgleeds in the range of 80 to 100
kph. The Lane Guidance system proved to be 87-&&%rate in tracking at vehicle
speeds of 60 to 100 kilometers per hour. The ¢angance system performs best when
the driver is potentially least attentive, durihg nhight and early morning hours with
cruise control engaged at highway speeds, andgldrinconditions. Lane guidance is
currently available to customers in several comimétaick applications.
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Proprietary analysis of the GPS data collectedndutie FOT resulted in three-
dimensional maps many times more accurate thaemlyravailable data. Road maps
were generated to within one-centimeter accuramy ffOT data. Furthermore, the
predictive techniques evaluated using this datapagpared to actual Roll Control
events, proved to be reliable in predicting a nloten seconds before it actually
occurred, with less than .33 of a second deviatibinus, it is possible to provide enough
advance warning to avoid dangerous situations thithtechnique. Better prediction
may be possible with more sophisticated model egfients. It may also be possible to
project speed and lateral acceleration with onmyptasses. Predictive Technologies
including advanced road mapping is still being d@wved with the anticipation of
commercial applications in the near future.

8.0 CONCLUSIONS & RECOMMENDATIONS

Federally funded field tests such as this credtaeapartnership between government and
industry helping to improve the safety and efficgief America’s transportation system.
The large volume of data collected provided thernmiation necessary for a thorough
analysis. However, this large database offers signyificant potential value for further
studies. The exponential improvement in mappirayescy and its future application in
preventive technology is just one example.

Because of the nature of the FOT methodology nacg$s evaluate the potential
benefits of the RA&C, modifications and improveneetd the systems were necessarily
not allowed. Unfortunately, this also does notwlthe opportunity within this program
to evaluate the incremental benefit from improvetseén the system. The controlled
environment does not allow for a broader scaleyaisbf the safety benefits in a greater
variety of applications. For these reasons somé-thightliner team would recommend
the following:

o Capture Praxair Management Feedback on System Yakarelate to driver
studies

o Broader scale deployment of the technology to otimeck/Trailer combinations;
other regions of country; and to a less experienceer set

o Collect and analyze additional Data in Praxair H@perations at LaPorte,
Indiana used in the FOT with system improvemenisdace.

o0 Advance the Predictive Technology for Roll Warnargl Control to On-Vehicle
Testing
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EXECUTIVE SUMMARY — VOLUME 2

A field test was conducted for the purpose of eatahg the effectiveness of the
Freightliner/Meritor WABCO Roll Stability Advisorrad Control (RA&C) in reducing
the risk of rollover crashes. This summary intrcekithe RA&C system, describes the
experiment, and provides an overview of findingd escommendations.

RA&C is a system in continuing development. Thimsary, as well as the full
technical report, applies only to that versiont@ system tested in this FOT.

Roll Stability Advisor and Control—RA&C

RA&C is a composite system whose primary elemerg$al|l Stability Advisor (RSA),
Roll Stability Control (RSC), and Hard Braking Evéretection (HBED). Each of these
systems provides advisory messages to the drige Wriver Message Center. Advisory
messages are accompanied by an audible tone.

e RSA s an in-cab training aid that present“ -
driver whenever the system observes T
conditions judged to have presented a t
significant risk of rollover. The intent of
RSA is to modify driver performance
through
training; RSA
is not a
rollover-
warning
device. Driver Message Center  Figure provided by Freightliner
Accordingly,

RSA messages are not delivered immediately upatctieg a risk of
rollover but are delivered a short time after tis& has subsided. There
are three levels of RSA advisories.

* RSC is an active control system intended to prexaidver. When RSC
detects an exceptionally high risk of rolloverséinds a signal to the
engine’s electronic control unit to reduce engiow@r and, if deemed
appropriate, to apply the engine retarder. Ansalyimessage is
delivered simultaneously with RSC control.

* HBED, like RSA, is a training aid that advises thiever when an unusual
braking event has been detected. There are twetslof HBED
advisories.

The experiment
This FOT was primarily a human-factors experimatt¢mnded to determine whether or

not the introduction of RA&C could babjectivelyrelated to changes in drivers’ behavior
in negotiating turns and whether such changes eatlthe risk of rollover crashes. The
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experiment was structured such that the drivere West observed operating vehicles in

a baseline condition without RA&C for approximatsly months. During this baseline
phase, RA&C was installed on the vehicle but wasastivated, nor was it evident to the
drivers. Moreover, the drivers were not yet awarthe nature of the system to be tested.
Later, RA&C was activated, and the drivers wereegian introductory briefing on the
system. Their driving behavior with RA&C was th@nitored for another six months.
Changes in driving behavior of individual driversn& evaluated and then pooled. Other
factors that could influence driving performance—atieer, lighting (day/night), turn
severity, etc.—were monitored throughout the tastiacluded in the analyses.

The field test

The field test took place within the
naturalistic context of everyday ’
operations at the facilities of e i .
Praxair Corporation in La Porte, [, | [
Indiana. Six, five-axle semi tractor
trailer vehicles, each composed of S .
Freightliner Century Class, day-cal™<Zs
tractor hauling a Praxair cryogenic,
liquid-nitrogen semi-trailer, made

up the test fleet. Twenty-three Praxair drivers
participated; 14 remained in the study for itsretyiand == Ry = Tt
became the subjects of the evaluation. . | Y o
On board the vehicles, data were collected desgyithie
motion, location, and operating state of the vehicl
control inputs of the driver, ambient conditionsgdaof
course, the functioning of RA&C. Praxair provided
logistical data for identifying individual driverggrminal
and customer locations, and payload transfersth8gnd
of the field test, some 25 gigabytes of data hahbe
collected, most in the form of time histories fr¢ime
vehicles. After creation of additional variablésaugh ‘ L E
post processing, the database used for analysistgre B e oo
over 60 gigabytes. Routes of the FOT fleet
Exposure of the fleet \

The field test began in Novembe  repaive

2000, and ran through Novembe !¢
2001. During that time data

were collected on approximately
770,000 kilometers and 10,000
hours of travel. As shown in the
histogram to the right, most fleet
travel was in the fully loaded or

= SR S

FOT test vehicles

Loaded

40 0 Totalmass,

Speed,kph 60 2
80 100 10 Empty

Two—dimg'nA%ionaI histogram of fleet travel by massrd speed



empty condition, and most was at highway speedsouf65 percent of travel was on
freeways.

RA&C was activated in June of 2001. Total trauele and distance were split rather
evenly between the two phases of the experimerst Mther physical exposure
variables were reasonably well balanced acrosseghagh some notable exceptions.
Phase 1, as would be expected, had more traveldmiather and more in darkness.
Although the average length of a trip remained lyesqual from phase to phase, the mix
of delivery points changed because the product ddroaindividual customers changed
and because some new customers were gained ancdfbmestomers lost during the
test. Most importantly, the mix of drivers chandmdween phases. Some drivers left the
study altogether. Even among the drivers who @peted in both phases, the
distribution of travel between the more consenatind the less conservative drivers
changed.

Overall turning behavior of drivers and the risk of rollover

The turning behavior of drivers was examined onbss of two measures: lateral
acceleration at the driver’'s position, which wdsetaas a measure of the driver's own
experience, and rollover ratio, which is a measdithe actual risk of rollover. (Rollover
ratio ranges from zero to one; a value of one etéE impending rollover.)

Of all the factors monitored in the test, the ongnthe strongest influence on turning
performance was the driving style of the individuAlthough exact differences
depended a great deal on the specific driving mistance, it is fair to say that the
measures of turning behavior of the least conseesdtiver had roughly twice the
magnitude of those of the most conservative drivenong all the drivers in the test, the
performance of the most conservative driver stadichwarkedly from the group, while
the performance of the least conservative coulddbeer described as lying at the upper
edge of the group.

Judged in terms of the driver’s lateral-accelerag&perience, turning performance was
more conservative with loaded vehicles than witlpgmehicles, suggesting that drivers
are aware that loaded vehicles are less stabléhanthey attempt to compensate for that
lower stability with a more cautious driving styl8ubjective data gathered through
interviews and periodic surveys of the drivers supthis view. However, when judged
in terms of the actual risk of rollover, turningrfmemance wasgessconservative with
loaded vehicles. Although

0.060 1 drivers modified their turning
behavior depending on load,
0.040 | they did not fully compensate

for the reduced stability of

loaded vehicles. This

observation is in keeping
,—| with accident studies, which

0.020 +

Improvement with second condition

0.000 T — 1 1 I I
Least vs. most Full vs. Right vs. Good vs. Day vs.
conservative driver empty left turn bad weather night

Relative strength of several influencé®on
rollover ratio in turns



show rollover to be far more likely for loaded tksc

Measured either by the driver's own lateral-ac@len experience or by the risk of
rollover, turning behavior was less conservativioaer speeds. This agrees with reports
in the literature showing that passenger-car dsia¢so tend toward higher lateral
accelerations at lower speeds. (Most such obsengatlerive from contrived

experiments rather than field tests.) In this F@IS trend in driver behavior may have
been augmented by simple opportunity (i.e., wedigiged, high-speed roadways
generally do not offer the opportunity for high-alaration turning) and perhaps by the
drivers’ perception of the stabilizing influenceadf-tracking of the trailer in low-speed,
tight-radius turns.

Other factors were also seen to influence turniglgalvior. Turning was more
conservative in bad weather than in good, morearwasive in darkness than in daylight,
and more conservative in left turns than in riginhs. The latter probably is related to
road geometry. That is, at intersections, rightdwgenerally require tighter radii than
left turns and far more freeway ramps are to thltiihan to the left.

RA&C advisories

There were 379 advisory messages issued by the RA&@ms during the second phase
of the FOT. Ninety percent were RSA or RSC adwsor The large majority of RSA

and RSC advisories were issued during relativehpt episodes involving just one
advisory. However, some episodes were more congidxncluded as many as five
advisories. The HBED advisories were all of a tigseied for ABS activity only, not for
rapid deceleration. In all but one case, HBED saives and RSA/C advisories occurred
in separate, isolated episodes.

Number of RA&C advisory messages
RSA-1 RSA-2 RSA-3 RSC All RSA/C HBED-1 Total
241 65 6 29 341 38 379

Although RA&C was intended to be sensitive to thialtvehicle mass and, hence, to the
prevailing roll stability of the vehicle, in thisugly RSA and RSC advisories appeared to
be issued on the basis of

lateral acceleration alone. As

04 061 a result, and because the
o 957 N é‘% drivers were less conservative
0.3 % 04 |

[
3

0.7

in driving empty vehicles,

Rollover ratio

Magnitude of lateral acceleration, g

02 | 0.3 - over 80 percent of RSA/C
0.2 advisories were issued under
>4 01 empty or nearly-empty
0 ‘ ‘ ‘ 0 ‘ ‘ ‘ loading conditions. All RSC
RSAL RSA2 RSA3 RSC RSA1 RSA2 RsA3 RsC  gctions were in empty
Type of advisory Type of advisory

vehicles. The actual
Ranges of peak lateral acceleration and rollover itz acceleration thresholds that

associated with RSA/C advisories in the field test triggered advisories were
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relatively conservative for loaded vehicles andchhigonservative for more stable,
empty vehicles. Overall, 93 percent of RSA/C aoives were issued during episodes in
which rollover ratio did not exceed 0.5. In thailbjective evaluations, many drivers
commented that the RA&C did not appear to accoamiolading and that such capability
would enhance the value of the system. Some drs@mmented that the RA&C
appeared to be too sensitive.

RSA/C episodes were not evenly distributed acraseis. Of the 19 drivers who
participated in the second phase of the studyaweounted for 39 percent of all RSA/C
episodes; the “top” seven drivers accounted fopétsent of all episodes. On the other
hand, six of the 19 drivers had none or only on&RSepisode.

By location, RSA/C episodes tended to be concezdran freeway ramps and at
intersection turns. Two specific locations stootl cOne, a 90-degree right turn at an
intersection between major urban arterials hadpk8edes. The second, a 270-degree,
right turn on a freeway interchange ramp had 28c@s. Five other locations had ten or
more episodes. Regarding such locations, how#usiimportant to note that (1) the
locations with the highesbuntsof episodes did not necessarily have the higtagss of
episodes (i.e., episodes per pass), and (2) losatiad high counts partly because they
had many passes widmptyvehicles.

The influence of RA&C on turning performance

As described above, RA&C is a composite systenuding RSA, RSC, and HBED
functions. The influences of RA&C on driver belavobserved in this study can only
be ascribed to thentire system. The influence of individual elements daubt be
determined objectively.

Several approaches were taken to determine if RA&E€a significant influence on
turning behavior that would reduce rollover riskhe simplest analysis examined the
change in overall turning behavior of the compagablvers from phase 1 (without
RA&C) to Phase 2 (with RA&C). The analysis did sha small, but statistically
significant change in high-acceleration turninghesn phases that suggests a lower risk
of rollover in Phase 2. However, this analysismid rigorously account for all the
factors, other than the presence of RA&C, whichhtlgave also changed with phase.
Thus, it cannot be asserted that the change oltbera® definitely the result of
introducing RA&C.

Multifactor statistical analyses were also undegtathat did account for other factors. In
addition to phase, these analyses consideredwesather, lighting, and curve severity.

In these analyses, no statistically significanatin effec(i.e., overall effect) of RA&C
could be found, but certain significanteraction effectshat suggest a positive influence
of RA&C in opportune situationsere found. For example, small but significant
reductions in rollover ratio in phase 2 (with RA&®#gre found in the most severe turns
in good weather and also in the most severe tortisetright.
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A separate analysis examined the change in tupenigrmance that followed soon after
RA&C advisories. Turn performance in relativelysee turns coming within a
prescribed distance following advisories was comgao performance in similar
situations before advisories. Results showeddehavior in severe turns was
significantly more conservative following advisa@j@specially within the first 250 km.

Interactive influences of RA&C Influence of RA&C advisories

without RA&C ! 250 km before advisory Overall, the results of all these
0.010 =~ versus with RA&C . versus 250 km after . .
: objective analyses were
| decidedly mixed. (In addition to
0.005 the positive results mentioned
‘ here, some statistically
significant, but negative, results
. ; . T pm— ‘ were also found.) However, the
high-severity turns  high-severity turns higher-severity turns
in good w eather to the right in good w eather picture seems to be genera”y
Relative strength ﬁf sometgffects of RA&C encouraging with respect to the
on roliover ratio . . .
potential of RA&C-like devices,
particularly since the device studied in this FOdswot as sensitive to the actual
stability of the vehicle as intended, and the deweho participated were a rather mature
and experienced group.

Improvement with RA&C

0.000

Subjectively, the drivers appeared to embrace tiligywf RA&C but, at the same time,
reported that it had only “some or little” influemontheir driving. However, they
thought the system would work well witexperiencedirivers. Drivers found the
system to be simple to understand and indicatddhbanessages were clear, legibly
presented, and produced minimal distraction whii&rmp.

Recommendations

Major recommendations based on the facts and therexces of this field operational
test are as follows.

* RA&C-like devices should be made more sensitivihéoprevailing roll stability
of the vehicle and should generally be less comagee than was the case in this
FOT.

* Future field testing of RA&C-like devices shouldtinde evaluation of the device
with feedback to drivers from their managers, dredfleets studied should have
less experienced drivers and more variation inatekiand/or loading conditions.

* To the extent that an FOT is intended to resedreldtiving process or to
evaluate a particular concept such as RSA, thentdohy package studied should
be less complex than the 3-component RA&C of tidg F
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* In designing FOTSs, researchers should be verytatéeto the broad range of
behavior typically exhibited across the populatdmlrivers.

» Consideration should be given to further mininghaf rich database that was
generated in this Federally sponsored field test.

The FOT provided greater understanding of potebgalefits to the safety of U.S.
highways through accelerated deployment of Rolli8oly & Control Technology. The
OEM, supplier, and customer partners in the testlyi believe the project has been a
tremendously valuable exercise. They see sigmifipatential benefits to the safety of
America’s roadways, minimizing inconvenience to ansts from rollover accidents and
the costs in terms of damage to the nation’s itunature, to say nothing of fewer
injuries and deaths.
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1.INTRODUCTION

This document constitutes Volume Il of the FinatArical Report on a Field
Operational Test (FOT) of Roll Advisor and ContfRIA&C). This FOT was conducted
under cooperative agreement DTFH61-99-X-00104tledtfIntelligent Vehicle

Initiative (IVI) Field Operational Test Program,etween Freightliner Corporation
(Freightliner) and the Federal Highway Adminiswwat{FHWA) of the U.S. Department
of Transportation (U.S. DOT). This volume was e by the University of Michigan
Transportation Research Institute (UMTRI). Pargiedicipating in this FOT along with
Freightliner and UMTRI include Praxair Corporati@traxair), Meritor WABCO, and
DaimlerChrysler Research and Technology North AcaefDaimlerChrysler).

RA&C is a safety system by Freightliner developedanjunction with Meritor
WABCO/? The broad intent of the system is to reduceitleaf vehicle rollover by
improving driver performance through in-cab adwsmessages and, when deemed
necessary, slowing the vehicle in turns throughalicontrol of engine performance.
RA&C also issues advisories associated with haa#libg. The FOT was structured
primarily to evaluate the effectiveness of the ystespecially as it relates to modifying
driving performance in turns to reduce rollovekridhis volume reports on the FOT as
conducted by UMTRI, including the experimental desithe structure and conduct of
the field activity, data gathering and processary] the evaluation of RA&C. The FOT
also covered other safety systems under developondr@ing considered by Freightliner
or DaimlerChrysler: Lane Tracker, a Roadway Geoyridapping algorithm, and
Rollover Warning. Data gathering relating to thegstems is covered in this report, but
the analyses of these data are presented in athenegs.

The primary purpose of the FOT, which is the sulpéthis volume, was to evaluate the
potential of RA&C for reducing the occurrence dfaweer crashes of heavy commercial
vehicles. This evaluation was carried out by thigctive comparison of the turning
performance of fourteen drivers operating six vesticles, first in a baseline condition
without the RA&C system active and later, operatimg same vehicles with the RA&C
system active. The comparison was based on dttargd within the naturalistic context
of the every-day operations of Praxair at its facih LaPorte, IN. Six, five-axle semi
tractor-trailer combination vehicles operated bgp@ir made up the FOT fleet. All of
these vehicles were composed of Freightliner Cgri@lass, day-cab tractors hauling
Praxair’'s cryogenic, liquid-nitrogen tank trailer®ata gathering in the FOT began in
early November 2000 and ran through the end of hdpex 2001. Data were gathered
for approximately 770,000 kilometers of travel,is@ther evenly between driving with
and without the RA&C system.

2 RA&C is a system in continuing development. lediedevelopment took place before and during the
data-gathering portion of this project and hasioord since then. Therefore, it is important tegké
mind that this report addresses only the one, Bpe@rsion of RA&C that was installed in the FO3st
vehicles during the period of this study in whible RA&C system was active. Changes and
improvements have been made to RA&C since that tammot be addressed herein.
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This report is organized into 11 chapters plus ages. Following this introduction,
chapter 2 presents the background and objectivibgedfOT, including the participants
and objectives of the field test, a descriptiothef RA&C system, and the scope of the
rollover problem that RA&C addresses. Chaptersdbes the structure and operation
of the field test, and includes a brief descriptodrthe operation of the FOT fleet, the
design of the human-factors experiment, and thegases for the collection of objective
and subjective data. Chapter 4 describes thsdétlbf data derived from UMTRI's
portion of the field test. This chapter descrithesprimary objective performance data
gathered on-board the vehicle, logistical and ophienary data, the methods used in
processing these data, and the extensive setafidaxy objective data derived thereby.
The subjective data and its processing are alsaided. Chapter 5 presents the first
level of evaluation of the objective data, namalgescription of the operating conditions,
or exposure, of the fleet during the FOT. Trauektand distance are described
according to such factors as road class, loaddsjpe¢h curvature, weather conditions,
day or night, destinations, and the numbers angthsrof individual trips. Comparisons
of exposure factors are made across phases ofdfieaRd among individual drivers.
Chapter 6 presents an overview of the lateral behav the fleet. The presentations of
this chapter are based on histograms of latera@le@tion and of rollover ratio
experienced by the fleet. The influences of logaiondition and of speed on both of
these performance measures are explained. A veagllsange in the performance of
individual drivers is observed. Chapter 7 des&ilte experience of the FOT fleet in
terms of the RA&C advisories and control actiofifie number and the general qualities
of episodes involving RA&C activity are presentékhe lateral performance properties
that were observed to elicit the several typesA&® activity are described. RA&C
activity is examined vis-a-vis individual drivers @ell as in relation to roadway qualities
and locations. Chapter 8 presents the evaluafitimeanfluence of RA&C on the turning
behavior of the subject drivers. The evaluatioaasomplished largely through a
multifactor analysis comparing lateral acceleratiand rollover risk accrued during
turning with and without RA&C. Chapter 9 descriltlee subjective evaluation of the
RA&C according to the opinions of the FOT drivergldheir managers. Chapter 10
provides a brief summary of the findings and recandations are given in chapter 11.
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2. BACKGROUND AND OBJECTIVES

Rollover of heavy commercial vehicles is a highvgagety problem of significant
proportions. Estimates based on the accidentdesiaygest that there are an average of
14,880 rollover crashes per year in the U.S. aatidter 50 percent of these crashes
result in either an injury or fatality to someoneedtly involved in the crash. RA&C is a
vehicle safety system intended to help reduce tlearoences of rollover crashes of
commercial vehicles. RA&C primarily addresses thation of rollover crashes that can
be avoided through driver training centered orrigieof rollover during cornering. This
FOT was undertaken to evaluate the potential of RA&r reducing rollover crashes.
The first section of this chapter identifies patparticipating in the field test and their
roles. In the second section, the RA&C system ephis described. Section 2.3
identifies the population of rollover crashes ittt RA&C system might address. The
final section outlines the broad objectives offik&l test.

2.1 The participants

Participating parties in the RA&C FOT and the rdlesy each played are presented in
figure 2-1.

US DOT
Intelligent Vehicle Initiative
A
A
Freightliner DaimlerChrysler

Prime contractor—provides test [ a"a'?’;ilz \‘/’;r'-;’:n'i':ac"e"
tractors with RA&C and Lane Tracker 9.

roadway mapping
v A)<A

\ 4

Praxair UMTRI Meritor WABCO
FOT partner ' Subcontractor <> provides RA&C as
Operates test fleet in provides instrumentation component supplier to
commercial environment conducts FOT Freightliner

Figure 2-1: Participants in the RA&C FOT

Freightliner Corporation is the largest manufaatafeClass 8 commercial vehicles in the
United States. Freightliner participated in thelF&3 the prime contractor to the U.S.
DOT. The primary purpose of the FOT is to evaluhateeffectiveness of Freightliner’s
RA&C system. The secondary purpose is the evalnati other advanced technologies
of interest to Freightliner and DaimlerChryslegluding Lane Tracker and Rollover
Warning and Roadway Geometry Mapping. Freightlsprimary role in the technical
structure of the FOT was to provide six tractorsipged with prototype RA&C systems.
Freightliner also equipped these vehicles with Larseeker and global positioning
systems (GPS) and certain components of the instmigystem.
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Meritor WABCO is a major component supplier to antdive and commercial truck
OEMs. Meritor WABCO provides ABS systems for Frelger vehicles and is the
development partner and potential supplier of RA&@ and for Freightliner. In the
FOT, Meritor WABCO participated with Freightlinar developing and supplying

RA&C systems and supported UMTRI in the maintenaaroe operation of those systems
during the field test.

Praxair is the largest manufacturer of cryogemjuitls and industrial gas products in the
U.S. Praxair’s role in the FOT was the operataheftest fleet. The fleet was composed
of the six tractors supplied by Freightliner coup¥eith six of Praxair’'s standard
cryogenic nitrogen tank semi trailers. The fleg¢mated from Praxair's manufacturing
and distribution facility in LaPorte, IN. All FOfleet activity took place within the
context of Praxair's normal commercial operatiobBsivers and management at La Porte
facilitated and cooperated in the data gatheringgss both with respect to the objective
data taken on-board the vehicles and the subjedtteein the form of driver and
management opinions. Praxair's home offices inaleanda, NY also supported the
FOT by providing logistical data such as tractailér, and driver ID numbers, payload
volumes, and delivery locations.

UMTRI was responsible for the conduct of the FQIMTRI's Human Factors Division
was responsible for the experimental design, thleateon of subjective data, and for the
eventual analyses of both objective and subjedata for the purpose of evaluating the
RA&C. UMTRI's Engineering Research Division waspensible for the engineering
components of the FOT. Central to this was thégde$abrication, and installation of
the data acquisition systems (DAS) used to cotlezbbjective data set. The primary
components of the DAS were the instruments and otengystems installed on the
vehicles, but DAS also included special serversrataded software installed at Praxair's
LaPorte facility and at UMTRI in Ann Arbor, MI. Ehtotal system served to collect and
transmit data in an automated fashion that wadyngansparent to the drivers and other
Praxair personnel at LaPorte. The Engineering &ebkeDivision operated and
maintained the system during the FOT and was ressiplerfor processing, reduction, and
analysis of the data from the vehicle-dynamics pexsve.

DaimlerChrysler’s role in the FOT was twofold. @mrontinuing basis throughout the
data gathering process, it received vehicle looadimta (GPS latitude and longitude)
from UMTRI, processed that data, and returned aasatmap-matching data files to
UMTRI. DaimlerChrysler also performed analysesljective data in relation to its and
Freightliner’s interest in Lane Tracker, Rolloveawing and Advanced Roadway
Geometry and Mapping. These analyses and theiltsese covered in other volumes of
this report.

2.2 The RA&C system
RA&C is a composite system whose primary elemerg$al|l Stability Advisor (RSA),

Roll Stability Control (RSC), and Hard Braking Evéetection (HBED). [1] Each of
these systems provides advisory messages to trer gia the Freightliner Driver
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Message Center (DMC). RSC also provides for agioeing of the vehicle via the
electronic engine controller. The system inclualdsip and Leg Performance Log for
logging and review of travel distance and time, er@number of roll and braking
advisories, respectively.

2.2.1 Driver message center

The DMC, shown in figure 2-2, is located at the tepter of the instrument panel. It
presents a two-line display of text to the drivéfhe DMC is used to display many
messages associated with the operation of thetratiter than RA&C advisories.) The
display is accompanied by push buttons for vargmiection and control functions. In
the context of the RA&C, the primary functions bétpush buttons are to allow the
driver to acknowledge, and thereby turn off, RSA &BED advisory messages, and to
access and reset the Trip and Leg Performance (loghe absence of driver
acknowledgment, advisory messages turn off affgesacribed duration of display.)

Figure supplied by Freightliner

Figure 2-2: Location and appearance of the DriveMessage Center

2.2.2 Roll stability advisor

Roll Stability Advisor is a training aid intendea advise the driver that he or she has
operated the vehicle under conditions that predemt@gnificant risk of rollover. The
intent of RSA is to modify driver performance dgiturning through real-time driver
training; RSA is not intended to deliver immediaigning of rollover. Accordingly,
advisory messages are not delivered immediately peoceiving a risk of rollover, but
are delivered a few seconds after the risk is pexdeio have subsided.
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S Rollover Risk Detection Range —)

Increasing Risk

Moderate Rollover Risk | Higher Rollover Risk Highest Rollover Risk
Message briefly Message indicates Message indicates
informs and goes away increased severity highest severity
Level 1 Threshold Level 2 Threshold Level 3 Threshold
Level-1 RSA message:
Alternating screens ROLLOVER RISK REDUCE SPEED 1/2-second
turn off after 8 seconds* DETECTED AT LEAST 3 MPH™ tone
Level-2 RSA message:
Alternating screens HIGH RISK OF REDUCE SPEED 5-second
turn off after 14 seconds* | ROLLOVER DETECTED AT LEAST 5 MPH™ tone
Level-3 RSA message:
Alternating screens VERY HIGH RISK OF REDUCE SPEED 10-second
turn off after 20 seconds* | ROLLOVER DETECTED AT LEAST 7 MPH™ tone

* Or messages turn off upon driver acknowledgement.
** VValues presented are examples. Actual values depend on parameters of the episode.

Basis for figure supplied by Freightliner.
Figure 2-3: RSA concept and advisory messages.

Three levels of RSA advisories are defined and cameoate increasing severity with
increasing potential for rollover. The concept #mel specific messages are presented in
figure 2-3. Increasing severity associated withttiree levels of risk is communicated
through the wording of the message, the lengthispfiay time, and the duration of an
audible alert. The text messages are displaydd/omlternating screens: the first
presents the qualitative advisory on risk, the sd@quantitative advisory for reduced
speed. The speed reduction is variable and isiledéel based on the observed speed and
lateral acceleration during the risky turn. RSAiadries are inhibited whenever vehicle
speed is less than 21 kph (13 mph).

2.2.3 Roll stability control
Roll Stability Control is an active control systemended to prevent rollover. When the
RA&C system perceives an exceptionally high riskadfover, it sends a signal to the

engine’s electronic control unit to reduce engioe/@r and, if deemed appropriate, to
apply the engine brake. RSC control is accompaoyesh advisory message.
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RSC message:

Screen displayed during ACTIVE SLOWING Dash-mounted indicator
RSC control action ROLLOVER RISK lamp illuminated

Basis for figure supplied by Freightliner.

Figure 2-4: RSC advisory messages.

2.2.4 Hard braking event detection

Hard Braking Event Detection (HBED), like RSA, igraining aid that advises the driver
via the DMC when an unusual braking event is detkeciThere are three levels of HBED
advisories associated, respectively, with ABS #gtalone, high deceleration alone, and
the combination of ABS activity and high deceleyati

Level-1 HBED message. Presented when ABS is active and truck has not been decelerated quickly:

Alternating screens LOSS OF TRACTION ROAD SURFACE 1/2-second
turn off after 14 seconds* ABS ACTIVE MAY BE POOR tone

Level-2 HBED message. Presented when truck is decelerated quickly and ABS is not active:

Alternating screens HARD BRAKING LOOK AHEAD 1/2-second
turn off after 14 seconds* DETECTED BRAKE SOONER tone

Level-3 HBED message. Presented when truck is decelerated quickly and ABS is active:

Alternating screens HARD BRAKING WITH LOOK AHEAD 1/2-second
turn off after 14 seconds* ABS ACTIVE BRAKE SOONER tone

* Or messages turn off upon driver acknowledgement.

Basis for figure supplied by Freightliner.
Figure 2-5: HBED advisory messages
2.2.5 Trip and leg performance log
The Trip and Leg Performance Log is a memory fumcproviding a record of travel
distance and travel time plus the counts of rall braking advisories during a trip or leg.

The driver may recall this information through wéeontrol buttons associated with
DMC. The driver may reset these logs to zero fmdehe start of a new leg or trip.
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Performance log. Similar screens are available for both trip and leg performance logs:

Screens appear alternately on TRIP MILES XXX TRIP ADVISORIES
prescribed button press TRIP HOURS XX XXX ROLL XXX BRK

Basis for figure supplied by Freightliner.

Figure 2-6: Trip and leg performance log messages

2.2.6 Implementation

As reported in[1], the basic approach of the RA&&tem with respect to roll stability
advisories and control is one in which the systest éstablishes an estimate of the
vehicle’s roll stability level based on a deterntioa of the vehicle’s total mass and a
prescribed rule relating mass to stability. Hawestablished the reference acceleration,
lateral acceleration of the vehicle is monitored advisories and control actions are
issued essentially on the basis of pre-establifivedholds for actual acceleration as a
fraction of the reference.

The RA&C function is implemented as an integrak pduthe tractor's ABS system,
supplied to Freightliner by Meritor-WABCO. The efenic control unit (ECU) for the
ABS/RA&C is mounted to the tractor frame just fordi@f the rear suspension (see
figure 3-10). In addition to all the signals notipavailable to the ECU via the ABS
sensors (wheel speeds, etc.) and the standard aoication buses (vehicle speed, engine
speed, engine torque, and many more), RA&C alseives lateral-acceleration
information from a laterally oriented accelerometerunted within the ECU chassis.

According to [1], the RA&C estimates vehicle magsalgorithms “using longitudinal
acceleration and propelling force data alreadylaloka on the vehicle,” i.e., change of
forward speed and engine torque and speed. Opgtateral acceleration is estimated
from the base signal of the RA&C'’s accelerometes@nalysis of the individual wheel-
speed signals. This estimate is processed thrprggitietary, digital filtering algorithms
and an algorithm to estimate trailer acceleratibhese algorithms are applied differently
to RSA and RSC; RSC, being a control function reggufaster response than RSA,
which issues advisories only after the event. fditoeessed results are compared to the
established reference acceleration. Results duaieel established thresholds trigger the
RSA or RSC advisories or actions. Other algoritlestablish the speed reduction
advisory and the specific RSC control commandsg¢hvhare output to the engine
controller. (Note that the ECU also issues engordrol commands as part of the normal
ABS function.)

Time histories taken from two examples of relathv@mple RSA and RSC episodes are
presented in figures 2-7 and 2-8, respectivelyfigure 2-7, the vehicle is traveling about
70 kph when a left-hand turning maneuver causekatbeal acceleration at the ECU to
rise to about 0.27 g and then fall back close ¢go The maneuver takes a total of about 7
seconds. When lateral acceleration has declimedR&A level-2 advisory is issued and
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is displayed for about 14 seconds. Figure 2-8 shewimilar event. Here the vehicle
makes a right turn (negative values of lateral lecagon) and the initial speed is about
90 kph and declining. The maneuver gives risertagnitude of acceleration
approaching 0.3g. This causes an immediate issuzfrem RSC advisory and a series of
RSC control messages to the engine controller. R®€ advisory is turned off as soon
as the RSC control stops. After the event and RS&I-2 advisory is issued and is
displayed for about 14 seconds. An extensive veweRA&C episodes and
performance qualities is presented in Chapter 7.
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Figure 2-7: Time histories from an episode involvig an RSA advisory

2.3 Rollover crashes addressed by RA&C

Heavy truck rollover is a nationwide problem that anly affects those involved in the
crashes, but also has far-reaching implicationshfercountry’s economy and
productivity. Estimates based on the accidentrcesaggest that there are, on average,
14,880 rollover crashes of commercial trucks pear yad that over 50 percent result in
either an injury or fatality to someone directlyatved in the crash.

The UMTRI Survey and Analysis Division conductealgses of rollover crash data that
suggest that approximately 40 percent of rollovaslees (about 6000 annually)
constitute the population of rollover crashes whdohld be addressed by a device such
as the RA&C system involved in this study. Notattthis assessment is not a prediction
of the actual reduction of rollover crashes whiaduld accrue through the use of this or
similar devices. Rather it is an estimate of thigre population of rollover crashes
subject to reduction through the use of such deviddoreover, it is, of course, subject to
the limitations inherent to this type of statistiaaalysis.
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Figure 2-8: Time histories from an episode involvig RSC and RSA advisories

Like most problems, truck rollover may seem simgilérst but is actually a complex
problem that involves interactions between factbas are often difficult to measure and
guantify, such as: driver behavior and distractroad and vehicle design, inter-vehicle
environment, weather and visibility, etc. Of cayrthe data record is not adequate to
methodically capture all the relationships betwtdwse variables. However, some of
these elements have been made part of the accetant that constitutes the national
archives of truck-related crashes. These were insthis analysis to make a first-order
estimate of the potential impact of a rollover @evon mitigating truck rollover.

The primary purpose of the RA&C device is to edadhe truck driver about the rollover
risk associated with aggressive cornering andmitdd cases, to slow the vehicle during
overly aggressive cornering to prevent rolloveccérdingly, the accident data analyses
assumed that such devices could be most effeagamst rollovers that occur as the first
event in single-vehicle crashes. These rollovezsraost directly the result of a
mismatch among the roadway geometry, the manehsaettie truck driver is attempting,
and the rollover threshold of the truck. The asatyalso assumed that an RA&C-like
device may be somewhat beneficial in scenarioshiichvrollover is not the first event,
but follows a run-off-the-road event. On the othand, it is assumed that rollovers that
occur after a collision with another vehicle oreafan evasive maneuver to try to avoid a
collision are not likely to be prevented by an RAd4ikE device.

Two analyses were conducted. The first analysstveesed on UMTRIErucks Involved
in Fatal AccidentgTIFA) file and the nationabeneral Estimates Systd@ES) file.[2,3]
Both of these archives have national coverageiimitield detail. The second analysis
was based on more in-depth reports on rollovehess North Carolina with the results
then projected onto the national truck populatipt].In both cases, the results suggest
that approximately 6,000 rollovers (or about 4Qcpet of all rollovers) may be prevented
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by a rollover device. More specifically, the natb archive showed 4,404 rollovers
annually when rollover was the first event, andadditional 1,830 rollovers when the
truck ran off the road prior to rolling over (i.eollover was the second event). Similarly,
the review of North Carolina police reports yieldedational estimate of 6,086 rollovers
that might be addressed by an RA&C-like devicemére extensive review of each of
these analyses is presented in appendix A-A.

2.4 The objectives of the FOT

The primary goal of the RA&C FOT was to evaluate ¢ffectiveness of the RA&C as a
means of reducing rollover crasiehis objective is addressed through a rigorous
evaluation of whether RA&C changes the turning eniance of drivers and whether
those changes reduce the risk of rollover cra$h@hapter 8 of this document focuses
directly on this objective.) This objective evélioa is augmented with a subjective
evaluation based on the opinions of drivers instiuely and of their managers (Chapter 9).

Complementary to this primary goal, this study sdug: (1) enhance the general
understanding of the turning performance of commétaick drivers, and (2)
characterize the operation of the RA&C in termshef physical measures of turning
behavior. The first of these complementary obyestis met in part through the detall
characterization of the lateral performance offtbet, and of individual drivers, as set
forth in Chapter 6. In addition, in Chapter 8 #malyses aimed primarily at evaluating
RA&C also reveal other important factors influergcinrning behavior. The physical
characterization of the performance of the RA&CQeysas it was deployed in this field
test is presented in Chapter 7.

The objectives of this FOT also included the inigegion and evaluation of other new
technologies: Lane Tracker, Rollover Warning, Ruadway Geometry Mapping. This
volume deals with these objectives only to thetialiextent of describing the data, and
the acquisition thereof, that were gathered onbdae test vehicles to service these
investigations.

¥ RA&C is a system in continuing development. lediedevelopment of RA&C took place before and
during the data-gathering portion of this FOT aad bontinued since then. Therefore, it is mosbirtamt
for the reader keep in mind that these objectiegsanly be addressed with respect to the speafision

of RA&C that was installed in the test vehiclesidgrthe phase of this FOT in which the RA&C system
was active. Changes and improvements made in R#&€® that time cannot be evaluated in this report.
* Originally, it had also been a goal of this F@Tevaluate the effectiveness of a third conditimmely
RA&C on the vehicle combined with management feellia the driver based on the reporting of RA&C
activity. Difficulties with schedule precluded ahrcting a third phase of testing that would havenfed

the basis of this comparison.
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3. THE FIELD TEST

The details of the FOT are covered in this seatiotie report. Included here are
discussions of the fleet operations, the experiaiat@sign, and the objective and
subjective data collected during the FOT.

3.1 The fleet operations

This section of the report contains backgroundrmgtion on the FOT fleet. It is
intended to broadly characterize the overall pbitdg/, practice, and operation of the
fleet as they pertain to this study.

For purposes of this report, the following termomy is used to define the different
segments of the product distribution procedure:

e tour: adriver’s work shift which may involve multiplegs;

* leg: aperiodover which the product load is constant, which mmaplve
multiple trips; and

» trip: aperiodfrom ignition on to ignition off.

3.1.1 Praxair and the LaPorte facility

Praxair is a global, Fortune 500 company with aheakes of $5.1 billion. The company
supplies atmospheric, process and specialty gaggsperformance coatings, and related
services and technologies. Praxair’'s primary pctelare: oxygen, nitrogen, argon and
rare gases (produced when air is purified, compresoled, distilled and condensed),
and processed and specialty gases — carbon didratiem, hydrogen, semiconductor
process gases, and acetylene (produced as by-psarfuishemical production or
recovered from natural gas).

The fleet involved in this study delivered onlydid nitrogen and was dispatched from
Praxair's LaPorte, IN facility. This facility itated in northwest Indiana approximately
10 miles south of the Indiana/Michigan state lifidwe facility is a self-contained
production and distribution center. Onsite atfwdlity are all the services and products
necessary to maintain and operate heavy-truckemodenic trailers. These services
include a maintenance shop, fueling station, weigdle, driver’s building, and
associated communications lines that connect ¢émwte operation with the control and
dispatch center in Tonawanda, NY. A plan viewha LaPorte facility is shown in

figure 3-1.

3.1.2 Delivery and service region for the LaParperation

The delivery and service region for the FOT was posed of six states. The great
majority of the distance traveled was in Indiand Bfichigan, with most travel occurring
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in the relatively flat regions of northern Indiamad southern Michigan. There were
occasional trips to the hillier regions of north&fichigan and southern Indiana and
lllinois, but there was no mountain driving. Figu8-2 shows two maps. The map on the
left shows all the roadways traveled during the FOhe most heavily traveled routes
were:

* |-94 between East Chicago, IN and Benton Harbor, Mi

* 1-196 between Benton Harbor and Grand Rapids, Ml

* US-31 north of Holland, M

* [-80 between LaPorte and South Bend, IN

» 1-80/90 between LaPorte and East Chicago, IN

* US-20 between LaPorte and South Bend, IN

» State routes 2 and 39 and US route 35 (roads immimediate vicinity of
the LaPorte facility)
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Figure 3-1: Praxair's LaPorte, IN production and distribution facility

In all, there were 1,870 tours during the FOT. tib@sions with more than 100 deliveries
are shown in the right-side map of figure 3-2. édtimteresting statistics related to
deliveries and distances traveled include the ¥ahg:

* Farthest with less than 100 deliveries: Petoskdy4XD km; 19
deliveries.

e Farthest with more than 100 deliveries: Kalkask§, M8 km; 213
deliveries

e Closest with less than 100 deliveries: LaPorte SKm; 49 deliveries

e Closest with more than 100 deliveries: South BéNd37 km; 1,091
deliveries
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* Most: Holland, MI, 138 km; 1,558 deliveries
* Total distance traveled: 772,203 km
. Average tour distance: 413 km
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Figure 3-2: Overall distribution and service regim for the La Porte facility (left) and destinations
with over 100 deliveries during the FOT (right)

3.1.3 The FOT vehicles

For the FOT, Praxair brought six newly built Frelgter Century Class tractors into its
LaPorte operation fleet of eighteen tankers. Thfdabe FOT vehicles are shown in

figure 3.3. At the start of this project, the d&gn tankers were comprised of six oxygen,
one argon, and eleven nitrogen tankers. Of theealeitrogen trailers, however, two
were used for long-haul service and one appedrave been removed from service some
time prior to the launch of the FOT. Consequerttig,remaining eight nitrogen trailers
were used in the FOT (the RA&C tractors were ret&d to hauling nitrogen tankers
only). The distribution of trips for each of thiglat trailers is shown in table 3-1.
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Figure 3-3. The FOT vehicles

Table 3-1. Count and fraction of trips with each itrogen trailer

Fraction

Number of all

Trailer of Trips Trips
1 480 .063
2 388 .051
3 794 .104
4 1325 173
5 1312 171
6 1152 .150
7 721 .094
8 1484 .194

The general practice at LaPorte is to “marry” toastand trailers. That is to say, unlike
many fleets where power units and trailers are¢hi@nged regularly, the LaPorte units
stay coupled for extended periods and normallyhateswitched unless a unit needs to be
removed from service.

While the restriction of the RA&C device to one diof tanker was of some benefit, i.e.,
it reduced variability in the stability characteigs of the vehicles and simplified the
rollover stability determination, it was also limdt in the sense that little can be said
about the device’s general adaptability to othpesyof trailers.

3.1.4 Drivers
The drivers in the Praxair fleet at La Porte wezragally aware of roadway safety

concerns. This was clear from informal discussiwits drivers at the facility and from
the numerous driver-safety reminders posted omHils around the driver’s area.
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Praxair is a safety-oriented operation and the @ygulture appears to take exceptional
pride in its awareness of safety issues and maintanof a good safety record.
Corporate-level safety policies, explicitly notedthe Praxair driver's handbook,
reinforce this attitude. One policy relevant te RA&C FOT specifically dictates that
drivers negotiate ramps at speeds 10 mph lowerithaosted for the ramp. Praxair
requires prospective drivers to have a minimunhodd years tanker driving experience.
Driver compensation levels are high, competitiongddraxair job is great, and driver
turnover is low. Itis judged that the drivers wherticipated in the FOT are a mature
and skilled group.

At the outset, 23 drivers were involved in the FQHowever, primarily due to layoffs
associated with the economic downturn of 2001, tedfjthese drivers left the program
substantially before its completion. Additionalbne driver was excluded from analyses
because his involvement in driving operations was@ximately 20 percent that of the
other drivers (8,380 km versus 41,670 average Kih)s driver also served in a role as a
safety trainer and liaison between management awers. Thus, the FOT ended with
fourteen subjects with relatively consistent drgzexposure throughout the study.

At the start of the field test drivers ranged i &@m 37 to 56 years with a median age
for the group of 47.5 years. Their truck drivingperience ranged from a minimum of
eight years to a maximum of 33 with a median exgyexe of 22 years. Specific
experience with tankers ranged from three to 28sy@aedian: 8.5). Most of the drivers
reported their specific experience with cryogeaitkers was obtained at Praxair or at
Liquid Carbonic, the owner of the facility befotenas purchased by Praxair.

3.1.5 The operations

The operations at the LaPorte facility are contusioThat is, drivers arrive from and
leave for tours at any hour of the day, seven gaysveek. All tours made from the La
Porte facility are scheduled remotely from Praaimtadquarters in Tonawanda, NY.
The drivers in the LaPorte facility utilize whatdasmmonly called a “bid starting time,”
that is, they choose their starting time and ddyee@week to work based on seniority.

A typical tour averages about 12 hours from the stethe end of the shift. In general,
the majority of product delivery tours made fromstfacility are accomplished by a
single driver in a single shift. The following éfily outlines the normal operation of such
a tour:

* At the start of a shift, the driver obtains dispaitestructions from a computer in
the driver’s building. Instructions include theoguct to be delivered,
identifications and locations of one or more custmno be serviced, a suggested
driving route, and the identification of the cryogetrailer to be used for the
delivery. (Praxair schedules delivery of produgtrailer number and does not
track power units.)

» The driver proceeds to the truck parking areaeatify an appropriate truck for
his tour and performs a pre-tour check of the \ehi@he truck’s fuel tanks will
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have been filled at the end of its previous tout,ib most cases the nitrogen tank
will not be filled. °

* The driver then maneuvers the vehicle to the nénoigrminal, stopping on the
way to weigh the vehicle on the scales. At thelpob terminal, the vehicle is
turned off and product is loaded into the tanke Tdading process takes about an
hour. The driver then drives the vehicle backh®weigh scales. Both pre- and
post-loading weights are recorded and electroyicalht to Praxair's main data
center in Tonawanda, NY. These scale readingsrdieal for the business
aspect of Praxair's operations since they are tb@nsto accurately determine the
amount of product loaded into the tanker.

* The driver then proceeds from the facility to méhke deliveries. At each
delivery point, the amount of product off loadedrisasured by volume using
gages on the truck and/or by weight or volume usiiegcustomer’s facilities. A
tour typically requires the majority of a shifthd& vehicle ignition may be turned
on and off several times as the driver stops ftivelées, regular tire checks,
meals, etc.

» The driver returns to the La Porte facility andqaeds directly to the truck-
fueling station. The vehicle is turned off andléaae

» After fueling, the vehicle is moved to the parkerga and turned off. The driver
then proceeds to the office to complete the papek &@nd reporting associated
with the tour. The vehicle will typically be turd®ff in the parking area for at
least 30 minutes before it is started for anotber.t

3.2 The experiment
3.2.1 The structure of the experiment and constsanf practical realities

The RA&C FOT is essentially a human behavioral expent. The central question of
that experiment is whether or not the presencefdR alters the way drivers operate
their vehicles. Of course, the very important ginedl extension of that question is:
Does RA&C alter driving behavior in a manner to noye safety; specifically, does it
reduce the risk of rollover crashes?

Conceptually, the prime question might be addrebyezh experiment of either a
parallel or aserial form. In a parallel form, two groups of driverswd be involved.

®> Generally, the trailers were loaded at the LaéP@rminal. However, many times during the FOT the
drivers where instructed to stop at the Praxaidpction facility in East Chicago to pick up produdthen
and how often this occurred depended entirely erbtisiness economics and production capability of
these facilities. Although this was somewhat unetgin the study, it was serendipitous sincestlted
in more passes over the same roadway in both loadi@é@émpty conditions.
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Simultaneously, one group would operate trucks auttRA&C while the other was
operating trucks with RA&C. In a serial form, aglie group of drivers would be
observed driving first without RA&C and later, wiA&C.® In either case, data
gathering and analyses would be undertaken to pttenobserve significant differences
in driving ascribable to the introduction of RA&C.

The parallel form of experiment was dismissed asnwokable under the practical
constraints of the FOT. Due to previous experienamnducting a field test examining
driving behavior, UMTRI has become acutely awaegd the range of behavior across
individual drivers is immense. [5] (A fact thaagvonce again observed in this FOT.
See section 6.4.) The influence of RA&C on drivindpile hoped to be appreciable, was
not expected to be large. The immediate implicatibthese observations was that a
parallel experiment would require many subjectsrater to have sufficient resolution.
But the project was funded for tracking only sihisdes. Moreover, the attractive
conceptual quality of a parallel experiment is tinat two groups are studied
simultaneously and, at least implicitly, under s$amcircumstances. However, in this
FOT, the two groups of subjects would have to blated to avoid cross contamination
through ordinary conversation about RA&C. Thatldowt be reasonably achievable if
the two groups were both to operate from one teahuha real commercial trucking
activity. The two groups, rather, would have tege from two facilities, and, therefore,
run different routes in different weather with éifént traffic, etc. Additionally, the
limited fleet of instrumented vehicles would neeegg be split.

The serial form of experiment was therefore impleted. The experiment would consist
of an initial, baseline period (phase 1) in whikh triving performance of the subject
drivers would be observed without RA&C. Followitigs baseline period, RA&C would
be introduced and the performance of the samerdriveuld again be observed for a
period of time (phase 2). The whole of the obs#rmal period would cover
approximately one year (see section 3.2.2).

Under this approach, each driver would be thoufjlas@an “experimental unit” that is
measured once withotreatment(baseline driving with no RA&C) and agaiith
treatmentwith RA&C). Comparisons of driving behavior would then be enbdtween
the treated and untreated conditions. Evaluatiamdd be made on a driver-by-driver
basis. The pooled set of individual observationshange would be tested for statistical
significance.

However, this serial form of experiment obviousishts own significant drawback,
namely that it simply cannot be undertaken—witthi@ tonstraints of real commercial
trucking and a one-year time window—uwithout introohg confounding influences. In a
perfect experimental design, all factors other ttenabsence or presence of RA&C (the
treatment) that might affect driving performancewdobe maintained constant across the
two phases of observations so that changes obseowtd be unambiguously attributed

to RA&C only. Unfortunately, that is not practidgala field test that takes place in the

® This chronological order is required, of cousiace driving without RA&C was the standard coiadit
for drivers prior to the FOT.
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midst of a real commercial trucking operation. @bgly, projected over a single year,
weather and lighting (relative length of day anght) will differ in the two phases.
Product demand may vary seasonally or customerscorag and go causing different
delivery routes to prevail in the two phases. fleafonditions may vary seasonally.
Readers can surely add any number of items tdishis

There are two acceptable choices when dealingpaténtial confounds: control them
or measure and account for them. Since the fowasrnot possible, the latter was
undertaken. To maximize the likelihood of obsegvam effect of RA&C, many sources
of variability were measured and considered inaih@yses of the performance data.

3.2.2 Confounding variables

In a sense, the logic of any experimental designbeaunderstood as an attempt to
determine the relationship between the inputsdgstéem and the outputs of the system.
To understand confounding, suppose that two inptsa system are varied and the
changes in output are measured. If the two inpappened to be correlated with each
other, it would not be possible to determine whetme, the other, or both inputs
affected the output. The inputs are tbaafoundedvith each other. On the other hand,
if the two inputs varied independently of each othkile the output is measured, it

would then be possible to establish a relationbkigveen the inputs and the output of the
system.

In this field test, the driver ithe systenunder study; thenputsare virtually everything
the driver experiences during the field test: carweeather, darkness, trailer loads,
activation of the RA&C, different start times, tudlivections, ambient temperature, the
radio station he is tuned to, other drivers onrtaway, familiarity with the tractor, and
other incidental life experiences. Tbetputswe are particularly interested in are
measures of driving performance related to theafsollover. Obviously, it is
impractical to measure all the inputs; we focuy aml those that we can reasonably
expect to have substantial influence on the drsvp€rformance and that we can
reasonably monitor. In this field test, our par& interest is on the effect of the RA&C
system on driving behavior, but we also monitoraddr load, curve severity (a
surrogate for routing), weather conditions, ligbhditions, turn direction, and other
variables in the event that they influenced driviiedpavior independently or in
interaction with RA&C.

In particular, it should be recognized that som#hese independent variables were, of
course, expected to be moderately confounded vhidise (i.e., the introduction of
RA&C) in ways that would require careful consideratbefore drawing conclusions
about the influence of RA&C. For example, weattmnditions and RA&C introduction
would probably be moderately confounded becaussephathe baseline period, would
run during winter through late spring while phasevBen RA&C was activated, would
run during late spring through fall. To managedbefound, weather conditions were
monitored so that periods before, during, and a&téive precipitation were identified as
“bad” weather; while the other periods were ideetifas “good”. The rationale was that
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the “good” weather from each phase would be contaned that “bad” weather from
each phase would be compared—each separatelywiki&keseasonal variation in the
solar cycle might influence driving behavior di#etly between phase 1 and phase 2. In
phase 1 daylight hours lengthen as the seasongelft@m winter to spring; in phase 2,
the daylight hours shorten as the seasons chamgesinmmer to fall.

The potential confounding influence of routing po®d special concern. Within the
context of the commercial operation, the obviousigortant factor of routing could not
be controlled but could well be confounded withgdaThe drivers in this FOT were
dispatched each day based on the varying demaritle afarket for liquid nitrogen.
There was no pre-established timetable for delxgemlelivery destinations were
established based on current demand of individustioeners. Even with delivery
requirements established, drivers were given oslyggested route; specific routing was
at their discretion. Seasonal changes in nitragaisumption or the turnover of
customers might influence delivery routes so thiseds’ exposure to risky curves was
not uniform across phases. Curve severity wasnsure used to monitor the influence
of routing. Accordingly, the broad approach waglntify individual curves, rank each
according to an independent measure of severityeaantually to account for turn
severity when comparing driving with and without 8. (See Chapters 4 and 8.)

3.2.3 Schedule

The schedule under which the FOT took place istilated in figure 3-3. The project
began on October 1, 1999 and concluded Septemb@08@. The central, field activity
began in early November 2000, when the first oftest vehicles began service at
LaPorte with an active data acquisition systeme fi@maining five vehicles were
brought into service over the next several montitsvaere all in operation by late
February 2001. At this point, RA&C was physicatigtalled on the vehicles but its
operation was fully inhibited from the point of wief the drivers. The vehicles
operated in this state, designated as phase 1 ifPthé figure) until the end of May 2001.
At that time, phase-2 operation was initiated Istalling the necessary driver-interface
hardware and fully active RA&C ECUs. Phase 2 dddallection was completed at the
end of November 2001.

" During phase 1, RA&C ECUs were installed on tehigles, but driver-interface hardware specific to
RA&C was not installed, and RA&C advisories andtcolnfunctions were not active. That is, in phase
RA&C was completely “out of sight” from the drivemint of view. Data describing the potential
behavior of RA&C were gathered during phase 1 aglivered to Freightliner. Adjustments to RA&C
algorithms were made by Freightliner and Meritor BQO, and several versions of RA&C ECUs were
installed on the test vehicles during phase 1. MRA&&C was activated for phase 2, no further change
were made; the driver's were exposed to only omsime of RA&C.
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Figure 3-3: The FOT schedule

3.2.4 Drivers —RA&C introduction and training

Characteristics of the drivers in the Praxair flee¢e been described earlier in section
3.1.4. Atthe start of the field test, all drivevere provided with a broad overview of the
research goals of the study along with consentddimat stipulated the voluntary nature
of their participation in the research. Drivergevmitially informed that the study
involved an assessment of new safety technolopigghey were not told that the focus
was on rollover, nor were they given any knowledfjer information about RA&C
specifically. This was done to prevent possibletamination of the baseline
performance. That is, we were concerned that driveeightened awareness of our
interests in rollover hazards might influence thiiving so that their baseline driving
performance would not be a valid basis for latenparison. We note, however, that the
drivers had access to many other sources of infiamand may well have been more
aware of the purpose of the study than was inti@Vealed, albeit lacking many of the
details.

Just prior to the start of activation of the RA&EG phase 2) each driver attended a 45-
minute presentation produced by Freightliner Caxpon describing the operation of
RA&C. In the presentation, the detailed functiofshe Roll Stability Advisor, the Roll
Stability Control, the Hard Braking Event Detectand the performance logging facility
were described. A supplemental section to thédramwner's manual was also provided.
Once fully informed of the nature of the RA&C, d#rg¢ were reminded that their
participation in the FOT was voluntary.

No “hands-on” training occurred when the RA&C wasaoduced because the RA&C
was designed to be simple enough to use that efjtriztining would be either minimal
or unnecessary. Indeed, it was thought that, shRA&C enjoy wide introduction into
US trucking, it would require minimal or no traigifor, more to the point, would
probably take place with little or no training whet or not training was desirable).
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However, to fulfill our obligation to inform parijgants in the study, a formal orientation
was conducted with the assistance of Freightliner.

3.2.5 Comparable and non-comparable drivers

A distinction is made in this report betwemymparabledrivers anchon-comparabldor
excluded) drivers to distinguish between driver®séhdata constitute the core analysis
of the effect of the RA&C on driving behavior (coarpble drivers) and those drivers
whose data are primarily used to characterize csgverity (hon-comparable drivers).
These two categories of drivers were created bgsstty in the wake of two waves of
driver layoffs and other attrition, which haltedaaollection on some drivers. Because
non-comparable drivers received only partial exp@so the RA&C or none at all, their
phase-2 data were not directly comparable to theratrivers in the study. Thus, these
data were excluded from the main analyses of dyibehavior. (We note that layoffs
were based on driver seniority with Praxair andsystematically related to driver
performance.) Although th@on-comparabla@river data were excluded from the
analyses of driving behavior, these data were (et describe the overall exposure
and experience of the fleet in Chapters 5 and §2ntb establish the curve severity
measures described in Chapter 8.

3.3 Data collection

Data collection for this FOT consisted of both @lije and subjective information. The
objective data were derived from many sources tholyinewly installed and existing
sensors and electronic control units (ECUs), GR&irtternet, and Praxair’s logistical
and fleet management system. The subjective @#lectton consisted of driver and
management opinion on heavy-vehicle safety andrdyj\along with substantive
feedback on the installed RA&C device. The obyectata were primarily collected by
the data acquisition system (DAS) while the sulbjeatlata were collected in the form of
personal interviews, periodic written questionngii@nd a final debriefing. This section
of the report presents the details of this datkectbn task. The subsections that follow
cover the subjects listed below:

* Tractor-installed sensors and hardware

» Data collection hardware, software, format, anadvecy
* Tractor-based objective data

» Other objective data

» Hardware related data collection problems

» Data collection problems

* Subjective data

3.3.1 Tractor-installed sensors and hardware
The sensors and hardware on each FOT vehicle wstaled to monitor and measure

four broad areas of interest: vehicle driving perfance, RA&C performance, driver
activity and operating environment. Some of tiferimation needed in the study already
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existed on the controller area network (CAN) of titaetors and was readily available to
the DAS. However, the following sensors had tans¢alled specifically for this study:

Air-spring pressure transducerinstalled to calculate the static drive-axle sunspen
load and estimate the total vehicle mass. Thissttacer is shown in figure 3-4
below.

Atmospheric pressure transdueeused by Freightliner to measure the atmospheric
pressure for monitoring short-term changes in eadation.

Brake-pedal pressure transdueeused to measure the air-brake pressure at thilérea
valve. This transducer is shown in figure 3-5.

Driver acknowledge switela button on the driver/vehicle interface (DVI) to
acknowledge a RA&C message and terminate the RA&Gavand audio
advisory.

GPS—an independent GPS unit and antenna. The uelt W&s incorporated into the
DAS box and the antenna was mounted in the cehteeaab roof toward the
rear (see figure 3-6 and figure 3-7).

Ignition switch—a wire tap on the ignition used as a logical digmandicate vehicle
ignition state.

Lane Tracker systema vision-based system that measures the latdsgtaff the
vehicle from the forward-lane boundary demarcatiofkis device was installed
in the headliner of the cab (see figure 3-8) amdcimera was mounted in the
upper portion of the windshield (within the swedphe wiper) 21 cm to the
passenger-side of the tractor centerline.

Figure 3-4: Location of air-spring pressure transdicer
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Figure 3-5: Location of brake-pedal pressure tranducer
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Figure 3-7: Location of wireless network and GPSrtennas
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Lane Tracker
System

Figure 3-8: Location of Lane Tracker System

Lateral-acceleration transducerthis transducer was mounted on the front axleveas!
used to provide, as nearly as practicable, a meaduhe acceleration lateral to
the vehicle and parallel to the road surface. tféwesducer is shown in figure 3-9.

Load-transfer transducerthis transducer, installed and used by Freightlimeasured
the side-to-side load transfer of the tractor'sehaxle suspension. The signal
was derived by measuring the torsion in a lighteganti-sway ba¥.

RA&C electronic control unit-this system was incorporated as part of the ABS
controller in a black box mounted on the insidé¢hef right-frame rail near the
fifth wheel (see figure 3-10).

8 These devices failed relatively early in theditdst and were not replaced.
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Figure 3-10: Location of RA&C ECU

Temperature transducerused to measure the temperature of the lateraleration
transducer on the front axle. This sensor was tsedmpensate for the
influence of temperature on the lateral-accelenatiansducer.

Wiper state switch-used to indicate the state of the windshield vagesm a hard-wire
input direct from the wiper switch on the DVI.

Yaw-rate transducerused to measure the vehicle yaw rate. This triaresdvas
mounted in the DAS, close to the center-of-grasftyhe tractor. This transducer
is shown in figure 3-6.
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3.3.2 Data collection hardware, software, formeatd recovery

The data collection hardware for this FOT was cosagl of three main components: the
DAS on-board the RA&C test vehicle, the LaPortevoek and server, and the Ann
Arbor network and server. The relationship andheativity of these three elements is
shown in figure 3-11.

The elements on the test vehicle included the Dé8puter with its CPU, various
interfaces and a flash disk, GPS, several transgugewer supplies and signal
conditioning equipment, and a wireless Ethernet unit for transmittingadides from the
vehicle to the LaPorte server. From there, tha tikts were automatically copied to the
Ann Arbor server via a dedicated, leased commuioicdine. The shaded elements in
the figure were provided and installed by UMTRE thpen elements were provided and
installed by Freightliner. A more substantive dssion of these three data collection

components follows.
—Z )
i \i/ 1. RSA test vehicle

Brake & Lateral
susp. Pred acceleratiof]
| |

GPS|| | Atmospherig| Load
pressure || transfer Yaw rate
[ I I

DAS Flash Signal 2. LaP(?rte
Computer disk | ||conditionin ——=— (Praxair)
- CPU J Wireless_\i/ Y Wireless
A/D interface | ethernet ethernet
Ethernet adapter/= > client access poift
> J1708 interface '
CAN
Ignition A
BuiTEr batte_rf_ Switch LaPorte serveyr
power supplies .
& control <_\t/Je?tlcle —
vy R v Y attery lease Imer
. Instrumentation
RA&C Engine Lane tracker control unit UMTRI server

3. Ann Arbor (UMTRI)

Figure 3-11: The DAS system including vehicle, La#te, and Ann Arbor components

The RA&C test vehicle

In this study, the primary component responsibtetie success of the FOT was the DAS
computer. This system was the core of the testhkeeland performed many critical
functions. Foremost, it interfaced with sensord data buses to gather, process, and log
the measures critical for the documentation ofvét@cle motions and driver
performance. A picture of the DAS, as installeéach FOT tractor, is shown in figure

° All analog channels had a 4-pole Butterworttefilvith a cut-off frequency of 2 Hz.
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3-12. The main components of the DAS were a 26&MRU with 128 MB of random
access memory and a 320 MB flash hard drive.

By design, the DAS was transparent to the driveéhat it did not require any external
manual control and was fully automated in termstaft-up, shut-down, networking, file
creation/deletion, and transfer.

Typically, the DAS on the test vehicle was on whigsvehicle was on and off when the
vehicle was off, booting up when the ignition wamed on and shutting down in an
orderly fashion when the ignition was turned ofhe DAS reads and processes all the
data channels whenever the vehicle ignition wasTre control logic to handle these
tasks is shown in figure 3-13. The figure showeswuarious paths the DAS logic follows
to ensure proper functioning and to minimize theeptal for lost data, either through
corrupted files or interrupted processes.

Figure 3-12.: Installed UMTRI on-board data acquigtion system

The most common path in figure 3-13 starts withgaition-on event that initiates boot-
up of the DAS computer. After boot-up, a trip ctams incremented, variables are
initialized, and new files are opened for the trip.most cases, this is followed by an
ignition-off event, offsite of the LaPorte termir(ak., upload is false), which causes the
DAS to write and close relevant files, completetdbwn procedures, and turn itself off.
However, if the ignition-off event occurs withinetiparking area of the LaPorte terminal,
as determined by the GPS latitude and longitude$ DAgins an upload procedure that
closes all relevant files, starts the networkingyises, searches and connects to the
LaPorte data server, and uploads new files toghees. Following the upload, the DAS
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deletes selected files from its memory using agiesterated by querying a database that
resides on the La Porte server. Then, if theigmits still off, the DAS begins shutdown
procedures and turns itself off. Although not shawthe DAS logic, a fail-safe mode
was programmed into the system. In the eventitieaDAS computer malfunctioned and
could not shut down properly, power to the computeuld automatically be shut off
after 20 minutes. This prevented both the DASdpgiind the vehicle batteries from
being inadvertently drained if the vehicle was arkor a long time with the DAS
computer running and locked up.

If ignition false and upload false ——(O)——
If Pto is true
[ and ignition ‘O_\|,
is true .
- ; Waiting for
Running | ifigniton | new test | |
is true o
| N 2
If ignition false and RN e
upload true \\'\Q’:-,e'b‘,?x\\’e 3
QN ]
SR :
W g
.y e}
Waiting for , 2
- IfLANistrue =  Uploadin o
)
| 5 | 5
If ignition o If upload is false 2
\:
is true & _ (done) and 2
\I/ \-\g(\ ignition is false =
A N2
Boot-up or
: Shutdown
Restarting
[ Increment trip counter, re-initialize and start new test
QO stop test, write and close files

Figure 3-13: Control modes and logic for the FOT BS

The logic gets more complicated when the ignitiomes on during the time when the
DAS is either connecting or uploading to the ser@ihese events can take many
minutes.) If this occurs the current processtisrmipted, the operating mode changes to
restart, and a new test is started.

There was one exception to the ignition-cycle evieat starts a new trip on the DAS.
When deliveries were made, off-loading product dase by running a pump powered

by the tractor power-take-off (Pto). To operate o the tractors had to be running, and
since there was a general desire to segregatebirifsgad condition, a special rule was
added to the DAS control logic that would staresavriest if the Pto was on for more than
15 minutes (near the minimum time required to o product}®

% The decision to use 15 minutes was a compromitieei sense that there were many times when new
trips were generated even though no product wagedet. Apparently, it is common practice for the
Praxair drivers to turn on the Pto, without the pumthen they want their tractor to idle for an exted
period of time.
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The DAS also had a maintenance mode of operatidnen a special key was inserted on
the bottom of the DAS, the computer started in nahoantrol mode. This mode was for
updating and troubleshooting tasks required dutieg=OT. Since all elements of the
data collection system were on the same networkvis the wireless and lease-line,
updating and maintaining the DAS computer coulddnel usually was, accomplished
remotely from UMTRI in Ann Arbor. (UMTRI engineevgould call the Praxair on-site
mechanics and have them insert the key and stattahbtors.) This offsite control of the
on-board computers was enormously beneficial tdyctvity in that it reduced the
number of trips to LaPorte and, more importantlinimized interruption to Praxair's
business.

LaPorte and Ann Arbor network and servers

Two servers were installed specifically for thisFE@ne in the offices of the LaPorte
terminal and one at UMTRI in Ann Arbor. In LaPgrtiee primary function of the server
was to receive and temporarily store data filegectéd by the DAS. These files were
automatically copied from the DAS to the serverariaireless network whenever the
tractors were parked in the designated parking @iré@e La Porte terminal (see figure 3-
14). The LaPorte server also maintained a ca@fiagformation on the state the FOT
files (downloaded, copied to UMTRI, loaded into ttegabase, backed-up to tape,
flagged for deletion, etc.) and allowed softwanening remotely at UMTRI to manage
and control the existence of files on-board the A8ach tractor.

The Ann Arbor server located at UMTRI connectethiLaPorte server via a dedicated
lease-line. This level of network connectivity wagportant in terms of both data
transfer rates (over 25 GB came off the FOT trajtand continuous connection between
Ann Arbor and LaPorte. Scheduled procedures rgnomthe Ann Arbor server would
automatically “look” at the LaPorte server for nle@s and copy them to Ann Arbor.
Then loading programs would process the files, agilog them into the appropriate
tables in the main FOT database residing on theAxbor server. The files would then
automatically be moved to a different folder foclaving. Upon successful completion
of the file managing and loading tasks, the prooeglon the Ann Arbor server would
update the file status flags on the LaPorte seso¢hat the DAS operating system could
delete the appropriate files the next time it cate@ to the La Porte server.
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Figure 3-14. Plane view of the Praxair facility at.a Porte

Clearly, 24-hour automation was important for tiferent operation and maintenance of
the entire data collection process. After all, Bmaxair fleet operates on a fulltime
schedule with tractors (and consequently FOT degs) farriving at the distribution
terminal at all times of the day and night and oy day of the week. Furthermore, the
DAS flash memory hard disk (a choice driven byrtieoad temperature specification)
had a relatively limited memory size (320 MB), makihe task of file management
important to avoid losing data due to insufficidigk drive space. Calculations done
shortly after the start of the FOT showed thatpactl tractor could collect data for 7 to
10 days before the flash disk memory was exceeded.

3.3.3 Tractor based objective data

Data collected on the FOT tractors were organizetlip, where a trip was defined by an
ignition cycle or a Pto event lasting more thamiiButes. For every trip six different
files were generated, uniquely named and savedskaoy the DAS. Table 3-2 shows the
six different files, their format, and an example hame (tractor 4, trip 25).

Table 3-2. Files generated for each trip in the FD

File Type Format Example Name

Ten Triggered series Ten_4 _00025.bin

Two Triggered series Two_4_00025.bin

Byte Transition Byte_4 00025.bin

Float Transition Float_4_00025.bin
Summary Summary Summary_4_00025.bin
Summary?2 Summary Summary2_4_00025.bin

A description of each format follows:
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Triggered series-these files are time-history in nature (i.e., relscare written to the file
at a constant frequency). The data written tolée file was recorded at 10 Hz.,
while data written to the Two file was recorde@aiz. Both of these triggered
series files were gated by the parking brake cHarlneother words, the data
channels in the Ten and Two files were not savetidio when the tractor parking
brake was on.

Transition—data are logged to these files upon a transitioralue. The name of the
transition file indicates the format of the loggedue. Byte-transition events can
have a value between 0 and 255, while Float tiansitcan have values between -
3.40E+38 and 3.40E+38. The data actually loggeédch transition event are
the channel identification number, the transitiafue, and the time that the value
changed.

Summary-these files contain histograms and trip-summamlmers. The data in the
summary formatted files are stored as one recaldhasmonly saved to disk at the
end of a trip. The structure and mapping of a samrfile is complex as this
type of file contains a mixture of data types.

The total size of the FOT raw data files is showtable 3-3. In all, the DAS recorded
data for 10,219 trips and for a total of more tR&rGB of data. The Ten and Two files
were the bulk of the 25 GB comprising just overp@9cent of the total data set from the
FOT tractors.

Table 3-3. Total size of the FOT raw data files

Name Bytes/Record Records Total Size, MB Percent

Ten 53 374708212 19859.5 79.37
Two 67 74261849 4975.5 19.88
Byte 10 2974153 29.7 0.12
Float 13 144493 1.9 0.01
Summary 14081 10219 143.9 0.58
Summary2** 1553 7744 12.0 0.05

The relationship among the six different file tygd®wn in table 3-2 and all the
measures from the various sensors and hardwateedrectors is shown in table 324
This table is a complete list of all logged measws@rted by file type and channel name.
The columns of table 3-4 are defined as:

* |d—a unique identification number
* File Type—indicates in which file the data are stband consequently their
format and frequency, i.e., 10 Hz, 2 Hz, transittorsummary

' The Summary2 file was added to the set of catbéites in March 2001. Consequently there wellg on
7,744 Summary? files versus 10,219 Summary files.
12 This table lists only those channels that weveddo disk.
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* Channel Name—a unique name that generally mapghetbeld name of the
relational database

» Data Type—the size and type of the logged measure

* Units—the units of the channel as logged, wherdicgge

» Description—a short note that describes the channgbrds

» Styleld—a pointer into table 3-6. Styleld only &pp to channels of the data type
Byte and is used to relate a number between 0 ahdvith a particular state. For
example, the channel GpsFix (File type Two; Id 583 a Styleld = 17, which
means a value of 1 for this channel indicatesferdifitial GPS. A value of O is
base GPS.

Table 3-5 defines the histograms that were savedstoduring the FOT. The fields of
this table are defined as:

 Name—a unique name

* |d—a unique identification number

» Description—a short note that describes the histogn words

* SourceName—the name of the source channel thatittes the histogram

* GateName—the name of the channel that must be’‘iimurder for the source
channel to be binned into the histogram

» SortName—the name of the categorical sorting cHarff@r example, if the
source channel is Air-Spring Pressure and thergpcthannel is Gear, a separate
Air-Spring Pressure histogram will be made of facle value of Gear.

* Center—an example bin-center value

*  Width—the bin width value

* Min—the minimum bin value

* Max—the maximum bin value

3.3.4 Other objective data

A substantial amount of data was collected fronr@aiother than the on-board DAS.
This section, describes these other sources afnaon including:

» Praxair product fill and scale data

* The on-board Fleet Advisor system that is usedbydrivers and Praxair
management to document and monitor driver hoursaatidity while delivering
product

» Praxair delivery and customer location data

* U.S. Weather Service data and maps for estimatiegveather conditions in the
location of the FOT vehicles while on the road

* GPS-based map matching information to identifyestéht road types
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Table 3-4. List of all non-proprietary channels Igged by the DAS

ID FILE TYPE CHANNEL NAME DATATYPE UNITS DESCRIPTION STYLEID
88 Byte AtcActive Byte none Automatic traction control active 11
28 Byte CruiseEnable Byte none Cruise enable switch from J1939 VSC1 2
34  Byte CruiseState Byte none Cruise state from J1939 VSC1 12
76 Byte DriverAcknowledge Byte none Driver has acknowledge a RA&C message by pressing the key 1
134 Byte Gear Byte none Calculated gear via engine speed and speed 27
160 Byte MessageDisplayed Byte none True if RA&C message was displayed 1
91 Byte OnScales Byte none True if tractor is near (50 ft radius) the scales. 1
24  Byte ParkingBrake Byte none Parking brake status from J1939 VSC1 11
152 Byte Pto Byte none True if Pto governor is on 11
77 Byte RscActive Byte none On if RA&C is controlling torque 11
161 Byte TorqueLimitSource Byte none Source of torque limit command 31
145 Byte TurnSignal Byte none Filtered TurnSignalRaw to remove the blink. 11
74  Byte WarningMessage Byte none Advisory message number from abs MID 226 21
37 Byte WiperState Byte none Wiper state from digital input 15
89 Float AtcCommand Single % Automatic traction control torque limit command 0
75 Float DeltaV Single kph Delta v reported by abs RSA advisory message 0
141 Float MaxRsaScore Single % Maximum RSA score when RSA score goes above 70 0
163 Float RetarderCommand Single % Engine retarder command 0
78 Float RscCommand Single % Torgue limit command from TSC1_E 1939 message 0
33 Float SetSpeed Single kph Set speed from J1939 VSC1 resolution = 1kph 0
162 Float TorqueLimitCommand  Single % Engine torque limit command 0
111 Summary AccelPedalHist Histogram none Histogram of accelerator pedal 0
135 Summary AirSpringHist Histogram none Histogram of filtered air spring pressure 0
115 Summary AyHist Histogram none Histogram of lateral acceleration with large bins 0
118 Summary BrakePressureHist Histogram none Histogram of brake pressure 0
136 Summary Distance Single km Integral of speed 0
151 Summary DistanceEngaged Single km Distance with cruise on 0
150 Summary DistanceWipers Single km Distance with the wipers on 0
119 Summary EngineSpeedHist Histogram none Histogram of engine speed 0
120 Summary EngineTorqueHist Histogram none Histogram of engine torque 0
121 Summary GpsSpeedHist Histogram none Histogram of speed from GPS 0
99  Summary LeftOffsetHist Histogram none Histogram of LeftOffset from Lane Tracker. 0
123 Summary LoadTransferHist Histogram none Histogram of load transfer 0
100 Summary RightOffsetHist Histogram none Histogram of RightOffset from Lane Tracker. 0
86  Summary SpeedHist Histogram none Histogram of speed 0
149 Summary TripDay Double none Day of trip in access date/time format 0
129 Summary YawRate25to50Hist Histogram none Histogram of yaw rate for velocity btw 25 and 50 kph 0
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ID FILE TYPE CHANNEL NAME DATATYPE UNITS DESCRIPTION STYLEID
130 Summary YawRate50to75Hist Histogram none Histogram of yaw rate for velocity btw 50 and 75 kph 0
131 Summary YawRateGe75Hist Histogram none Histogram of yaw rate for velocity above 75 kph 0
132 Summary YawRateLt25Hist Histogram none Histogram of yaw rate for velocity below 25 kph 0
157 Summary2 AyNarrowHist Histogram none Histogram of lateral acceleration with large bins 0
155 Summary2 FirstDeltaTime Long Int dsec Difference between TestTime and GpsTime at beginning of test 0
153 Summary2 FirstTestTime Long Int dsec TestTime at start of test 0
156 Summary2 LastDeltaTime Long Int dsec Difference between TestTime and GpsTime at end of test 0
154 Summary2 LastTestTime Long Int dsec TestTime at end of test 0
22 Ten AccelPedal Single % Accelerator pedal from J1939 EEC2 resolution = .4% 9
83 Ten AirSpringPressure Single kpa Pressure of air spring 0
85 Ten AtmPressure Single bar Atmospheric pressure via pressure transmitter 0
92 Ten Ay Single g's AyRaw corrected for temperature. 22
80 Ten AyTemperature Single deg C Temperature of Ay sensor 0
27 Ten Brake Byte none Brake pedal from J1939 VSC1 10
82 Ten BrakePressure Single kpa Brake treadle pressure measured by pressure transducer 0
136 Ten Distance Single km Integral of speed 0
25 Ten EngineSpeed Single rpm Engine speed from J1939 EEC1 resolution = .125 rpm 13
26 Ten EngineTorque Single % Engine torque from J1939 EECL1 resolution = .1% offset = -125% 14
84 Ten LoadTransfer Single fsc Lateral load transfer 30
148 Ten Speed Single kph Speed via corrected SpeedRaw 8
17 Ten TestTime Long Int dsec Time since midnight utc in deciseconds 0
96 Ten YawRate Single deg/sec YawRateRaw - YawRateZero 24
53 Two GpsFix Byte none Indicates type of position fix from POS message. Raw=0, Differential =1 17
49  Two GpsSpeed Single kph Ground speed from GPS 8
52  Two GpsTime Long Int sec Time since midnight utc in deciseconds 0
54  Two HDOP Short Int none GPS horizontal dilution of precision times 10 0
47  Two Heading Single deg Heading from GPS 0
46  Two Height Single m Height above the ellipsoid from GPS 0
43  Two Latitude Double deg Latitude from GPS 18
72 Two LeftOffset Single m Offset from left lane edge - Lane Tracker message byte 5 - 2cm steps 20
44  Two Longitude Double deg Longitude from GPS 19
48  Two NumberOfSats Byte none Number of satellites used in fix 0
73  Two RightOffset Single m Offset from right lane edge - Lane Tracker message byte 6 - 2cm steps 20
67 Two TrackerStatus Byte none Status byte from Lane Tracker 0
55 Two VDOP Short Int none GPS vertical dilution of precision times 10 0
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Table 3-5. Trip level histograms logged by the DAS

NAME ID DESCRIPTION SOURCENAME GATENAME SORTNAME CENT  WI Ml MA
AccelPedalHist 111  Histogram of accelerator pedal AccelPedal MovingNoCruise SpeedState 1 2 0 100
AirSpringHist 135  Histogram of filtered air spring AirSpringFiltered  NoBrakeTorque Gear 70 14 35 735
AyHist 115  Histogram of lateral acceleration Ay Moving SpeedState .01 -4 A4
AyNarrowHist 157  Histogram of lateral acceleration Ay Moving SpeedState 0 .00 -2 2
BrakePressureHist 118  Histogram of brake pressure BrakePressure Brake SpeedState 7 14 0 700
EngineSpeedHist 119  Histogram of engine speed EngineSpeed Moving 350 100 350 250
EngineTorqueHist 120  Histogram of engine torque EngineTorque Moving 0 10 - 120
GpsSpeedHist 121  Histogram of GpsSpeed GpsSpeed Moving 12 128
LeftOffsetHist 99 Histogram of LeftOffset LeftOffset LeftTracking SpeedState .05 1 4.0
LoadTransferHist 123  Histogram of load transfer LoadTransfer Moving SpeedState 0 .05 -1 1
RightOffsetHist 100  Histogram of RightOffset RightOffset RightTracking SpeedState .05 1 0 40
SpeedHist 86 Histogram of speed Speed Moving CruiseEngaged 12 4 6 128
YawRate25to50Hist 129  Histogram of yaw rate for velocity =~ YawRate SpeedGe25AndLt50 0 15 -36 36
YawRate50to75Hist 130  Histogram of yaw rate for velocity =~ YawRate SpeedGe50AndLt75 0 1 -24 24
YawRateGe75Hist 131  Histogram of yaw rate for velocity =~ YawRate SpeedGe75 0 -12 12
YawRateLt25Hist 132  Histogram of yaw rate for velocity =~ YawRate SpeedLt25 0 -48 48




Table 3-6. List of styles used to define recordedyte values by the DAS

STYLEID STYLENAME VALUE CATEGORYNAME
1 TrueFalse 0 False
1 TrueFalse 1 True
2 EnabledDisabled 0 Disabled
2 EnabledDisabled 1 Enabled
10 Pedal 0 Released
10 Pedal 1 Pressed
11 OnOff 0 Off
11 OnOff 1 On
12 CruiseStates 0 Off
12 CruiseStates 1 Hold
12 CruiseStates 2 Accelerate
12 CruiseStates 3 Coast
12 CruiseStates 4 Resume
12 CruiseStates 5 Set
12 CruiseStates 6 AccPedal Override
12 CruiseStates 7 N/A
15 Wipers 0 Off
15 Wipers 1 Low
15 Wipers 2 High
17 GpsMode 0 Raw
17 GpsMode 1 Differential
21 AdvisoryMessage 0 No Message
21 AdvisoryMessage 1 Fault
21 AdvisoryMessage 2 Rsc Event
21 AdvisoryMessage 3 Rsa Level 3
21 AdvisoryMessage 4 Rsa Level 2
21 AdvisoryMessage 5 Rsa Level 1
21 AdvisoryMessage 6 HBED Level 3
21 AdvisoryMessage 7 HBED Level 2
21 AdvisoryMessage 8 HBED Level 1
27 Gears 0 Clutch Pressed
27 Gears 1 1st Gear
27 Gears 10 10th Gear
27 Gears 11 Reverse
27 Gears 12 No Gear
27 Gears 2 2nd Gear
27 Gears 3 3rd Gear
27 Gears 4 4th Gear
27 Gears 5 5th Gear
27 Gears 6 6th Gear
27 Gears 7 7th Gear
27 Gears 8 8th Gear
27 Gears 9 9th Gear
31 LimitSources 0 None
31 LimitSources 1 ATC
31 LimitSources 2 RSC
31 LimitSources 3 Both
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Objective data via Praxair's data center in TonawanNY

Praxair sent UMTRI five types of files during th©F. These files were used, among
other things, to:

* Relate tractor and trip numbers with a particularet identification number (a
very important relationship given that driver penfiance had to be linked to
specific trips from each of the DAS)

» |dentify which of the nitrogen trailers where madito each of the study tractors
(also an important relationship, since most offihand scale data from Praxair
was associated with trailer identification numbexs, tractors)

* Provide scale and product information from the bat®terminal as well as at
other locations, including customers terminals

Two of these file types originate on-board thettyexcand are generated by the Fleet
Advisor computer, which was used by the driveraord all pertinent information and
activity before and during his tour. The otheethfiles, namely the fill, delivery, and
customer files, were also from the Praxair facilityrfonawanda, NY, but often
originated from data keyed in at the LaPorte anst Ehicago distribution facilities.

Three of the file types, namely the session, tretiwa, and fill files, were automatically
generated daily and transferred to UMTRI, via titernet, by procedures running on
Praxair computers in Tonawanda. Similarly, at UMT$€heduled procedures would
process and load the pertinent contents of the ifilo the database, making the entire
process virtually automatic and operational seays gher week throughout the study
period.

The five file types from Praxair are as follows:

Session files-these files originated on-board the tractors aatevgenerated by the Fleet
Advisor computer, which was used by the drivereword all pertinent
information and activity before and during his todihe file provided both
summary and activity information about sessionsreta “session” is more or
less synonymous with a tour, and is performed $iyngle driver starting at La
Porte and making one or more deliveries to custem@ote: Occasionally, a
session included refilling product at the Praxadaility in East Chicago, before
returning to LaPort€.) The information in this file pertinent to th©F included
driver identification number, the start and endenfior the session, and total
distance and time. Activity information includdtkttime, location, and nature of
activities such as product deliveries, en-routayeltire checks, meals, breaks,
lay-over, etc.

13- Also, occasionally there were tours or sessiorsmply pick-up product from East Chicago and metu
to La Porte without stopping at any customers.
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Transaction files-these files also came from the on-board Fleet #avtomputer.
They provided the details of product delivery, amduded either a gauge or
(when available) a scale reading to indicate thewarhof product delivered to
each customer. These files also identified théetrased in the tour. As
mentioned above, trailer identification was impotfdowever, this information
was not always reliable as it was often missingpmplete, or inaccurate.
Fortunately, however, the tractors and trailerthia FOT generally stayed
married for long periods of time. This fact, alomigh the ability to identify the
points in time when the tractor was operated bbfdaiindicated by air-spring
pressure), allowed the implementation of a systanetiecking and filling in
missing trailer identification data.

Fill files—these files gave the scale weights before and pifteluct fills at the LaPorte
and East Chicago terminals. These data, alongthdétlyauge data from the
transaction files, provided a means to establisitdbal mass of the vehicle. It
was assumed that the scale weight of a rig beé@@ithg product was the weight
of the rig on the return trip to La Porte for a\poeis tour. Hence, trips from
LaPorte to a customer and trips from a customérRorte could be related to a
scale reading. Total mass during trips betweetoowsrs could be inferred from
the gauge reading indicating the amount of prothacisferred at customer
facilities. Unfortunately, these data were alsemincomplete. Accordingly,
they were used primarily to develop an algorithnresamate vehicle mass based
primarily on air-spring pressure. This algorithmturn, was used to determine
total vehicle mass for all trips. (See sectionférdetails)

Delivery and customer filesthese files were given to UMTRI periodically thghout
the study. The delivery files listed driver andtmmer identification numbers,
the product type, and the date and time of deliv8ilye customer file contained a
list of all the Praxair customers serviced by tla@darte and East Chicago
terminals, their address and identification numbad their location (latitude and
longitude). The data were used together along thghdate, time, and GPS data
logged by the DAS to identify missing driver numbé#rat occurred when the
session and transaction files were incomplete.

Weather data

To estimate the local weather for each vehicléd@ROT in as close to real time as
possible, a comprehensive weather algorithm wasldped using reports and
precipitation maps that were continuously downlagfilem the National Weather
Service to the UMTRI server. A description of teport and the map are given below.
A discussion of the data processing used to esithatlocal weather across the entire
FOT region is given in section 4.2, Data Processing
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METAR—these reports are defined by the internationaldsted code format for hourly
surface weather observations. They contain atdatestamp, station
identification number, wind direction, wind-spee&gibility, temperature, dew
point, barometric pressure, and precipitation.

Precipitation maps-these radar maps (bitmaps) use 14 different codoirsdicate the
level of precipitation for different geographicaéas outlined on the map.

GPS-based map matching

The entire FOT database of GPS position informatias processed by DaimlerChrysler
(owner of Freightliner) using the NavTech geographinavigable database. After
loading the Two files into the FOT database, aisfieed procedure would generate an
input deck for the map-matching routines. Thesetiniecks would be transferred to
DaimlerChrysler over the Internet and the resuitfie matching process would then be
returned to UMTRI for inclusion into the FOT databa The map-matching process
yielded the following fields:

» Link—a unique identification number indicating aogeetric representation of a
road. The shape of a link is described using ggaucal latitude and longitude
points called shape points.

* Node—the starting physical position on a linkalko has a unique identification
number.

* MapTime—the time, in seconds, that the vehicle begasersing the current link.

* TimeOnLink—the time, in seconds, that the vehiciswn the current link

* TimeStopped—the time on the link that the vehicéswstopped, in seconds.

* TimeEstimate—an estimate of the time to traversectirrent link, in seconds.

* MapError—an estimate of the accuracy of the mapehiag) results, in meters.

* RoadClass—a bitmap with the following decoding:

Mask 0: walkway (not passable for vehicles).

Mask 1: pedestrian zone

Mask 2: entrance/exit to a car park or serviceedriv

Mask 4: freeway and highway ramps, neighborhoceesdy country roads, etc.
Mask 8: local or regional road—generally high-vokjrmoderate-speed roads.
Mask 16: arterial—roads that connect highways aongige high traffic volumes
Mask 32: highway—a high-speed and high-volume toettveen freeways

Mask 64: freeway—a high-speed, high-volume, limisedess road between and
through metropolitan areas

« RoadName—the name associated with current link.
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3.3.5 Data collection problems

This section of the report describes the hardwemd-software-related data collection
problems that occurred during the FOT. In gendinalse problems did not greatly
influence the quantity of information collected uhgrthe FOT based on an analysis of
the distance traveled versus distance collecteidgltine FOT. Using periodic odometer
readings, a total of 848,000 km were traveled leytéist tractors. This ranged from a
high of 155,000 km on tractor 3 to a low of 100, on tractor 6. The distance
traveled as measured by the DAS for all six tractess 772,000 km or approximately 91
percent of the actual distance traveled. On dnpeter basis this ranged from 83 percent
for tractor 1 to 96 percent for tractor 5. The onidy of the lost 76,000 km was directly
attributable to failed DAS hard disks. Table 3dmsnarizes the actual versus collected
distance for each of the tractors and for the FO& whole.

Table 3-7: Summary of actual versus collected diahce

KILOMETERS
Vehicle Data Percent
Tractor travel collected Lost collected
1 152,176 126,942 25,234 83
2 145,477 135,047 10,429 93
3 155,548 148,421 7,127 95
4 148,137 135,036 13,101 91
5 147,192 141,239 5,953 96
6 100,285 85,809 14,476 86
Total 848,815 772,495 76,320 91

The subsections below describe the most commomiaaedand software problems that
occurred during the FOT. Most of these problemseviiacked and documented using a
problem database and a master calendar of evexttshbwed when maintenance and
repairs were done to a DAS unit, a sensor, orcadra Following the discussion of the
most common problems, table 3-9 describes sonteedess critical problems along with
the number of trips and total distance they affiecte
Failed flash drives There were eight failed flash disks during ti@&TEFThe source of the
failures was never completely understood or idesatif Many modifications were
made to the DAS to address this problem and seevieats were logged to see if
they correlated with failures. (For example, digd to the dealership seem to result
in a disk failure?) Five months into the study ski@plier/manufacturer of these disks
replaced them with new ones, after which the fraquef failures dropped
significantly.

An analysis was done of the lost days to help gfyaihie disk drive problem for the

entire FOT. Table 3-8 shows that a total of 15¢sdeere lost due to failed drives
and one disk overflow event (the overflow occurpedause files were not being
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deleted from the DAS in timely manner). This medat about 92 percent of the
FOT days were covered by the DAS for the entire FOfie bottom of table 3-8
shows how many disk failures occurred on eachamdtthe date and number of lost
days for each failure. Interestingly, tractors@ & never had a failed disk. Clearly,
much of the lost distance shown in table 3-7 idarpd by these lost days.

Table 3-8: Details of data loss due to disk probias

NUMBER OF DAYS
Vehicle Data Percent
Tractor travel collected Lost* collected
1 389 307 82 79
2 362 354 8 98
3 348 344 4 99
4 324 279 45 86
5 303 303 0 100
6 279 266 13 95
Total 2,005 1,853 152 92

*
*CAUSES OF LOST DAYS SCHEDULE OF LOST

DAYS
Tractor Cause Month No of days
1 3 failed flash disks Nov-00 20
2 1 failed flash disks Dec-00 17
3 disk overflow Jan-01 35
4 3 failed flash disks Feb-01 6
5 Mar-01 12
6 1 failed flash disks Apr-01 9
May-01 13
Jun-01 13
Jul-01 27

Failed air-spring pressure transducer3wo air-spring pressure transducers failed e th
spring of 2001 on tractors 2 and 3, respectiv@lgese transducers were replaced and
in-line filters were installed on all the presstransducers (both brake treadle and
air-spring). These two failures affected a tofah4 trips and a distance of about
6,500 km. These data were not discarded from @ik $ince only the air-spring
pressure channel was affected.

Severed ABS wiresThere were several problems in which the ABSgewires were
severed during the FOT. These problems were # @dhe mechanism of the load-
transfer seizing and failing during the study. Jéenechanisms had a laterally
positioned, lightweight torsion bar that connedttivo trailing arms that were then
connected by vertical links to the rear axle ofdhge suspension. Failure occurred
in the weld between the torsion bar and the trgudirm, resulting in the trailing arm
being free to bounce around while still connectethe tractor by the vertical link.
Unfortunately, the routing of the ABS wheel-speedsor wire was such that the wire
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was damaged by the loose trailing arm. Once ttublpm was discovered, the load-
transfer transducers were removed from each df@iE tractors.

Vibration problems with RA&C mounting bracketll mounting brackets for the
RA&C units were replaced with stiffer ones whewds discovered that vibration of
the older bracket was influencing performance messwithin the RA&C units.

Lane Tracker One Lane Tracker unit was replaced when it dadering the FOT.

Wiper wiring An incorrect wiring harness resulted in the Ispeed wiper signal being
logged as high-speed on tractor 5.

Cruise control anomaly It was discovered that when the torque limittooinis reached
on the FOT tractors, the engine status (a numlest tesdetermine if the vehicle is
engaged in cruise control) changes, causing osgi&in cruise states between zero
and one. This problem was corrected after-thetfattie RA&C database.

Table 3-9 describes some of the other, less nopabldems that were discovered during
the FOT. When possible, the data associated wattyrof these problems was corrected
after-the-fact in the database. Other data anesasted in the table resulted in partial
trips or inaccurate channels that were subsequeulligd from the database to avoid
corrupting any calculations done using the susgeahnels.
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Table 3-9: Other notable data collection problems

DISTANCE, TRIP
ID NAME DESCRIPTION KM S
1 Speed Gain  Installed a new baseline ECU (V210) on tractor 1 (5552) on 12/5/00. In the new 4844 56
ECU supplier changed the radius value from 509 mm to 493 mm.

2 Missed GPS  Missed records due to a checksum software feature. 9165 100

3 Wiper When the driver selects intermittent wipers, each event (pass of the wiper 181764 2102
distance blade) is logged to the transition table. Problem fixed after-the-fact.

5 Bad Data Fields from J1939 and J1587 are zero 935 3

8 GPS data Differential fix is lost resulting in duplicate values of all data from GPS. 341 1
repeated

13 Analog Analog boards were not initialized correctly and therefore the wrong offsets 226 1
failure and/or gains were used.

16 Speed >0 Trip ended with a speed > 0 kph 462 1

19 Duplicate Duplicate GPSTime causes key violation. Problem is fixed by adding 1 to the 711 10
Time value GPSTime and entering the data into the database.

20 Lane tracker Invalid or no data being reported by Lane Tracker device. 1633 14

21  Duplicate Unlike Note Id 19, these duplicate time values are non-sequential so the fix 1135 7
Time value used in 19 does not work.

22  Spikesin Anomalous spike in GPS Speed resulted in poor correlation with Speed. 4934 27
GPS Speed  Corrected by replacing GPS Speed values greater than 130 kph with

corresponding Speed values.

23 GPSdata These trips are unique in that there was no GPS file. Either it wasn't collected 693 8
files missing  oris still on the truck and was not moved.

24 Spurious These events are false and were caused by hi-frequency vibration of the ECU 1678 10
RA&C on tractor 1. These data were corrected.

25 ASP bad Air-Spring Pressure Transducer gone bad 6479 65

26 TenHzdata Tenfile is filled with zeros. This problem is probably caused by an interruption 574 2
corrupted during the download process.

29 ABS Fault Known trips where the ABS was not working. This results in faulty RA&C data. 19089 231

30 No Two File  No Two file entry in the RSA Catalog. These trips did have a distance > 1 km 1902 19

and Ten Hz data.
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4. THE DATA SET

The data set used as the basis for all the analyaefollows in this report can be divided
into three major subsets: primary data, derivesegondary data, and subjective data.
The primary data set consists of those data cellieah-board the test vehicles, as well as
fleet logistics information from the Praxair Corpbon and climate reports from the U.S.
Weather Service. These data are considered pripemause they were meaningful as
received and required little or no processing piedneing loaded into the database. For
additional information on the primary, objectiveaaet, see section 3.3, Data Collection.
Secondary data, on the other hand, consists oheltathat have been derived from the
primary data using some substantial form of prdogssr analysis. These data are also
stored in tables within the database. Exampldadiec

* GPS-map matching results

« Eventd*

* Summary numbers like counts, averages, maximurms, et
» Derivatives and smoothed time-history measures

* Sub-sampled or decimated time-history data

» Estimated real-time weather for the FOT region

» Simulation results

» Histograms

The subsections below discuss the structure anembof the RA&C database as well as
the processing that was done to produce the tabkscondary data. The last section,
4.3, covers the mechanisms of processing the diugetata that were collected
throughout the FOT.

4.1 Objective database structure and content

The RA&C database contains approximately 60 GBatd @nd is a collection of many
primary, secondary, or derived tables. The strectfithe primary tables was discussed
in detail in the section 3.3, Data Collection. HBteicture of many of the secondary
tables is discussed below. To complement the ptasens in section 3.3 and this
section, a list of database tables, their field @amand engineering units appears in
appendix A-J°

Regardless of the table type, whether primary coséary, most tables share similar
fields that constitute the primary indices of tlaathase. Most often, these primary

4 Explicit pointers into the whole archive thatidefthe start and end of an event, such as a Ipedal
application.

> Please refer to table 3-4 and appendix A-J feretigineering units of all the primary and secopdar
measures.
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indices areTractor, Trip, andTime™® whereTractor is a number from 1 to @yip is a
sequential number indicating an ignition on/offley@andTimeis an integer number
representing the number of deciseconds since nhitdhi§C. The fact that relationships
(joins) can be formed between similar fields, sashihese, allows data from different
tables to be “connected.” This connection is taekbone of the concept of the relational
database.

Since this report was not intended to be a primethe use of relational databases, the
level of detail regarding the implemented structfrall the tables and other objects in
the RA&C database is limited. However, it is irded that this report document the
content of the objective data set so that it cands®l as a reference for further analyses
of these data.

4.2 Objective data processing

Substantial data processing was done to derivedbendary fields and tables in the
database. In most cases this processing was ften¢he data were loaded into the FOT
database, but a certain level of processing oagumréhe DAS on-board the vehicles.
This chapter addresses the processing done adtelata were recovered from the
vehicles. Section 3.3.3 discusses the on-boaadptatessing.

4.2.1 Trip-level data

Trip-level information is defined as data that eastant or pertinent for an entire trip.
Examples include: distance, start day, driver aaier identification numbers, RA&C
version number, etc. Some of these data are tetlem-board the test vehicle by the
DAS and loaded directly into the database, whileeotiata had to be culled from sources
outside of the DAS environment. In some casesg#ta that came from other sources
was incomplete or missing and required processingfer the correct values based on
logical analysis of other data sources. Most irtggdramong these trip level numbers
were the identification of the driver and trailer & given trip. Tables entitled Summary,
Summary2, and TripList contain the trip-level infation. Many of the fields in these
three tables are primary data and their meaniotga from the field name. Fields that
required post-collection data processing or regeorae explanation are discussed below.

Driver. The primary source of driver identification cafmam the session information
described in section 3.3.4. However, since themewome tours for which we did not
receive session files, some “virtual” sessionstiodoe created. For these sessions, the
driver number was determined using supplementaleatglfiles obtained from Praxair.
The delivery data listed driver and customer idexaiion numbers along with the
product type and product delivery date and timest#processing algorithms were
developed that matched the delivery records wigttirtual” session data based on
customer location along with the session datet stae, and end time.

16 Most tables have Bimefield; however, the name used for the field doay Vor different tables, but
always includes the word time. Example names offthrefield include:TestTimeGpsTimeStartTime
StartGpsTimgMapTime etc.
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Trailer. Relating trips to a particular trailer was imgamit for a number of reasons.
Foremost was the verification that the FOT tracteese connected to trailers carrying
nitrogen. Although the La Porte facility producegsogen, oxygen, and argon liquids,
the trailers in the fleet are designed specificldhjtransporting a given product and thus,
have different performance characteristics. Idieation of the trailer allowed UMTRI

to exclude from the data analysis any trips with-nd@rogen trailers. Secondly, all the
scale-weight data collected at the LaPorte and Elastago production facilities are
uniquely identified within the Praxair databasengsa date/time stamp and trailer
number. The scale data provided by Praxair wet@naatically matched with trips using
trailer numbers and the date/time stamps.

FirstTime and LastTimeThese two fields from the Summary?2 table weetlus check
the synchronicity of time between the GPS modutetae DAS clocking source.

4.2.2 Calculated variables—five-minute table

The five-minute table (calleBiveMinin the database) contains fields and derived
measures recorded in five-minute inter/alsThis table is composed of fields that
pertain to weather, trailer load condition, deriwtalic rollover threshold, solar zenith
angle, etc. These fields and the data-processiunges to calculate them are discussed
below:

Temperature, Pressure, Visibility, Wind Speed, \&fad Direction These fields were
calculated from weather data downloaded from thigoNal Weather Service using the
following method:

* Locate all weather stations within 50 miles of theget location.

» Determine the distance (di) from the target locatmthese stations.

* For each station within 50 miles, find the moserdgaeport taken before the
target time, and the first report taken after drgét time.

* Interpolate the weather conditions between thesedito the target time. If a
report was taken at the target time, use it byfitse

» Use the squared reciprocal of the distance for station:

-1
di?
as a relevance measure and weighting faBiofor each observation.

» Estimate weather conditions as a weighted averggeexample: Test = (R1T1 +
R2T2 + ... + RnTn) / (R1+R2 + ... + Rn)

Ri 4-1

1 The measures in the five-minute table were catedl across five-minute intervals. TB®STimevalue
associated with each entrykiveMin is the central time of the interval (in UTC deecends).
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The quantityR1+R2 + ... + Rns a relative measure of the reliability or relev@ of the
weather estimate. Larger numbers would indicdtglaer reliability on the estimates
when compared with other locations or times.

For wind speed and direction, the speeds and directeported by the stations are
broken into their north-south and east-west compteThese components are then
processed separately and recombined to give theatetl speed and direction. An
example of the weather-estimating algorithm is giweappendix A-B, Weather.
Precipintensity. This unit-less value is a measure of precipitatmensity derived from
the color-coding used on National Weather Senackar maps, which were downloaded
throughout the time of the FOT. The maps com&mgensitivity levels—one for days
with little precipitation, the other for more stoyroonditions. The same colors are used
in both types of maps, but they indicate differdentls of precipitation. The first task in
using these maps was to select the map closasténaind location to the tractor at each
five-minute interval. Then, the color key on thaesof the map was analyzed to
determine which type of sensitivity level, and efere what level of precipitation each
color indicated, was used. Five different regianalps were used (based on five radar
stations). Each regional map was carefully caldatao that latitude and longitude
coordinates could be mapped to specific y and glpiim the computer representation of
the map. Using this mapping, the color of the pctesest to the tractor’s current
location was read and matched to the key. If theragas one of those representing no
precipitation, a value of zero was entered for ipigation intensity in the five-minute
table. Each level above the no-precipitation leva$ given a number from 1 to 12, with
12 being the most intense level of precipitatiogistered by the radar.

For more information and an example see appends A-

Weight. This field contains the estimate of the total mafsthe tractor-semi trailer
combination based on Praxair's scale weight andymrbgauge readings, which are
described previously in section 3.3.4. Becauswmis$ing data, thisVeightmeasure
could only be determined for about 80 percent ldfixa#-minute periods.

DriveMass. This field contains an estimate of the portioveliicle mass supported by
the drive axles. This estimate is based on tHevihg calculation:

DriveMass' =1432+3160* ASP+ GF * ET, 4-2
where
ASP is the air-spring pressure of the drive-axle saspon,
GF is the gear factor and is given by table 4.1 \Wwebnd
ET is the engine torque in percent.

DriveMass as defined in equation 4-2, is initially caldel at each 0.1 second interval
(i.e., at 10 Hz) at which (1) the brakes are noand (2) the vehicle is in a gear from gear
3 through 10.DriveMassas entered in the five-minute table is the aveddiveMass'
over the reference five-minute period (where, afrse, moments not meeting conditions
1 and 2 are not considered in the average).
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Table 4-1: Gear factor used in calculating the drie axle mass
Gear GF
3 35.2
28.3
20.0
17.8
12.6
9.9
8.0
6.1

[y
Boo~oou s

The values of the gear factor and the two constargguation 4-2 were all derived from
regression analyses of data gathered in prelimirtag tests conducted by UMTRI prior
to the field test. The road tests were, of cowrsaducted under a variety of loading
conditions in which the true value DfiveMasswas known.

TotalMass.TotalMassis the estimate of total vehicle mass that wasd us¢éhe analyses
of the field test dataTotalMassis calculated as follows:

TotalMass= ( DriveMass )/1000 4-3

(A+ B* DriveMas9
where the regression coefficients, A and B, weterdaned for each tractor using
DriveMassandWeightas described above. UsiiigtalMassas the reference measure of
total vehicle mass allowed “filling in” the majoyiof five-minute time periods in which
Weightcould not be determined. AlsbotalMassis likely a more consistently accurate
estimate of the actual total mass of the vehica ikWeight as the precision of mass
estimates based on gauge readings is probablyigiat h

Table 4-2: Coefficients used to derive total vehie mass

Tractor A B
1 0.3103 7.092E-06
2 0.3151 6.956E-06
3 0.3183 7.190E-06
4 0.3087 7.304E-06
5 0.3101 7.088E-06
6 0.3114 7.032E-06

Rollover. This field contains the reference static roliotregeshold of the vehicle during
the five-minute periodRolloveris determined according to the following equation:

Rollover= 0.3571+1.794* ("0119424TotalMas9 4-4
where the form of, and constant in, equation 4-determined by the relationship
between total vehicle mass and static rolloverstoéd observed in the results of a tilt-
table test of one of the FOT vehicles (see appehdd).

CurrentSessionDistance and TotalSessionDistatieehis FOT, a session is a round trip
made by a single driver in a single tractor, stgrand ending at Praxair’s La Porte
facility. It typically consists of several tripd.-he CurrentSessionDistandesld indicates
the distance traveled by the driver/tractor simaving LaPorte. The
TotalSessionDistands the distance of the entire session, starnigHi and therefore
does not change within a trip or between trips #natpart of the same session. The
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purpose of these fields is to enable the calculatica refined weight estimate based on
fuel consumption.

WiperIntensity This field was used in preference to the préain intensity field as a
more reliable indicator of precipitation. The DA&orded a 1 for low-speed wiper on, a
2 for high-speed wiper on, and a 0O for wiper dfftermittent wiper settings were
recorded as alternating 1s and 0s. To complib&téssue, the Os in the intermittent
settings followed the 1s by only 0.5 seconds, g¢kengh it took approximately 1.7
seconds for a complete cycle of the wipers. Famgle, an intermittent setting that
caused the wipers to cycle every 3.4 seconds wamildhlly have the wipers active one-
half of the time, but the DAS would record the wgas being on only 0.5/3.4, or less
than 15 percent of the time. To account for thisyutine was developed that attributed
1.7 seconds of wiper-on time for each wiper-on aigibserved in intermittent use. This
routine was made part of the program that genetagflve-minute table. The
WiperIntensityfield is a time-average of these adjusted valliethe wipers were on low
for the entire five-minute periodViperintensityis 1. If they were on high, itis 2. If they
were on a 17-second intermittent setting, the ve@el (=1.7/17). If the setting was
changed during the five-minute period, the variseitings were time-averaged.

AvgAirspringPressure This field is the average value of the measaiedpring
pressure over the five-minute period. It was ipooated into the five minute table for
two reasons—first, an average gives a more accumdiation of the actual weight on
the drive axles by smoothing out variations dubumps and turns, and second, it
simplifies the calculation dlVeightandTotalMassas detailed above.

SolarZenithAngle This field determined whether a tractor waseting in daytime or at
nighttime.SolarZenithAngles the angle from vertical to the sun. An andl®®degrees
or greater is considered night for the purposdisfEOT (atmospheric refraction and
reflection provide adequate daylight shortly befewarise and after sunset). The angle
was calculated using formulas obtained from thedxat Oceanic and Atmospheric
Administration. See appendix A-D

MinSpeed and MaxSpeedhese fields are the minimum and maximum speed$é&
tractor during the five-minute interval.

DistInFiveMin—is the distance traveled by the tractor duringfibeeminute period.
BadWeatheris a simple Boolean field derived from thesibility andWiperintensity
fields. A value of 1 indicates that eithéisibility was less than 2 &iperintensitywas
greater than 0.1.

4.2.3 Calculated variables, 2 Hz

Tables containing secondary time-history variabkdsulated at 2 Hz were produced for

each tractor in the FOT. The tables are identifiswoCalcXwhereX = 1to 6. The
fields in these tables were generated from calicuiatbased on either the primary, 10-Hz
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time-history data or on transition data (with 10-lke time resolution). Typically, the
calculations included substantial digital filteriajowing decimation to 2 Hz. Moreover,
the frequency content of interest is that of the yaotions of these vehicles, certainly no
more than 0.5 Hz.

The content of these tables evolved over the aisghymse of this study, and many of the
fields are described more completely in subsegsections of the report. This is
particularly true of the derived lateral-acceleratfields, which are explained in
considerably more detail in section 4.2.4, andhiseogram fields, which are discussed in
section 4.2.6. The fields of tAevoCalctables are as follows.

CruiseState This field indicates if the vehicle’s longitu@dinvelocity is being maintained
by the driver or the cruise-control system. Tleddfis derived from the cruise control
transition events that were logged in Bieranstransition file. Numerical states for the
field are: O = off; 1 = hold; 2 = accelerate; 3cast; 4 = resume; 5 = set; and 6 =
accelerator pedal override.

AySmooth This field is calculated using a 1.7-secondl(bpoint) binomial digital filter
on the lateral-acceleration signal measured afrtime axle Ay). (See section 4.2.4.)
Curvature This field is calculated from the ratio of yaate and speed. It is only valid
for speeds above 5 kph.

AySmoothCar This field is derived frorySmoottand is corrected for long-term drift
of the transducer signal. (See section 4.2.4.)

Gear. This field is based on the gear transition eve@earwas determined indirectly
by analyzing the ratio of engine speed to vehipkesl. A plot of the derived gear ratios
is shown in figure 4-1. These ratios defined@sarchannel in the DAS and calculated
gear ratio values that were between the ones shwaviigure were assigned to the
closest gear provided the clutch was not depreséétken the clutch was depressed,
Gearwas set to zero.

Gear Ratio (Engine Speed / Speed)
16.0

*
12.0 -

8.0

4.0 *

Figure 4-1: Gear versus gear ratio
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YawRateDat This field is the smoothed derivativeXtAwRate The smoothing and
differentiation were accomplished simultaneouslg icalculation that combined a 1.7-
second binomial filter with the differentiation.

AyDriver. This is an estimate of the lateral acceleratibtine longitudinal position of the
driver's seat. Itis also used as an estimatbaefdteral acceleration of the c.g. of the
tractor. (See section 4.2.4.)

Ay465 This is an estimate of the lateral acceleratiaie longitudinal position of the
drive suspension of the tractor. It is used bottepresenting lateral acceleration at the
fifth-wheel and at the RA&C ECU. (See section4.p.

Speed This is a smoothed version of the 10-${zedneasure.
Rollover This is the static rollover threshold as defibgdequation 4-4.

Along with the fields presented above, anotheo§@tHz fields was generated for the
simulated trailer lateral-acceleration experiengend) the FOT. These fields appear in
theAyTrailerX tables (where X = 1 to 6). These fields areatdht from those listed
above because they are only populated when all@graleration value for the trailer
was obtained from the vehicle simulation algorithivhat is, the fields presented below
are more or less restricted to times when the Féhicles were in curves of less than
1000 m in radius.

AyTrailer. This field contains estimated lateral-acceleratialues for the semi-trailer.
(See section 4.2.4.)

AyTrRolloverRatio This is the ratio oAyTrailer to Rollover.

AyTotal This is a weighted average of the lateral acagtar of the tractor and trailer.
(See section 4.2.4.)

Histograms These fields represent an intermediate stelparyéneration the histograms
used in the analysis section of this report. Tlel$ are populated with an integer bin
number that is representative of the correspondinge of the variable of interest. The
bin numbers were calculated using the formulasrgingable 4.3 belowRoadTypeHist
is based on the GPS mapping results and is a hitiie coding for this histogram field
is also given in table 4.3. Here the cast functibbanges a float point number into an
integer value by always rounding down to the néanésger. The numbers in the
formulas represent the lower edge of the minimum(ioi the numerator) and the bin
width (denominator), respectively.

Table 4-3. 2-Hz histogram fields

SpeedHist Cast(((Speed-2.5)/5.0) as int) + 1

AyDriverHist Cast(((AyDriver-(-.405))/0.01) as int) + 1
Ay465Hist Cast(((Ay465-(-.405))/0.01) as int) + 1
AySmoothCorHist Cast(((AySmoothCor-(-.405))/0.01) as int) + 1
Ay465NHist Cast(((Ay465-(-.10125))/0.0025) as int) + 1
AySmoothCorNHist Cast(((AySmoothCor-(-.10125))/0.0025) as int) + 1

71



AyDriverNHist Cast(((AyDriver-(-.10125))/0.0025) as int) + 1

CurvatureHist Cast(((Abs(Curvature)-(1.0))/1.0) as int) + 1
AyTrailerHist Cast(((AyTrailer-(-.405))/0.01) as int) + 1
RollRatioAyTrailerHist | Cast((((AyTrailer/Rollover)-(-.81))/.02) as int) + 1
AyTotalHist Cast(((AyTotal-(-.405))/0.01) as int) + 1
RollRatioAyTotalHist | Cast((((AyTotal/Rollover)-(-.81))/.02) as int) + 1
RoadTypeHist 1 = pedestrian zone

2 = entrance/exit to a car park or service drive

4 = freeway and highway ramps, neighborhood streets, small country roads, etc.

8 = local or regional road—generally high-volume, moderate-speed roads

16 = arterial—roads that interconnect highways and provide high traffic volumes

32 = highway—a high-speed, high-volume road to channel traffic between freeways
64 = freeway—a high-speed, high-volume, limited-access road between and through
metropolitan areas

4.2.4 Lateral acceleration

The primary objective measure for evaluating drivehavior and the potential influence
of the RA&C device, at least as it pertains to edg likelihood of rollover, is the
lateral-acceleration behavior of the vehicle as driven by the individual drivers
participating in the FOT. This section defines tityen “lateral acceleration” as used in
this report, and describes the methods used teedseiveral different measures of lateral-
acceleration experience from the signals of thevasit transducers. In that regard, the
primary transducers were an accelerometer mouatechlly on the front axle of the
tractor and yaw-rate transducer in the tractor(eddng with vehicle speed from the
vehicle’s own data bus.

Definition of lateral acceleration

This report presents the “lateral-acceleration’exignce of the FOT vehicles. Quotation
marks are used here because the definition obladeceleration used in this report is
somewhat different from the formal definition aadiog to the International Organization
for Standardization (ISO) and the Society of Autén®Engineers [6,7]. Those
definitions do not account well for the influendecooss slope of road surfaces.

For this reason, our definition is as follows:

lateral accelerationthe component of vehicle acceleration, includiomgwith the
addition of) the component of gravitational accalien, perpendicular to the
longitudinal axis of the vehicle, at a specifiedrpan the vehicleand in a plane
parallel to the road surface.

The polarity convention for lateral acceleratiomele is similar to that of the I1SO, i.e.,
positive accelerations are to the left and typycadsult from left turns and, for this
definition, roadways sloping downward to the right.

The salient point regarding this definition is titdautomatically” includes the influence
of cross slope of the road surface in a mannerogpiate for the consideration of vehicle
rollover. For example, two vehicles, one movingistraight line, but on a road with a
cross slope of five percent, the other on a flatirsurface but in a steady turn generating
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0.05 g lateral acceleration, would be experiendailegtical situations vis-a-vis rollover
potential (ignoring for the moment, potential coroalions of large articulation angles),
and would, by this definition, both experiencetatal acceleration of 0.05 g.

Lateral acceleration at various locations on théiete

The primary measurement of lateral accelerationatdgined by an accelerometer
mounted laterally at the center of the front axXléhe tractor. The choice of this location
was a direct result of the observation made abegarding the appeal of determining
lateral acceleration parallel to the roadway sw@flae purposes of the analysis of rollover.
Because of suspension and frame properties, arfdd¢hthat payloads are carried toward
the rear of the vehicle, the front suspensionsairmercial vehicles typically suffer very
little roll moment. Consequently, the solid fraxe typically remains rather parallel to
the road surface even during severe turning whesesis and drive axles may roll
appreciably. (This applies to frequencies assediatith yaw and roll motions, if
perhaps not to higher frequencies associated wiéhdisturbances and road roughness.)
The accelerometer was combined in a transducemtiaded temperature sensing. This
signal AyTemperaturewas used on-board the vehicles for temperaturgensation of
the base acceleration signAlyRaw to produce the primary lateral-acceleration measu
at the front axleAy).

Figure 4-2 provides an overview of the processesltigh Ay was used to produce
several lateral-acceleration time histories assediwith different locations on the
vehicle. As noted in the previous sectifiy,was processed later to produWogsmooth
However, bottAy andAySmoothare affected by long-term offset drift of the sdacer
signal. A very substantial post-processing effeat applied to remove this drift, the
resulting variable beingySmoothCar Descriptions of the process from installatiod an
calibration of the transducer through correctiondoft are presented in appendix A-E.
AySmoothCoand other transduced signa¥a(vRateandSpeedlwere then used to
calculate other measures of lateral acceleration.

The primary lateral-acceleration transducers wevanted on the front axle of the
tractors for reasons already described. TAysAySmoothandAySmoothCoare all
associated with lateral acceleration at the fratg.aHowever, from an analysis point of
view, this location is not ideal. Whenever artatidn angles are large (i.e., particularly
in lower-speed, tighter-radius turns) the latecaiederation at the front axle may not be
very representative of the lateral acceleratioavelere on the combination. Accordingly,
time histories of lateral acceleration at otherigimss along the length of the vehicle

were calculated.

Ultimately, six different estimates of lateral aleration were derived from the primary
Ay measure. They are each discussed below. Ndtsitite they all are based initially
on Ay, all are estimates of lateral acceleragpamallel to the roadwayi.e., including the
influence of gravity due to roadway cross slopermitsubject to the influence of chassis
roll.
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AySmooth Sampled at 2 Hz and located longitudinally atfllont axle AySmoottwas
calculated using a 1.7 s (or 17 point) binomiaéfibnAy. The binomial algorithm
smoothes the measure using weighted coefficieatsdigrive from a normal Gaussian
distribution.

Ay » AySmooth-2 Hz.
Smoothed by a 17 point binomial Gaussian filter, reduced to 2 Hz.

AySmooth » AySmoothCor-2 Hz.
Corrected for offset drift

AySmoothCor » AyDriver-2 Hz. and Ay465-2 Hz.
Translated using derivative of yaw-rate and distance from front axle

Ay465 » AyTrailer- 2 Hz. when abs(curvature) >= 1000/m
Calculated with yaw-plane tractor-trailer simulation model

AyDriver and AyTrailer ——— AyTotal-2 Hz. when abs(curvature) >= 1000/m
AyTotal = (Tractor Mass * AyDriver + Trailer Mass * AyTrailer) / Total Mass

OOGOOOOOOO)OOqO

@ @)

Ay, AySrlnooth, |—AyDriver L Ay465 AyTrailer
AySmoothCor

GG

Figure 4-2: Locations of calculated lateral accetations

AySmoothCar Also located at the front axle and sampled ldz2this measure is
derived fromAySmoottby removing the long-term drift (offsetAySmoothCor
represents the most accurate estimate of lateralexation at the front axle. A detailed
discussion of the procedure to determine the offsgtection values can be found in
appendix A-E.

74



AyDriver and Ay463° Sampled at 2 Hz and located longitudinally atdteer’s seat
and fifth-wheel (and RA&C ECU), respectively. Thareasures were calculated by
translatingAySmoothCoto other locations on the tractor. This was daosiag the
following equation:

. AySmoothCo-(YawRateDutli)

Ayi 4-5
Y 98

where
AySmoothCor is the lateral acceleration as measured at tdme &xle, gs,
YawRateDot is the derivative oY awRaterad/s2,
li is the longitudinal distance from the front axdettie point of
interest, i.

AyTraile—Ilocated at the approximate longitudinal positibthe center of gravity of the
trailer and sampled at 2 Hz. When a tractor seailiet combination performs turning
maneuvers involving small radii, such as the tuhas often take place at urban
intersections or in parking lots, the tractor amel $emi-trailer typically experience very
different lateral accelerations. Such turning mevsees generate large articulation angles
and substantial in-board off tracking of the tnail@he c.g. of the tractor and c.g. of the
trailer travel on different paths and at differgatocities and, as a result, have
substantially different lateral accelerations. iTafly the trailer acceleration is lower in
magnitude.

Since no instrumentation was mounted on the traglgTrailer was estimated using a
very simple, yaw-plane simulation of the semi-ggithe input to which was the yaw-
plane motion of the fifth-wheel as determined freignals of the tractor-mounted
instruments. The potential volume of calculatioad®a determinindyTrailer for the
entire travel time of the fleet (approximately 1@Mhours) out of the question.
Accordingly,AyTrailer was determined only for the approximately 1,000rb®f travel
in which the FOT vehicles operated in curves wigiath radius of the front axle of less
than 1,000 m (see section’8)Even so, the simulation was necessarily very Erap
the volume of related calculation was very largecdxdingly,AyTrailer should not be
considered as precise as any of the lateral-aat®lermeasures on the tractor.
Nevertheless, it anflyTotal which is based in part dkyTrailer (see below), are
believed to form a superior basis for estimatinialcrollover risk then do any of the

3 The notationAyDriver, derives from the fact that this variable wast firated to represent lateral
acceleration at the longitudinal position of thevelr. This same variable is also used as an appation
of lateral acceleration at the longitudinal positaf the center of gravity of the tractor. Theatimn,
Ay465derives from the fact that this variable represdatieral acceleration 4.65 meters aft of the front
axle. This one variable was used as an approomati lateral acceleration at the RA&C ECU andhat t
fifth wheel.

¥ In some cases, the time window of the simulatimgram was extended to account for the facttttet
peak trailer lateral acceleration may occur sigaifitly later in time than that of the tractor. g
particularly evident in low-speed, “tight” turnsvhich the tractor completes the turn while thddras
still experiencing significant lateral accelerason

75



tractor-based accelerations, especially in turreddll radii when off tracking of the
trailer is significant.

AyTotal This variable is a weighted averageAgDriver andAyTrailer according to the
following equation:

AyDriver* my + AyTrailer* my
TotalMas:

wheremy andmy are the masses of the tractor and trailer, respgtiandAyDriver is

taken as a close approximation of the lateral acatbn of the c.g. of the tractor.

AyTotal= , (4-6)

This weighted measure is appropriate for use ituetiag rollover risk. That is, tractors
and trailers do not roll independently of one aeotbut rather are coupled in roll by the
fifth-wheel. Hence, evaluation of rollover riskaaid be based on the overall lateral-
acceleration experience of both the tractor antetraelative mass being the appropriate
weighting function. (Note that, when large artatidn angles prevaihyDriver and
AyTrailer may not be in the same direction. No attempttmant for this influence is
made here and would not be appropriate as theerefermeasures of vehicle roll stability
to whichAyTotalare compared come from tilt-table tests in whieh\ehicle was not
articulated.)

Relationship of the various measures of lateraked@ation

The overall lateral-acceleration experience otattr semi-trailer combination is
determined fundamentally by speed and curvatur@weder, there are many instances
where the lateral acceleration, as measured aiusagoints on the vehicle may vary
substantially. This is especially true during lspeed, large-articulation maneuvers such
as 90-degree turns at urban intersections. In swteuvers, the front axle of the tractor
takes a different path then the tandem of theetrait even the drive axles of the tractor.
An example of this is shown in figure 4-3. Theediton of the turn is to the left and the
figure shows the estimated path for the tractantfexxle and the trailer tandem pair. The
figure also shows the estimated radius of traatorteailer path as R1 and R2,
respectively. For this example the minimum instaataus radius of the trailer is about 15
per cent larger than that of the tractor.

Additionally, because it is both the tractor arallér that determine the overall lateral-
acceleration experience, and, consequently, tieé/kood of rollover, the phase
relationship between the two units must be consitler

An example of the vehicle performance in a smalius, transient turn is illustrated in
figures 4-4, 4-5, and 4-6. Figure 4-4 presents-grplot of the path of the vehicle (as
measured by the position of the GPS antenna) whermitial position of the vehicle is
at the origin of the plot. This figure shows ttie¢ maneuver is a right-hand, 90-degree
turn with a radius of roughly 10 meters.
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Figure 4-5 and 4-6 present time histories of sdvaadion variables. Figure 4-5is
divided into two time-history plots. The abscigsaboth plots is time in seconds and is
shown along the bottom of the figure. The uppet phows four different measures of
lateral acceleration. The traces are ordered dowpto their longitudinal position on the
vehicle. The plot shows that in the first haltloé maneuver, from O to 4 seconds, there
is a clear lag in lateral acceleration as a fumctibthe position on the vehicle. For
example, at approximately 3.5 secondigSmoothCoandAyDriver have reached their
maximum values whildy465andAyTrailer peak at 4.3 and 6.0 seconds, respectively.
Similarly, as the tractor comes out of the turnAlyg&moothColeads with an increasing
larger lag forAyDriver, Ay465,andAyTrailer. Also, note that the lateral acceleration at
the front axle AySmoothCqrreaches the highest peak magnitude (absolute)diut
magnitude is attenuated at the trailer. Both aresistent with expectations for a low-
speed, small-radius turn with substantial off tragk The lower time history plot, in
figure 4-5, shows the tractor yaw rate, speed,dmnived path curvature. The driver is
accelerating around the curve as speed increasasafgproximately 8 to 24 kph. The
peak curvature value is equivalent to approximael) m radius turn, which, of course,
agrees with the path shown in figure 4-4.

Path of trailer wheels — Path of tractor front wheel

\

Tractor turn center

N
_€

Instantaneous minimum
trailer turn center —>

R2min! =1.15*R1

) ] Direction
tThe trailer does not follow a constant radius path  of travel

Figure 4-3: Example of low-speed off-tracking
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Tractor 5. Trip 811. 6/8/2001. Time(0)=5:46:05 AM central standard time.
25— e A

meters

10 15
meters

Figure 4-4: Path of the tractor in a 90 degree snllaradius turn

Tractor 5. Trip 811. 6/8/2001. Time(0)= 5:46:05 AM central standard time.
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Figure 4-5: Time-history plot of a 90 degree righthand turn

Figure 4-6 shows the relationship betwégfm otalandAyDriver. In this example, the
mass of the tractor and trailer are approximatedysame (i.e., 7.3 metric ton).
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Figure 4-6: AyTotal as a function of time

For less transient turns, the distinction betweactor and trailer lateral acceleration is
less important, at least in terms of their absotutsustained values. Figure 4-7 shows
the path of the tractor in an exit-ramp turn tlsdbng in duration and distance traveled
(442 m). The turn is characterized by about ad&free heading change on a large
radius of about 115 meters. Figure 4-8 presemis histories from this maneuver. In the
upper part of this figure, the phase differencevieen the tractor and trailer lateral
acceleration is only apparent in the transientigestof the turn. That is, the lateral
acceleration traces are only distinguishable fracheother during periods of changing
curvature. When curvature is roughly constanimfioto 28 seconds, all the lateral
acceleration measures agree closely in both plmseagnitude.

Tractor 1. Trip 1348. 9/10/2001. Time(0)= 7:52:07 AM central standard time.

200

meters

0 50 100 150 200
meters

Figure 4-7: Path of the tractor in a 180 degree tge-radius turn
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Tractor 1. Trip 1348.9/10/2001. Time(0)= 7:52:07 AM central standard time.
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Figure 4-8: Time-history plot of a 180 degree righhand turn

Much of the analysis done in this report uses BgtDriver andAyTotalto represent
meaningful lateral accelerations for the evaluatbdriving performance, at least as it
pertains to the RA&C device. The rationale for tise ofAyDriver comes from the

notion that this is the lateral acceleration fglithe driver and therefore is likely to be the
one that the driver responds to or is most awarAydfotalon the other hand is a
weighted measure of total lateral accelerations ilitended to represent the acceleration
that may actually cause a rollover event and tloeeaf related to the real risk of rollover.
In the analyses of rollover riskyTotalis not used directly but is used to calculate the
vehicle’s rollover ratio. Rollover ratio is simpilye ratio ofAyTotalto the estimated

static rollover threshold as measured by tilt-taddperiments (see appendix A-C). It can
be thought of as a number from 0 to 1 that reptsgée available rollover margin of the
vehicle in its current load condition. A rollovextio of 0.5 indicates that the lateral-
acceleration experienced by the combination reabaédf the available rollover

margin; a rollover ratio of 1 means rollover is imnent.

Lateral acceleration and super elevation

An estimate of the lateral acceleration of thettilacan be derived using the measures of
speed and yaw rate. This estimate, notédrasd measured in gravitational units, is
shown by equation 4-7 below:

. 180, V.
K (n‘% ()

Vr = 4-7
0.8
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where
r is yaw rate in degrees per second, and
\% is speed in kph.

However, because this is an estimate based on yaw imtetably insensitive to the
effects of gravity that derive from cross slopesuper elevations typically present on
highways and highway ramp3.This can be a critical distinction in the anaf/sé

rollover, particularly when super elevation is desd into the roadway to enhance
stability in turning. Moreover, the difference Wween these measures of acceleration can
be used to estimate cross slope and super elevation

To illustrate the difference between a yaw-ratevieriateral acceleration and that
measured by the front-axle accelerometer, conéigiere 4-9. This figure is identical to
figure 4-8, except it starts 30 seconds earlidre point of the additional preview time is
to show how a yaw-rate based lateral acceleratiomeanreasonable approximation in
some instances and dramatically wrong in other mistances. For the first 30 seconds
in the figure, the tractor is on a high-speed,givaroad, as can be seen by the curvature
(Curvl) and speed measures presented in the lowesfdayure 4-9. During this time

the AySmoothCofwhich the authors believe is the most accurasgdhticceleration) and
Vr are different by 0.01 g, which is very close toi¢gbhighway design cross slope
specification for rainwater drainage. (Please nibkehorizontal straight lines drawn
through each of the measures, is a best-fit linb®imeasures for the time that they
cover in the figure.) However, when the tractor engesweeping, high-speed turn, as
shown between 35 and 60 seconds in figure 4-9, fferelce between the two estimates
is 0.065 g, which is considerable. The bulk of thfference, of course, is due to the
super elevation designed into the high-speed ranmpavide both adequate drainage but
more importantly, reduced likely-hood of excesdateral-acceleration induced rollovers
and road departures. Hence, the important obsenvitithat, when estimating lateral
acceleration and rollover margin of any vehicleeaaust be taken to account for road
slope in situations where it can have a significafiience on the performance of the
vehicle.

Although not a significant topic in this report, @stimate of roadway super elevation or
cross slope can be calculated by taking the diffezdetween the transduced lateral
acceleration and that derived from yaw-rdtéNote, however, that the accuracy of this
calculation depends on the steady-state natuteedignals and inaccurate values may be
calculated during times of transient turning. Howeageraging of time and over many
vehicle passes can yield a good measure of supeatan.

2 Super elevation, cross slope, and body rollgrdp have a minor influence on measured yaw-baite,
it is quantified as a cosine effect on the measltinat is to say, the gravitational influence frdrage
angles on the measured yaw-rate is determinedkingtthe cosine of the angle, which is virtually
negligible for small angles. For example, for ¢inavitational influence to have a 1 percent eftacyaw-
rate, a slope of over 8 percent is required, hisrtually unheard in the purposeful design of poplic
roadway.

2l Road cross slope was used extensively in therfityodrrection and is discussed in appendix Afear
this correction, the cross slope was measured eramtly of the tractors.

81



Tractor 1. Trip 1348.9/10/2001. Time(0)=7:51:37 AM central standard time.
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Figure 4-9: Lateral acceleration based on yaw ratand speed
4.2.5 Curves

This section of the report discusses the datagssiag routines that were used to define,
identify, and characterize curves in the RA&C datta Clearly, a major element in

trying to quantify the influence of the RA&C devioa driver behavior has to derive
from comparable measures of vehicle performance digerete sections of roadway that
involve turning and, hence, lateral acceleratibarthermore, the statistical quality of
any finding depends on the number of observatiodstlae ability to control for
confounding variables that may also influence awnedrbehavior. It is these
considerations that make the consistent identiboand processing of events on curves
in the RA&C database critically important. This t@&a of the report details the process
used to find and characterize curves in the RA&G@lokse. Also in this section is a
discussion of the performance measures used taatkare for each curve pass (1) the
vehicle’s kinematic behavior, (2) driver actionsdd3) influences on behavior, such as
weather, time-of-day and vehicle load condition.

It should also be mentioned that defining curves daage using the underlying
geometrical and geographical properties of theesthiemselves, as opposed to using
the vehicle performance data to identify areaseoé@ved rollover risk. Use of
measures of the dependent variable (the performdeteg to select curves for evaluation
would create a linkage between the dependent angendent variable potentially
invalidating the analysis.
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In a simple case, suppose “hot-spots” were idedtifigophase 1 as target locations to best
observe the effectiveness of the RA&C—curves withrisidest performance measures

in phase 1 are then monitored in phase 2 for agghatt is extremely likely however that
a reduction in risk would be observed even if nahiimatsoever changed in the driver’s
environment. By selecting the riskiest curveshage 1, further observations in phase 2
are bound to be lower. This is an admittedly singalge of regression to the mean.
However any linkage between the dependent and indepewmdriables risks the false
identification of association between the two vaeabihen none exists. (Alternatively,
selection of only the phase 1 hot spots also neggtee possibility that risk could

increase in phase 2.)

A means of characterizing curves was sought that wialsased on the dependent
measures. Thus this section of the report preseglsbal approach to identifying all
curves, based upon their physical characteristidsn@t upon driver or vehicle
performance. Of course, once the curves were defthedrehicle/driver behavior of

each pass through each curve constituted the toaglse phase 1 versus phase 2 analysis
of lateral performanc&

Curve Definition and ldentification

The first step in the curve-analysis process wdmiilol a table of events that explicitly
identified all the time that the FOT vehicles wene ¢urves.” The condition that
identified a “curve” was an absolute curvaturg.0 km' (i.e., a curve with a radius1
km) continuously for at least 3 seconds. A secabtkt called PreCurves, was defined.
The core fields (other fields were added later dutive analysis of curves) of this table
included tractor, trip, start and end time, anddigaeed value of the maximum magnitude
of curvature during the turn. (The sign of thisuseaindicated the direction of the turn,
i.e., negative was a turn to the right.) Over 330,@0n events were identified for the
entire FOT. An example, of three turns for tractanltrip 1279 is shown in figure 4-10.
In this example, the vehicle is transitioning framural highway to a limited access
freeway. The figure shows curvature as a functiotmaé in seconds. The first right
turn starts at 10 and ends at 21 seconds, whichlasvied by a short period when the
vehicle is traveling straight before entering & fefn from 22 to 30 seconds. The final
right turn starts at 31.5 and ends at 46 secoAtighree turns meet the requirement for
3-second duration. The maximum curvature valuegdoh turn are -7.2, 5.8 and -5.3
km™, respectively.

22 Note that the independent variable, curve seyerited in later analyses is indeed based on curve
performance data, but these measures are takertHeodata of drivers excluded from the study.
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Tractor 3. Trip 1279. 7/17/2001. Time(0)= 6:01:18 PM central standard time.
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Figure 4-10: Curvature thresholds to define a turn

A map of the ramp and the three turns is shown urégl-11. The direction of travel is
from 239 N to I-94 E. Each of the turns is shown waitthifferent symbol on the map.
The symbols are placed on the map using the latitundl longitude coordinates from the
on-board GPS.
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Figure 4-11: Map showing the actual curvature fotthe ramp from highway 239 N to 1-94 E

At this point in the curve-definition process, cusweere only defined in terms of
individual events, or “passes.” The next step wagroup passes by location to identify
the curves themselves. The grouping was done bsithgnumerics that summarize the
entire turn, such as, heading change, distancelé@wand turn direction, as well as, start
and end geographical characteristics like headigipaand location. The start and end
location of each pass were defined and groupedtegasing a triangulation method.
Basically, for the start and end coordinate of dach (i.e., longitude and latitude) a
distance was calculated from three distant poimtss is shown conceptually in figure 4-
12. The figure shows the actual geographical looatof the three triangulation points
as black squares. The start of a turn is shownbéaca circle, again conceptually since
the scale of the map and icons is exaggeratedhandistance to each of the
triangulation points is shown as D1, D2, and D3.
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Figure 4-12: Example of the triangulation componenof the curve definition routine

Tolerances are used in the grouping routine. ®legdnce for start, end, and total
heading change was + 4.0 degrees and for the stherad triangulation distances was *
45 meters. Also, the grouping routine used comptaditional statements to account
for the discontinuity in heading angles about dagin(i.e., 360 to 0 and vice versa).

The primary result of the grouping routine was thgignment of a curve identification
number to all the turn passes that met the headisance, and direction criteria outlined
above and had three or more passes. Each curvhevadefined by calculating the
average characteristics of the individual passdsaasigned a unique curve identification
number. Over 24,000 curves were identified in theraying process. These
intermediate curves were then written to a prelinyirrairves-definition table that was
used to in a computationally intensive procesetrah the entire FOT data set for all the
passes over each of the curves. Again, a successfslover a given curve required that
the start and end heading, start and end locaiwhpverall heading change and
direction agree, within given tolerances, with theentying curve definition. The results
of this search and matching routine identified &xy in the FOT data set the tractor,
trip, and the start and end times for all passes amy given curve. Also, during this
step passes and curves found to be in duplicateeliengated from the analysis. This
had the effect of reducing the total number of page 184,101 over a total of 6,014
curves.

As an example, figure 4-13 shows one such curve.ldthside of the figure shows the
GPS points from all 167 passes along with the symboldes in this case, that show the
start (0,0) and end (78,-230) gates of the curhes figure is representative of the
general quality of the curves with respect to thesgiency and general scatter of the
GPS data. The right side of the figure shows theeclacation on the mafy

% Clearly, the GPS points representing the actati pf the curve do not align well with the road
segments shown on the map. This is due to locatewturacies in the map program, since the overall
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Figure 4-13: Example curve with 167 passes

Performance Measures in Curves

Once the set of curves had been identified, a tabtecreated that contained an
exhaustive list of performance metrics for everggthrough each curve. Also added to
the table were exposure fields. These fields, afsm were used to control for the
influence that weather, load, time-of-day, etc. lolateral performance of the vehicles
in curves. This table, callgdiurvePerformanceconstituted the primary set of measures
used the analyses presented in chapter 8.

Several of the fields in theurvePerformancéable are sustained values. A sustained
maximum value is the largest value of the corredpandata field that was met or
exceeded for an interval of three seconds. Fovaheus lateral-acceleration and
curvature measures, the magnitude was used to thé search for the maximum
sustained value. The maximum sustained timesanahle are the start time, in deci-
seconds, of the three-second interval. Figure Beldw is an example of the sustained
and maximum values fa@xyDriver on curve number 4163 for tractor 5, trip 1124.

quality of the GPS points is supported by the regi@kty shown in the left-side representation fud t
curve.
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AyDriver for Curve 4163, Tractor 5, Trip 1124

AyDriverSustTimeMax = 43%‘ /KAYD”W"M&X =0.331g

AyDriverSustMax = 0.296 g

l 3 seconds l

/ \
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Figure 4-14: Example calculation of maximum and sstained maximum for curve performance

An itemized list of fields and associated definisdrom theCurvePerformancéable is
shown below. (Note “maximum” generally refers to signed value of the maximum
amplitude.)

Ay465Max—the maximumAy465value, in gs.

Ay465SustMax-the time at which the maximum sustairedi65window begins, in
deci-seconds.

Ay465SustTimeMaxthe time at which the maximum sustairgdi65window begins,
in deci-seconds.

AyDriverMax—the maximumAyDriver value, in gs.

AyDriverSustMax-the maximum sustainedlyDriver value (signed) over a 3-second
window, in gs.

AyDriverSustTimeMaxthe time at which the maximum sustairfggDriver window
begins, in deci-seconds.

AyTotalMax—the maximumAyTotalvalue, in gs.

AyTotalSustMax-the maximum sustainedly Totalvalue over a 3-second window, in gs.

AyTotalSustTimeMaxthe time at which the maximum sustairgdr otalwindow
begins, in deci-seconds.

AyTrailerMax—the maximumAyTrailer value, in gs.

AyTrailerSustMax-the maximum sustaineflyTrailer value over a 3-second window, in
gs.

AyTrailerSustTimeMaxthe time at which the maximum sustairfedr railer window
begins, in deci-seconds.
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BrakeOnCount-the number of deci-seconds with the brake on.

BrakeOnEndTime-the time of last release of brake before the drileocurve, in deci-
seconds.

BrakeOnStartTime-the time preceding the curve where brake was fpgli@d and not
released for more than 5 seconds, within 100 secofstart of curve, in deci-
seconds.

CountRSE&-the count of RSC messages during the curve.

CurveAyDriverSust-the curvature ayDriverSustTimeMayin knrl.

CurveAyTotalSustthe curvature aAyTotalSustTimeMasin knrl.

CurveDistance-the distance traveled between on the curve, in km.

CurveNumbera unique integer number for each curve defingtiéencurve definition
and identification process.

CurveSustMax-the maximum sustained curvature value over a 8rgewindow from
the TwoCalctable, in kml.

CurveSustTimeMaxthe time at which the maximum sustained curvatureleiv
begins, in deci-seconds.

DecelMax—the largest magnitude deceleration during brakirtpe curve, in gs.

DecelSustMaxthe maximum sustained deceleration value ovesec®nd window, in
gs.

DecelSustTimeMaxthe time at which the maximum sustained deceleratimdow
begins, in deci-seconds.

Driver—the UMTRI driver identification number.

ECU—the software version of the RA&C ECU.

HeadingChange-the total change in direction as determined bggrdting yaw rate, in
degrees.

MaxCurvature—the maximum curvature (signed) frohwoCalctable, in kmt.

MaxRSALevelthe maximum RSA alert level during the curve.

Night—flag indicating day or night. Night = 1 if the spoleenith angle > 96 degrees,
otherwise Night = 0.

ParkingLot—a flag to distinguish curves meeting the critéoiaoff-roadway 1=off the
roadway, 0=on the roadway.

PhaseDistance-the distance to date for the driver in the curggrdse (1 or 2), in km.

Rollover—the estimated static rollover threshold as meashyehe tilt-table, in gs.

SessionDistaneethe distance traveled so far in session sincertiegd.a Porte, in km.

SpeedAvwg-the average speed of the tractor while in the gunvieph.

SpeedAyDriverSustthe speed aAyDriverSustTimeMaxn kph.

SpeedAyTotalSusithe speed ahyTotalSustTimeMavn kph.

SpeedBrakeEndthe speed d@rakeOnEndTimen kph.

SpeedBrakeStartthe speed d@rakeOnStartTimen kph.

SpeedFinat-the speed of the tractor at exit time of the cuméph.
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SpeedInit—the speed of the tractor at the start of the gurvkph.

SpeedMaxCurvatureSusthe speed a&urveSustTimeMaxn kph.

SpeedMax-the maximum speed attained during the curve, m kp

SpeedMir-the minimum speed on the curve, in kph.

SpeedSustMaxthe maximum sustained speed for 3 seconds, in kph.

SpeedSustTimeManthe time at which maximum sustained speed windownseg
deci-seconds.

TimeSinceBadWeathetelapsed time since bad weather, definetMiyerintensity0.01
or Visibility<2, in deci-seconds.

TimeUntilBadWeatherelapsed time until bad weather, definedMiperintensity0.01
or Visibility<2, in deci-seconds.

TotalMass—the total vehicle mass, in metric tons.

TripDistance—the current distance traveled for the trip, in km.

Off-roadway curves

Some curves identified in this study were flaggedfasoadway or parking lot curves.
These curves were separated from road curves betteupath the driver can take in off-
roadway situations is generally less restricted @megbto road curves where there are
clear constraints on path. This is a criticaliddion in the analyses to be presented in
chapter 8.

An example of an off-roadway curve is shown in figdtg5. In this example, 22 passes
met the criteria of the underlying curve definitionterms of heading, heading change
and start and end locations. The figure showsthigapath does vary considerably on a
pass-by-pass basis. The right side of the figardiens that the curve does lie off the
mapped roadway system. Off-roadway curves were flaggte CurvePerformance
data using three rules. In short, these rules therte

» All curves identified in trips with a distance of $ethan 1.0 km were flagged as
off-roadway curves.

» If the first curve at the beginning of a trip hadaverage speed9 kph, that
curve and all consecutive curves with an averagedksp® kph were flagged as
off-roadway curves.

» Similarly, if the last curve at the end of a trigdhan average spee® kph, that
curve and all preceding-consecutive curves withvamage speed 9 kph were
flagged as off-roadway curves.

4.2.6 Histograms
Histograms were used extensively in some of the aasalgione for this study and
reported here. Many of these histograms were gttkadter all the data were
collected in the FOT and following the transformatsn recalculation required to
properly represent the lateral-acceleration expedeas actually occurred in the field.
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The methodology and processing to generate the raghams, although certainly
not new or revolutionary, was very computationalljcednt and thus deserves a brief
explanation.
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Figure 4-15: Example of an off-roadway curve

The generation of new histograms was a two-part psocesst, all new histograms were
created and binned as a function of speed. Thatsay, these histograms can be thought
of as being three-dimensional in the sense thaprineary measured variable is one
dimension, speed is the second dimension, anddoints constitute the third dimension.
To efficiently create and populate the histograaaglitional fields were added to some of
the secondary tables (these fields are usuallytddnwith field names that end Hhst).

The fields were populated, not by the actual vabfespeed or the primary measure, but
by their corresponding bin number. The calculatedo the transformation is shown in
table 4-3. The advantage of this transformatiahas it converts what is often a 4-byte
real number in to a 1-byte integer that can themtexed for use by very efficient
searching routines.

The second step in the process was to build andigxacStructure Query Language
(SQL) input deck that automatically created thedgsam table, populated all the fields
and records of the table, and contained the upmtatenands for each cell of the
histogram. These input decks were typically thodsaof lines long and were
automatically generated by programs written spelfidor generating SQL text.

The net result of this effort was an order of magigtdecrease in the time needed to
make histograms with data collected from the eft@®d. In other words, what began as
a computational task that took over 20 hours wagaedl to one that could be done in
roughly 2 hours.

4.3 Subjective data set

Although the primary focus of this analysis is ommte in driving performance, it is
important to consider less objective sources afrmftion to provide some alternate
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measures of the RA&C from the driver’s perspecti$eich measures provide useful

hints and insights about factors that might bestalatle to have been observed in the
objective data, as well as provide additional conitexvhich to assess how the safety
system integrates into the driver’s daily routine.

To build this picture, just prior to the activatiohthe RA&C system (in phase 2), an
initial survey of driver opinion was taken to assesgectations, experience with safety
systems, and general opinion about the introdudfarew technologies into the driving
environment. Following activation, periodic surveysre administered to monitor
evolving driver opinion about the system, and tefkabreast of any potential problems
that might develop with the new system. Finallyeathe completion of phase 2, each
driver was interviewed using a structured intervievipsdo obtain a final perspective on
the value of the RA&C to each driver.

Some subjective data was also collected in a mareusqtive manner to serve as a
possible basis for partitioning drivers into sepagroups. A decision-making survey,
moderately predictive of accident involvement, wias given to all drivers with the
expectation that perhaps the safety system migha tiéferent influence on those drivers
as a function of accident inclination.

4.3.1 Structure and content

After collection of baseline data during phase thedriver was provided with a one-
hour orientation about the operation of the RA&Gopto its activation. In the week
after the orientation, drivers were privately intewved to solicit their general opinions
about their driving experience, opinions about tethgy, and expectations about the
effectiveness of safety systems in general. Thegvy purpose of this survey was to
understand whether drivers approached the fieldatiéistany strong biases against
technology that might color their later perceptiofshe system.

Periodic surveys were given both to monitor evolwinger opinion and to establish an
active mechanism by which any concern or difficaltgriver might have with the safety
system could be immediately addressed. Two sumweys produced. A short, single-
page survey containing 7 multiple-choice itemscsitig driver opinion about each of the
RA&C subsystems (advisor, control, and hard brakysjems), and their recollections
about each subsystem’s activation. A longer suweay administered periodically to
obtain more detailed opinions about the perceitdityiand safety benefit of the system,
the accuracy of the advisories, and the generahdaingf the device on the driving
environment. Of particular interest was the drivepmion about whether he found the
safety system distracting. This survey was largelyprised of items requiring drivers
to rate their extent of agreement or disagreemeiat even-level scale with a variety of
statements. This is known as a Likert scale. dbimmonly used in survey materials and
is amenable to quantitative reporting althougmposes some structure on the
respondent.
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The periodic surveys were delivered to the Praveanility and distributed to the drivers
as part of each driver’'s regular monthly safetinirey. (Note, because of the staggered
driving schedules, drivers are rarely assembledttay in one place at one time.) The
short periodic survey was initially scoped for a tweek turnaround schedule; the long
survey was intended to cycle on a 4-6-week interitdater became clear that the best
chance for gathering a complete record was to melyre existing regularly scheduled
safety meeting cycles. Consequently, the shoviesuwas dropped both to simplify
driver reporting and because the information pregitly the short survey was minimal.
After September 24, focus was placed exclusivelyherdng survey. Thus, although a
short survey was distributed on September 24, itoaaselled to avert confusion among
the fleet drivers that might have interfered witk ttong Survey distributed on October 4.

Table 4-4. Short and long survey schedule rotatiodates.

Survey Type Sent Received
Short July 9, 2001 Aug 8, 2001
Short Aug 9, 2001 September 8, 2001
Long September 6, 2001 September 19, 2001
Short September 24, 2001 (cancelled)
Long October 4, 2001 October 30, 2001
Long November 2, 2001 December 5, 2001

At the end of phase 2, each driver was interviewethéexperimenter for 45 minutes to
obtain their final appraisal of the overall functiog of the RA&C, the perceived benefits
of the system for themselves and for other, lepeeanced drivers, suggested
improvements in the system, and a comparative sissag of the RA&C to other safety
systems. For completeness, the interviewer follotvedletailed script provided in
appendix A-l.

Drivers were also asked to complete a decision-makuggtionnaire at the start of the
study based on one used by [8]. The purpose sfjiestionnaire was to obtain
covariates that might be predictive of their driystyle.

French et al. [8] found a modest association betwwerof the derived decision-making
factors and drivers’ annual involvement in trafiiccidents. The factors were identified
aslInstinctivenesandThoroughnesand were weakly correlated to accident involvement
(r =0.08 and, -0.09 respectively). We anticipated thrivers’ answers on the same
guestionnaire (adapted for US drivers) could proadeeans to partition drivers into
groups more or less disposed toward accidents. Sartiioning of the subject pool

could be useful if the RA&C differed in its effeatiess with each driver-population.

Overall, RSA drivers’ scores were similar to the ssaretained by French et al. [8],
albeit slightly higher (mean scohestinctiveness8.8,sd = 1.7 versus 7.2; mean
Thoroughness20.3,sd. =2.22, versus 17.7). When these scores were comfmared
overall message counts obtained during phaset®regsnegative correlation was found
betweeninstinctivenessnd the frequency of advisorigs{.54,p =.038). That is, the
higher the ratethstinctivenessf the driver, the less likely the driver was tgger an
advisory. This is counter to the expectation #watident rate is directly related to
Instinctivenes$ound in [8] and suggests that the already weakigtied power of the
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instrument among tha&verage non-professiondriver population may have dubious
value applied to the professional drivers in thax@ir fleet.

4.3.2 Processing

Answers to survey questions were compiled in severgswiepending on the format of
the question. Surveys containing choices baseatdinal levels were encoded using
ordinal values; verbal responses and free-writtspalses were also transcribed into the
data record. Detailed item-by-item summaries ofitiiteal Survey, the Long Periodic
Survey, and the Final structured interview are mtegtiin appendix A-l.

Some survey items were asked repeatedly througheuield test in order to chart
changes in opinion that might develop over the sewaf the field test. These items
included questions about technology acceptancecte@/experienced benefits of the
RA&C, and comprehension of the system’s operatianswers to these items were
combined, adjusting for polarity differences andlisg, and charted over time.

A factor analysis was also performed on each driveer®vers to the long periodic survey
guestions to produce groupings based on the pattémesponses to the survey items.
Eight factors were isolated from thirty of the Likecale questions found in the long
surveys. In most cases, the factor groupingsvatbour general intuitions about which
survey items were similar to each other. There \@dBv exceptions. For example, the
level of a driver’'s understanding of the RA&C appteabe inversely related to his level
of acceptance of the safety device. To the exeahiver affirms his understanding of the
RA&C, he appears to disagree that high-tech systemaot needed. Although on the
surface these questions are not related, they afipba answered in a manner that links
them together—the stronger the agreement that A8Rs easy to use, the stronger the
disagreement about not needing such a systeman®ttier way, the less a driver feels he
understands the RA&C, the more he is likely to fes a superfluous piece of
technology.

Interpretation of the other factor groupings waaigtrtforward with the exception of the
last factor containing two items: one noting theuasacy of the speed reduction
recommendations, and the other concerning the R&@/ention. These items were not
collapsed together in the analysis. Data were sumathusing the groupings depicted
in table 4-5, inverting the scale where necessailyaapraging the responses. Thus
answers to thirty questions were distilled into tategories.

Table 4-5. Grouping of survey items based on factanalysis used to pool together answers to similar
questions.
Question Grouping Name

I have a good understanding about how to use the Roll Stability Advisor.

I haven't had any difficulty learning how to use these systems.

| am learning things about my driving habits from the Roll Stability Advisor and Control
systems that | did not know.

The messages from the roll over advisory system are easy to read.

Operational
Understanding

| would be better off driving without these types of high tech advice and control systems. (Need for RA&C
I don't need the Roll Stability Advisor to keep from rolling my truck. system)
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Question

Grouping Name

The Roll Stability Advisor's messages interfere with my ability to drive safely because they
distract me.

The advisory messages and alarms do not interfere with my driving. Distraction
. . . . . Interference

These systems sometimes interfere with my driving responsibilities.

I have enough time to safely read the roll advisories.

The advisory messages from the Roll Stability Advisor provide useful advice.

When | get an advisory message, it is clear what | could have done differently to avoid

getting a message.
When an advisory message appears, it is easy to determine which maneuver caused it. Clarity of
The information | get from the Roll Stability Advisor about rollover danger is helpful. Advisories

The advisory messages from the Roll Stability Advisor are easy to understand.

The Roll Stability Advisor provides me with information about my vehicle that | would not
normally have.

Since the new safety system was activated, | drive my vehicle more safely with regard to
hard braking.

Since the new safety system was activated, | drive my vehicle more safely with regard to
rollover risk.

Advisory messages about hard braking are helpful to me.

The Roll Stability Control system can slow my truck safely

Safety Benefit

Roll advisories are sometimes displayed when there is no real rollover risk.

| am surprised by some advisory messages that occur during what I think is a safe
maneuver.

Advisory False
Alarms

I think some of my maneuvers should have produced advisory messages, but none were
displayed after the maneuver.

These systems often fail to give me an alert when | think they should.

Advisory Misses

Having this system in my truck has reduced the number of accidents or near-accident
situations compared to what | would have had without it.

| find that having this safety system in my truck reduces the stress and fatigue of driving. Influence on
With the Roll Stability Advisor, | don't drive any differently than | would drive without it. Driving
High tech systems like these really do not help the experienced driver.
The Roll Stability Control has come on and slowed me at times | do not think it should have

come on. (Ungrouped)

The speed reduction recommendations are accurate.

94



5. EXPOSURE OF THE FOT FLEET
5.1 General and physical qualities of the exposui the fleet

The six vehicles of the FOT fleet were phased inteise from early November 2000
through late February 2001. All six operated inF@ET through the end of November of
2001. During that time, data were collected for agpnately 10,000 hours of vehicle
service. The vehicles were in motion during apprately 9800 of those service hours.
The analyses of this report generally derive frdorow 9640 hours, some data having
been lost to irrecoverable instrument problems.

Figure 5-1 indicates that once all six vehicles wergervice, travel distance was
accumulated at a rather steady rate despite theto downturn of the latter half of
2001. The total distance accumulated was a bit 6¥2/000 km and was split rather
evenly between phase 1 and phase 2 (49 to 51 perespéctively). The figure also
indicates that about 74 percent of this total distawas covered with the vehicles
operating under cruise control and about 11 penvéhtwindshield wipers on (a
surrogate for poor weather).
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Figure 5-1: Accumulation of FOT travel distance intime

The distances represented in figure 5-1 were acateuiin a total of 9042 FOffips, a

trip being defined primarily for data-collectionrposes as the period from ignition-on to
ignition-off. Figure 5-2 shows a histogram of thember of trips by trip distance. The
figure includes an insert with an expanded histogoéjust the trips of distances under 5
km. The figure shows that a great many ofRK¥E trips (more than 60 percent) were
very short — probably just short moves from onenpto another in parking lots and
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work yards. In fact, the “distance” of quite a fayps$ was actually zero. The insert
shows that the count of trips drops radically atagises greater than about 0.7 km,
implying thatreal trips are those that exceed this distance.
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Figure 5-2: Histogram of trip distances

Extremely short trips (less than 0.1 km) often miad produce good GPS data because
they were of very short time duration or were engirela location “shaded” from GPS
satellite signals. Since the GPS clock signal gartant in establishing the validity and
usefulness of all the data collected, processiagitia from these short trips was
problematic. To avoid excessive data-processinglpms, the analyses of this report are
generally based only on those trips whose distaxceeels 0.1 km. This limitation
excludes less than 0.1 percent of the total trdigtance represented in the database.

The average distance of those trips exceedingr@.vés 93 km. The average distance
of trips over 0.7 km was 135 km.

Sixty-five percent of the travel time representedigure 5-1 took place during

“daylight” and 35 percent in “darkness.” The distion between daylight and darkness
was made according to the local solar zenith argetermined by calculation based on
the day of the year, UTC time, and latitude and ikoiaig, all variables derived from GPS.
Darkness was assumed for travel whenever the sun wastham six degrees below the
horizon—the common definition of civil twilight—ardhylight was assumed whenever
the sun was higher than six degrees below the horig®ee chapter 4 and appendix A-
D.)

About 83 percent of travel time was in “good weath&obd weathewas defined

relatively crudely and was determined at 5-minuterirals. Good weather was assumed
for any five-minute period in which th#&iperintensityparameter was less than 0.01 and
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Visibility was greater than 2 km. (See section 4.2 for exptarsofWiperintensityand
Visibility.)
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Figure 5-3: Travel routs of the FOT fleet

Figure 5-3 shows a map of the geographical areawiieh the FOT fleet operated and
indicates the fleet’s routes of travel. Theseeswdre, of course, dictated by a
combination of the locations of facilities belongito Praxair and their customers that, in
turn, determine significant exposure factors suctha typical length of trip, distance
between deliveries, and the qualities of roads tealveThe average distance from
Praxair's La Porte facility to the product delivgrgints was 166 km. (This is the
straight-line, geographical distance, not the dtierroad, travel distance.) Using a
combination of logistical data (for product on- afttloading) and data taken on board
the vehicles (distances), the average driving degtan a singléeg of driving (i.e., from
one product on/off-load to the next) was 136 km. eNtbat this measure aligns extremely
well with the average FOT trip distance for trips ¢eeghan 0.7 km (135 km).

The proportions of travel time spent on differesdd types are presented in the
histogram of figure 5-4. (Figures 5-4 and 5-5l@ased on only that portion of all travel
time in which mapping software could reliably ideptibad type: about 8200 hours.
Most time spent in parking lots, work yards, restaar etc. is not included in these two
figures.) Road types in this figure are definedadisws:

« freeway: high-speed, high-volume, limited-accessisdzetween and through
metropolitan areas;

* highway: high-speed, high-volume roads to chaniadfi¢rto and from freeways
or between and through metropolitan areas;
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« arterial: roads which interconnect highways and gleviigh traffic volumes;

« local/regional: high-volume, moderate-speed roadsuigh neighborhoods and
connecting neighborhoods with higher road classes;

* access roads: freeway and highway ramps, neighbostosets, small country
roads, etc.

About 64.5 percent of all travel time is on limitadeess freeways. Figure 5-5 shows the
distribution of travel time by speed range withicteaf the five road classes,
respectively.

Figure 5-4: Histogram of travel time by road typeand phase
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Figure 5-5: Distribution of travel time by speed ér each road classification

Figure 5-6 is a histogram showing the broader thstion of vehicle speed for all FOT
travel time. Since figure 5-4 showed that mostetéawne was on freeways and 5-5, that
most travel on freeways is at high speed, it isurprsse that figure 5-6 shows that the
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large majority of FOT travel was spent at high spedds figure also shows, however,
that a fair amount of time was spent at low speegsymably on city streets or in work
yards or parking lots, time which may be largelyajpmesented in figure 5-4.
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Figure 5-6. Histogram of travel time by speed

Figure 5-7 is a histogram showing the distributibtravel time as a function of total
vehicle mass. The histogram shows that travel W& largely split between the fully
loaded (about 36 metric ton) and virtually emptydiat 14 metric ton) conditions. Travel
at partial loading accounted for only a small gortof travel time. The figure also shows
a small portion of travel time tractors without keas (bobtail). The analyses and other
presentations in this report generally omit dabanfthe bobtail tractors.

In the presentations that follow, reference is ntadempty partial, andfull loading
conditions. These conditions are defined in t&ble

Table 5-1. Definitions of loading conditions
Gross vehicle mass

Loading condition metric tons
Empty >12 and <=17
Partial >17 and <=33

Full >33 and <=40
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Figure 5-8. A two-dimensional histogram of travetime by mass and speed

Figure 5-8 combines the information of the two poewi figures into a three-dimensional

In this figure, it can be seen thatitidkvidual velocity distributions in empty

and loaded conditions are each similar to the luhgstribution of figure 5-7. That is,
the quality of the speed distribution shown in f|gér6 holds for both of the individual,

dominant loading conditions.

histogram.
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It appears from the data that the FOT vehicles cbaldescribed asaveling straight
aheadduring about 91 percent of their total of 10,00Qdscof travel time anth turns

for the remaining 9 percent. Figure 5-9 speakhitopoint. The figure presents a
cumulativehistogram of travel time (hours) Inyagnitude(absolute value) of path
curvature (krit), i.e., the inverse of turn radius. (Path curtatere is specifically for
the path of the steer axle of the tractor.) Thapbris in log-log format. The magnitude
of path curvature is shown on the abscissa; the diniavel in turns of path curvature of
magnitudeexceedinghe abscissa value is plotted on the ordinateus®h the far left, as
the abscissa value approaches zero (straightrhrel) the time value approaches the
total time of the database, about 10,000 hoursthA&snagnitude of path curvature
increases to the right, travel time at or abové ¢havature declines.
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Figure 5-9. Cumulative histograms of path curvatue

Two sets of data are plotted. The dashed linerihmentire database (trips > 0.1 km),
and it places no restriction on the duration ofitag. That is, a value of curvature
observed for as brief a period as one half secomtiuded in the generation of this
curve. The solid line is a cumulative histogramjést that portion of travel in which the
vehicles were considered (for purposes of this 3ttalipein a turn, where beingn a

turn is defined as sustaining a magnitude of path ¢ureaf 1 kni or greater for a
minimum duration of 3 seconds. Comparing the tvaigpbeems to indicate that this
definition is, in fact, reasonable. That is, the tcurves are virtually identical for
curvatures exceeding 2 Kinsuggesting that virtually all activity above thiiseshold
constitutes deliberate, sustained turning. Belasittireshold, the curves begin to
separate, perhaps suggesting that “straight” dyiisrcomposed of brief periods of travel
at curvatures in this lower range.
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The graph shows that, by this definition, some 99@r& (9 percent) of travel was
turns Moreover, about 100 hours (1 percent) of traweet in truly tight turns having
path curvatures in excess of 50 knthat is, having radii near to or less than theninal
length of the vehicle (20 m or less).

Table 5-2 presents many of the exposure measwesgssied in this section individually
for phases 1 and 2. The table indicates that ofdbese exposure measures are rather
well balanced between phase 1 and phase 2. Pehspw®st significant change in
phase 2 relative to phase 1 is the increase ireptage of travel time in daylight. This,
of course, simply results from the arrangemenhefdtudy within the calendar year.
Also note that the fraction of time at high speed graster in phase 2.

Table 5-2. Comparison of exposure measures for phes 1 and 2

Phase 1 Phase 2 Change
Total distance 376,857 km 395,276 km 18,419 km
Average distances of trips > 0.1 km 95.1 km 91.6 km -3.4 km
of trips > 0.7 km 137 km 133 km -4 km
of leg of delivery tour 136 km 136 km 0 km
La Porte to delivery point 166 km 166 km 0 km
Road type Percent of travel in phase on: freeway 65.0% 64.0% -1.0%
highway 16.0% 16.4% 0.5%
arterial 9.1% 9.6% 0.5%
local/regional 7.4% 7.5% 0.1%
access roads 2.5% 2.5% 0.0%
Day/night Percent of travel time in daylight 63% 67% 4%
Weather Percent of travel time in good weather 82% 84% 2%
Loading Average Mass, metric ton 26.1 25.8 -0.3
Percent of time: empty 37.1% 38.7% 2%
partial 14.5% 11.9% -3%
full 48.0% 49.0% 1%
Speed Average speed in motion, kph 78.6 78.9 0.3
Percent of time: 3t0 27 kph 9.7% 9.4% -0.3%
28 to 57 kph 7.6% 7.2% -0.4%
58 to 87 kph 14.7% 14.4% -0.3%
88 to 112 kph 68.1% 68.9% 0.9%
Curves Percent of travel time in curves 9.4 9.1 -0.3%

An additional difference between phase 1 and pha&asg@sure of potential importance is
the mix of delivery points. While the average diste to delivery points and the average
distance of delivery legs were rather constant agobsse, it is known that there was
substantial change in the actual mix of deliverinimas individual customer demand
changed between phases. (See appendix A-F for coudédiveries to specific points in
phase 1 and in phase 2.) Figure 5-10 partiallgitates the impact of this fact by
showing that, while the average distance to delipeigts was the same across phases,
the distribution of those distances varied. Mompthe specific mix of turns—by
location and number of passes per location—chaageass phase. Some 6,000 specific
turn locations and 184,000 individual passes thnahgse turns have been identified in
the database for analysis. (See chapters 4 and 8.)
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Figure 5-10. Distribution of distances from LaPore to delivery points by phase

5.2 Exposure of individual drivers

The Praxair operation at LaPorte is of the so-dalg-seatvariety, meaning that drivers
are not assigned to a specific vehicle but mayeddifferent vehicles on different days.
By this arrangement, twenty-three drivers drovesiké=OT tractors during the study,
but all of them also drove other vehicles during same time period. Figure 5-11
presents the percentage of their total (Praxaiv)rdy time spent operating FOT vehicles
during the field test. Percentages are givendshehase for each individual and, on the
far right, for all the drivers as a group. In phds these drivers spent approximately
twenty-nine percent of all their driving time in thi field-test vehicles; in phase 2,
when the RA&C system was activated, they sent on geeyhabout fifty-one percent of
their driving time in the FOT vehicles. Across bptiases, they averaged about thirty-
Six percent.

Figure 5-12 shows how the travel distance accumulatdte FOT was distributed
among the drivers. (Appendix A-H contains a compbeésentation of the distance data
that lies behind figure 5-12 and other figures tbow in this section.) The figure
shows that several drivers (2036 through 2041) whicgzated in phase 1 either drove
much less or not at all in phase 2. Other thathese drivers and for driver 2019, who
drove very little in either phase, the distributindistance across drivers is fairly even.
Finally, figure 5-12 also shows that some of théagise accumulated could not be
assigned to a particular driver (see timknowncategory on the right). The bulk of this
unknown distance was in phase 2 and resulted fromt@&bone-month period in which
the logistical data needed to identify the drivees not available for one of the tractors.
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Figure 5-12. Total distance traveled in phase 1 @rphase 2, driver by driver

The drivers identified in figure 5-12 as 2020 thgb2035, with the exception of 2027
(who also left the study in the midst of the secphdse), are the so-calledmparable
drivers of this study. Data gathered from the otherers, including the unknown
drivers, is consideredon-comparable As was discussed in section 3.2.5, both the
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comparable and non-comparable data play a signtficdl in the analysis of the
influence of the RA&C device on turning behavior.

Figure 5-13 presents and compares the averagecksper leg of a tour in phase 1 and
phase 2, driver by driver, and, at the far rigbt,dll the drivers. While the average for
all drivers is very consistent between phases viilise does change substantially across
phases for individuals, another indication thatdbalities of routes may have changed.
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Figure 5-13. Average distance of delivery legs phase 1 and phase 2, driver by driver

Table 5-3 and figure 5-14 provide additional dstaih the distance traveled by the
comparable drivers.

Table 5-3. Exposure properties of distance by conapable drivers by phase
Percent of all distance by
comparable drivers in phase

Phase 1 Phase 2 Change
All trips 100 100 100
All trips > .1 km >99.9 >99.9 0.0
>.1 km in good weather 83.9 84.2 0.3
>.1 km in daylight 64.7 67.0 2.3
>.1km in good weather and daylight 55.3 57.7 2.5

The analysis of the influence of the RA&C devicetloa turning behavior of the drivers,
presented in chapter 8, is generally restrictadtitong in good weather. Table 5-3
shows that the majority of distance traveled (al@dupercent) was in good weather. The
table also shows that about two-thirds of distareeeted took place in daylight and that
about two thirds of good-weather distance was in dgayli The table also shows that the
portion of good-weather distance was just bit langgrthase 2 than in phase 1 and the
fraction of daylight-distance was appreciably largephase 2.
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Figure 5-14 also speaks to the similarity of expesietween phase 1 and phase 2. This
figure plots the fraction of daylight driving (irogd weather and on trips longer than 0.1
km) in phase 1 versus the same fraction for phadeata are presented individually for
each comparable driver operating in each of theethwading conditions. A reference
line is also plotted. If the respective fractimiglaylight driving in phase 1 and in phase
2 were exactly the same (i.e., for a given drivex given load condition), the associated
data point would fall on this reference line. Thgaife indicates that, in large measure,
the daylight/darkness mix of driving was very simfiar each individual in the two
phases. The most significant departures were foiapboading conditions, but as will be
shown, very little driving occurs in the partial ¢hag condition. It is also apparent from
the graph that some individuals did most of theiwvidg in daylight while others did
almost all of their driving at night.
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6. OVERVIEW OF LATERAL PERFORMANCE
6.1 Formats for presentations of lateral-performane Data

The majority of the figures presented in this satare either histograms or cumulative
histograms describing the lateral-performance a&pee of the six test vehicles or the
drivers. Before examining these figures individgatonsider their general form.

All of the figures in question show travel time oe trdinate and lateral acceleration or
rollover ratio on the abscissa. Lateral acceleraits always given in gravitational units
(9); rollover ratio is dimensionless. Lateral decation may be taken from different
longitudinal positions on the vehicle (most ofténhee driver’s position, i.eAyDriver);
rollover ratio always refers to the ratio of latesateleration calculated for the total
vehicle AyTota) to the static rollover threshold of the vehidRo{lovel).

The histograms present thgned valuef lateral acceleration or rollover ratio on the
abscissa. The cumulative histograms presenntgmitude(absolute value) of the
variable on the abscissa. In all cases, the stdlee abscissa is linear. For the
histograms, the bin width of the abscissa is gelyanated on the graphs. The bin width
is usually rather fine such that the plots aredgiby presented as continuous curves
rather than as column graphs.

Generally, travel time is shown on the ordinate immadized form, that is, as a fraction
of sometotal time appropriate to the specific purpose of ttepgr The applicable total
time is usually given in hours in the key for thegh. The ordinate is always presented
with a logarithmic scale in order to reveal thel&aof the distributions. In the
histogramsthe ordinate is “fraction of travel tinet the indicated acceleration,” i.e., the
fraction of total time the vehicle(s) speaxtf(i.e., within the bin whose center)ithe
indicated abscissa value. For example, in figute the solid curve crosses +0.2 g at a
fractional travel-time value of 1 Thus, in 9640 hours of travel, the fleet spdatia
0.96 hours, or a bit less than 6 minutes, withird@8.g of +0.2 g while in the fully
loaded condition. In theumulative histogramghe ordinate is “fraction of travel time
aboveé the (magnitude of) the abscissa value. For examplfigure 6-2, all plots begin
at the far left at a value of 1 since, by necesaitytravel takes place at a magnitude of
lateral acceleration equal to or greater than zé&dso in figure 6-1, the solid line passes
through 0.1 g at an ordinate value of about 0.0@8lying that the fleet spent about 42
(0.009x4660) hours at accelerations of magnitudatgr than 0.1 g when traveling in the
fully loaded condition.
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6.2. Lateral acceleration experienced for all travie

6.2.1. The influence of loading condition
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Figure 6-1. Histogram of travel time by lateral aceleration for three load ranges

Figure 6-1 presents the distribution of travel tioiehe FOT fleet by lateral acceleration
(at the driver’s position) for three load stateg, vempty (10 to 17 metric tons), partial

(17 to 33 metric tons), and full (33 to 40 metnag). The ordinate represents the
fraction of the time of all travel of the fleetinps longer than 0.1 km (about 9640 hours).
Thus, the curves reflect the relative amount o&tspent in each loading condition as

well as the distribution of lateral acceleratiorheTgraph clearly reflects the tendency of
the drivers to spend a larger portion of time ghkr magnitudes of lateral acceleration in
the lighter loading conditions. Figure 6-1 alsowhk some interesting qualities of
asymmetry, which will be discussed later.

Figure 6-2 further highlights the tendency for mdrizing at higher lateral acceleration
while lightly loaded. This graph is@mulativehistogram, and travel time in each load
condition is normalized individually to the totahe in that load condition The graph
shows that, for each load condition taken indiviyabout 10 percent of travel time is
spent above 0.04 g and about 1 percent above (Hbgever, at still higher
accelerations, caution seems to take hold andalecédn of time for full loads drops
relative to empty and partial loads. For examifle,fleet spent just a bit more than4.0
of its travel time at full loads (about 30 minutds1660 hours) above 0.2 g, but about
103 of its empty travel time (3.5 hours of 3560 howispve 0.2 g.
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Figure 6-2. Cumulative histogram of travel time bymagnitude of lateral acceleration for three load
ranges

6.2.2. The influence of speed

Figure 6-3 is histogram of travel time by lateret@eration with individual curves

shown for four speed ranges. The figure shows acteay tendency for driving at more
elevated accelerations while at lower speeds tharewhihigher speeds. Asymmetries
similar to those of figure 6-1 are also very appargSee the following subsection.)
Figure 6-4 presents cumulative histograms segreédat¢he same speed ranges. The
tendency to drive at higher magnitudes of latecatberation (at least as experienced at
the driver’s position) is striking. The distinatitbetween performance at different speeds
begins at very low magnitudes. The probabilityxdeeding 0.1 g is about 100 times
greater at low speeds than at high speeds. By, @kizsgcomparative figure grows to
about 1000.

4 For the sake of brevity in the following textpegssions such as “mocenservativéand “less
conservativewill be used to imply “more time spent at elevdheccelerations” and “less time spent at
elevated accelerations,” respectively.

109



Fraction of travel time at the indicated acceleration

Fraction of travel time above the indicated acceleration

10°
10"
10
10°
10"
10°
10°

10"

0
10

-1
10

-2
10

-3
10

-4
10

-5
10

Sum of the areas
under 4 curves =1

| | Total time = 9640 hours
3 to 27 kph (9% of all)

— |== 28t057kph (7 ofal) |- N E
= 58 to0 87 kph (15% of all)
= 8810 112 kph (69% of all) | |

-04 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4

Lateral acceleration at driver's position, gravitational units
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Three possible explanations come to mind. Oneaisitinas been observed for some
time that drivers, at least passenger car drivensl to generate higher lateral
accelerations in turns at low speeds than in turhgya speeds, e.g., [9,10]. Another is
that truck drivers may well understand that, in Ig@eed maneuvering, the semi-trailer
typically experiences lower lateral acceleratioratthe tractor due to off-tracking. (See
sections 4.2.4 and 6.3.1.) Finally, the simpletenaif opportunity may be involved.

That is, well-designed, high-speed roadways offte lapportunity for turning at high
magnitudes of lateral acceleration.

6.2.3 Asymmetries in lateral-acceleration experience
Asymmetries of lateral-acceleration experience weidgeat in figures 6-1 and 6-3. The

most obvious of these is that the peak, or mosiylikalue, of each curve of those figures
appears at a small positive value of lateral acagtan (about 0.02 g).
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Figure 6-5. Histogram of travel time at small lateal accelerations for four speed ranges

This property is highlighted in figure 6-5 which pesits a more detailed view of the low-
acceleration region from figure 6-3. (Note thasthraph uses bin widths of 0.0025 g;
fractional values of travel times are thereforewtlmme quarter of comparable values
from figure 6-3.) This graph shows the most-likefjue of lateral acceleration to be
0.0175 g for all but the lowest speed range. Tdfispurse, suggests that the most
common cross slope on straight roads in the reigiabout 1.75 percent (plus or minus
the effective half-bin width of 0.12 percent). Oe tither hand, the most-likely value of
lateral acceleration at the lowest speed is 0.01Zbhis probably reflects the fact that a
larger portion of low-speed driving is in parkingd@nd work yards, which tend to be
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flatter or to present cross slopes to the vehicke more random manner. Note also in
this figure that at the £0.1 g extremes, the ordivalues of the low-speed data are
nearly the same, but the data for the higher thpeed ranges retain progressively greater
asymmetry.

There are also interesting asymmetries in the afdigures 6-1 and 6-3 at higher
accelerations. They are not easily seen in figute However, in figure 6-3, notice the
distinct asymmetry of the data for the two centpaex] ranges (28 to 57 kph and 58 to 87
kph) in the vicinities of £0.2 g. For these ddiae in right-hand (negative) 0.2-g turns

is distinctly greater than time in left-hand (po&) 0.2-g turns.

—+— 31to0 27 kph
—{— 281to 57 kph
—O— 5810 87 kph
—><— 8810 112 kph
= All speeds

i

Asymmetry parameter

| ‘| | i i | | i |
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
Magnitude of lateral acceleration at driver's position, g

Figure 6-6. The asymmetry parameter for travel tine as a function of lateral accelerations for four
speed ranges and all speeds

The asymmetries of the data of figure 6-3 are nmde= apparent in figure 6-6. This
figure plots arasymmetry paramet@n the ordinate and the magnitude of lateral
acceleration on the abscissa. The asymmetry pasamalefined as

asymmetry parametert(by) /[t(bg) + t(b.g)] -0.5 (6-1)

where t(R) is the time count of the bin for lateral acceliena a, and t(l) is the time
count of the bin for lateral acceleration, -afdf, a given magnitude of acceleration, the
time in the negative-turn bin is equal to the timéhe positive-turn bin, the asymmetry
parameter is zero. If time is larger in the pesitbin, the asymmetry parameter is
positive. The parameter can range from -0.5 to 0.5
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Figure 6-6 shows plots of the asymmetry parametesugemagnitude of acceleration for
all the data (i.e., all speeds) and for the fodiirdual speed ranges. The plot for all the
data (heavy line) shows the clear trend for poseissmmetry at low accelerations and
negative asymmetry at higher accelerations. This pibthe individual ranges show that
the positive, low-acceleration asymmetry is simatall but the lower speeds but that the
mid-range speeds (light lines with open symbols) idaie in the trend toward negative
asymmetry at high accelerations.

The positive asymmetry at low accelerations is, asdiscussed, driven by common
roadway cross slopes. The negative, or right-tiaa een in the higher-g data is
presumably the result of a right-turn bias assediatith the exit, entrance, and
especially the interchange ramps of limited-actégisways—and the fact that the
operation of the FOT fleet involved a good dealrat¢l on limited-access highways (see
figure 6-4). The fact that it is the middle speadges that dominate the phenomenon
clearly supports this view. That is, the large mgjof simple exit and entrance ramps
involve a right hand turn at moderate speed, whidg may or may not have a left hand
turn. The long, sweeping 90- and 270-degree ramipish characterize many freeway-
to-freeway interchanges, are more often turns taitfinet than to the left. Moreover,
traversing such interchange turns requires ratrey periods of time at elevated lateral
acceleration and moderate speed and can therefooara for a significant fraction of
the total time spent under these conditions.

6.3. Lateral acceleration and rollover ratio experenced in turns
6.3.1. The influence of off-tracking

During a turn, the several axles of a vehicle, aspkeially of a tractor semi-trailer
combination, do not typically follow exactly the samath. This property, known as off-
tracking, is well known and long established in iterdture e.g., [11, 12]. In turns where
the radius approaches, or is even shorter tharetiggh of the vehicle, path radii traveled
by various points on the vehicle may be very déferand, therefore, lateral acceleration
experienced at those points may be quite differ@hte strongest such influence is
typically in turns of tight radii that are alsolohited heading change (e.g., 90-degree
intersection turns) where steady state is not astad andransientoff-tracking results

in much larger turn radii for the semi-trailer than the tractor [13].

As was shown in figure 5-7, the FOT fleet spent ab00ttours (about 9 percent) of
their travel time in deliberate turning maneuvererththe path curvature (at the front
axle) of 1 kni or greater was sustained for 3 seconds or longemwas discussed in
section 4.2.5, lateral acceleration at the cerftgravity (c.g.) of the trailerAyTrailer)

was calculated for these turning maneuvers (as apdosaccelerations at various points
on the tractor which were determined for all travekf). Moreover, with acceleration at
the trailer c.g. known, rollover ratio was also detieed for the 900 hours of turning.
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Figure 6-7. Cumulative histogram of travel time incurves by magnitude of lateral acceleration
of the tractor (AyDriver) and the trailer (AyTrailer)

To illustrate the importance of off-tracking, figuB-7 presents a cumulative histogram of
lateral acceleration for the 900 hours of turningrehlateral acceleration is determined
for the tractor AyDriven?® and at the center of gravity of the trail&y{railer. Since a
substantial amount of the high-g turning takeseladight radius, low-speed turns, the
off-tracking influence is significant and reduchs time spent by the trailer c.g. at higher
lateral accelerations.

The point is further emphasized in figure 6-8 in evhsimilar comparisons are made
separately for the lowest (3 to 27 kph) and higf@®to 112 kph) speed ranges. At low
speed and high acceleration, radii must be smdll twerefore, the off-tracking
phenomenon strongly separates accelerations erpera the tractor and at the trailer.
At high speeds, radii are much larger and the affkkiing phenomenon is not very
influential. Thus there is little difference betwethe two accelerations at high speed.

% The most appropriate lateral acceleration ottthetor for figures 6-7 through 6-9 would, of caurbe
the lateral acceleration of the c.g. of the tracdgDriver s, in fact, a close approximation of this as the
longitudinal positions of the driver and of thectiar c.g. are quite close to one another.
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Figure 6-8. Cumulative histogram of travel time incurves by magnitude of lateral acceleration of the
tractor (AyDriver) and the trailer (AyTrailer) for low and high speed ranges

6.3.2. Lateral acceleration and rollover ratio

The left-hand portion of figure 6-8 raises an intpot point regarding rollover and, in
particular, rollover ratio. Loosely defined, rolkr ratio is the ratio of the prevailing
lateral acceleration “of the vehicle” to the stabtiover threshold of the vehicle.
However, figure 6-8 emphasizes that, especiallyvatspeeds, lateral acceleration “of the
vehicle” is neither the lateral acceleration of tfaetor c.g. or of the trailer c.g. Rather, a
more appropriate value to describe the total vel{hd to apply to in determining
rollover ratio) is the weighted average of these tweasures, where weighting is
according to the mass of the tractor and the trailéat is,

AyDriver* my + AyTrailer* my

AyTotal= , 6-1
y TotalMas: (6-1)

wheremy andmy are the masses of the tractor and trailer, resgdgtiAyDriver,

AyTrailer andTotalMasswere defined in chapter 4, aAgDriver is taken as the estimate
of the lateral acceleration of the center of grawitthe tractor. The mass of an FOT
tractor is about 7.3 metric ton and is treated esnstant of this value in equation 6.1.
The mass of the trailer is calculatedTasalMassless this constant.

When the semi-trailer is fully loaded, its grossssies about 29 metric ton, so the
distinction between lateral acceleration of thddéraand of the total vehicle is fairly small
when the vehicle is fully loaded. However, the engami-trailer actually weighs a bit
less than the tractor, so that the distinction bexosignificant for the empty vehicle in
tight, low-speed turns. Figure 6-9 illustrates &éhpeints. Cumulative histograms of
lateral acceleration for the empty vehicle are showthe two upper graphs and for the
full vehicle in the two lower graphs. Low-speed dataon the left and high-speed on

115



the right. At high speeds, the histograms of aca@ten of the tractor, trailer, and total
vehicle are virtually indistinguishable. At low speedata for the tractor and trailer
separate substantially and the data for the tetailcle lies in between. For the empty
vehicle, the data describing the total vehicle lyesplit the difference between tractor
and trailer; for the loaded vehicle, the data far total vehicle lie very close to that of the
trailer.
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Figure 6-9. Cumulative histogram of travel time incurves by magnitude of lateral acceleration of the
tractor (AyDriver), the trailer (AyTrailer), and for the total vehicle AyTotal) at two loads and at high
and low speeds

While lateral acceleration describes the sevefityiming in “absolute” terms, rollover
ratio is the better measure for describing riskotibver. Rollover ratio at any moment
(RolloverRatig as used in this study, is

AyTotal

RolloverRaio = ,
Rollovel

(6-2)

whereRolloveris the static stability limit of the vehicle inglprevailing load condition.
For this studyRolloverwas determined as a functionTaftalMassby tilt-table tests of
one of the FOT vehicles. (See section 4.2 and ajpp@rC.) Those tests revealed that
static rollover threshold is considerably lower tioe fully loaded vehicle (about 0.38 g)
then for the empty vehicle (about 0.70 g). Accogtlinthe manner in which load and
speed influence driving behavior (as measuredtieydbacceleration) that have been
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observed to this point can be expected to be different when interpreted in terms of
rollover risk (as measured by rollover ratio).

Figure 6-10 contrasts the cumulative distributiohkateral acceleration as experienced
by the driver (on the left) and the cumulative migttions of rollover ratio that result.

The data are only for driving in curves and araagated by the three loading conditions.
These data suggest that, as judged from the dsigegt (or, perhaps, “by the seat of the
pants”), turning behavior is more cautious whenvist@icle is more heavily loaded.
However, if the drivers’ intent is to compensatetfar reduced roll stability of the

vehicle as loading increases, the histograms tdvet ratio indicate that compensation is
not complete as higher rollover ratios are expegdrin the fully and partially loaded
conditions than in the empty condition.
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Figure 6-10. Cumulative histograms of travel timen curves for lateral acceleration AyDriver) and
rollover ratio by loading condition

The observation that drivers do not fully compeadat the decease in roll stability that
accompanies increasing load has been made hereeby@bservation of driving
performance. It should be noted that virtuallyg tséme observation has previously been
made through analysis of accident data. As earh986 [14] and as recently as 2000
[15], the likely hood of rollover in single-vehickecidents of tractor semi-trailers
increase exponentially as roll stability decreases.

Figure 6-11 contrasts cumulative histograms ofétecceleration at the driver’s

position with those for rollover ratio, this timegsegated by the four speed ranges, and
again constrained to driving time in curves. Frbwgraph on the left, and as noted
previously, the drivers tend to spend more timieigtier lateral accelerations when
driving at low speed. However, the histogram of nadloratio on the right shows that the
influences of off-tracking in low-speed, tight-ragliturns does not “compensate” for this
trend and rollover risk remains higher at low andderate speeds.
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Figure 6-11. Cumulative histograms of travel timen curves for lateral acceleration and rollover
ratio by speed range

Figure 6-12 and 6-13 present a final review of thgc. The histograms in figure 6-12
are for lateral acceleration and those of 6-13a@reollover ratio. The presentations of
each figure are segregated by load and speede Bablpresents observations that derive
from the figures.

Table 6-1. Contrasting observations on driving bedwior in turns
judged on lateral acceleration and rollover ratio

Judged by lateral acceleration, turning behavior: Judged by rollover ratio, turning behavior:
«is less conservative in the empty condition than «is less conservative in the full condition than the
the full condition in all speed ranges; empty condition in all speed ranges;
«in the empty condition, is less conservative «in the empty condition, is less conservative in the
throughout the low- and mid-speed ranges; mid-speed ranges;
«in the full condition, is least conservative at low «in the full condition, is least conservative in the
speed and declines with speed; lower speed ranges;
«differs most between loading states in the mid- «differs most between loading states in the lowest
speed ranges and least at low-speeds. speed range.
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6.4. Differences in lateral performance among indidual drivers
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Figure 6-14. Cumulative histograms of travel timen turns by magnitude of lateral acceleration
comparing the most and least conservative drivers

The range of driving behavior in turns exhibitedtbg FOT drivers was remarkably wide.
Figure 6-14 presents cumulative histograms fotweedrivers participating in the FOT
who exhibited the least conservative and the mast@wative turning performance

(That is, these drivers exhibited the most and lelevated lateral-acceleration behavior
in turns, respectively?j The data are segregated by speed range. Tieeedite

between the two is striking to say the least. Coexgbat constant fractions of travel time,
the less conservative driver typically registersuttiwice the acceleration of the most
conservative driver. For example, comparing tloesplor high-speed travel for the two
drivers at an ordinate value of-3@eveals that the most conservative driver speint 0.
percent of his high-speed travel time above abdlf §, but the less conservative driver
spent the same portion of his travel time abové@ §.1Making the comparison at
constant accelerations, the difference in prob#sliof finding one or the other of these
drivers operating at elevated lateral acceleratidygpically on the order of 100 to 1. For
example, the less conservative driver spent justdfthis high-speed travel time above
0.1 g, but the more conservative driver spent rtitaia 16° of his high-speed travel time
above 0.1 g. Depending on the level of acceleratmhthe operating condition, more
extreme examples can be found. For example, régelye these two drivers spent-20
and nearly 1 (i.e., a ratio of 1000 to 1) of their low-speed/&htimes above 0.2 g.

% As will been shown, there is no question as teFOT driver was most conservative. Depending on
the specific measure, at least one other drivehnfigve been chosen as the least conservative evow
the general points to be made here would not bstantially altered by a different selection.
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Figure 6-15 presents cumulative histograms of étmrceleration for all drivers in
phase-1 driving. Histograms for driving with fulatiers are shown on the left and for
driving with empty trailers on the right. The comgiale and non-comparable drivers are
distinguished by the solid and the dashed lindse magnitude of lateral acceleration
that each driver exhibits at the 0.01 percentileafel time (i.e., the Ibfractional value
indicated with the horizontal dashed line) was use@nk drivers for this discussion.
These data also serve to illustrate the rangelwd\ber in turning exhibited by the FOT
drivers. Moreover, they indicate that most of dnwers tend to group together at the less
conservative end of the scale while a few standrout the group as decidedly more
conservative. (The four most conservative driverthe two plots are, in fact, the same
four individuals.)

Table 6-2 shows comparable (C) and non-comparable¢ @N@rs as a function of the
rankings established in figure 6-15. This tabterggly suggests that the aggregate nature
of the drivers participating in phase 1 (all thevers) is likely to be different than that of
those in phase 2 (dominated by the comparablerdjivét follows that differences
observed in aggregate performance measures of fplesd of phase 2 may derive from
the driver mix and cannot be assumed to derive fstrar factors (e.g., the influence of
the RA&C system).

Moreover, even comparing the aggregate performahgest the comparable drives in
phase 1 and in phase 2 is questionable. Tabledsrpares the relative distance of the
comparable drivers in phase 1 and phase 2. Thenee row in the table for each of the
14 comparable drivers; the rows are ordered, tdtmm, according to the turn-
behavior ranking of the driver (full and empty aaged). The percent of total
comparable distance in each phase is given for éaeobr. The sums of these
percentages for the seven most and the severctaastrvative drivers, respectively, are
given at the bottom of the table. The data showttiealess conservative drivers
contributed more than half of the comparable distan phase 1 but less than half in
phase 2. Thus, aggregate measures of turning ioeliavthe comparable drivers could
be expected to appear slightly more conservatiyghase 2 due to the adjustments of
individual contributions alone.
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Figure 6-15. Cumulative histograms of travel timéby magnitude of lateral acceleration comparing
all drivers in phase 1

Table 6-2. Comparable (C) and non comparable (NQJrivers by lateral performance ranking

<Imore conservative Less conservative
Rank |1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
Full C NC NC C NC C NC C NC NC C C C C C C C N Cc C N cC
Empty | C C NC NC NC NC NC NC NC C C C C C C C C C C C C NC

Table 6-3. Percent of comparable distances by diéwv and phase

Contribution of
comparable distance

Comparable drivers by in phase, percent Change,
turn-behavior ranking Phase 1 Phase 2 | percent
1 6.8 7.2 0.4
2 6.1 6.8 0.7
3 6.9 7.2 0.3
4 8.0 8.2 0.2
5 5.8 5.9 0.0
6 7.3 7.7 0.4
7 6.0 8.5 25
8 6.5 5.3 -1.2
9 10.2 9.5 -0.8
10 7.7 4.5 -3.2
11 7.4 8.6 1.2
12 7.6 8.6 1.0
13 7.2 6.6 -0.6
14 6.4 5.3 -1.1

All 100 100
7 most conservative 47.0 51.6 4.7
7 least conservative 53.0 48.4 -4.7
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7. RA&C ADVISORIES AND CONTROL ACTIONS

This section will described the experience of the FOVers with the RA&C system in
terms of the advisories and actions of the RA&Ceysin phase 2 of the field test. The
section begins with a brief review of the structuréhe RA&C system and the
relationship of its several messages and actiblevertheless, it is assumed that the
reader is familiar with the system as describediptesly in section 2.2. Presentations
will then be made describing the number of and playsiharacteristics associated with
advisories, the distributions of advisories andoast experienced by the drivers, and the
types of locations at which advisories took place.

7.1 Types of RA&C messages

Transducers

Vehicle-motion
signals

HBED, RSA, & RSC

RA&C ECU messages (requests)

RSC torque request

HBED, RSA, & RSC

Display and messages (requests)

driver
interface
modual

Display-off & driver-
acknowledge messages

Vehicle data bus(es)

RSC torque request

Engine
controler

Engine torque

RA&C FOT All RA&C system
DAS messages

Figure 7-1. Simplified flow diagram of the messageof the RA&C system

As described in section 2.2, the RA&C system is based set of seven types of driver
advisories and one associated control action. &dwisories deal with roll stability and
rollover risk. Of these four, three are purely-sithbility advisories associated with
turning judged to involve progressively greatek o$ rollover: RSA-1, -2 and -3
advisories. The fourth, the RSC advisories, is@ased with the greatest risk of rollover
and is accompanied by control action to limit eegipeed with the purpose of limiting
vehicle speed and, thereby, lateral acceleraftidmwee advisories are associated with hard
braking events: HBED 1, 2, and 3 messages.

123



Figure 7-1 illustrates the flow of RA&C messafjahat can take place when RA&C
advisories and control actions are initiated areteaied. (This diagram is by no means
complete but is simplified for the purpose of ttiscussion.) The electronic control unit
(ECU) of the RA&C system monitors vehicle motions aetermines when an advisory
or control action is warranted. The ECU broadcdstsappropriate message on the data
bus. This message amounts teguestto the driver/vehicle interface (DMC) to display
one of the seven RA&C advisories. Requests foroditlye three RSA messages are
accompanied by a calculated speed-reductiettq\) value to be included in the
advisory. (See section 2.2.) When RSC actionsvareanted, the ECU broadcasts an
additional message requesting the engine contrtollémit engine torque.

Usually, when the ECU broadcasts a message, the tedubvisory is displayed to the
driver on the DMC. When the advisory has been disgal for the appropriate time, or
has been acknowledged by the driver, the DMC brogsleadisplay-off message and, if
appropriate, a driver-acknowledge message. HoweweDMC is required to display
many messages other than RA&C advisories, some afwiald higher priority than
RA&C advisories. Also, RA&C messages requesting higierity advisories may be
received before display of an earlier advisoryomplete. For these reasons, RA&C
messages from the ECU are not always followed bg@laly-off message from the DMC.

The DAS installed in the vehicles for the FOT monitbtiee vehicle data buses on which
all these messages were broadcasts and recordeccilveence of these messages by
logging message type, a numerical value when apiptepdeltaV, engine torque, etc.)
and of course, the time of the message.

In the following presentations, the ternesjuestdisplay-off andacknowledgeefer to
the type of system message observed and loggesl ddhgnationRSA RSC,and
HBED refer to the type of advisory these messages stegi@r are responding to.

7.2 Numbers and general qualities of RA&C episodeand messages

The following discussion will refer to RA&Episodesas well as messages. An RA&C
episode is a brief time period of maneuvering andfaking during which an RA&C
advisory-request message was generated. An episagdaatude more than one request
message. (Episodes with as many as five requestigesook place in phase 2.) The
termssimpleandcomplexwill be used to distinguish between episodes withgue
request message and those with more than one.

During phase 2 of the FOT, there were 335 RA&C episodedich 379 advisory-
request messages were generated.

Table 7-1 and figure 7-2 both present counts otyphes of messages that were sent
according to the type of advisory involved. Thigléaand figure show:

2" The termmessaggis used here to describe the intra-system conuatians of the RA&C on the
vehicle data bus, while the teragvisory is used to indicate a message delivered to tive dia the DMC.
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* Ninety percent (341 of 379) of the advisories retpobgvere of the RSA or RSC
type (RSA/C); only 10 percent (38) were of the HBEDetyp

* Of the RSA/C request messages, 71 percent (241 ofB82kre RSA 1 messages
(the lowest roll-over risk advisory).

» Of the RSA/C request messages, 8.5 percent (29) v&CernRessages
accompanied by an engine-control action.

» All HBED request messages were HBED 1 messages (ABStadetected);

* Ninety-two percent (349) of advisory requests wer@aganied by a display-off
message.

* Only 8 percent of advisories known to be displayes,(with a display-off
message) were acknowledged by the drivers.

Table 7-1. Counts of RA&C messages during phase 2

Type of advisory
RSA and RSC HBED Percent of
Type of message | RSA-1 RSA-2 RSA-3 RSC All HBED-1 All potential
request 241 65 6 29 341 38 379
Display-off | 222 58 5 28 312 36 349 92%
Acknowledged 16 8 0 0 24 4 28 8%
400
O Reqgest
350 m Display off

300 4 0O Acknowledged

Message count
N
o
o
Il
\

"IEL - m kW

RSA1 RSA2 RSA3 RSC All HBED 1 All
RSA/C
Type of advisory

Figure 7-2. Counts of RA&C messages during phase 2
The 335 RA&C episodes were almost completely sepdrate those containing RSA/C
requests and those containing HBED requests, resplctiThat is, of the 38 HBED-1
message requests, 37 took place in simple epigodesequest only) that did not
involve any RSA or RSC messages. The one remaihiBteD-1 request occurred in an
episode that also contained a single, RSA-1 requ&sten this isolation of episodes
involving RSA or RSC messages (RSA/C episodes) argktmvolving HBED messages,
and inasmuch as the focus of this report is onstalbility and rollover risk, the
remainder of this discussion will deal exclusivelyiwine RSA/C episodes and messages.
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Figure 7-3 shows the number of RSA/C episodes acupidithe number of advisory-
request messages during the episode. Of the fi2@40RSA/C episodes, 89 percent
(261) involved only one RSA/C advisory request (and of these included an HBED-1
request). Of the 33 complex episodes, 24 includedadvisory requests, 6 had 3
requests, 1 had 4, and 2 episodes had 5 advisprgsts.

350

294
300

250 A

200 A

150 A

100 -

Counts of RSA/C episodes

50 + 24

- ! ’
All 1 2 3 4 5
episodes

0

---- Number of RSA/C advisory requests in episode ----

Figure 7-3. Counts of RSA/C episodes by number aflvisory requests in the episode

Table 7-2 shows the configuration of the complexeges in terms of request-message
content. By far the most common specific configioraof complex episode was one
level-2 RSA advisory request accompanied by one B8/Sory/control-action request.
Twelve of the 33 complex episodes (36 percent) wktiei® specific configuration. An
even more common quality of complex episodes is thedency to include at least one
RSC advisory/control-action request. Seventy-tipereent (24 of 33) of complex
episodes are of this type. From another pointefy83 percent (24 of 29) of all RSC
advisory requests and control actions took plackiwea complex episode.
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Table 7-2. Advisory-request content of complex RS& episodes

Count of | Number of advisory requests in episode
episodes All RSA-1 RSA-2 RSA-3 RSC
12 2 1 1
4 2 2
3 2 1 1
2 3 1 1 1
2 2 1 1
2 2 1 1
1 5 1 2 2
1 5 3 2
1 4 1 2 1
1 3 1 2
1 3 1 1 1
1 3 2 1
1 3 1 2
1 2 1 1

As was indicated in figure 7-2 and table 7-1, 2hef RSA/C advisory-request messages
were not accompanied by a display-off message. Tdjerity of these “missing”
display-off messages were related to complex epssatierein close examination of the
episode explains the absence of the display-ofsaws Consider, for example, figure 7-
4, which shows the time history of a complex episedb five advisory requests but just
three display-off messages. The episode took phaae?270-degree turn to the right on a
freeway ramp. The figure shows the lateral accetaraind speed of the tractor and,
below, a time line of the associated messages. Eriantime history, it can be deduced
that:

* The first advisory request (RSC) was probably diggdafrom the time of the
request until the time of the first display-off reage.

» The second advisory request (RSA-2) was probablyrriisplayed as it was
requested during the RSC display.

» The third advisory request (RSA-2) was probably digpdl from the time of the
request until the time of the fourth advisory resfue

* The fourth advisory request (RSC) was probably digal from the time of the
request until the time of the second display-ofsaage.

* The fifth advisory request (RSA-2) was probably digpld from the time of the
request until the time of the third and final despbff message.
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Figure 7-4. Time history of a complex RSA/C episawith five advisory requests

Seventeen of the “missing” display-off messageddacba explained in like manner, i.e.,
they took place in complex episodes wherein thentinoif request messages explains the
absence of display-off messages. The remaining&ybbwever, were missing from
simple episodes, and their absence could not beiergd by data available in the FOT
database.

Figures 7-5 and 7-6 present the distributions cARRSepisodes according to travel speed
and to total vehicle mass, respectively. In eaelply the distributions of episodes are
shown by column graphs. For comparison, each snaganied by the distribution of
phase-2 travel time shown with a dashed line (andasito the presentations of figures
5-6 and 5-7).

Figure 7-5 shows that, even though the great butkaokl time takes place at speeds
above 90 kph or, to a lesser extent, below 20 kst iRSA/C episodes take place
between 20 and 70 kph with the range of 25 to 30dgahg the most likely. This seems
in keeping with two other observations, viz., (1yvdrs generally tend toward higher
lateral accelerations in lower-speed driving (sgarg 6-4), and (2) the RA&C device
appears to have a lower limit of about 21 kph ferdikelivery of RSA advisories (an
observation which will be made in section 7.3 and Wigianfirms a similar declaration

in [1]).
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Figure 7-5. Comparing distributions by speed of R&/C episodes and travel time

Figure 7-6 shows that, although travel time is splitre or less evenly between the fully
load and empty conditions, the great majority oARSepisodes took place with empty
vehicles. Indeed, over 80 percent of RSA/C adwesonwere issued under empty or
nearly empty loading conditions. This also seemisetin keeping with to other
observations, namely that (1) drivers tend towagthéi lateral accelerations with empty
vehicles (see figure 7-2) and that (2) in practibe,RA&C device appeared to be
insensitive to total vehicle mass with respect soitsg RAC advisories (another
observation which will be made in section 7.3).
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Figure 7-6. Comparing distributions by total masof RSA/C episodes and travel time
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Of the 312 RSA advisory requests, 311 were accompéayisgeed-reduction advisory
messages. The speed reductions advised ranged from mph (1.6 to 11.3 kph). Of
the 311 advisories, 89 percent (278) advised ammum speed reduction of 3 mph.
Figure 7-7 shows the counts of speed-reduction adesas they were associated with
the three levels of RSA advisories. (Speed-reduc@abrnce is not issued with RSC
advisories.) Note that of 240 speed advisoriescassal with RSA1 advisories, all but 1
were for 3 mph with the one other being for 5 mph.

40 ————— 239 1

— 38
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g >
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c 20
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g 15 e
o 10
© 10
5
0 2 1 1 1 1 0 1 o 1.2
0 I_h I — I I l_-_
1(1.6) 3(4.8) 5 (8.0) 6 (9.7) 7 (11.3)

Minimum speed reduction advised, mph (kph)

Figure 7-7. Counts of speed-change advisories byed and RSA advisory level

7.3 Lateral acceleration, rollover ratio and the R®/C episodes

This section intends to review the physical propsrtf RSA/C episodes in terms of the
relationship between the advisory messages serthardteral accelerations and rollover
ratio experienced by the vehicle.

Figure 7-8 presents three graphs of the maximumitate of “lateral acceleration”
which took place in episodes which generated RSA {&\&lvisories and only level-1
advisories, i.e., no level-2, -3, or RSC advisqrieBhese values are plotted against the
forward speed of the vehicle at the time when thigimam value took place.

In the first (top) of the three graphs, “laterataleration” is as determined for the
longitudinal position of the RA&C ECU. That is, thikered signal of the lateral
acceleration measured at the front axle (includigcomponent of gravity associated
with cross slope of the road) is “translated” to ldrggitudinal position of the ECU using
the time derivative of yaw rate as was describedjuagon 4-5 (see section 4.2.4). This
signal is further modified in the lower two graphs véll be described below.

Looking first at the top graph of figure 7-8, itnsted that there appears to be a bias in
the maximum magnitude of lateral accelerations betmRSA-1 episodes involving right
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turns and those involving left turns, RSA-1 adviesrin left turns appearing generally to
involve slightly higher lateral accelerations ththase in right turns.

0.4 Parallel to the road surface ;

0.3
o
0.2
0.1 O Right turns
0.4 With 0.0175g zero-shift | ® Leftturns

Maxium lateral acceleration at the ECU, g

| Show s only episodes w ithout RSC actionsl

10 20 30 40 50 60 70 80 90 100
Speed, kph

0.1 —

Figure 7-8. Progressive treatments of maximum latal acceleration signal from RSA level-1 episodes

It is understandable that this would be the cagkanthe “drift correction” which the
RA&C ECU applies to its internal acceleration sigesdentially seeks a long-term
average of zero g. However, chapter 6 revealedhbdbng-term average acceleration
(parallel to the road and including the gravity gament related to side slope) was
typically 0.0175g for the FOT fleet (see figure 6-%) the second graph, a “zero-shift”
of 0.0175q is applied to the lateral accelerati@asure and the asymmetry is largely
removed. Thus, from the “point of view” of an a@ation signal, which includes drift
correction to produce a long-term average of zetbegye is no apparent left-turn-to-
right-turn bias. But from the point of view of |lad¢acceleration parallel to the road
(which is most directly related to rollover), thexgpears to be a bias of about 0.02 g.

The third graph adds an additional modificatioth® acceleration measure to produce a
result still closer to that which would be measurgdhe accelerometer of the RA&C
ECU. The acceleration values indicated in the fisgt graphs were both as would be
measured parallel to the road. However, the ECU isnteal on the tractor chassis,
which rolls during maneuvering. That is, an ECU-ntedraccelerometer does not
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remain parallel to the road but rolls with the véhicThe rolling motion introduces
additional gravitational components, which tendiréase the magnitude of
accelerations measured by such an accelerometéa. fidm the tilt-table tests, described
in appendix A-C, provide a means to estimate tHlaence. The third graph of figure 7-
8 presents the lateral acceleration measure funtleéified by equation A-C1, which
provides a “correction” accounting for quasi-statit of the tractor chassis at the
location of the RA&C ECU.

Consequently, the third graph of figure 7-8 prosider best estimate of the maximum
lateral acceleration observed by an accelerometidrei RA&C ECU in RSA level-1
episodes. The graphs seems to reveal a few integgsbperties. (1) There appears to
be a hard speed cutoff of a bit more than 20 kplgvb which no RSA-1 advisories are
issued. (2) Above 20 kph, there appears to belg feell defined lower threshold of
acceleration of about 0.21 g required to issue @A-R advisory. (3) This threshold does
not appear to be speed sensitive. (4) Advisoriespread over the operating speed
range (above 20 kph) although with distinctly maiernig place below 60 kph.

The third graph of figure 7-8 is reproduced asupper left hand one of the six graphs
appearing in figure 7-9. The six graphs of thigife are as follows: from top to bottom,
the three sets of two are related to RSA-1, RSA-2R®B4-3 episodes, respectively (i.e.,
episodes in which level-1, level-2, and level-3 advies are the highest-level advisories
issued within the episod®. In the left-hand graph of each pair, the maxinmagnitude

of the fully-adjusted acceleration is plotted agaspeed at the time of the maximum (as
in figure 7-8). In the right-hand graphs, the sawoeeleration is plotted against the total
vehicle mass at the time of the episode. The grajgo show what appears to be the
lower threshold of acceleration required for eagietgf message.

Several qualities of these graphs seem signifi¢ahfThe lower thresholds progressive
from 0.21 g to 0.25 g to 0.30 g for level-1, -2daB advisories, respectively. (2) These
lower thresholds do not appear to be sensitiveth@eforward speed or to total vehicle
mass. (3) Upper thresholds are not well defined. ekample, many episodes that
exceed the 0.25 g acceleration level nonethelestupe only an RSA-1 advisofy. (All

of these observations depend heavily on the nursdR8A-1 episodes and become more
difficult to make based on the few number RSA-2 aSd\R episodes.)

% For clarity, it was desirable not to include llese data, episodes that also involve RSC advisofikis
is the case for the graphs for level-1 and levepidodes. However, as all but one level-3 episodedve
RSC advisories, all level-3 episodes are included.

% Note that analyses of this type were undertakiémwarious criteria for the lateral accelerationasure.
These included determining maximum “sustained” kxadion where the time period for sustaining rahge
from 1.5 to 3 seconds. Approaches like these, wbichd be called “more aggressive filtering”, résdlin
lower, lower thresholds but did not yield any betefinition of upper thresholds.
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Figure 7-9. Maximum lateral acceleration at the EQ by speed and load for RSA episodes

With regard to this latter point, satisfactory exations are not readily apparent from
examination of individual episodes. For examptesider figure 7-10 which presents
time histories of lateral acceleration at the EQUIyfadjusted with zero-shift and the
influence of roll) in the upper graphs and timednies of speed in the lower graphs for
two simple episodes. An RSA-2 episode is shown ottethand an RSA-1 episode on
the right. In both cases, the vehicles are nearity (total masses are 14.5 and 14.3
metric tons, respectively), and the action takeseht speeds close to 25 kph. On the
left, lateral acceleration peaks at 0.26 g andistasned above the (apparent) level-2
threshold of 0.25g for slightly less than 1 secoAdter the acceleration level declines,
this episode produces a level-2 advisory. On tjiet rlateral acceleration peaks at 0.34 g
and is sustained above 0.25 g for slightly mora thaeconds, yet this episode produces
only a level-1 advisory.
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Figure 7-10. Time histories from a simple RSA-2 aha simple RSA-1 episode

In the discussion of figure 7-9, it was noted that lower threshold of acceleration for a
given advisory level did not appear to be a funcobeither speed or total vehicle mass.
However, rollover threshold of these vehicles idaitt, a function of total mass. Figure
7-11 presents six graphs of the same form as tfdsgure 7-9, except that the maxim
magnitude of lateral acceleration has been replagddthe maximum of rollover ratio
(calculated as described in section 6.3.2, equsiieh and 6-2 experienced in the
episode. As can readily be expected, this figuosvshon the right) a substantial
relationship between the maximum rollover ratioledf episode and the total vehicle
mass. When the vehicle is light and relativelpaadvisories are issued associated
with relatively lower values of rollover ratio. Whéme vehicle is fully loaded and less
stable, advisories are associated with high valtiesllover ratio. Looking at the left
side of the figure, there remains no apparentiogighip between speed and the level of
rollover ratio associated with advisories.

Figure 7-11 also reveals that RSA-1 advisories weseed for episode with maximum
rollover ratios as low as about 0.24 (empty vehioldy). Maximum rollover ratio
associated with the bulk of the advisories for ligélicles fell in the range of 0.28 to
0.46. For heavy vehicles, this range was rougi9 @ 0.55. The highest rollover ratio
observed in these episodes was about 0.62 and \aéedréb an RSA-2 advisory for a
loaded vehicle. All the RSA-3 advisories were issigedight vehicles and the
associated maximum rollover ratios ranged from @039.56, the latter being the highest

% Note that rollover ratio is based on lateral &ion for the total vehicle and is measured il
the ground. Especially at low speed it includesitiiluence of transient off-tracking of the trajlbut it
does not included a zero-shift or the influencetadssis roll as does lateral acceleration at thg EBEC
figure 7-6.

134



rollover ratio for light vehicles among these epise. Overall, 93 percent of RSA/C
advisories were issued during episodes in whichveloatio did not exceed 0.5.
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Figure 7-11. Maximum rollover ratio by speed anddad for RSA episodes

Figure 7-12 presents four graphs relating to e@sdhdat included RSC advisories, which
have not generally been included in the precedisgudsion. The top two graphs are
similar to figure 7-9 in that they present maximaoragnitude of lateral acceleration at
the ECU plotted against speed on the left and wetaicle mass on the right. The lower
two graphs are similar to those of figure 7-11 whet®ver ratio replaces lateral
acceleration. Unlike the RSA advisories, the RSQGrobactions (and associated
advisories) are intend to respond rapidly to whaemsn by the RA&C device as a serious
impending threat of rollover. Accordingly, decissoio take RSC action are based on
less heauvily filtered versions of lateral accelerabs determined by the ECU. In
keeping with this, the maximum lateral acceleratiante ECU shown in the upper
portion of figure 7-12 are calculated as previowsgcribed, but from less heavily
filtered versions of lateral acceleration (at ttanf axle) and yaw rate. These maxima do
include the adjustments for zero-shift and chasdiss per figure 7-9. (Rollover ratio is
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calculated, as always, as the “mechanically filteredponse of the trailer making the
difference in signal filtering largely moot.)
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Figure 7-12. Maximum lateral acceleration at the EU and maximum rollover ratio
by speed and load for RSC episodes

Figure 7-12 shows that for RSC actions: (1) all tptaice with lightly-loaded vehicles;
(2) all took place in the speed range of 38 to @if; K3) maximum lateral acceleration at
the ECU ranged from 0.28 g to 0.40 g, with all but amaxima above 0.31 g; (4)
maximum rollover ratio ranged from 0.42 to 0.57 wathbut one maxima less than 0.53.

Figure 7-13 presents data describing the speedtiediadvise presented in association
with RSA advisories as a function of maximum magretoéilateral acceleration
(adjusted for zero-shift and roll influences at BE@U) and the forward speed of the
vehicle (at the time of the maximum acceleratioffjor complex RSA/C episodes, only
the one speed-reduction advisory associated withitteest-level RSA advisory is
reported.) Although there is a good deal of ovprittethe regions associated with the
four levels of speed advisories, the figure norledseshows strong and appropriate
relationships between maximum acceleration, forwpesd, and the minimum speed-
reduction that is advised. That is, advise foatgespeed reductions are clearly
associated with higher speeds of travel and withdritsiteral acceleration. Moreover,
the dominance of advisories for speed reductio® moph (see figure 7-7 and the related
discussion) is clearly a result of the fact thasti®SA advisories are associated with
situations involving lower speeds and lower accelanat
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Figure 7-13. Speed-reduction advisories as a funoh of lateral acceleration and forward speed

7.4 RSA/C episodes and messages by driver

The 294 RSA/C episodes were not, of course, evestyiltlited among the drivers, or,
for that matter, among the comparable driversut@g-14 shows both the number and
rate (per 1000 km) of RSA/C episodes for each oflthesrs who participated at all in
phase 2. Driver 2031 had the most episodes withrg®driver 2032 ran a strong second
with 45. These two drivers accounted for nearly 8@ent of all the RSA/C episodes.
Five other drivers experienced from 19 to 23 epsoeach. These top seven drivers
accounted for 75 percent of all the episodes. Atotiher end of the scale, three drivers
had no episodes, three had one, and one drivgubitivo episodes.

Regarding the rate of episodes, the pooled ratalf tife drivers and of all the
comparable drivers, respectively, were 0.75 and pifodes per 1000 km. Driver 2041
stood out with by far the highest rate of 5.9 epésoger 1000 km of travel. However,
this driver traveled less than 3700 km in all oagd 2 so that he accumulated just 21
total episodes.

Drivers 2032 and 2031, the two drivers with the higb&sl counts, were the next
highest with rates of 2.6 and 2.2 episodes per k@@Q(espectively. These were the two
highest rates among the comparable drivers. Figdre shows that these same two
drivers also account for the majority of the compdpisodes. Driver 2032 had 13
complex episodes and driver 2031 had 10, thus aticgufor 37 percent and 29 percent
of all the complex episodes, respectively. Indéleese two drivers accounted for both of
the episodes with 5 advisory requests (1 each)igadf the six episodes with 3 requests
(3 for 2031 and 2 for 2032). (The driver of thee@pisode with four requests is
unknown.) Finally, although it is not apparent frdma figures, these two drivers account
for 71 percent of all the RSC advisory requestsamdrol actions.
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Figure 7-16 displays information on driver-acknovgedanessages by driver. Both the
counts of driver-acknowledge messages and the fal@ver-acknowledge messages are
presented. (Rate of driver-acknowledge messagedaslated as the fraction of display-
off messages accompanied by driver-acknowledge messtne count of display-off
messages being taken as the number of opportuthigedriver had to acknowledge an
advisory message.) Only four of the 16 drivers wkjmeeenced advisories
acknowledged any of them. Two drivers, 2028 and 282&ounted for 89 percent of all
acknowledgements. They had 7 and 18 acknowledgnrestgectively. Individually,

their rates of acknowledgment were 57 and 82 peroespectively.

70 — N T
@ - > || &
2 60 + O Episode count QUK 6 ¢
o . x
.g 50 || M Episodes per 1000 km 153
] — o
82)40 H ,74:!
[}
230 i H 3 &
Y— [}
S 20 A L2 T
c (%]
3 10 -1 2
©)
0 | Him]
O O «+€ N M IO O I~ 0 O O 4 N M < I I O 4 © = o
HN(\I(\I(\INNNN(\ICOCO("J("J("JCOCOQ‘V;‘UE
o O O O O O O O O O O O O O o o o o O p ol
AN N AN N N AN NN NN NN N N N N N N N N a
v
c Q.
. S S
Driver ID 8
Figure 7-14. RSA/C episodes by driver
0
3 35
?
3 30
(3]
Q 25 4
3
x 20
x
9 15
£
S 10 -
o
© 5
€
8 0 1.1 1 1
© O O «+4 N M O © M~ 0 00 O < N MO I 1 N~ O +H C© = o
HNNNNNNNNNMMMMMMM??;‘UE
o O O O O O O O O O O O O o O O o o o o <
AN N N AN N N N N NN AN N NN N N N N N N = E
x
c (o8
S £
Driver ID 8

Figure 7-15. Counts of complex RSA/C episodes byider
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Figure 7-16. Counts and rates of driver-acknowledgy messages by driver

Figure 7-17 presents a graph showing the accumnlafi®@SA/C episodes both by date
and by distance over the course of phase 2. Tdieaie of the graph is the cumulative
count of episodes. Date and distance both appedrsasssa. The actual accumulations
by date and distance are shown by the solid anddtied lines, respectively. The
dashed line is a reference showing an accumulafitmecsame number of episodes
spaced evenly over the same time or distance. @ongpthe plots of actual
accumulation with the reference, it can be seenttigatpisodes generally takes place
close to the reference rate (i.e., the plots ofiamdation run parallel to the reference).
However, in early July there was a noticeable increasate of accumulation and a
noticeable decrease in the later portion of Octaberearly November. There was also a
noticeable decline and quick recovery of the rétepssodes in the time period of
September 11 through 22. (Note that there was mesymonding decline in distance per
day in this time period. See figure 7-1.) In gahenowever, the graph suggests a
relatively consistent accumulation of episodes ¢hercourse of phase 2.
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Figure 7-17. The accumulation of RSA/C episodes dug phase 2

The rate of accumulation of episodes by distanex#@nined on a driver-by-driver basis

in figure 7-18. This figure presents an individgedph for each of the comparable

drivers who experienced at least one RSA/C episdtie.reference line shows how the
accumulation would appear had the driver spacedfisodes evenly over the distance

he traveled in phase 2. The primary point of ieébehind this presentation is, of course,
the question of an initial period tdarning (or perhaps inquisitive experimentation) that
might be revealed as an initial, high rate of acglation. Such a situation would tend to
produce a graph wherein the accumulation plot wasistamtly above the reference line.

The individual presentations of figure 7-18 carcharacterized as follows:

* The entire cumulative plot lies above (or on) tikerence line implying a clear
tendency for episodes to occur early relative stegice traveled. Six drivers fall
in this category. All three of the drivers with felvdr 2) episodes are in this
group (drivers 2026, 2030, and 2033). Three dnvids several episodes (10 or
more) are in this group (drivers 2021, 2025, an28Y0 In all cases, the
“accelerated,” early rate of episodes appears twithen the first 8000 km or less
of travel in phase 2.

* The cumulative plot lies near to and/or crosses thesreference line implying
relatively even distribution of episodes relatigaedistance traveled. The
remaining six drivers are in this group. Of thdse¢ (2020, 2022, and 2031)
show particularly even distributions of episodes.
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Whether or not these observations are signifimahiopen question. Nonetheless, it is
clear that, while the accumulation of episodestierdntire FOT fleet was relatively
consistent over phase 2 (figure 7-17), that wasaoessarily the case for individuals.
Indeed, some drivers tended to experience RSA/@agssrelatively early in their phase-
2 driving and some distributed their episodes ragwenly throughout the phase, but no
individual demonstrated a strong tendency to biapesbdes toward the end of phase 2.

3 10 3 10
o o
2 8 f 2 8 f
8 8 /O/
- S g
FS 4 2 4
« 1 —o0— 2020 x 1 —o— 2021 =
5 24 Reference| 5 2+ Reference|—|
= =
5 O . . 5 O . .
0 10000 20000 30000 0 10000 20000 30000
Driver's phase-2 distance, kilometers Driver's phase-2 distance, kilometers
8 25 > g 2
o o
4 % I g —ﬁ/ﬁ/‘g/
o 15 g o 15
E 10 E 10 ,Og/
» —0— 2022 @ —o0— 2023
o) 5 1 Reference 5 5 1 Reference
2 ‘ 2
a 0 T T T 1 a 0 T T
0 5000 10000 15000 20000 0 10000 20000 30000
Driver's phase-2 distance, kilometers Driver's phase-2 distance, kilometers
8 20 3 1.2
o =}
8 ?/4)/[9 8 1 o
g T 08
L 10/ g os
o o
- —o— 2025 » 041 — 2026
] Reference § 0.2 4 Reference
= 2
a O T T 1 a 0 T T
0 10000 20000 30000 0 10000 20000 30000
Driver's phase-2 distance, kilometers Driver's phase-2 distance, kilometers
g 12 8 25
S 10 "/g/o 3 g
K] 71 o 20
T 8 o) Q/g/w
g s i g S
o r 10
w4 ‘ —0— 2028 u P —0— 2029
) 21 Reference| ] 5 Referencely
2 2
a 0 . : a 0 . T T
0 . 10000 _ 20000_ 30000 0 5000 10000 15000 20000
Driver's phase-2 distance, kilometers Driver's phase-2 distance, kilometers
g 12 8
8 8
a2 17° 2
3 08 53
g os g
4 o
w 044 ‘ —o0— 2030 * »
g 0.2 Reference g
a o0 : : a 0 . . .
0 10000 20000 30000 0 10000 20000 30000 40000
Driver's phase-2 distance, kilometers Driver's phase-2 distance, kilometers
8 50 g 25
=} =}
2 40 & 2 2 o
g g /
% 30 1 % 15
x 20 4 144
® —o0— 2032 ® ‘ —o— 2033
§ 10 1 Reference|—| § 0.5 ¢ Reference|—|
a o ; ; ; a o ; ; ; ;
0 5000 10000 15000 20000 0 5000 10000 15000 20000 25000
Driver's phase-2 distance, kilometers Driver's phase-2 distance, kilometers

Figure 7-18. The accumulation of RSA/C episodes hgdividual drivers

141



7.5 RSA/C episodes by location

The information in this section is provided in artie give as complete a picture as
possible of the RSA/C episodes that took placeimfibld test. However, at the outset it
seems appropriate to warn the reader against asguinginthese observations necessarily
have broad meaning. It seems to us very possibteour observations about the location
of episodes may be driven by the specifics of ¢éisé fleet’s operations (i.e., the location
of terminals and customers), by the behavior ofitldevzidual drivers (i.e., the locations

of most episodes are likely to be on the routab@least conservative drivers), and by
the properties of RA&C (i.e., the locations of mepitsodes are likely to be on travel
returning to Praxair when vehicles are empty).

The 292 RSA/C episodes of phase 2 took place atide locations. Table 7-3 shows
the distribution of episodes by curve. As manyagisodes took place in just 1 curve;
13 took place at another; two curves had 11 episedels; etc. There were 108 curves
with just one episode each. Note from the two rigiriehcolumns: 8 percent of the
RSA/C episodes took place in the one, most actimeegl 2 percent took place in 2
curves, 20 percent in 4 curves, etc. Although hot in the table, it is also of interest
that 26 of the 29 RSC control actions took placth@42 curves with more than one
episode; 8 of these took place in the one curve 2dtbpisodes.

Table 7-3. Counts of RSA/C episodes by location
Number of Cumulative ~ Cumulative

Number of episodes count of percent of
curves per curve curves episodes
1 22 1 8
1 13 2 12
2 11 4 20
2 10 6 26
1 9 7 29
1 7 8 32
5 5 13 40
2 4 15 43
8 3 23 51
19 2 42 64
104 1 146 100

146 2 — for all curves
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Figure 7-19. Location of the greatest number of R&C episodes of the FOT

Because of the way the term “curve” is defined Fas teport (see section 4.2.5), more
than one curve can be involved in what would normadyconsidered orlecation

Figure 7-19 illustrates the one important examplénig with respect to the RSA/C
episodes. Here, the curves numbered 76, 77, aate7@ntiguous and successive right-,
left-, and right-hand curves. If one were to grallghree curves, the combiné&xtation
would account for 28 RSA/C episodes (including 6 R®@trol actions§*

Appendix A-G provides detail information, including@torial, for all 42 curves at

which 2 or more episodes took place. Detailed exaton of this appendix will reveal
that only one other pair of curves, 2233 and 34dd#ke up a contiguous set similar to 76,
77, and 78. These successive right- and left-lcamges on a single connector ramp
between two interstates account for 4 and 2 episoelgsectively. There are other
closely located, but non-contiguous curves. FangXe, they may pass through the
same curved stretch of a road but in opposite tineg, or they may be a right turn and a
left turn at the same intersection. Thus, withtthe minor caveats noted, table 7-3
provides an accurate summation of the counts sbeleis at what might be called the
problem turnsencountered by the FOT fleet.

Table 7-4 lists 14 classifications of curves areld¢bunts of RA&C episodes that took
place at curves of these classes. (For exampleg @6 is a curve at an urban

31 Combining the individual RSA/C episodes assigitedurves 76, 77, and 78, respectively, would not
alter the counts of complex episodes presenteidume 7-3 and table 7-2. That is, when a complex
episode did take place in this sequence of cuthiessntire episode was assigned to the curve iohathie
episode was initiated.
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intersection and so is a type-7 curve. Curvesnd//8 are curves on an urban street and
are type-9 curves.)

Table 7-4. RSA/C episode counts by type of curve
Counts of episodes in:

curves curves all curves
Curve with > 1 with 1 with
type  Description episode episode episodes
1 Freeway on-ramp 4 13 17
2 Freeway on-ramp, 270 deg 48 4 52
3 Freeway off-ramp 5 8 13
A Freeway off-ramp, 270deg . ___ 2 2 A
5 Freeway connector ramp 11 2 13
6 Highway intersection 18 3 21
7 Urban intersection 23 25 48
.8 Intersection onto or off of freeway ramp____ 32 16 48 .
9 Curve in urban street 28 14 42
10 Urban street on-ramp 3 0 3
11 Highway on-ramp 2 1 3
12 Curve in highway 3 12 15

13 Construction lane shift 2
14 Highway turn to Praxair lot 7 2 9
15 Parking lot 0

Table 7-5 provides additional statistics for eatthe curves where more than one
episode took plac¥. In addition to showing the counts of RS/C episaates messages,
this table also presents the number of times #wtdrs of the test fleet passed through the
curves during phase 2 (passes) and then shows thigenwf passes per episode and the
number of messages per episode. The table iseatdiem top to bottom according to

the number of episodes in the curve.

Review of table 7-5 will reveal that the curves whk greatestumber of episodesre

not necessarily those with the highfgsfjuency of episodégse., the lowest number of
passes per episode). Note that nearly one thitigeofurves listed (13 of 42) had an
episode at least every 5 passes, some as oftenegsade every 1.5 passes. Yet, among
the 15 curves with the greatest number of episaidg,two were in this group. In fact,
while for each individual curve the quotient &fassel(Passes per episoylss, of course,
exactly the number of episode for that curve, meitomponent (i.eRassesand
1/Passes per episofitaken individually correlate well at all with theunt ofEpisodes
That is to say, in general, the number of episadl@sgiven curve appears to result as
much from how often the test fleet frequented theeas from how “difficult” or
“dangerous” the curve might be. Finally, table #l$o shows that, for 30 of the 42
curves, there was just one advisory message paxdepidn the other twelve, this rate
ranged from 1.14 to 2.

32 The contiguous curves 76, 77, and 78 are shodiidtually in the table, but, for convenience, aftgo
repeated as a singlecation at the bottom of the table.
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Table 7-5. Statistics from phase 2 for curves whermore than one RAS/C episode took place
Passes Advisories

Curve RSA/C RSC per per
Number Episodes Advisories control Passes episode episode

751 22 40 8 126 5.7 1.8

77 13 15 3 156 12.0 1.2

421 11 14 3 59 54 1.3
________ g1 ..o a0 .14 95 10

76 10 14 3 156 15.6 1.4

4044 10 15 4 28 2.8 1.5

653 9 9 0 149 16.6 1.0
________ 8 .7 .8 1 807 1153 11

78 5 5 0 156 31.2 1.0

124 5 5 0 279 55.8 1.0

233 5 7 1 19 3.8 1.4
________ 236 .5 .5 0 8 162 10

4163 5 6 1 49 9.8 1.2

700 4 4 0 147 36.8 1.0

2233 4 5 0 56 14.0 1.3
________ 120 .8 .8 .0 153 510 10

406 3 3 0 22 7.3 1.0

1249 3 3 0 19 6.3 1.0

2651 3 3 0 19 6.3 1.0
_______ 556 38 8 .0 9 30 10

6142 3 3 0 6 2.0 1.0

7917 3 3 0 21 7.0 1.0

9717 3 3 0 11 3.7 1.0
________ 4 2 2 0 5L 25 10

234 2 2 0 25 12.5 1.0

744 2 2 0 165 82.5 1.0

748 2 3 1 134 67.0 1.5
________ 888 2 2 0 59 295 10

1259 2 2 0 348 174.0 1.0

2563 2 2 0 37 18.5 1.0

3290 2 2 0 9 4.5 1.0
_______ 364 2 2 0 5 280 10

4041 2 4 0 17 8.5 2.0

4165 2 2 0 52 26.0 1.0

4176 2 2 0 12 6.0 1.0
_______ 8129 .2 .2 .0 7 35 10

8409 2 2 0 3 1.5 1.0

9224 2 3 0 7 3.5 1.5

15293 2 2 0 4 2.0 1.0
16143 2 2 o 6 30 1.0

30100 2 2 0 4 2.0 1.0

30201 2 2 0 3 1.5 1.0

76,77,& 78 28 34 6 156 5.6 1.2
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8. THE INFLUENCE OF RA&C ON TURNING BEHAVIOR

The RA&C system is a composite system including RS3C and HBED functions.
Several analyses intended to evaluate the influehtteat system on turning performance
are presented in this section. The results canlmninterpreted as applying to the entire
system as tested. The influence of individual fioms cannot be determined.

The first analysis, presented in section 8.1,“lsraad-brush” analysis comparing the
overall lateral performance of the individual, cargble drivers as they performed in
phase 1 and in phase 2, respectively. It is caeduafter the fashion of the presentations
of chapter 6. It compares performance across pbaseoes not rigorously account for
the many factors other than RA&C that can influepedormance and may have
changed across phase. This analysis does firghdicant difference in performance
between phases, but it is not possible to assdrtiisadifference is the result of RA&C.

A series of multifactor analyses are presenteddtiages 8.2 through 8.5. These analyses
compare the performance of individual drivers agnqaisase, but they also rigorously
account for, and examine, the influences of othetdrs. They are based on turning
performance in selected curves. (See section theadiscussion of curve
identification.) These analyses yield mixed resigome of which show an encouraging
pattern regarding the influence of RA&C. Another tifattor analysis is presented in
section 8.6. Here, performance before and afteviohahl advisories is compared. A
significant, positive influence of advisories issebved. For completeness, the final two
sections of this chapter briefly review other anadythat were undertaken but were not
productive.

8.1 Comparison of the lateral-performance of compaable drivers across phase

This section presents a comparison of the ovextdtdl performance of the individual,
comparable drivers as they performed in phase irapdase 2, respectively. While the
authors believe that the most appropriate meansstomatinghe influence of RA&®n
driver performance is via the analyses that folloater sections, there may nevertheless
be interest and perhaps some value in the apptakeh here. While the final discussion
of chapter 6 suggests that comparison of aggregafermance in phase 1 and phase 2 is
not appropriate, it does not argue against compaas the performance of individuals
across phases. Moreover, the reasonable, if mfEgbebalance of exposure factors
between phases described in chapter 5 suggests swchparison may be appropriate.
Accordingly, such comparisons are made in this gectWe reiterate, however, that the
analyses of later sections are believed to proaidere reliable assessment of the effect
of the RA&C device.
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Figures 8-1 through 8-14 present cumulative histogr of the lateral performanice

turns™ of the fourteen individual comparable drivers gisilited in phase 1 and in phase
2. Each figure presents four cumulative histograash with a separate plot for phase 1
and phase 2. The two upper histograms are forutheéding condition; the two lower
histograms are for the empty condition. The twdlanleft are for lateral acceleration at
the driver’s position, and the two on the right fanerollover ratio. Each figure also
contains a notice of the number of RA&C episodesarpced by the driver represented
in the figure. (An RA&C episode is a turning manaywvehich invoked one or more
RA&C messages. See chapter 7.)
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% The term, in turns, was defined in section 5ele igure 5-9 and the related discussion. The Bt
operatedn turnsfor approximately 900 hours.
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Figure 8-14. Comparison of phase-1 and phase-2 la#é¢ performance in turns of driver 2035
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Table 8-1 summarizes figures 8-1 through 8-14 byl&ating ongperformance-change
numericfor each of the graphs. That is, four measuresadmadated for each driver.
These performance-change numerics are simply thegehin the magnitude of the
performance measure (lateral acceleration or retloatio) at the 0.1 percentile (i.e., at
the time fraction 18)** from phase 1 to phase 2. A negative value of timeeric (i.e., as
results when the phase-2 measure smaller than ghasasure) implies an
“improvement” in performance.

Table 8-1. Phase-1 to phase-2 performance-changenmerics for comparable drivers
for all driving in turns by load

Performance-change numerics

Episode | @ atdriver's position, g Rollover ratio
Driver count Empty Full Empty Full
2020 10 -0.014 -0.006 -0.031 -0.015
2021 10 -0.011 0.001 -0.029 -0.010
2022 23 -0.009 0.003 -0.031 0.009
2023 22 0.002 -0.003 -0.006 -0.017
2025 19 -0.024 -0.001 -0.030 -0.015
2026 1 -0.018 -0.006 -0.040 -0.041
2028 11 -0.003 -0.005 -0.007 -0.019
2029 21 -0.003 0.017 0.020 0.001
2030 1 -0.009 0.004 -0.018 0.012
2031 69 0.007 -0.004 0.004 -0.015
2032 45 -0.002 0.014 -0.004 0.006
2033 2 -0.008 -0.005 -0.003 -0.009
2034 0 0.016 0.005 0.018 0.003
2035 0 0.011 0.002 0.012 0.003
Averages: -0.0046 0.0011 -0.0103 -0.0076

Casual review of table 8-1 seems to show a trend tbasmalf® improvement (negative
changes shown in bold print) in performance in pl2as&-tests were conducted on the
data of table 8-1 to determine if these apparemnids appear to be significant for the
population of drivers. Tests were conducted fohe#dhe four parameters within each
of the following two populations:

» all comparable drivers, and
» all comparable driverexposedo RA&C (i.e., experienced at least one RA&C
episode).

3 Note that, since driving in turns is roughly I€r@ent of all driving in the FOT, the 0.1 percenfibr
performance in turns is very similar to the 0.0icpatile in all driving that appeared in figure 6-4nd
was used for ranking drivers.

% Smallis emphasized here particularly because thesewvaltlateral acceleration in table 8-1 are only of
a magnitude comparable with the nominal accuradp@iinderlying instrument measurements. The
changes in rollover ratio are small relative to dleeuracy of the entire analysis necessary to méier
rollover ratio. On the other hand, these measteese from hundreds of thousands of individual
measurement and calculation samples for which we ha reason to suppose a phase-1-to-phase-2 bias.
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Table 8-2 presents the results of the t-t&tShe probability values suggest that the
trends toward improvement are fairly strong whilesthaway from improvement (the
change of lateral acceleration at the driver’s fpmsin the full condition) are weak.
Moreover, three t-tests indicate statistically figant performance improvements for the
population of drivers with RA&C exposure: lateral @lecation at the driver’s position
and rollover ratio in the empty condition; and ookr ratio in the full condition.

Table 8-2. Results of t-tests on performance-chaagiumerics
for all driving in turns, by load

Drivers All comparable Comparable and exposed
Loading condition Empty Full Empty Full
a, aldriver's position, g
mean performance-change -0.005 0.001 -0.008 0.001
probability (2-tailed t-test) 142 .584 .010 .785
Rollover ratio
mean performance-change -0.005 -0.004 -0.007 -0.005
probability (2-tailed t-test) .073 .066 .017 .049

To further challenge these observations of phagdtése changes, a similar analysis was
conducted on performance in turns but only foridgvn daylight and in good weather

in an attempt to remove the potential influencéhefimbalance of exposure to these
conditions across phases. (See chapter 6.) Regpear in table 8-3. All four results
relating to the empty loading condition are simtathose of table 8-2. That is, all four
measures for the empty condition show relativelgragrtrends toward small
improvements and the trends for the exposed draersignificant. However, the results
are different in that none of the four measuregherfull loading condition show strong
trends at all.

Overall, these results suggest that, from phasephdse 2, there may well have been a
real, albeit very small, change in the overall imhgvby the comparable drivers toward a
lower probability of elevated lateral acceleratinrthe empty condition. In the fully-
loaded condition, there is some suggestion of sudiange but the results are too weak
to support a similar statement.

Table 8-3. Results of t-tests on performance-chaagiumerics
for driving in turns in daylight and good weather, by load

Drivers All comparable Comparable and exposed
Loading condition Empty Full Empty Full
a, atdriver's position, g
mean performance-change -0.007 -0.001 -0.010 -0.001
probability (2-tailed t-test) .072 .748 .010 .557
Rollover ratio
mean performance-change -0.012 -0.004 -0.017 -0.005
probability (2-tailed t-test) .072 .518 .012 423

% For those not familiar with the t-test, thebability parameter indicates the probability that the ceang
of the average resulted from tbeatteramong the individual drivers. Consequently, sergirobabilities
indicate a stronger trend, and probabilities lbas10.05 are typically said to indicate that theested
change istatistically significant (Note, however, that this also implies thatagerage, among twenty

“significant” observations, one will typically beistaken.)



Why any such change took place between phases &ldogssed by this analysis and
remains an open question. Certainly one possilidithat the RA&C device was in play
in phase 2 and not in phase 1. However, there weoesalall changes in other exposure
factors between phase 1 and phase 2 which couldgradeced this result. For example,
this analysis in no way accounts for the changeines which took place between phase
1 and 2 due to the change in the mix of deliveipnisasee section 5.1 and appendix A-
F). Thus, for example, the changes observed caud resulted from a shift toward
slightly more “benign” routes in phase 2. Howevke analyses that follow do, in fact,
take these and other influences into account bgnexag lateral performance in specific,
spatially-identified, turns using multifactor ansdg.

8.2 Overview of the multifactor analysis

The experimental questions addressed by the nuiltifanalyses are whether or not
there were changekat are objectively related to the activation lo¢ RA&Cin (1) the
drivers’ behavior in negotiating turns and/or (28 tctual risk of rollover incurred by
drivers in turns. The basic comparison is betweénver's performance before the
system was activated (phase 1), and his performefterethe system was activated
(phase 2). Other factors are considered to deterihdifferences observed in the
comparison are, indeed, the result of the RA&C.

Notably, the questions specifically address theesy'st effect driver by driver, not on the
aggregate behavior of the fleet or even the agtgdmshavior of a group of drivers. A
change in the aggregate behavior of the fleet arsafbgroup could take place, for
example, due to a change in the mix of driversfahe mix of individual contributions to
distance (see tables 6.2 and 6.3), or the mixutes(see section 5.1 and appendix A-F),
or the mix of any other situational influence. danclude that the RA&C modified

driver performance, it is necessary to observeagively consistent influence on
individual drivers operating in similar driving sdtions.

In this analysis, the experimental unit is the érignd the principal treatment is the
presence or absence of the RA&C system. Because wtlcontrolled factors (that are
likely to influence driving behavior as well) arsalpresent in this quasi-experiment, the
data for each driver have been group accordinigeset factors in order to obtain a better
picture of how they interact with driving behaviddf primary importance is that
comparisons across phase are made for performarcsubset of curves that are
identified (and classified for severity) using otihe performance of the so-called non-
comparable drivers during phase 1. Moreover, dgyerformance has been grouped by
load, weather conditions, light condition, turn diien, and curve severity. These
factors, including phase, provide the overall basite analysis of the influence of the
RA&C on turning behavior.

Before describing the results of the analyses, eatie components will be clarified: the
subjects, the dependent variables, and each indepewariable.
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8.2.1 Subjects

Data from 14 drivers, called the comparable drivese included in these analyses. This
is smaller than the original pool of 23 driversgaet at the start of the study—eight left
the driver pool during the course of the study. Omeer was also excluded from the
analysis because of comparatively low direct invgieat in fleet delivery operations;

this driver had less than 20 percent of the aveopgeational distance of other drivers in
the study.

8.2.2 Dependent variables: RRSM and AyDSM

In the analyses whose results are presented hergyinwvary dependent measures were
examinedRolloverRatioSustMagRRSN), andAyDriverSustMaXAyDSN).®” These are
themaximum sustainedhlues ofRolloverRatioandAyDriver, respectively. (See section
4.2.5 and figure 4-14 for details of maximum sustdivalues in curves.)

In the context of the statistical analysR®SMis used to answer the questiowds
rollover risk reduced by the RA&C?As described earlier (equation 6-RplloverRatio
is a unit-less estimate of actual proximity of owkr, calculated as the ratio of lateral
acceleration of the total vehicl&yTotalin g) to the static rollover threshold of the
vehicle Rollover, in g). Similarly,RRSMis the ratio based oy TotalSustMax (See
section 4.2.4.)

In the analysesAyDSMis used to ask the slightly different questigvias driving

behavior altered by the RA&C?” AyDSid¥la measure of lateral acceleration at the
driver’s position in the tractor and is taken gzesentative of the driver's own physical
sense of the severity of the turning maneuver gstjan. Although related ®RSM
AyDSMis not directly correlated to it since it does aotount for the change in the
vehicle’s roll stability which takes place with chasgn loading, nor for the influence of
trailer off-tracking in turns with tight radii. Hriving behavior was altered by the RA&C,
there may be clearer evidence for idigDSMthan inRRSM That is, a driver may

adjust his driving to reduce the level of laterateleration he experiences directly while
not accurately compensating for load or off-tragkin

Secondary analyses were also performed on morelafigeldependent measures
including curve-entry speed, deceleration rate,l@a#ling behavior. The rationale for
these analyses was that drivers may become betéetoadinticipate curve hazards and
prepare for them earlier resulting in diminishedesgs on entry, lower deceleration rates,
and less use of the brake.

37 Very similar analyses to those presented in B2&3 were also conducted using the maximum values
(i.e., after filtering and at 2 Hz. sampling, sbagter 4) ofAyDriver andRolloverRatiorather than their
maximum sustained values. The results were sintilatrfor brevity, ar@ot presented here.
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8.2.3 Independent variables: phases 1 and 2

The principal independent variable in this study tespresence of the RA&C (in phase
2) following an initial baseline period of driving thiout the system (in phase 1). ltis
normal practice to manipulate the independent k&iendependently of other factors so
that observed changes in the dependent variablbeeanambiguously attributed to the
independent variable. However, because this studywerastrained to be carried out
over the course of one year, seasonal factorsoanewhat confounded with phase 1 and
2. Phase 1 began in late fall and continued eatlly spring; phase 2 began in early
spring, and continued until late fall. Phase lhilmssly had more severe weather than
phase 2. An attempt was made to mitigate this confday distinguishing good weather
from bad weather in the analysis, allowing a weatffeceto be separately estimated. It
is unlikely, however, that this accounting for weathas completely successful in de-
confounding seasonal variation with phase.

To permit adequate “learning” or break-in expodorthe RA&C, the first 5000
kilometers of phase-2 driving for each driver wexeleded from the basic analysis. The
number was selected based on inspection of normdadideisory rates among drivers.
For some drivers there is a rapid initial accumatabf advisories, suggestive of device
testing, followed by a decline to a more constat®. ra he point in this decline is
approximately 5000 km. Parallel analyses thatiget the first 5000 km of driving did
not produce substantially different results tharsthreported here.

8.2.4 Quasi-independent variables

Several factors that are likely to be influentradriving behavior were also included in
the analysis. Unlike the phase factor, they wereerplicitly manipulated. They were
gathered and coded during data collection so ket ¢ould be included as factors in
later analyses that relate them to the dependeiaile. These factors more or less
function as covariates, although they are treasdd@dependent variables in the following
analysis. Thus, weather is characterized as gobddrlight conditions as either
daylight or night, load as either full or emptydacurve severity as one of four levels.
Each of these quasi-dependent variables is expldiaw.

Curve severity Curve severity was considered an important fagitare it seemed likely
that it could affect the amount of influence the R&&night have on driving behavior.
That is, the RA&C might exert greater influence anves of high severity than on
curves of low severity. Low-severity curves mightroutinely traversed so theRSM
andAyDSMperformance is too small to allow much further dhn. Curve severity
was also used to help normalize changes in curietdison between the two phases.
That is, changes in curve distribution between phasaild be accounted for by
comparing driving performance on curves of simslaverity. Thus, if there were 70
severe curves out of 100 in phase 1, and 20 seueves out of 100 in phase 2, a phase
effect could be determined by comparing the avepagirmance on the 70 in phase 1,
to the average performance on the 20 in phasg ihsfead, all the curves in each phase
were pooled and the averages compared, differencasve distribution between the
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phases would be confounded with phase. Includingecseverity as a factor controlled
for changes in delivery routes between phase 1 hadggp2 that might be mistaken for the
influence of the RA&C system. Driving behavior omas of similar severity level can
be compared across phases of the study.

A curve’s severity level was determined entirely frira performance data of the fleet
drivers who were unable to complete the study, tlmeaommparable drivers. For each
curve by load combinatioif,a non-comparable driver's avera@BSMandAyDSMdata
were averaged with other non-comparable driversadyme a granBRSMandAyDSM
measure for that curve by load combination. Cuwidls data for fewer than 2 drivers
were discarded from the curve sample.

Curves were binned into one of four levels of seydrased on thRRSMquartiles of the
non-comparable drivers. Curves were likewise birinexlone of four levels of severity
based on thAyDSMquatrtiles of the non-comparable drivers. Thustdlwere two
curve-severity measures used: one basd@RBMand another based &iyDSM Curve-
severity measures basedRRSMwere applied in analyses of tR&RSMdependent
variable; curve-severity measures basedypSMwere applied to analyses of the
AyDSMdependent variable.

A curve’sRRSMandAyDSMquartile was determined by the distribution of tioa-
comparable drivers’ averag&RSMandAyDSMin each curve. Quatrtiles for loaded and
empty curves were computed separately. The quaniies for RRSMare shown in table
8-4 and in table 8-5 fokyDSM

Table 8-4. Quartile limits for RRSMfor curve-driving performance among non-comparabledrivers

Load
RRSM Quartile Empty Full
1 (0-25%ile) <0.035 <0.051
2 (25-50%ile) <0.073 <0.104
3 (50-75%ile) <0.131 <0.175
4 (75-100%ile) >0.131 >0.175

The quartile limits reflect the shift in the digttion ofRRSMwith a full load to higher
values (see figure 8-15). Quartile bins thus noizedhe curve-severity measure across
load levels. Otherwise, if a single severity critarivere applied, loaded trailers would
dominate the higher quartiles, and empty trailerald/dominate lower quartiles.

% Curve severity was based on cuaralload taken together. This was done because somescare
typically traversed nearly exclusively by full velds, and other curves nearly exclusively by empty
vehicles. Only a few curves were traversed bybetsuntial mixture of full and empty vehicles.
Consequently, there is a strong dependency betaeearnve and the vehicle load. And even when ascurv
is traveled under both fuindempty conditions, one load condition usually dorteésahe set of
observations. Accordingly, curves were effectiiedated as curve-load combinations.
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Figure 8-15. Normalized distributions ofRRSM observed among non-comparable drivers on selected
curves

The road types of each curve in the quartiles wisedetermined using mapping data
that distinguished functional classes of roadway-evitl@y ramps, freeways, highways,
and local roadways. The ratio of roadway type instifeset of curves described here was
compared to the ratio found across all curvesanitld test (shown in figure 8-16). The
overall distribution (All Bins) of road types amotige subset of curves studied is similar
to that found across all curves in the field teathen sorted into curve-severity quartiles,
freeway ramps and local roads are seen to dominateigh-severity curves in the 4th
guartile (75-100 percent). This is also consistdttt the previous observation made in
chapter 6 that found the highest lateral accetanatat lower speeds and with the
speculation that the observed right-turn bias migghattributed to the right-turn bias of
freeway ramps.

To further characterize the makeup of the cuntfesawverage speed for each quartile was
calculated using the performance of the non-confgb@drivers on the curves in that
quartile (shown in figure 8-17). The figure showattbpeeds among the empty trailers
are typically higher than among full trailers ahdttthe highest speeds are found in the
second curve quartile (25-50 percent).
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Figure 8-16. Relationship of sampled curves to theopulation of curves
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Figure 8-17. Average speed within each curve-sevigrquartile (by RRSM) for full and empty
trailers

The proportion of the road type within each curveesiy quartile is shown in figure 8-
18. The most severe curves (75-100 percent) gotitailargest proportion of local and
ramp curves; the less severe curves (0-25 peroei2%50 percent) contain the largest
proportions of highway curves.
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Figure 8-18. Distribution of curve types among th&RRSM quartiles

Likewise, quartile limits were also computed basedpbDSMfor full and empty trailers
(table 8-5). As shown in figure 8-19, the distribatiof AyDSMis shifted down for full
trailers, suggesting the need to separately nozeatich distribution. The pattern of
speed distribution and road type across the cugvergy quartiles determined by
AyDSMis similar to that found witRRSM(see figure 8-20 and figure 8-21). The
highest-speed curves tend to occur in the secoadilgu The less-severe quartiles
contain proportionately more freeway curves, anchbee-severe quartiles contain more
highway ramps and local curves.

Table 8-5. Quartile limits for AyDSM (in g's) for curve driving performance among non-omparable

drivers
Load
RRSM Quartile Empty Full
1 (0-25%ile) <0.022 <0.019
2 (25-50%ile) <0.045 <0.039
3 (50-75%ile) <0.086 <0.071
4 (75-100%ile) > (0.086 > 0.071
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Figure 8-19. Normalized distributions ofAyDSM observed on curves among non-comparable drivers
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Figure 8-20. Average speed within each curve-sewgrquartile (by AyDSM) for full and empty
trailers

Load condition Two levels of trailer load, full and empty, wedentified in the dataset.
A trailer was full if the total mass of the trailer sviaetween 33 and 40 metric tons; and
empty when the total mass was between 12 and 17 ntmtgc Data from partially
loaded trailers were excluded from the analysis.
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Weather Weather conditions are likely to influence hoteetor is driven. Severe
weather conditions are likely to exert a stronguefice on driving behavior such that the
influence of the RA&C may be greatly diminishedislteasonable to expect that drivers
would become more conservative in their driving rdigss of RA&C availability,
perhaps less likely to observe an influence ofstifety system. Consequently, weather
was retained as a factor to allow for analyses ahftsence and for later filtering of bad
weather data.
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Figure 8-21. Distribution of curve types among thédyDSM quartile

Weather conditions were binned as either good ouad) theBadWeatheflag (see
section 4.2.2.). If thBadWeatheflag was set any time within 15 minutes before to 5
minutes after the time of the pass through theeumeather for that pass was taken as
bad. Otherwise weather conditions for that curve pess identified as good.

Light condition Ambient light conditions on the roadway could ugfhce driving
behavior. Consequently, the analysis includedabor light level (dark, light) based on
SolarZenithAngldsee section 4.2.2 and appendix A-D). When thepssition was six
degrees or more below the horizon, light level wasiified as dark, otherwise light
level was identified as light.

Turn direction The direction of a turn might also play someriol a driver’s turning
behavior. Right turns on local streets are gelyes&higher curvature than left turns.
Although there are more freeway ramps to and fronigie side of the roadway, those
to the left may actually be made at high-speedspankaps at different curvature. The
analysis identified curves as either left or righted on the polarity of lateral
acceleration. Negative lateral accelerations indicght turns; and positive lateral
acceleration, left.
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Driver exposure to advisoriesSome analyses were also conducted on subséts of t
driver data based on whether the driver witnessézhat one advisory during the field
test. Of the 14 drivers in the dataset, 2 nevezived any advisories throughout phase 2.
Driver subjective report of influenceSome analyses were also performed on subsets of
drivers who reported that their driving had beetugriced by the RA&C system. Of the
14 participating drivers, 7 reported that theivohg had to be affected by the RA&C
system.

8.2.5 Exploratory statistics versus explicit hypestis testing

In examining the analyses reported here, the resdrild bear in mind that the nature of
statistical tests presented represents an expigrafiort to discover relationships
between variables in the data. This deviates fleembrmal use of statistics wherein
specific targeted hypotheses are formulated wetireedata are collected and only those
hypotheses are examined. Instead, for this fedtd much of the investigation was
driven by what was found by examining the data. Thest of the analysis is
effectivelypost hoan nature. In general, formpbst hocanalysis methods hold data to
much higher significance criteria than presentae.h€onsequently, reported
significance levels should be taken with somethiing grain of salt, especially if it is
near the criterion threshold (.05). They are ideliiin the report for completeness, and
for their potential to provide some hints aboutegahtrends.

It is also noted that many, many statistical aredysere conducted in the course of the
field test. A statistical test estimates the pralgtof observing the existing data given
there are no differences among the observatidrtbat probability is small enough,
customarily less than 5 percent (0.05), then thmothesis that there are no differences is
rejected. This means that you have a 1-in-20 ahahseeing a “significant” result even
when there is no significant difference. If you doaot 20 statistical analyses, one
analysis is likely to obtain a significant outcommply by chance. Because of the
exploratory nature of the field test, hundredsralgses were conducted, thus it is likely
that some portion of the analyses contain spunyasighificant results. Nevertheless,
the .05 significance threshold was used as an @gectit point for reporting results with
the advisory that especially the marginal resuitsutd be considered of limited
reliability. In more formal procedures, one wouttjust the significance criteria to
account for the number of comparisons by makiBgaferroni adjustmentTo do this,
the p-value obtained would be compared to the astedal criteria (0.05)lividedby the
number of comparisons made. Thus, if 20 compasisere made, the appropriate
significance criteria would be 0.05/20 = 0.0025.

8.3 Influence of phase on performance over curve$ comparable severity
This analysis relates measured performance of cahlgadrivers on curved sections of
roadway (the dependent variables) to levels of inddpnt variables using a repeated-

measures analysis of variance. (A repeated-meagnadgsis compares measures
repeatedly taken on an individual under a variétyomditions.) The resulting F-ratios,
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calculated for each factor, indicate the magnitoidafluence each factor has over the
dependent variable.

Although several factors included in the analysiy mat directly address questions
about the effectiveness of the RA&C, they providemealiagnostic value to help gauge
the sensitivity of the analyses in detecting infloes on driving behavior, and they permit
examination of potential interactions between factbat might provide a more complete
model of what does influence driving behavior. Example, perhaps the RA&C
encourages reduced valuesRiRSMon severe curves but not on mild curves—a main
effect of phase might be absent, but an importaetaction between phase and curve
severity might be found.

It is also noted that, because of the large nurabfctor combinations included in this
analysis, incomplete cells, particularly those imiray the dark lighting factor, precluded
investigation of all factorial combinations.

The analysis datasefThe analysis described in this section was caedusn asubsebf
the FOT data. That is, various parts of the fuladat were excluddaly designn order
to reduce sources of random error in the dataset fmcus on driving circumstances in
which the RA&C was anticipated to be particularly urgihtial. Thus none of these
analyses examined data from driving performancst@ght sections of roadway
because the opportunity to observe rollover rislstoaight roads is relatively small.
Likewise, data in which cruise control was engaged wrobuded because, in this
situation, speed control may not be representativiiving behavior under full driver
control. Performance data taken with partial trddads were also excluded from the
analyses because there is insufficient data ingigrtoaded conditions to obtain a clear
picture of how finer variations in load affect dngi performance.

Beyond this broad-based winnowing of the datasehduiselection of data was made for
each particular analysis. This section specifjoadamines performance in curves with
independently established degrees of severityt iShaurves were grouped based on
their severity so that curve performance in phaseuld be compared to curve
performance in phase 2 under similar severity vdlhis was done so that even if the
distribution of severe curves changed between plessasonsequence of routing
changes, performance between phases was compareel loasis of curves of similar
severity. As described earlier, curve severity weteminined using non-comparable
driver performance data from phase 1. For easledraverage performandeRSMand
AyDSM) on each curve a driver traversed was calculategqod weather conditions
only). A curve’s severity was determined from therage of two or more non-
comparable drivers’ average performance on a pdaticurve. (Curves in which only
one or no non-comparable drivers traversed weraidgd from the set of curves under
consideration). The resulting set of curves was tis@valuate the driving performance
of the comparable drivers. That is, the analyssuove performance of the comparable
drivers only included driver performance on curiewhich a severity level was
computed from the non-comparable driver data.
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8.3.1 Results—sustained maximum rollover ratio (RRSM)

Light level was initially excluded from these ana@y$ecause of the large number of
missing cells (i.e., no observations) for drivingdiarkness. Most driving is performed
during daylight hours so it is not surprising tdata were unavailable from several
drivers in cells crossed with this factor.

Main effects.Main effects were observed for weather, load, tlirection, and curve
severity (byRRSMbin). All main effects were in agreement with norragbectations.
There was no evidence of a main effect of RA&C, béphase (see table 8-6 for
statistical summary). Although not statisticallgrgficant, phase will be included in the
main effect figures to provide the reader a gersate of the average difference found
between phase 1 and 2. As shown in figure &RESMis reduced (0.00525) during bad
weather conditions, suggesting a more conservativang strategy is employed in
response to bad weather

Table 8-6. Summary ANOVA results for main effecton observedRRSM

Effect F df p
Weather 89.92 1,13 <.0001
Load 115.81 1,13 <.0001
Turn Direction 4.94 1,13 <.05
RRSM quartile 389.00 3,39 <.0001
Phase 0.01 1,13 .927

The main effects of load and turn direction are alspicted in figure 8-22. The effect of
RRSMquartile bin (curve severity) is shown in figur8- RRSMis reliably higher
through curves in loaded conditions than in unldactenditions, and it is higher in right
turns than in left turns. The latter result is sistent with the earlier asymmetry observed
between left and right lateral acceleration in tlyhér ranges (see figure 8-20). There it
was suggested that the right-turn bias at higherdhtacceleration was perhaps due to the
right-turn bias associated with exit, entrance, iatetchange ramps of limited-access
highways.

Note that, although reported as a main “effect,”"RfRSMquartile was derived from the
RRSMmeasures of the non-comparable drivers and, threxedre expected to be strongly
correlated with the performance of the comparalileeds. Evidence of a main “effect”

of this variable merely indicates a correlationdexn the performance measures for
comparable and non-comparable drivers. That ésntn-comparablBRSMmeasures
over curves were similar to those for the comparRR&Mmeasures.

For added perspective on the relative strengtheftain effects of figure 8-22, the
difference in averageRSMof the most conservative driver and of the leastservative
driver (see section 6.4) was calculated. Differemeéise two drivers’ average
performance on each ranked curve that they botbtizegd were calculated and then
averaged. The resulting differenceRRSMwas 0.058, or nearly twice the strength of
the main effect of load.
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Figure 8-22. Main effects of load, turn directionand weather onRRSM
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Figure 8-23. RRSMobserved among the comparable drivers over curveeserity derived from the
RRSM performance of non-comparable drivers

Interactions Two-way interactions were found between weatheRiR8Mquartile,

load andRRSMquartile, and turn direction aiRRSMquartile. Three-way interactions
were found between load, turn direction, &RISMquartile; phase, turn direction, and
RRSMquartile; weather, phase, aR&SMquartile; and between weather, phase and turn
direction. These interactions are shown in table 8-
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Table 8-7. Summary of two and three-way interactins between each factor and observeRRSM

Two-way Interactions F df p
Weather by RRSM Quartile 14.36 3,39 <.0001
Load by RRSM Quartile 33.77 3,39 <.0001
Turn Direction by RRSM Quartile 5.48 3,39 .012

Three-way Interactions
Load by Turn Direction by RRSM Quartile 18.55 3,39 <.0001
Phase by Turn Direction by RRSM Quartile 4.06 3,39 .023
Phase by Weather by RRSM Quartile 3.34 3,39 .043
Phase by Weather by Turn Direction 4.97 1,13 .044

The interaction between load aR&RSMquartile is expected because the factors are not
independent—quatrtiles are calculated separatelgrfaoty versus full trailers.
Consequently, the measuresRRSMfor the full-vehicle quartiles are systematically
skewed toward higher values in the right tails ofdistribution (figure 8-19). If the
comparable drivers perform like non-comparableatswon similar curves, one should
see greater differencesRRSMmeasures between full and empty trailers at thiedsig
quartiles.
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Figure 8-24. The interaction between weather anducve severity

The interaction between weather and curve severngjgesis thaRRSMdifferences
between bad- and good-weather driving are strongesteomost severe curves (figure 8-
24). Similarly, the influence of load also appestrongest on the most severe curves
(figure 8-25). These two interactions are as orghtrexpect. That is, difficult
conditions (bad weather or less stable vehicle)ileety to generate extra caution on
severe curves but not on mild curves. The infleepicturn direction, however, appears
strongest in the middle curve severities (figurg63-and is not so readily explainable.
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Figure 8-26. The interaction between turn directia and curve severity

The three-way interaction between load, turn directémd curve severity is depicted in
figure 8-27. While right turns appear to produdegherRRSMthan left turns for most
conditions, it appears that left turns are highantright turns on high severity curves in
loaded conditions.
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Figure 8-27. Three way interaction between loadutn direction, and curve severity
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Figure 8-28. Three way interaction between phas#yrn direction, and curve severity
There are three, significant, three-way interactiartable 8-7 that include phase (i.e., the

influence of RA&C). They are shown in figures 8-289-and -30. (The figures are
constructed to highlight phase differences betweenlitions.)
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Figure 8-29. Three way interaction between weathephase, and curve severity
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Figure 8-30. Three way interaction between weathephase, and turn direction

The interaction between phase, turn direction, amdecseverity is shown in figure 8-28.
There appears to be some reductioRRSMbetween phase 1 and phase 2 for right turns
on high severity curves. Figure 8-29 shows theethivay interaction between weather,
phase, and curve severity. There appears to lmlastreduction iRRSMbetween

phase 1 and 2 on high severity curves in good weaffigure 8-30 shows a three-way
interaction between weather, phase, and turn directio good weather, both left and
right turns show a modest decline between phase 2;andad weather, there is a
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similar decline for right turns, but it is reverded left turns. Taken as a group, these
interactions seem to fit an expected pattern:tti@introduction of RA&C induces
performance that reduces rollover risk where roltaisk would otherwise tend to be
high, i.e., in more severe curves (higher quartied right-hand turns) during good
weather. Having made that observation, it shouldl laésnoted that the evidence is not
all that strong. The size of the observed redustare not large, and the probabilities
that the observations are significant are not gtipmanges from 0.023 to 0.044 in table
8-7).

8.3.2 RRSM among drivers with exposure to RA&Csadids

An analysis of the form already described, but usiniy those comparable drivers who
actually triggered the advisory system, was alseddihe rationale for the exclusion of
drivers who did not trigger the system is, of coutkat these drivers would likely learn
little new information about their vehicle’s stabjlif they never received an advisory
message. As a consequence, the driving might nexjected to change. Note that this
hypothesis ignores the potential for second-haarhlag through comments about the
advisory from other drivers in the fleet. Thatagen though a driver might not directly
receive an advisory by the RA&C system, the drivari&reness of rollover risk may be
heightened by comments about the safety device @ttwer drivers in the fleet who have
received advisories.

Of the 14 drivers in the original analysis, two rgeei no RA&C messages over the
entire course of phase 2. Arguably, these driveghialready be driving so carefully
that little remains to improve in their performancéhe curve-performance data for these
two drivers was removed from data set and the datdéoremaining drivers were
reanalyzed.

Main effects.As before, main effects were observed for weathed, lmain direction, and
RRSMquartile (table 8-8). All main effects followed teame pattern described in the

preceding analysis; magnitudes of the effects eoeskewere similar (see table 8-9 for a

side-by-side comparison). No main effect of phase f@and.

Table 8-8. Summary ANOVA results for main effectobserved onRRSM for drivers who received
RA&C advisories

Effects F df p
Weather 78.12 1,11 <.0001
Load 151.12 1,11 <.0001
Turn Direction 6.55 1,11 .002
RRSM Quartile 1436.08 3,33 <.0001
Phase 0.001 1,11 .97

Interactions. As before, two-way interactions were found between katiturn
direction, between weather and curve severity (RR Qe)abetween load and curve
severity, and between turn direction and curve sigveFinally, two three-way
interactions were observed: one between phase, in@ctidn andRRSMquartile and one
between load, turn direction, aRIRSMquartile (table 8-10).
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The pattern found in the two-way interactions is Entio the analysis of all drivers’ data.
However, there is now only one, three-way interactimoliving phase. That is, in the
previous analysis (of all comparable drivers) thtbeee-way interactions involving

phase were observed and, together, were taken aanraging indication of the
influence of RA&C. But here, considering only ixgposecomparable drivers, two of
these (and perhaps the two most intuitively plegsang lost. Previously, these two were
marginally significant (0.043 and 0.044); perhdpsrtioss is simply a consequence of
the removal of data. Regardless, their loss cdytdietracts from the previous
observations.

Table 8-9. MeanRRSM observed among main effects for all drivers and fodrivers who received
RA&C advisories

Good Bad
Weather . All Drlver.s . .106 101
Drivers w Advisories 111 .105
Left Right
All Drivers .102 .105
Turn . L
Drivers w Advisories .106 110
Full Empty
All Drivers .088 119
Load . L
Drivers w Advisories .092 124

0-25%  25-50%  50-75%  75-100%

Curve Severity . All Driver.s . .028 .069 122 .195
Drivers w Advisories .028 .072 128 .205
Table 8-10. Summary of two- and three-way intera@ns for drivers who received RA&C advisories
Two-way Interactions F df p
Weather by RRSM Quartile 10.14 3,33 <.001
Load by RRSM Quartile 37.91 3,33 <.001
Turn Direction by RRSM Quartile 4.53 3,33 .027
Three-way Interactions
Load by Turn Direction by RRSM Quartile 21.77 3,33 <.001
Phase by Turn Direction by RRSM Quartile 3.73 3,33 .034

8.3.3 RRSM excluding curves with known RSC intéore

Because an RSC intervention might physically lIRRSMduring phase 2, the phase-2
RRSMdata may not solely reflect driver behavior. 8®Rinterventions occurred, they
would act to reducBRRSM independently of driver’'s behavior, confoundintyer
behavior with equipment behavior in phase 2. Wihilge is a concern, it is not
considered to be highly significant. Among the canaple drivers, there were only 24
RSC incidents, occurring on 12 different curvesplaing 8 different drivers. Among
the drivers who experienced RSC incidents, two predd& RSC incidents, and the
remaining 6 drivers produced 7 RSC incidents.pjtears that RSC events are not
numerous, are restricted to a small number of qyraed are limited to a relatively small
set of drivers.
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Nevertheless, in order to eliminate confoundinggailves in which an RSC event
occurred were removed from the entire analysislfaoaditions and all drivers. Overall,
2.4 percent of the data were excluded from the datas

The analysis of the remaining curve-performanca tdtowed a similar pattern as
before. Main effects were observed for weather,,load direction, anBRRSMQuartile.
As before, no main effect of phase was observedsd hesults are summarized in table
8-11. If anything, this analysis would likely dinsh any phase effect attributable to the
influence of the RA&C system. That is, activitytbé RSC was expected to support a
phase effect, not mask one. Removal of this cardomas not expected to enhance a
phase effect.

Table 8-11. Summary of analysis of variance exclith all RSC events

Main Effects F df p

Weather 100.26 1,13 0.000
Load 115.45 1,13 0.000
RRSM Quatrtile 396.36 3,39 0.000
Phase 0.08 1,13 0.781

Two-way Interactions
Weather by Turn Direction 4.90 1,13 0.045
Weather by RRSM Quartile 15.64 3,39 0.000
Load by RRSM Quatrtile 34.70 3,39 0.000
Turn Direction by RRSM Quatrtile 10.91 3,39 0.001

Three-way Interactions
Load by Turn Direction by RRSM Quartile 5.81 3,39 0.011
Phase by Turn Direction by RRSM Quartile 4.26 3,39 0.020
Phase by Load by Turn Direction 7.59 1,13 0.016
Phase by Weather by Turn Direction 7.19 1,13 0.019

A similar pattern of two-way interactions was foundafore along with a few additional
ones (see table 8-11). For example, an interacfieveather and turn direction was
found, suggesting that in bad weather, left and tigims produced similar measures of
RRSM but in good weather the averd@BSMfor right turns was about 0.003 higher
than left turns. The remaining two-way interactiémlifowed the same pattern described
earlier: in the interaction of weather and curveesigy, the influence of curve severity on
RRSMwas strongest in good weather; the load-by-curvergigunteraction is, as
described earlier, an artifact of the curve seyagcale; and the turn-direction-by-curve-
severity interaction shows that right turns prodadegherRRSMover left turns,
particularly in severity bin 2. The three-way itetions followed the pattern previously
described.

8.3.4 RRSM by light condition

To analyze the effect of light conditions, it wasessary to collapse factors to pool
sufficient data to obtain estimates for each drimeghe dark. To do this, only the factors
light condition, load, and phase were retained atd @ere collapsed over the remaining
factors. Even after collapsing, some night obgeyaa were missing for one driver. As
a consequence, this driver’s data were dropped fintsranalysis. The resulting three-
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factor analysis of variance revealed a main efé@¢tight condition and load (see table 8-

12). Figure 8-31 shows that over@RSMis reduced by about 0.0094 in darkness. The
effect of load without the contribution of the dreplpdriver is similar to the effect shown

in figure 8-22 with that driver.

Table 8-12. Summary of analysis of light conditios

Main Effects F df p
Light conditions 11.38 1,12 .006
Load 88.60 1,12 <.001
Phase 2.09 1,12 174
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Figure 8-31. Main effects of light condition andtailer load on RRSM
8.3.5 Results—sustained maximum lateral accelergfigbSM)

The same series of analyses described abowR&Mwere also conducted with the
measureAyDSM The rationale for this choice is that it reprasdhe lateral
acceleration encountered by the driver at his jposih the tractor. If drivers principally
rely on lateral acceleration in controlling the@ghicles through turns, changes in driving
performance might be better reflected in &y SMmeasure than in tiRRSMmeasure.
This is not to suggest that drivers ignore vehicéel when negotiating curves—data
presented in chapter 6 strongly suggests thatmroertainly produce lower lateral
acceleration in loaded conditions. But perhapgedsi only distinguish full and empty
conditions such that a driver may consider onel leVkateral acceleration safe for an
empty trailer and another safe for a full trailéfrcurve performance using theRSM
measure (which accounts for variation in roll si&jiis compared to performance using
AyDSM AyDSMmight be found to be a less variable measure simeenoves factors to
which drivers may not be reliably sensitive.

Main effects Main effects were observed for weather, load, tirection, and curve
severity indexed bAyDSMQuatrtile. No main effect of phase was observed.s&he
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results are summarized in table 8-13. The patiemain effects resembles those seen
earlier with theRRSMmeasure, except thayDSMis higher with empty trailers and
lower with full ones. Drivers apparently try to compate for load by moderating lateral
acceleration under loaded conditions, butRIRSMmeasure suggests they are not
completely successful.

Table 8-13. Summary of main effects and interactits

Main Effects F df p
Weather 64.41 1,13 <.0001
Load 43.68 1,13 <.0001
Turn Direction 10.61 1,13 .006
AyDSM Quartile 417.92 3,39 <.0001
Phase 1.00 1,13 .335
Two-way Interactions
Weather by Load 9.60 1,13 .008
Weather by AyDSM Quartile 8.83 3,39 .002
Load by AyDSM Quatrtile 60.33 3,39 .000
Turn Direction by AyDSM Quartile 4.11 3,39 .024
Three-way Interactions
Phase by Load by Turn Direction 12.65 1,13 .004
Phase by Weather by AyDSM Quatrtile 6.49 3,39 .013
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Figure 8-32. Main effects of load, turn directionweather, and phase oyDSM

The overall difference between the good-weather aeweather measure AyDSM

was 0.0025 (figure 8-32). That ByDSMwas higher in good weather than in bad
weather, suggesting greater overall caution amongrdrin bad weather. Drivers reach
higher levels of lateral acceleration when drivingpgy trailers versus full (figure 8-32,
mean difference = 0.009). Drivers also producetidrigateral acceleration in right turns
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(figure 8-32, mean difference = 0.003), and on aigieverity curves in the upper
AyDSMaquartile (figure 8-33).
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Figure 8-33. Main effect of curve severity indexely AyDSM quatrtile

For added perspective on the relative strengthehtain effects of figure 8-32, the
difference in averagdyDSMof the most conservative driver and of the least
conservative driver (see section 6.4) was calculaBtferences in the two driver’s
average performance on each ranked curve thabthteynegotiate were calculated and
then averaged. The resulting differenc&ybSMwas 0.025, or nearly three times the
strength of the main effect of load.

Interactions Two-way interactions were found between weather ead, lbetween load
and turn direction, between weather &ydDSMquartile, between load akyDSM
guartile, and between turn direction algDSMquartile (see table 8-13). As described
earlier with regard to load alRRSMquartile, this interaction effect is a consequenice
the dependent relationship between load andyiRSMquatrtile.

Overall, the pattern of interactions observed prasipfor RRSMis similar to the pattern
of interactions found here, with the exception & #uded interaction between weather
and load. The interactions (excluding loaddyppSMquartile) are shown in figure 8-34
through figure 8-36. The interaction between weadinelload suggests that weather
conditions more strongly influence driving with emrailers than with full trailers; with
a full trailer, the driver’'s added conservatismuees the influence of weather (figure 3-
34). The influence of weather is also most notiteeah the most severe curves (figure
8-35). Finally, the interaction between curve sgyéAyDSMquartile) and turn
direction shows the effect of direction to be grsaie the second severity quartile (figure
8-36).
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Figure 8-35. Interaction between weather and curveeverity
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Figure 8-36. Interaction between turn direction aml curve severity

The three-way interaction found between phase, ladl turn direction suggests that
phase differences are greater for empty trucksftrhland turns and full trucks in right-
hand turns (figure 8-37).

The interaction between weather, phase,AyldSMquartile suggests that the influence
of weather orAyDSMwas greatest on the highest-severity curves dpiage 1 (figure
8-38). It appears that the effect might be largedsibutable to differences in the severity
of the bad-weather conditions between the two phabeat is, the bad weather during
phase 1 included snowy and icy road conditions, utrilikely that the bad weather during
phase 2 was as severe. In a separate analysiy/afamd-weather driving, no effect of
phase was found (phase AyDSMquartile interaction, F (3, 39) = .419, p = .570).
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Figure 8-37. Three way interaction between load,lase and turn direction

At best, this analysis seems to present mixed sesediarding the influence of RA&C.
The encouraging pattern seen in the analysiR$Mis now not readily discernable
usingAyDSM
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Figure 8-38. Three-way interaction between weathephase, andAyDSM quartile
8.3.6 AyDSM among drivers with exposure to RA&Csaatigs

As with theRRSMmeasure described earlier, a separate analysisomdsicted without
data from drivers who never triggered the advisgsgesn. The same pattern of main
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effects and interactions were present in this arg(gbown in table 8-14) with the
exception that an interaction between weather ansepjppeared (shown in figure 8-39),
and a three-way interaction between weather, loadtuandirection was found.
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Figure 8-39. Interaction between phase and weath@mong drivers who received RA&C advisories

Table 8-14. Summary of analysis of variance resulter drivers who received RA&C advisories

Main Effects F df p

Weather 47.77 1,11 <.0001
Load 56.89 1,11 <.0001
Turn Direction 15.63 1,11 .002
AyDSM Quartile 1661.52 3,33 <.0001
Phase 0.88 1,11 .369

Two-way Interactions
Weather by Load 6.35 1,11 .028
Weather by Phase 5.41 111 .040
Weather by AyDSM Quartile 5.51 3,33 .018
Load by AyDSM Quartile 63.41 3,33 <.0001
Turn Direction by AyDSM Quartile 5.17 3,33 .014

Three-way Interactions
Phase by Load by Turn Direction 12.51 1,11 .005
Phase by Weather by AyDSM Quatrtile 4.66 3,33 .040
Weather by Load by Turn Direction 4.99 3,33 .047

8.3.7 AyDSM excluding curves with known RSC inteiwme

As described earlier for tfRRSManalysis, a separate analysis was conducted ergludi
data taken from curves involved with RSC activati¢fiihe same curves were excluded
in both analyses.)

In the resulting analysis, many effects that wees@nt when all curve data were
included became marginal when the RSC curves wetaded. Note that most RSC
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activation occurred when the vehicle was empty, Wgoal high-severity, right turns. It

is no surprise that removal of these observatioms the analysis reshuffles some effects
along the borderline of statistical significander example, some effects associated with
turn direction became a marginal effgetS0.07) perhaps because of the loss of some of
the right turn data.
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Figure 8-40. Two-way interaction between turn diretion and curve severity onAyDSM quartile

Table 8-15. Summary of analysis in which curves #t triggered RSC events were removed

Main Effects F df p

Weather 68.98 1,13 <.0001
Load 33.36 1,13 <.0001
Turn Direction 4.00 1,13 .067*
AyDSM Quartile 426.04 3,39 <.0001
Phase 0.50 1,13 .490

Two-way Interactions
Weather by Load 10.475 1,13 .006
Weather by AyDSM Quartile 9.304 3,39 .002
Load by Turn Direction 15.696 1,13 .002
Load by AyDSM Quartile 37.581 3,39 .000
Turn Direction by AyDSM Quartile 3.293 3,39 .049

Three-way Interactions
Phase by Load by Turn Direction 15.405 1,13 0.002
Phase by Weather by Turn Direction 5.671 3,39 0.033
Load by Turn Direction by AyDSM Quartile 10.944 3,39 0.001

8.3.8 AyDSM by light condition

As described earlier, night was excluded from thenmaailysis because of the large
number of missing cells associated with this facitine influence of night was later
examined in an analysis that collapsed over atbfacexcept day/night, load, and phase.
One driver was excluded from this analysis due t@mgsnighttime data in some cells of
the design.
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In the resulting analysis, a main effect of ligktél was found as well as a main effect of
load (see table 8-16). Overall, drivers’ nighttilggSMmeasures were 0.008 g less
than daytimeAyDSM AyDSMmeasures were 0.042 g higher with an empty trdikem &
full trailer. No effect of phase was present nor vibege any interactions (mean Phase
1-Phase 2 difference = -0.003 g).

Table 8-16. Summary of analysis of variance for exnining light condition

Main Effects F df p
Light Conditions 8.24 1,12 .017
Load 163.11 1,12 <.0001
Phase 1.80 1,12 .209

8.4 Curve-performance analyses of other dependenteasures

Analyses were also conducted using curve-entry speaximum sustained speed on
curves, and brake-on time. Even if drivers dosumiceed in reducingRSMor AyDSM
performance, there may be some evidence that @teppiactions were taken to attempt
such reduction. It might be found, for examplattturve-entry speed (i.e., the speed at
which the tractor-trailer begins the curve) is reztli;m phase 2 as drivers become
acquainted with difficult curves. The applicatidrboaking or the maximum speed
reached on curves might similarly be reduced.

The analysis dataseflhe data used in this analysis included the setinfes of known
severity used in the previous analysis. To simphfngs, only good weather
performance was examined for each variable andtbelyactors of phase, load, turn
direction, and curve severity (measuredRBSMquartile) were examined.

Curve-entry speedThe results of an analysis of variance on ceniy speed are
summarized in table 8-17 and graphed in figure 8ddugh Figure 8-44. Overall the
data show that curve entry when full is generallysliothan when empty by about 1.29
kph over all conditions. Also, right turns were e@ateabout 3.5 kph faster than left turns.
Curve-entry speed did not differ significantly beemgohases (see figure 8-41). A main
effect of curve severity on curve-entry speed was &und, mirroring the roadway
distribution for each quartile described in fig@&&8. Local roads dominate the fourth
guartile, which has the lowest entry speed; freewagishighways dominate quartiles 2
and 3, which show the highest curve-entry speeds.

182



Table 8-17. Summary of analysis of variance of iial speed on entering a curve

Main Effects F df p
Phase .21 1,13 .658
Load 7.95 1,13 .014
RRSM Quartile 564.92 3,39 <.0001
Turn Direction 59.39 1,13 <.0001
Two-way Interactions
Load by RRSM Quartile 56.71 3,39 <.0001
Load by Turn Direction 77.47 1,13 <.0001
Turn Direction by RRSM Quatrtile 226.76 3,39 <.0001
Three-way Interactions
Phase by Mass by Turn Direction 10.03 1,13 .007
Load by RRSM Quartile by Turn Direction 118.19 3,39 <.0001
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Figure 8-41. The main effects of load, turn and pdise on curve-entry speed
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A three-way interaction involving phase was also fo(giwn in figure 8-44). The
entry speed difference between left and right tapygears to vanish for empty trailers in
phase 2. Although it is unclear how to interpres tieisult, it does not appear to stem
from added caution in curve driving during phase 2.

Maximum sustained curve spee@verall, the behavior of this dependent variatds

similar to the curve-entry speed measure. The mid@cts of load, curve severity, and
turn direction were like to those found with curvergrspeed; in general, maximum
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sustained speeds were 1-2 kph higher than the emvg-speeds. No main effect or
interactions with phase were found.

Table 8-18. Summary of analysis of variance of m&mum sustained curve speed

Main Effects F df P
Phase 0.08 1,13 0.7768
Load 17.81 1,13 <.0001
RRSM Quatrtile 618.79 3,39 <.0001
Turn Direction 24.19 1,13 <.0001
Two-way Interactions
Load by RRSM Quartile 47.21 3,39 <.0001
Load by Turn Direction 103.49 1,13 <.0001
Turn Direction by RRSM Quartile 235.29 3,39 <.0001
Three-way Interactions
Load by RRSM Quartile by Turn Direction 94.82 3,39 <.0001

Brake-on timeThis variable is a measure of the overall lergdtiime the brake is
applied during a turn. It is examined here to stigate the possibility that brake
application might be indicative of added cautiom&gotiating a curve. It should be
noted, however, that the measure is highly speeelaind is correlated to the overall
length of the curve. A summary of the analysisarfance of brake-on time is provided
in table 8-19. Not surprising, longer durationdrdke applications are found with full
loads than with empty loads; the shortest duratrakdoapplications are found in the
secondRRSMquatrtile, where the most freeway and highway curvesaand; the
longest brake applications were found in the foqrthrtile, where more local roadway
and ramp curves are found. No main effect or ictevas were found with phase.

Table 8-19. Summary of analysis of variance of bke-on time

Main Effects F df p

Phase 0.29 1,13 0.5965

Load 57.48 1,13 <.0001

RRSM Quartile 269.29 3,39 <.0001
Two-way Interactions

Load by RRSM Quartile 10.28 3,39 <.0001

Load by Turn Direction 48.67 1,13 <.0001

Turn Direction by RRSM Quartile 23.48 3,13 <.0001
Three-way Interactions

Load by RRSM Quartile by Turn Direction 18.14 3,39 <.0001

8.5 Off-roadway performance

Off-roadway maneuvers were analyzed separately frengeénheral roadway-curve
performance data for three reasons: 1) off-roadwageuvers are generally performed
at low speed, often well below the 20 kph threshotdRBA activation; 2) there is a large
degree of path variation in off-roadway maneuvechghbat curve identification is not as
well constrained as on roadways; and 3) off-roadwiayasons contain a mixture of tight
constraints (a trailer may be required to be placexcritical location), and wide latitude
(e.g., drivers are often free to choose any patkdoh a particular location in a parking
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lot). It is thus less feasible to equate off-roadwasves on the basis of severity as was
done in the previous analyses.

Despite the above limitations, the low-speed and tigtms commonly found off-
roadway suggests a substantial rollover risk exmstisis particular driving environment.
Perhaps the presence of a RA&C advisor raises artrigeneral awareness of the
rollover hazards present in this driving environtencouraging more conservative
behavior. Unlike the data taken from roadway curwésch were selected based on the
severity levels observed among the non-comparablerd, these data are not filtered
and include all off-roadway activity for each comgdale driver.

This analysis examined the role of load, phase tamddirection, filtering out bad
weather and pooling over dark and light conditions.

8.5.1 RRSM performance

The averaged measureRRSMfor off-roadway turns are somewhat smaller thanghos
observed in the on-roadway curve-performance data.

The results are summarized in table 8-20. Maieatsfof turn direction and load were
observed such that high valuesRRRSMare generated in right turns, and under loaded
conditions (similar to effects found in the curvealysis, see figure 8-45). No main
effect or interactions of phase were found. A two-wdgraction between load and turn
direction was observed (see figure 8-46); the difiee between left and right turns
appears greater with full trailers.

Table 8-20. Summary of analysis of thRRSMin off-roadway turns

Main Effects F df p
Phase 0.76 1,13 .398
Load 108.16 1,13 <.0001
Turn Direction 20.77 1,13 .001
Two-way Interactions
Load by Turn Direction 37.37 1,13 <.0001
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Figure 8-46. Two-way interaction for turn direction and load onRRSM

8.5.2 AyDSM performance

A similar pattern of main effects and interactionswaserved in thAyDSMmeasures
(table 8-21). Higher levels éfyDSMwere measured with empty trailers and on right
turns; the size of the turn direction differencer@ased under fully loaded conditions (see
figure 8-48).
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Table 8-21. Summary of analysis of thAyDSM

Main Effects F df p
Phase 0.14 1,13 719
Load 29.43 1,13 <.0001
Turn Direction 13.63 1,13 .003
Two-way Interactions
Load by Turn Direction 30.86 1,13 <.0001
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Figure 8-47. Main effects of phase, load and turdirection on AyDSM
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8.6 Curve performance before and after advisory mesges

This analysis examined the curve performance okdsias indexed BgRSMand
AyDSMbefore and after an RA&C advisory message was redeivo do this analysis,
each curve on which an advisory occurred was locasedhsequently, curve performance
in specified distance ranges preceding and followiach advisory were evaluated. The
change in performance across these two ranges waarthaé/zed. Pre- and post-
advisory ranges of 250, 500, and 750 km were usedyith the additional stipulation
that the range from 1 km before to 1 km after tthe@sory was always excluded.
Performance on higher-severity curves (i.e., intkimel and fourtrRRSMquartile) is
reported here, although analyses were also condaoatadl levels of curve severity.
These analyses were also restricted to good-weaghkrmance. Each driver’s
performance was compared using a 2-factor repeagadumes analysis of variance that
included time interval (before versus after adwand load (empty versus full) as
factors.

Overall, the analyses included 12 drivers. Two efXh comparable drivers received no
advisories throughout the study and could not brided in these analyses. Analyses
with empty vehicle included only 11 drivers. Onevdrihad but one advisory, and it was
with a loaded vehicle; the trailer was never empigdrere within the £ 750 km window
surrounding that advisory.

It should also be noted that the distance betweeis@iks is different for each driver.

For some drivers it averages as little as 378 kitwdxen advisories; for others it is as long
as 2800 km. This means that, as the pre- andip@st-als around advisories lengthen,
they begin to overlap. For example, if a drivereiges advisories 1000 km apart and pre
and post intervals of 750 km are used, some driapyearing in the post interval of one
advisory also appears in the pre interval of thd advisory. Also, if two advisories

come only 400 km apart and the pre- and post-adviatervals are 500 km, the turn
involving second advisory takes place within thetyamlvisory interval of the first
advisory. This type of complication in the samigl@referable to the alternative. That is,
if performance data in either the pre- or post-soiy time periods were removed or
otherwise avoided based on the occurrence of as@gyinstances of aggressive

driving would be systematically filtered out of tk@mple, tending to bias the result. (In
general, the criteria for including data in anylgsia may not be related to the dependent
measure.)

Performance 250 km before and after an advisdwain effects of load and advisory
exposure were observed for béthDSMandRRSMand are shown in figure 8-49 and
figure 8-50. No interaction between load and timgosxire were observed. The
reduction of theAyDSMandRRSMmeasures after an advisory message is of panticula
interest. This is evidence that driving performaappears to be moderated in the 250
km following an advisory. The mean magnitude ofré@uction is approximately 0.005
g across all drivers (95 percent confidence infer@@2 to .007); the mean reduction in
RRSMis .009 across all drivers (95 percent confidantarval, .004 to .0014). See table
8-22 for a summary of the statistical tests.
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Table 8-22. Analysis of influence of advisories oflyDSM and RRSMin the 250 km intervals before
and after and advisory

Main Effects on AyDSM F df p
Advisory Exposure 14.85 1,10 .003
Load 78.45 1,10 <.0001
Two-way Interactions on AyDSM
Advisory Exposure by Load 0.16 1,10 .696
Main Effects on RRSM
Advisory Exposure 16.58 1,10 .002
Load 234.36 1,10 <.0001
Two-way Interactions on RRSM
Advisory Exposure by Load 0.12 1,10 .736

Performance 500 km before and after an advisdwain effects of load and advisory
exposure were observed for béthDSMandRRSMand are shown in figure 8-51 and
figure 8-52. No interaction between load and expmstere observed. ThgyDSMand
RRSMmeasures were reduced after an advisory messdgemdaan magnitude of the
reduction is smaller than observed in the 250 kierials. There was an overall 0.002 g
reduction inAyDSMacross all drivers (95 percent confidence intenZ408 to .0036)

and a .004 reduction RRSM(95 percent confidence interval, .0004 to .008¢e table
8-23 for a summary of the statistical tests.
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Figure 8-51. Main effects of exposure to advisonnessages and load oAyDSMin the interval 500
km before and after an advisory
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Table 8-23. Analysis of influence of advisories oftyDSM and RRSMin the 500 km interval before

and after and advisory

Main Effects on AyDSM

df p

Advisory Exposure
Load

12.45 1,10 .005
90.45 1,10 <.0001

Two-way Interactions on AyDSM

Advisory Exposure by Load 0.88 1,10 371
Main Effects on RRSM
Advisory Exposure 6.34 1,10 .031

Load

349.78 1,10 <.0001

Two-way Interactions on RRSM

Advisory Exposure by Load

0.52 1,10 489

Performance 750 km before and after an advisgkymain effect of load was observed
for bothAyDSMandRRSM however a significant effect of time was found diolythe
RRSMmeasure. The main effect of time ApDSMwas marginal (see figure 8-53 and
figure 8-54, and table 8-24) suggestive of a wealgnof the effect as the distance
envelope is extended. No interaction between loddiare period were observed.
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km before and after an advisory

0.25
0.202 0.199
0.20 - B == = = = = = = e mmmmm.m= m
0.15 - A
= —e
2 0.145
o 0.140
0.10 Load
—e— Empty
0.05 | - -0= = Full
0.00
Before Advisories After Advisories
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Table 8-24. Analysis of influence of advisories otyDSM and RRSMin the 750 km interval before
and after an advisory

Main Effects on AyDSM F Df p
Advisory Exposure 8.63 1,10 .015
Load 66.08 1,10 <.0001
Two-way Interactions on AyDSM
Advisory Exposure by Load 0.60 1,10 .456
Main Effects on RRSM
Advisory Exposure 13.83 1,10 .004
Load 241.81 1,10 <.0001
Two-way Interactions on RRSM
Advisory Exposure by Load 0.305 1,10 .456

In general, advisories appear to moderately altkiver's behavior on severe turns that
follow the advisory. The effect appears to occdependently of the full or empty
condition of the trailer.

Decay of advisory influence the above results, the advisory appears to hatsonger
influence in the narrow (250 km) interval suggestipgrhaps, a decaying of the
influence of the advisory. A further analysis wandwucted to examine this issue by
comparing each driver’s 500 km performance befaradvisory with his performance in
four 200 km windows after an advisory (i.e., out @ &m in 200 km segments). Figure
8-55 shows what appears to be an initial trend towsok conservative driving in the
interval immediately following an advisory, followdg a return toward being less
conservative in the following interval. The trendswexpected to approach zero
difference and level off around there. This is ayparent from the figure, although as
the interval from the advisory is extended, theran increasing tendency for overlap
with the preceding or the following advisory, as dssed at the outset of section 8.6. It
is also unclear why the differences observed appeatly on the negative side, although
95 percent confidence intervals for differencesuded zero (see table 8-25). A one-way
ANOVA on the post-advisory windows found a main effectvofdow only for the
AyDSMandRRSMmeasures with fully loaded trailers.
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Figure 8-55. Significant changes in performance binterval after advisory
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Table 8-25. Mean change in performance iAyDSM and RRSMby interval after advisory

95% Confidence Interval

Measure Load DISTANCE Mean Lower Bound Upper Bound
1 to 200 -0.00328 -0.00686 0.000313
Empty 200 to 400 -0.00108 -0.00924 0.007067
400 to 600 -0.00313 -0.00947 0.003216
600 to 800 -0.00466 -0.01065 0.001325
AyDSM (g)
1to 200 -0.00531 -0.01019 -0.00044
Full 200 to 400 -0.00251 -0.00546 0.00044
400 to 600 0.000488 -0.00225 0.003224
600 to 800 -0.00416 -0.00675 -0.00157
1to 200 -0.0048 -0.00973 0.000125
Empty 200 to 400 -0.00469 -0.01232 0.002947
400 to 600 -0.00584 -0.01383 0.00214
RRSM 600 to 800 -0.00626 -0.01397 0.001439
1to 200 -0.01213 -0.02254 -0.00173
Full 200 to 400 -0.00643 -0.0133 0.000449
400 to 600 0.000366 -0.00448 0.005212
600 to 800 -0.00984 -0.0145 -0.00519

8.7 Curve performance on specific curves before arafter advisories

In this analysis, driver performance was examineg@anticular curves over which an
advisory had been given for that driver. For edwber, and each curve on which that
driver received an advisory, the average performdmeasured bxyDSMandRRSM
was calculated before the advisory and after thesadu The difference between the
before and after performance measures was thenatadu For example, if a driver
received an advisory on curve A, B, and C, perforgeatata on curve Beforethe
advisory was averaged and performance data on éuafter the advisory was averaged.
Then a before/after difference for curve A was ca@d. The same procedure was
applied to curves B and C. Finally, for that drie@raverage before/after difference was
calculated. This procedure was done driver by drivdne analysis required drivers to
have had at least one advisory on a curve, alorfgmaasures of performance on the
same curvdeforethe advisory, and measures of performance onuhee after the
advisory. Of the 14 drivers, only 11 drivers mets criteria; of these 11 drivers, 5
drivers had 3 or fewer curves in their sample. daWerage differences for each driver in
the sample are shown in table 8-26.
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Table 8-26. Average difference in curve-performane measures on the same curve before and after
an advisory was issued
Average After-Before

Difference
Driver Curves in Sample AyDSM RRDSM
2020 4 -0.0037 -0.0054
2021 3 0.0111 0.0071
2022 4 0.0064 0.0017
2023 8 0.0073 0.0109
2025 2 -0.0145 -0.0239
2026 1 -0.0307 -0.0505
2028 3 -0.0122 -0.0285
2029 5 -0.0039 -0.0112
2031 17 0.0064 0.0085
2032 11 0.0089 0.0122
2033 1 -0.0121 -0.0241
Mean of all drivers -0.003 -0.009

T-tests were used to determine whether these obselnaedjes in the mean were
significant and they were not (see table 8-27).

A further analysis was conducted to look at secomisades on specific curves with the
idea that a second advisory on a particular cunghinibe more salient to the driver.
Unfortunately with this added constraint (2 advisea the same curve), data from only
six drivers could be analyzed. Not surprisingly systematic difference in performance
before advisories versus performance after ad@savias observed.

Table 8-27. Results of t-test examining whether cve performance before and after an advisory on
the same curve showed a change in performance
95% confidence interval

Mean of the difference
Measure t df Sigma (2-tailed) difference Lower Upper
RRDSM -1.536 10 .156 -.009 -.023 .004
AyDSM -.858 10 411 -.003 -.012 .005

8.8 Tail estimates oRRSMdistributions

Several attempts were made to fit extreme-valueiloligions to each driver’s curve-
performance data for the phase-1 and pha3&2Mdata so that tail characteristics could
be compared between the two phases. In many chedidlihood-estimation fitting
procedures failed to converge on a set of relipatameters, suggesting that the data did
not derive from a homogeneous, underlying distrdsut In our view, to proceed with

curve fitting under the circumstances is questitsahbd extrapolation from poorly fitted
distribution functions is likewise questionable. eb analyses were therefore abandoned.
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9. PERCEPTIONS AND OPINIONS OF RA&C

In this chapter (1) attitudes of the FOT driversarelgng high-technology safety systems
in general are reviewed; (2) drivers’ opinions altbetoperational characteristics of the
RA&C are described; (3) their opinions about the&ifeness of the system are
reviewed; and (4) opinions expressed during thd fmtarview of the drivers are
summarized. The subjective data was compiled stime 14 drivers that were the
subject of the quantitative analyses. Note thakthee instances of missing data—on
occasion, drivers omitted answering some surveystena one driver could not be
interviewed for the initial survey just prior to RA&&Etivation. The results presented
here are taken from the following sourtes

» The Initial Survey. This survey was taken shorttgradriver orientation.

* Long Periodic Surveys. There were three long perisdrveys given in
September, October, and November 2001.

* Final Structured Interview. This was a comprehendelariefing of the driver
based on a scripted interview.

In addition, some of the results presented heréased on the summary scores for the
factors distilled from the Long Periodic Surveysgdribed in section 4.3.2). These are
summarized in table 9-1. The table shows dactor for each survey and a fleet score
based on the average driver score for that factoa(scale ranging from +2 to -2). For
example, drivers consistently reported that the RA&@duced false alarms (values =
1.0, 0.93, and 0.86 for survey 1, 2, and 3 respelg)i they also reported relatively small
levels of distraction from the device (values #4;00.13, and -0.29).

9.1 Driver attitudes toward high-tech safety systesmand RA&C
9.1.1 Driver attitudes expressed before exposuRA&C

Following RA&C orientation but before actually driginwith the system, drivers were
interviewed in order to develop a picture of theangral attitudes toward technology
prior to exposure to the RA&C. Overall; drivers repdra general familiarity with
computers and a generally positive view toward hegirtsafety systems on board their
trucks. For example, 9 out of 13 respondents tedawning a home computer,
although only 5 drivers rated their knowledge of $histems better than their peers.

% There were also two brief surveys used to moitiver opinion during the field test. This instrant
was designed to ensure regular contact with driaadsto provide an active monitoring mechanism for
problems drivers might have with the RA&C. As avw&y instrument, the short survey was far less
comprehensive than the long one. It was laterpiedgecause the turnaround time for this survey was
unsatisfactory and interfered with the executiotheflong survey.
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Table 9-1. The average subjective rating of eacladtor (maximum score is 2, the minimum is -2, and

0 is neutral)
Factor Long Survey 1 Long Survey 2 Long Survey 3
Operational Understanding 0.77 0.75 0.60
Need for RA&C -0.04 -0.11 -0.14
Distraction / Interference -0.40 -0.13 -0.29
Clarity of Advisories 0.61 0.64 0.51
Safety Benefit 0.05 -0.02 0.07
RSA Advisory Misses 0.07 0.11 0.29
RSA Advisory False Alarms 1.00 0.93 0.86
Influence on driving -0.48 -0.71 -0.52
RSC False Alarm 0.21 0.14 0.21
Speed Reduction Message Accuracy 0.07 0.36 0.07

Initial expectations about how the RA&C would influertbeir driving were somewhat
non-committal: 4 drivers thought the system wouftlence their driving, 5 thought it
would not, and 3 drivers had no strong opinionsnilarly, when asked to rate their
agreement with the statemeitifjh-tech systems like these do not help the experien
driver,” drivers were symmetrically split across the rangansiwers, with a modal
response (of 6) at the neutral point. However, wisikedto rate their level of
agreement/disagreement with the questibmduld be better off driving without these
types of high-tech advice and control systerosily 2 drivers agreed with this statement,
while 6 disagreed, suggesting a moderately recepiexe of the potential for safety
enhancement from high-tech systems.

9.1.2 Driver attitudes expressed during and aftgrosxre to RA&C

The FOT drivers were asked to give their generaliopgiabout the usefulness or benefit
of high-tech support systems repeatedly througtimufield test to determine if their
opinions were altered by their experience. Figulet@cks drivers’ answers before the
RA&C was activatedlfitial), at three intervals during the field test afteti\ation

(Survey 1, Survey andSurvey 3, and at a final interviewH{nal). In their respective
order, these five surveys were recorded during theths of June, September, October,
November, and December of the year 2001.
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Figure 9-1. Average driver opinion on the benefibf using high-tech systems in driving

In general, drivers’ opinions about benefit (orbdisefit) and utility of high-tech systems
were neutral-to-positive at the start and remaimethoughout the field operational test.
When opinions were solicited about the beneféxperiencedirivers, a similarly
consistent pattern of responses was produced, allieisomewhat lower expected
benefit (see figure 9-2). This is not surprising.the Praxair fleet, drivers have long
been familiar with computer-based logistical systéms CADEC and more recently
Eaton FleetAdviso). Besides tracking a driver’'s whereabouts, thedatystem also
monitors and reports incidents of excessive spaddggressive braking. It is unlikely
that drivers with sharply negative opinions abouahtelogy would find the Praxair fleet
a welcome place to work. Moreover, in the contexhefexisting technologies that
constitute the drivers’ normal work environment, duglition of the RA&C system may
not have been seen as a particularly large change.
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Figure 9-2. Average driver opinion on the benefitef high-tech systems to experienced
drivers

9.2 Driver reports about the operational characterstics of the RA&C system

In this section, driver opinions about the functibocharacteristics of the RA&C
system—apart from the driver’s opinions about iteat influence on his driving—are
reviewed. In particular, how well drivers thoughtythmderstood the operation of the
system and their opinions about the accuracy okades, the legibility of messages,
and whether the RA&C interfered with their drivingkas described.

9.2.1 Reported comprehension of the system operation

Drivers were asked to rate their agreement with dwestents like 'have a good
understanding about the RA&C systérReported understanding was generally high and
remained consistent throughout the field test. @weapoint scale, with 1 being strong
disagreement and 5 strong agreement, drivers tiaggdagreement at 3.7 (sd, 0.7) across
the three long surveys (see figure 9-3). Drivers tppeared relatively confident that
they understood the system’s operation.

The high levels of reported comprehension througpbase 2 were objectively
supported by direct questions posed to drivers taheusystem’s function. Since other
on-board systems produced audible warning tonesdiodte excess speed or aggressive
braking requiring immediate corrective action frtdme driver, there was particularly
interested in knowing whether drivers understood tt@advisories from the RA&C
occurredafter an incident and did not require immediate actigcordingly, drivers

were asked to choose between two alternative meaairige advisories: one that
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interpreted the advisory to mean that the driveushslow dowmow, and another
which interpreted it to mean that the driver shalv downnext time. After orientation,
77 percent (10 of 13) of the drivers chose theemdnmeaning (slow down next time); in
the final interview, 62 percent (8 of 13) of thevaris chose the correct meaning,
suggesting that some drivers may not reliably rebeanthe meaning of the advisories.

5

N
L

Poor; 5= Good )

w
|

Understanding (1

Initial Surwey 1 Surwey 2 Surwey 3

Figure 9-3. Drivers reported generally high level®f comprehension throughout the field test

Pooled answers to survey questions grouped on ther f®perational Understanding,
followed the same pattern and remained consistpo#itive throughout the phase 2
surveys (see table 9-1).

9.2.2 Perceived accuracy of advisories

In this section, drivers’ opinions about the accyraf the RA&C advisories are
described. There are two types of opinion aboutraoy solicited from drivers. First,
drivers were asked if they thought that the advesowere occurring appropriately.
Second, drivers were asked if they felt the specgtommendations for reduction of
speed provided by the messages were accurate.

As discussed in section 7, most advisories thaedsiveceived were for RSA level-1
events. The distribution of advisories by drivisrgiven in table 9-2. For the 14 drivers
in this analysis, 80 percent of all advisory messagere for RSA level-1 or level-2
events. The remaining events are split among 8€ ® percent), HBED level-1 (9
percent), and RSA level-3 (2 percent) events, aadiaevenly distributed among the
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drivers. As can be seen from table 9-2, only 2etswvere exposed to more than 2 RSC
or RSA level-3 events; 5 of 14 drivers received €earer messages. Thus, some drivers
had either no basis or only a modest basis on whiébrm an opinion about the
accuracy of the RA&C. Consequently, drivers wereniéed to choosaot applicable

as a survey response whenever they considereditrest experience with the RA&C
inadequate to provide an informed opinion. In swamning driver opinionsnot
applicableresponses were recoded as neutral observations.

Table 9-2. Advisories and control events by driver

Driver HBED Level 1 RSA Level 1 RSA Level 2 RSA Level 3 RSC Totals
2020 1 7 3 - - 11
2021 3 10 - - - 13
2022 - 18 3 1 1 22
2023 3 20 2 - 1 26
2025 2 14 5 - 1 23
2026 5 1 - - - 6
2027 - 1 - - - 1
2028 2 8 2 - - 12
2030 - - 1 - 1 2
2031 3 50 17 2 10 82
2032 1 29 12 2 10 54
2033 2 2 - - - 4
2034 1 - - - - 1
2035 1 - - - - 1

Totals 24 160 45 5 23 257

Percent 9 62 18 2 9

In each periodic survey, drivers were asked to comrme the appropriateness of roll
advisories (RSA/C advisories) they received, givendircumstance of their maneuvers.
This was asked in two ways. In one, drivers were askexdher they thought that the
RSA/C gave advisories afteafemaneuvers (i.e., false alarms); in another, dsivezre
asked whether the RSA/C failed to make advisories wit@rould have (i.e., misses).

In general, drivers thought the RSA/C was disposedabking false alarms; and
somewhat less disposed to missing events (AdvisdsgPdarms mean = .93, Advisory
Misses mean = .15; see table 9-1). Over time, dap&ion about false alarms appears
to become more moderate, while opinion about migppsars to increase.

The relationship between these opinions about acgamad the drivers’ exposure to
RSA/C advisory episodes is shown in figure 9-4. patern of responses is somewhat
unexpected in several respects. For example,igest reported false alarm rates
occurred among drivers who received only a modemaeber of advisory episodes (10
and 22 advisories); some drivers who received \@myrhessages appeared to report high
false alarms.
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Figure 9-4. Relationship between RSA/C advisory égpdes and drivers’ opinion about false alarms
and misses

Whether drivers considered the RSA/C’s behavioiraplg a sensitivity issue or as a
problem in the reliability of detection can be esited by adding the false alarm and
miss ratings. For example, a driver who thoughtRB&/C had a low-threshold for
reporting severe maneuvers, but thought the systéably detected severe events,
would be expected to report high false alarms andhiss rates. Another driver who
felt that the system was not at all reliable in ditg severe events might report both
high false alarmand high miss rates. In the first case, the falsenalating would be
offset by the subjective miss rating. In the secoase, no such offset would be apparent.
Figure 9-5 plots subjective inaccuracy by the nunth&R SA/C advisory episodes each
driver received. In general, the figure suggdsas three of the drivers appeared to
regard the RSA/C as inaccurate, while the rest apgddarlargely regard it as merely
biased toward over reporting severe maneuvers.

Drivers appear to believe that the system is sometgbagensitive and does not properly
take into account the difference in stability betwvadoaded versus an unloaded tanker.
Consistent with this observation, most advisory&ges occurred while the trailer was
empty (186 empty RSA/C advisory episodes versusitl@dvisory episodes for the
comparable drivers).

In the final interview, drivers were also asked te the accuracy of the advisories they
received for each subsystem and to describe thedtlections about the circumstances in
which the advisories were given. Two drivers ratedRISA as very accurate, 4 rated it
as somewhat accurate, 1 could not judge, and 6 itadsdnaccurate. No ratings were
provided for the RSC because few drivers rememhe®zlving messages from this
subsystem. Nine drivers out of 13 reported recgiimappropriate messages. When
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asked to describe the circumstance, 7 reported unarewhile empty; 2 mentioned
receiving a message at a stop, and another drigetiomed receiving a message on
gravel or slippery pavement. (In this latter cdke,driver did not distinguish whether
the message was for hard braking, roll stabilityyaction control.)
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Figure 9-5. Relationship between RSA/C advisory égpdes and perceived inaccuracy of the RSA/C
in detecting severe maneuvers

The relative performance of the RSA/C when drivingwitll vehicles in comparison
with empty vehicles was also cited by drivers infthal interview when asked to
suggest improvements in the system. Some of theramts indicated that drivers
thought the system did not differentiate well betweepty and full conditions{Make

it} more sensitive to loaded conditions and lessmwhapty”; “Adjust computer to know
empty or loaded...”; “Low speed empty [produced] unveahivarning.”

Speed-reduction advick general, drivers rated the accuracy of the speddction
advisories positively in the surveys conducteduggtmut the field test (mean = 0.17),
and in the final interview, 5 drivers reported thessages to be very accurate, 4 reported
them to be somewhat accurate, and only 2 drivergytitahe messages were somewhat
inaccurate. While they may not have agreed thatdsory was needed, drivers
generally considered the speed message to be tecura

9.2.3 Opinions about message presentation

In the periodic surveys, drivers were asked abaRA&C messages presented on the
message center display two ways. One question was lalgduitity of the messagéThe
messages from the roll over advisory system are eagat.” Another question was
about understandabilityThe advisory messages from the Roll Stability Advése easy
to understand."The median score for each question throughoutiéhe test was 4.0
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(agree) on a scale where 5 indicated strong agraeandri indicated strong
disagreement.

When asked about message presentation in moré dietiaig the final interview, drivers
reported the RA&C messages easy to distinguish &timar messages (12 of 13), 11 of
12 drivers reported seeing all or most of the ngssaand all the drivers rated the
message center as good or very good. When asked sjecific conditions they thought
would make the message center difficult to readj\es identified direct sunlight as a
possible problem. Notably, only 1 driver (of 12ptight heavy traffic would make
monitoring the message center difficult. Driverpegr fairly comfortable with the
presentation of advisories on the message center.

9.2.4 Perceived level of distraction produced ley/ ghistem

Concern over increase in workload and the introdaatif new sources of distraction for
the driver prompted us to ask several questiomsaelto the effect of the RA&C on the
normal driving task. Even though a new safety systaght demonstrably improve
driving safety in certain respects, this could lgasime at the expense of safety in other
areas. For example, a lane departure system wiyhiaxe tolerance for a lane deviation
might place such a control burden on the drivet tfadfic control signs may be
overlooked. While the driver may show less incimato run off the road, he may
become more inclined to run stop signs and colde other road users.

In the periodic survey, four items addressed thestjon of driver distraction (see table 4-
5). In general, drivers reported little distraatwith the RA&C; the derived mean
distraction score was -0.27. As figure 9-6 showsnelresers with large numbers of
advisories did not find the RA&C to be distractin@ne driver with only 2 RA&C
messages, however, reported the system to be \&rgating. The same driver also
rated the safety utility of the system lowest (-},4Re influence of the system on his
driving lowest (-1.75), and was the only driver tpod the advisory tones to be too loud.
This driver also felt that the tones were not sidfitly distinctive from the other warning
sounds present in the tractor. It is possiblett@driver may not have reliably
distinguished the RA&C from the other on-board systevhen he made his ratings, or
simply responded in a general