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FOREWORD

This report presents the results of one in a series of experiments that investigated driver perfor-
mance in a generic Automated Highway System (AHS) configuration. The experimental re-
search was conducted in an advanced driving simulator, and it examined how well drivers could
take over a function(s)}—steering alone, speed control alone, or both—from the AHS when it was
no longer able to perform that function(s). Drivers were given back control of their vehicles just
as the vehicles were entering a curve, and most of the reduced AHS capability segment was on
the curve. The major finding was that when drivers controlled steering (alone or with speed con-
trol), on average,they drifted near to the edge of the lane, with the right edge of their vehicle
ending up either 0.39 m (1.42 ft) when they controlled only steering, or 0.10 m (0.45 ft) when
they controlled steering and speed, from the edge of the 3.7-m- (12-ft-) wide lane. With nar-
rower lanes, which have been proposed for the AHS to make the most efficient use of the avail-
able real estate, there is a risk that drivers will not be able to stay in their lanes if they must take
back control of steering under the conditions of this experiment. This report will be of interest to
engineers and researchers involved in Intelligent Transportation Systems and other advanced
highway systems.

Sufficient copies of the report are being distributed to provide a minimum of two copies to each
FHWA regional and division office and five copies to each State Highway agency. Direct distri-
bution is being made te division offices.

A

estensen, Director
: - Office(of Safety and Traffic Operations
Research and Development

NOTICE

This document is disseminated under the sponsorship of the Department of Transportation in the
interest of information exchange. The United States Government assumes no liability for its
contents or use thereof. This report does not constitute a standard, specification, or regulation.

The United States Government does not endorse products or manufacturers. Trade and manufac-
turers’ names appear in this report only because they are considered essential to the object of the
document. :
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.Results, eeping Pe: ance and Reduced AHS Cg ab1l1 . In dwreduced-capablllty segmen!., when I.hednvet

times greater, and in a different direction, than when the steering was contolled by the AHS. As the vehicle traveled n:ound .
the curve, it drifted only 0.16 m (0.51 ft) to the left when controlled by the AHS. In contrast, it drified laterally 0.66 m (2:17. ft)
| to the right when the driver controlled the steering alone, and 0.77 m (2.52 ft) when the driver controlled bot.h the velocity and”™ -

the steering. When it reached the end of the curve, the vehicle had overshot the center of the lane by 0.56 m (1.83 ftyand  ~

‘| controlled by the driver. (2) Lane-Keeping Perfo ce and Designate

trolling the steering, the vehicle was harder to steer when the designated AHS velocity was 153.0 km/h (95 mi/h) than when. it -
was 1288 km/h (80 mi/h)—both the steenng drift and the steering instability increased substantially with velocity. (3) Yelog-

| steering). When the driver controlled the velocity, the vehicle traveled slower: (a) when he/she controlled both velocity and

| velocity was 128. 8 kmfh (80 mi/h) rather than 153 0 km/h (95 mi/h); and (d) when thei mtm-strmg gap was 0. 25 5 rat.her than 4
- | Recommendations, If the simation explored in this experiment was allowed in an operaung AHS, with adequate warning, the ,
B occur, to avoid the possibility of encroaching into the center lane and threatening the traffic in it, the driver should be:

- encouraged to reduce speed and wamed about a possnb]e overshooL In addition, the lane wxdth should not be reduced ﬁom l.he "
. currem standard of 3. 66m(12 ft). )

This experiment, one in a series exploring human factors issues related to the Aummated Highway System (AHS), mvesugaled

generic AHS configuration in which the left lane was reserved for automated vehicles, while unautomated vehicles raveled in

the center and right lanes.. The center lane was not a dedicated transition lane. There were no barriers between the automated .'| -
| and unautomated lanes. Sixty drivers participated in the expenrnent—half were male, half were female; half were between 25 | .

1.and 34 years of age, half were age 65 or older. A companson was made of driving performance when steering was controlled |
by the AHS (and velocity by the driver), when steering was controlled by the driver (and velocity by the AHS) and when both -

steering and velocnty were controlled by the driver.

controlled the steenng-—whether controlling steering alone or both steering and velocity—the drift across the lane was four -

0.86 m (2.81 f1), respectively, under these two conditions. Also, there was more steering instability when the steering was

The time delay was zero when the AHS controlled velocity (and the driver was - -
steering rather than velocity alone; (b) with the older driver rather than the younger driver;(c) when the designated AHS
0.0625 s.

driver could take over the steering and/or velocity if there was a reduction in the AHS capability. However, if this was to

Whether the AHS or driver was con- ‘_"
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. SECTION 1: INTRODUCTION AND OVERVIEW .
| INTRODUCTION |
: ‘A series of experunents exam1n1ng human factors aspects of automated hlghway systems (AHS)

- is being conducted usmg the Iowa. Drtvmg Simulator. This series is. part ofa program adrmms-
tered by the’ Federal Highway Adrmntsuauon (FHW A). The experiments that have already been

. completed used a generic. AHS conﬁguratlon that, if it were to be unplemented on current hlgh-

- ways, would require tmmmal structural alteration to extsung expressway Cross-sections. The
. conﬁguratwn consists of a three-lane expressway in which the vehicles controlled by the AHS

|  travel i in'strings of up to four in the. left-hand lane. The unautomated vehtcles that rernain under
- the control of their drtvers travel in'the center and nght lanes There i is no ded1cated transmon |
“lane 1 to and from the AHS system and there are no bamers between the automated and unauto-

| mated lanes B

ThlS report deals w1th the sixth expenment in the series—it was one of four expenments con-.
ducted. as. part of a complex mult1ple expenment that is descnbed in more detall below At the
 start of thts expenment, the 51mulator vehicle was second ina. stnng of three automated vehtcles.‘_

'-»' N ‘The stnng was travehng in.the automated lane toward a segment of the expressway in which the "

functtonaltty of the AHS was known to be impaired—the AHS would be unable to control. the -
. steermg and!or the speed of the vehicles.in the automated lane'in thlS segmenc As the string ap-
- proached the poxnt at which the reducuon in AHS funcuonahty began the. AHS 1ssued a message_ .

| advising-the driver that he/she would need to control the steenng, or the speed, or both the steer- )

" ing and speed of the sr_mulator velucle while traveltng through the‘segment.. When the vehicle - '

 reached the end of the segment, the AHS resumed control of the vehicle. The experimentwas . . -

: conducted to determine how effecuve the dnver ‘would be in takmg cont:roI of the functton or
: funcnons that the AHS was unable to control T .

In 'the ﬁrst two exp'erlments of the Series, the transfer of control from the AHS: to the driver as the
simulator vehicle left the automated lane was mvesugated 1) Atthe begmnmg of the trials in

| these two experiments, the vehicle was under automated control in the mlddle of a string of three

vehlcles in-an automated Iane. The dnver s.task was to take control of the veh1c1e driveitout

of the automated lane into an unautomated lane, and then leave the expressway at a des1 gnated

. exit. The dnvers who pametpated in the first expenment were between 25 and 34 years old,-

while those who took part in the second experiment were age 65 or older. -



The third experiment focused on the transfer of control from the driver to the AHS as the simula-
tor vehicle entered the automated lane.® In this case, each trial started with the driver’s vehicle
on an expressway entry ramp, and the driver’s task was to drive into the right lane of the ex-.
pressway, move to the center lane, and then, after receiving an Enter command from the AHS,

. drive into the automated lane and ‘transfer control of the vehicle to the AHS. At this point, under
the control of the AHS, the vehicle began to acc_elerate, Its velocity was increased until it

reached the desigﬁated'AHS velocity in the automated lane. Then, the vehicle was merged with
the string of vehlcles that was approachmg it from behind, becommg the new lead vehlcle of that'
string. ' ‘ ' ‘

' The fourth fifth, smh and seventh expenments Were: conducted together ina complex multxple
expenment o R '

| OVEerEw OF THE MULTIPLE EXPERIMENT

| ,The'mul‘tiple experiment, of which the current experimerit was the third part, continuéd the in-
- vest gation' of humari. factors aspects of the AHS, utilizing the same generic AHS co‘hﬁguraﬁon'
- that'Wwis used in the first three eéxperiments of the series and- combmln g four experlments that

- were mmally planned as séparate studies. In the first of these—the fourth experiment in the se-
ries—thre¢ methods of transferrin g control (manual; partially automated, and fully automated)
from the driver to the’AHS when entering the automated lane were compared.®) - In the second—
the fifth expenment in the series—the acceptability to the driver of decreasing vehicle separa- -
tions during transitions into the automated larie was investigated.). The third—the sixth experi-
ment in the senes——whlch is reported here, determined the effectiveness of the driver when
hé/she had-to take control of the éteerihg and/or speed wheu'tr’avelin‘g through a segment of the |
' expressway in which the capability of the AHS was reduced.” And in the fourth experiment—the
~ seventh experiment in the series—the effect on normal driving behavior of traveling under auto-
mated control was determmed () Each driver participating in the multiple experiment drove in
six 51mu1ator trials. Table 1 shows how the'data coIlected in each section of the six trials were
dlstnbuted m the four parts of the multiple cxpenment

In trial #1, the driver began by driving on a two-lane rural road. Theh, he/she entered a three-
lane expressway and-drove on it for the remainder of the trial—this expressway did not have an
automated lane. The pre-AHS driving performance data obtained in this section of trial #1 were
compared with the post-AHS driving performance data .'obt'aihed in trial #6.



Tablc 1. Thc pan of the multxplc expenment in Wthh data were collected |
in each section of each trial.

Trial . . First section - Secohd section Third section
Trial #1 . Familiarization  Part 4 (Pre-AHS) -
Trial # 2  Partl Part 2 . Part3
Trial # 3 Part 1 Pat2 . Part3
Trial # 4 Part1 . Part 2 | Part 3
Trial # 5 Part 1 Part2 . Part 3
Trial #6 ~ Part 1 ‘Part 4 (Post-AHS) —

There were three secfions‘ in each _of the next four trials (trials #2, #3, #4, and #5)—the data for
parts 1, 2, and 3 of the multiple experiment were collected in these sections. “To the driver, the

three sections appeared to be different parts of the same drive—this was because the simulation
_ scenarios for these trials were developed in such a way that there were no breaks between the
sections. Figure 1'shows the portion of expressway on which the first three parts of the multiple

expenment were performed

The firét section of trial #6 waé identical to the first section of trials #2 through #5. However, the
- trial did not continue in the same way—instead, at the beginning of the second section of trial #6,
~ control of the vehicle was given back to the driver, so that post-AHS driving performance data
could be obtained and compared with the prc-AHS‘ driving performance data from trial #1.

Part1-

Entering Automated .

Lane

| Part”]2
Decreasing Vehicle
Separations

Part 3 .
Reduced
Capability

" Figure 1. The relationship among parts l',_~2, and 3 of the multiple experinient.



A trial-by-trial description of the multiple experiment, showing the relationship of the four sepa-
rate experiments to each other, is presented below. |

Trial #1: Familiarization and start of part 4 of the multlple expenment—pre-AHS driving

performance data -

Throu ghout trial #1, the simulator veh:cle remamed under the control of the driver.
At the start of trial #1, the driver's vehicle was positioned on a two-lane.rural high-
way. ‘ o

The driver drove on the two-lane road, with no other traffic present. and then moved
onto the expressway and drove in the center and right lanes i in the presence of low- ’

- density traffic—the density was 6.21 v/km/ln (10 v/mi/In).

The pre-AHS driving performance data obtained in the second section of this trial—
while the simulator vehicle was traveling on the expressway—were compared with

- the post-AI—_IS driving performance data collected in trial #6.

Trials #2, #3 #4 #5, and #6: Multlple expenment—part 1

At the start of trials #2, #3, #4, #5, and #6, the simulator vehlcle was positioned on
the 2.44-m (8-ft) wide, hard-surfaced shoulder of the expressway. _
The driver moved into the right lane and then drove the vehicle to the center lane—
the density of the traffic in the center and right lanes was 6.21 v/km/In (10 v/mi/In).

- Once the simulator vehicle was in the center lane, it was steered into the automated

lane and control was transferred from the driver to the AHS, using a manual, a par-
tially automated, or a fully automated transfer method.

The AHS moved the driver’s vehicle to the lead position of thc string of vehicles
approaching the simulator vehicle from behind.

Part #1 of the muitiplc experiment ended at this point.

Trials #2, #3, #4, and #5: Multiple expenment—part 2

In trials #2, #3, #4, and #5 (but not #6), part 2 of the multiple experiment: began with
the simulator vehicle under automated control, leading a string of vehicles.
A second vehicle entered the automated lane ahead of the simulator vehicle.

" As the entering vehicle accelerated from 88.6 km/h (55 mi/h) to the designated AHS

velocity of the automated lane, the simulator vehicle approached it from behind.
In half of the trials, the entering vehicle moved into the inter-string gap relatively late,
and it was necessary for the AHS to reduce the speed of the simulator vehicle as the

distance between it and the entering vehicle decreased. In the other half of the trials,



" the entering vehicle moved into the inter-string gap relatively early, and it was unncc':- -
essary for the AHS to reduce the speed of the simulator vehrcle as it approached the

entering vehicle. -

- The entering.vehicle became the new lead veh1cle of the string.

Throughout part 2, the driver moved a lever forwards or backwards to indicate com-
fort or discomfort. o , .

Part 2 of the multiple expenment ended with, the srmulator vehicle second i in the
string of vehicles. ‘

Trials #2, #3, #4, and #5: Multrple experrment—parti&

data

In trials #2, #3, #4, and #5 (but not #6), part 3 of the multiple expenment began with -

-the simulator vehicle second in a string of vehicles in the automated lane.

The driver received a Reduced Capability advisory stating that the vehicle was ap-

‘proaching a segment of expressway with reduced capability—in this segment, the

AHS would be unable to: (1) steer the driver’s vehicle, or (2) control its speed, or

(3) both steer and control its speed |

In the driver- controlled condition, the driver could take control of the lost funcnon or
funcuons when ready—if the driver did not take control, a Reduced Capability com-

.-mand was 1ssued atthe moment that the AHS relinquished control. In the situation-
_ controlled condition, the driver could not take control when the Reduced Capability

advisory was given, but had to wait for the Reduced Capability command, which was

- issued at the moment that the AHS relinquished conn‘ol

The driver performed the lost function or functions.

When the simulator vehicle reached the end of the- segment of ekpressway with
reduced capability, the driver received a Resumption of Control advisory. ,

In the driver-controlled condition, 'on,hearirrg this advisory, the driver transferred con-
trol back to the AHS when ready. In the situation-controlled condition, at the end of
this advisory, the AHS resumed control of the driver’s vehicle. .

- Trials #2, #3, #4, and #5—and part.3 of the multiple cxperiment—encled with the
‘simulator vehicle back under the control of the AHS. :

O

Trial #6: Conclusion of part 4 of the multiple experiment—post-AHS driving performance

* * In trial #6, part 1 of the multiple experiment ended, and part 4 began with the driver’s
- vehicle leading a string of vehicles in the automated lane.



After travéling for up to 5 min the driver received a Reduced Capability advisory. It

. stated that the driver v was approaching a segment of expressway in Wthh the AHS

could not steer and could not control the speed of the vehicle..

" In the driver-controlled condition, the dnver could take control of the stcermg and the

velocity functions when ready—lf the driver did not take control, a Reduced Capabil-
ity command was issued at the moment that the AHS relmqutshed control. In the sit-

.uation-controlled condition, the drtver could not take controI when the Reduced

Capability adv1sory was grven instead, the driver had to wait until the AHS gave a

Reduced Capability command contammg a countdown that ended at the’ moment the

- AHS relinquished control.:

- The drtver drove the vehicle in the automated lane

Theé driver was informed that the AHS would not resume cont:rol of the vehlclc, and

was asked to drive the vehicle out of the automated lane _
" The driver moved the vehicle into the center lane and conunued to drtve the vehrcle -

- for 3 min.

The density of the traffic in the center and nght lanes was 6. 21 v/km/ln (10 v/rm/ln)
Post-AHS dnvmg performance data obtained in this trtal were ‘compared with pre-

AHS driving performance data collected in trial #1. - :

Trial #6—and part 4 of the mulnple expertment———ended w1th the s1mulator vehtclc
under the control of the driver. L ’

REDUCED CAPAB-ILITY IN AN AUTOMATED HIGKWAY .

As meiitioned above, the experiment discussed in this report was part 3 of the: ‘multiple experi-

‘ment.. In this experiment, the abthty of the driver to deal with reduced capabthty in an automated

hlghway was. 1nvest1gated Fi gure 2 shows its relauonshrp to the rest of the mulnple expenment

At the begtnmng of lhIS experiment, the dnver s vehicle was second in astrin g of three vehicles’

in the automated lane. The vehicle conunued travelmg under automated control at 128 8 km/h
(80 mi/h) or 153.0 km/h (95 mi/h), for between 20s and 180 s. Then it. arnved at a segment of
expressway 1 in whtch the functronallty of the AHS was reduced in one of the followmg three

ways:

(3)

[¢})
(2

The Iane-keeping function Was not under automated control ‘

The velocity control function was not under automated control

Neither the lane-keepmg nor the veloc1ty control funct:ton was under automated
control



" EEEM Automated Vehicle (with reduced capabilty)
Driver's Vehicle '
- 1 Unautomated Vehicle

- Part3.
- Reduced
Capablhty

- Figure 2. Part 3 of the multiple experiment—reduced AHS capability.

The segment extended for 810 m (2656 ft) along the expressway and most of the segment was on
a curve to the driver’s left. There was a 31-m (102-ft) straight tangent segment of- expressway :
~ thatledi into the curve. The d1stance around the curve was 735'm (2410 f1). Then, another

. su'anht tangent segment that was 44 m (144 ft) in length lead out of the curve.

OBJECTIVE OF THIS EXPERIMENT

The ob]ectwe of this experiment was to determine how effecnvely the driver was ablc to take -
parnal or full control of the vehlcle as it traveled through a segment of the expressway in which
the AHS capablhty was reduced The data ana]y51s focused on the followmg expenmental ques—
‘tion:” |

" Does the driver’v'.s."ability“to control the lost function vary with: (a) the age of the driver,
(b) the designated AHS velocity oj’ the au'tomated lane, (c) the intra- string separation, ( d)

_ the reduced-capabzhty mode, (e) the method of transferring control or (f) some combma~
tion of two or more of these variables? :






'SECTION 2: METHOD

. SUBJECTS

- The following guideli’nes were used to select the driVers who participated in this experiment:

. The dnvers had no 11censmg restnctrons—other than wearmg eyeglasses for v1s1on
correction dunng dnvrng ‘
" +. The drivers de not requ1re specral dnvm g devrces——the sunulator is not equrpped for..
~ such dev1ces : :
e Thlrty dnvers were between 25. and 34 years of age | .
. Thtrty drivers were age- 65 or older with 15 between 65 and 69 years of age and 15
age70orolder _ S S
. Half of the dnvers in' each age group were male and half were female

The 60 drivers who partlmpated in thlS expenment were volunteers who had rephed to advertrse- 2
ments in the Iowa City and Unrversuy of Iowa datly newspapers, and who met’ the above selec- ‘l :

" ‘noncntena LT
_THE IOWA DRIVING SIMULATOR -, -

| The Iowa Dnvrng Snnulator located in. the Center for Computer-Alded De51gn at the Umversny

- of Iowa Iowa C1ty, is shown in figure 3. (5) The srmulator consmts of 2 pro_tecuon dome mounted
ona hydraullcally actuated hexapod platform For this expenment a n11d-51ze Ford sedan was

‘mounted on this platforrn and the simulator was controlled by a computer complex that mcluded
" a Harris: Nrghthawk 4400, an Alhant FX/2800 and an Evans and Sutherland CT- 6 Image Gener— :

ator. The thhthawk and Alhant systems were controlled 51multaneously by the sarrie operatmg

| system.() The nghthawk was the system master—arbltratrng subsystem schedulmg and per- -

forming motion control, data. collectton operanons, 1nstrumentatton control loading, and audio

cue control—while the Alhant a 26-processor shared- -memory, parallel computer, performed the

rnulttbody vehtcle dynarmcs and cornplex scenano control smrulanon ' '

The inner walls of _the dome act as-a projection screen. For the current experiment, the correlated
images generated by the CT-6 were projected onto two sections of these walls—one was a 3.35- -
rad (192°) section m front of the snnulator vehicle, the other was a 1.13-rad (65%) section to its

rear. The dnver of the simulator vehrcle viewed the i images shown on the forward section
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through the windshield and side windows, and viewed the images projected to the rear either by
 turning around, through an interior rearview mirror, or through a left-side exterior driving mirror.

THE DRIVER’S TASK

As this experiment began, the simulator vehicle was uaveﬁhg under automated control at either
128.8 kmv/h (80 mi/h) or 153.0 km/h (95 mi/h). ‘Tt 'wasrappreachin‘g a segment of expressway in

~ which the functionality of the AHS was reduced. _On reaching (hfs 'redUCed-capabiIity segmeni,

| the driver’s task was to replace the AHS by taking’contrdl of the lost function, i.e., by controlling
clther the steering, or the veloc1ty, or the steerin g and. t.he veloc1ty of the simulator vehicle. The
driver mamtamed control of the lost funct10n attempun gto keep the’ s1mu1ator veh1cle in the
automated lane, until the AHS was able to resume full control: of the vehlcle

* At the same time that control of the 'steering, or Qf the speed, or of the steering and speed of the
simulator vehicle was transferred from the AHS to, the driver, e'ontrol of dle','smne‘function(s) was
also transferred from the AHS to the drivers of both the vehicle ahead and the vehicle behind the
simulator vehicle. As far as steering was concemed what this meant in practxcc was that, on
reaching the reduced-capability segment, the steermg comrol model used to steer the vehicle -
ahead and the vehicle behind the drivér's vehlclc chan ged from the AHS steenng control model,

" used for all vehicles when they were under automated control, to the steenng conu'ol model used
for all the vehicles that were in the unautomated lanes (w1th the excepuon of the driver's vehicle).
When ostensibly under the control of their drivers, the vehicles ahead and behind the driver's
vehicle exhibited considerably more lateral movement than when they were under automated
control. This increase in lateral movement change was quite noticable to the driver for the two
reduced-capability modes in which the AHS gave up steenng control Thus ‘when control'of the
steering or control of the, steermg and speed of the- snnulator vehicle was transferred from the |
AHS to the drivers of the vehicles ahead and behlnd the driver of the sunulator vehicle was able
to determme that the AHS capab111ty had changed for these VChIClCS also '

‘Howeyver, as far as speed was concerried a different ‘approach wés used No prior data were
available to indicate whether dnvers would reduce speed, maintain the speed at which they were
travelin g, or increase speed on regaining control of a vehlclc as it entered a segment of express-
way in which the AHS no longer controlled speed. It was becquse of this that, in the current ex-
periment, the velocity of the vehicles ahead and behind was indexed with reference to the driver's
speed in each trial. This meant that the speed of the vehicles ahead and behind the driver's vehi-
cle mirrored the speed selected by the driver. It also meant that the gaps between the dﬁver's |
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vehicle and these two vehicles remained constant throughout the reduced-capability segment and
remained equal to the size they were when the AHS controlled the vehicles. If this experiment
were to be repeated, it is recomnmended that the speeds of the vehicles immediately ahead and
behind the driver's vehicle should be modeled independently using values selected from the
range of velocities obtained from the drivers who participated in the current experiment. If this
were to be done, then the gap between the driver's- vehicle and the vehicle ahead would be se-
lected by the driver. [The gap between the driver's vehicle and the vehicle behind would be ob-
tained using the same procedure that was used to model the inter-vehicle spacing of the vehicles
in the unautomated lanes—this method is described in detail by Bloomfield et al.(1)] -

The reduced-capability segment of the expressway extended for 810 m (2656 ft) along the
expressway. In both velocify conditions, the starfing point for the reduced-capability segment
began 31 m (102 ft) before a curve to the driver’s left. The distance around the curve was 735 m
(2410 ftr). Then, there was a second straight tangent segment of cxpressway, Wthh was 44 m
(144 fry long , '

EXPERIMENTAL DESIGN - -

There were five indepéndent‘variablcs in the current experiment. Three of the variables (the age
of the driver, the rcduccd-capability‘modc, and the method of transferring control from the AHS
" to the driver) were between-subjects variables, while the rcmammg two (the designated AHS
velocity and the gap between vehxclcs w1thm a string) were w1th1n-subjects vanables |

Two age groups, 3 reduced capab111ty modes, and 2 methods of u-ansfemng control were used in
the experimental dc51gn—g1vmg 12 combinations of the 3 between-subjects variables. The 60
drivers who participated in the current expcrlmcnt were divided into 12 groups of 5 drivers each.
Each group of 5 drivers was assigned to one of the 12 combmanons of driver’ 3 age, reduced
capability mode, and method of transferring control. C

Two design velocities and two intra-string gaps were used—so four combinations of the two
within-subjects variables were tested. Each driver in all 12 groups partiéipafed in 4 trials, receiv-
ing 1 of the 4 combinations of designated AHS velocity and intra-string gap in each trial. A
complete listing of the combmatmn of condmons presentcd to each of the 60 subjects in the 4
trials is presented in appendlx 1. *

Details of the five independent variables are given below.
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Age of the Driver

The 60 drivers who took part in the current experiment were from 2 age groups. The first group.
consisted of drivers between 25 and 34 years of age, while the drivers in the second group were
age 65 or older. There were 30 drivers in each group. To ensure that they represented the popu-
lations from which they were drawn, both groups were balanced for gender—half of the drivers
in each group were male and half were female. In addition, to ensure that the ages of the older
drivers did not cluster around the lower limit for the group, 15 of them were between 65 and 69
years old and 15 were age 70 or older. ‘As a result of these two selection strategies, there were 8
male and 7 female drivers between-ages 65 and 69, and 7 male and 8 female drivers who were
age 70 or older. -

Designated AHS Velocity

Two designated AHS velocities were used in the current experiment—128.8 km/h (80 mi/h) and- |
153.0 km/h (95 mi/h).

A third designated AHS velocity—104.7 km/h (65 mi/h)}—was used in addition to these two
velocities in the first two parts of the multiple-experiment. Because of this, for half the trials it
was necessary to increase to the designated AHS velocity after the second part of the multiple
experiment was completed and before the current experiment began. For all 80 trials in which
the velocity had been 104.7 km/h (65 mi/h), it was increased to 128.8 km/h (80 mi/h). In addi-

- tion, for 40 of the 80 trials in which the velocity had been 128.8 kmv/h (80 mi/h) for parts 1 and 2
of the multiple experiment, it was increased to 153.0 km/h (95 mi/h). The velocity was
unchanged in the remaining trials, i.e., for the other 40.trials in which the velocity had been
128.0 km/h. (80 mi/h), as well as for all 80 trials in which it had been 153.0 km/h (95 mi/h). Asa
result of the velocity adj ustments carried out prior to the start, in the current experiment there
were 120 trials in which the designated AHS velocity in the automated lane was 128.8 km/h -
(80 mi/h) and 120 trials in which it was 153.0 knvh (95 mi/h). -

Inti‘a-String Gap
The intra-string gap is the distance between-the front bumper of the driver’s vehicle and the back

bumper of the vehicle ahead. Two intra-string gaps were used here—0.25 s and 0.0625 s. When
the intra-string gap is measured in time units, it interacts with the designated AHS velocity that is
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selected for the vehicles in the automated lane: in,ﬂ';is_.cxpcriment, the result of this interaction
produced the separation distances that are shown in table 2.

Table 2. The distance [iri meters (and feet)] between the front bumper of the driver’s vehicle
‘ and the back bumper of the vehicle ahead, for the four combinations of
mtra-smng gap and desi gnatcd AHS velocity.

SRRy A L . Intra-string gap - -
B Designated‘AHS velocitl . . . 0.25s ‘, | . .. 0.0625s ..

1288km/h (80mimy | 895m(2933f) | - 224m(7.33f1)
. 153.0 km/h (95 mi/h) - 10.62‘m(34'83'ft)“ K 2.66 m (8.71 ft)

 Reduced-Capability Mode
‘The following three reduced—capability modes were inves.'tigated:

(1) Lossof steermg—the driver had to control the steenng and keep the vehicle in. the
lane, while the AHS continued to control the vehicle's velocity. S
' (2) Loss of velocity control—the driver had to control the velocity of the vehicle, while
- the AHS continued to control the steering and keep the vehicle in the lane.
~ (3) Loss of both steering and velocity control—the driver had to control both the steer-
" ing and the velocity of the vehicle. L E - L

Method of Transferring Control -

“There were two methods in which control could be transferred from the AHS to the driver and
back again from the driver to the AHS. They were as follows: | ‘

(1) Driver-Controlled Method.  With the driver-controlled transfer mc‘:iho‘d, 20. s bcfpté
the driver’s vehicle arnvcd at the beginning of the reduced-capability expressway
segment, the AHS issued a Reduced Capability advisory. After hearing this advi-
sory, the driver was able to take control of the lost function or functions at any.time - -
in the next 20 s. If the driver failed to take control within that time, the AHS issued a

. Reduced Capabzlaty comma.nd—thls command stated that thc system was: no lon ger
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in control of the funé_tibn (or functions) and that the driver should take control im- -
mediately. In addition, when the driver’s vehicle reached the end of the reduced- - -

 capability segment, with the driver-controlled transfer method, the AHS issued a Re-

sumption of Conirol advisory. This advisory stated that the AHS'wzis now able 1o

- control the vehicle, and asked the driver to. transfer control back to the AHS.l" * )

(2) Situation-Controlled Method. The AHS also issued a Reduced Capability' message .
with the situation-controlled transfer method, and this message was also. 1s§ued 20s
"before the driver’s vehicle arrived at the beginning of the reduced-capability ex- .-

- pressway segment: But in this case, the message was only preparatory. Its purpose
was one of warning, so that the driver would be ready to take-control when a second
message—a Reduced Capability command—was issued. The command stated that
the system was no longer in control of the function (or funcuons) and that the dnver
should take control immediately.” As with the driver-controlled transfer method, -
when the driver’s vehicle reached the end of the reduced-capability segment, the
AHS issued a Resumption of Control advisory. Howéve;,’ for the sirpatidn-bpntrolied
transfer methiod, after the advisory, which stated that the AHS was able to regain =
control of the vehicle, the AHS took control back without any action bemg taken by |
the driver. '

- The drivers who participated in the first part of the multiple experiment, in which.entering the
automated lane was investigated, used one of three methods—manual, partially automated, or
fully automated—to transfer control of the vehicle to the AHS.() Those drivers who used the -
manual method in the first part of the multiple experiment used the driver-controlled transfer
method to regain control in the current experiments, while those who used the fully automated
method earlier used the situation-controlled transfer method here. As for the drivers who used .
the partially automated method in the first part of the multiple experiment, in the current experi-
ment, one-half used the driver-controlled method, while the other half used the snuanon-con-'

~ trolled method

It should be noted that the drivers who were in the group that used the situation-controlled trans- .
fer method could not_’ta..kc control of the vehicle until they were 31 m (102 ft) from the start of the

1 Fifteen older drivers and-15 younger drivers used the driver-controlled transfer method—each of them took part
in 4 trials. Seven of the older drivers and four of the younger drivers did not take control of the vehicle until the .
AHS-issued the Reduced Capability command in at least one trial. Most of these drivers waited for the Reduced
Capability command in 2 or more trials—the 7 older drivers waited in 21 out of 28 trials; the 4 younger drivers
waited in 14 of 16 trials. It should be noted that the drivers did take control after the commiand was issued.
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curve. In contrast, the: dnvers ‘who 'were in the group that, used the dnver-controlled transfer
' method could take control 20 ] earher than the drivers who used the situation-controlled method..

s

N EXPER‘I:MENTAL,PROCEDURE,
N Iﬁtroduc‘tion/,and' -Trainin g Procedure

‘ Each dnver in the multlple expenment pammpated in two sessions. In the ﬁrst of these sessions,
the. dnver watched an mtroductory v1deotape, drove in the snnulator and filled. out a quesnon-
nalre In the second session, the dnver s vrsual capabthttes were assessed '

‘ The videotape shown to ‘the driver at the jstart of the experiment cpntained introductory material
.-and instructions, and provided some interactive practice with the AHS interface and protocol.
" :The driver was told that the experiment involQed_.driVing in the ;simulator ahdeompleting several

- vision tests and a questionnaire. Next, the d'river‘“‘was informed that the experiment was part of

an on-,gding FHWA program exploring ways of designing an AHS, determining how it might .
- 'work, and how well drivers would handle their vehicles in such a: System It was made clear that

- the experiment. ‘was a test of the- AHS, not a test of the. dnver Then the video gave explanations

of the subtasks for the entire multhle expenment—provtdtng details to the driver on how to: -

. . - Enter the' automated lane (for part 1 of the multlple expenment)
.Ao}-\:,'_ . Indtcate hts/her comfort level (in part 2). , .
B s : . Take control dunn ga section of the expressway in whrch there would be a reductron
- ' e in the. AHS capability (for the current experiment). - . .
“e : ‘-;Transfer control back to the AHS at the end of the reduced-capabﬂrty section (also for-

. the cttrrent e_xpenment).

' ,_Four"dﬁfferent versions of this training video were prepared. The differences in'these versions
f'cdrresponded to differences in the methods of transferring control to the AHS for part 1 of the

- | multlple experiment, and in the method of regaining control for part 3. The introduction was

1dentreal in‘all four videos. The narrations for the sections of the v1deos pertment to the current

e expenment are presented in appendnt 2.

| The 1nstruct10nal sectlons of three versions of the vrdeos lasted 12 min., The founh version,
' Wthh dealt with automated entry to the' AHS in part 1 of the multlple expenrnent requrred less.
:'ldetall and was 9 min long . ‘ '
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After the instructional section, each version of the video continued with a series of practice'seg-
ments. The first of these sé gmentsvcon'tained subtask practices that dealt with enterin‘g the aut’o—:-
mated lane and transferring control to the AHS (for part 1 of the multiple. expenment), 1ndrcatmg
- comfort level (part 2), and taking control of the lost' capabrltty and returning control of the lost
capability to the AHS (part 3). Thére were three segments for each of these subtasks If the

- driver responded correctly on the first two segments, the third was omitted. If the driver failed to

respond correctly- twice in a row for a partlcular subtask the three segments were. repeated for
" that driver until the task was’ accomphshed PEE Y,

- Following the subtask pracnces the v1deos contmued with three more segments that covered the‘ .
whole task for-the dnver—as before if the driver responded correctly on the ﬁrst two trlals, the .
th1rd was omitted, and if more than three trials were requrred the segrnents were repeated '

- Pre-Experim'entalSir’nuiator_,Procedure

The drlver was taken o the Towa Dnvmg Simulator and asked to sit, 1n the drrver s seat Next
the dnver was asked 'to put on the seatbelt and to ad_tust the seat and mm'ors and: then was glven L
1nstructtons on how to use the’ simulator emergency button L

At the start of trial #1, the driVer'drove the simulator vehicle ona two-lane rural road’with ‘no' “‘
other traffic present After driving for approximately. 2 mifn on this road, the driver entered a

three- Iane expressway. ‘He/she drove in the center and right lanes for between 3 min and 4 min*
- in the presence of low- densuy traffic—the density of the trafﬁc 'was 6 21 v/km/ln (10 v/mi/ln), -
which is close to the upper boundary of the Transportatlon Research Board Level of Service A
(LOS A). (8) While driving on the expressway, the expenmenter asked the driver to change Ianes o
from the right lane to the center lane and back again. “Throughout trial #1, the srmulator vehrc}e
remamed under the control of the dnver : ‘ '

. 'AHS E'xperi‘ence S
At the start of tnals #2 #3 #4, and #5, the dnver drove in the nght lane of the expressway The -'
: drrver ‘moved into the center 1ane then entered the automated lane usmg a manual, part.tally auto— '

. mated, or fully automated method of transfemng control to the AHS, Once in the automated |
lane the s1rnu1ator vehrcle began to accelerate under the control of the AHS The velocrty of the E
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vehiclo was increased until it reached the designated AHS velocity. At this point, the vehicle be-
came the leader of the string of automated vehicles that was approaching it from the rear. _

After the simulator vehicle had been the lead vehicle of a string for between 0.5 min and 4 min, a
-second vehicle moved into the automated lane ahead of the simulator vehicle. The entering vehi-
cle accelerated,under the control of the AHS, until it was traveling at the designated AHS veloc-
ity, It then replaced the simulator vehicle as-thé new lead vehicle of the string.

Experimental Procedure and'Instructions

The ¢urrent ,expeﬁment—paxi'.S of the rriullipleéxpériment—started with the simulator-vehicle in
-second place in a:string of vehicles in trials #2, #3, #4, and #5. The vehicle continued to travel
along in'second plat:e for between 0.5 min and 4 min. During this time, the vehicle was np-
proachmg a segment of the expressway m which the AHS was known to bc operating at reduced
' capablhty—ln it, the AHS was unable to control either the steering, orthe veloc1ty or the steer-
"ing and the velocity of the vehicle. Twenty seconds before reaching the point at- which the re-
duction in qap‘abi]it_y began, the AHS issued a Reduced Capability advisory. The driver’s re-
Sponse to this _advisofy depended .on whether -holshe was to use the driver-controlled or the situa-

" .. tion-controlled method of regaining control of the vehicle.

" If the driver was using the driver-controlled transfer method, he/she was able take control of the
“lost function (or,function,s) as soon as the Reduced Capability advisory was issued. If, for any
reason, the driver did not regain control in the next few seconds, then 3's before the vehicle
reached the point at which the reduction in capability began, the AHS issued a Reduced Capa- -
bility command. ‘This command included a countdown that ended at the moment that the AHS
'relmqu1shed control of the steering and/or the veloc1ty of the veliicle. - The driver then had to take
omrol of the lost function (or. funcuons) ' '

If the drivcriwas using Lh‘c situation-controlled transfer method, he/she was not allowed to take

‘ control when t_hc Reduced Capability advisory was issncd—.in.this; case, the advisory was used "
only to alért the d.dver Instead, the driver had to wait until the AHS issued the Reducéd Capa-

_' ‘bzlzty command 3 s before the vehicle reached the pomt at Wthh the reduction’in capability be-
gan. The Reduced Capabthty cornrnand was identical to that used in the driver-controlled condi-
: ~_t1on It mcluded a countdown that ended at the moment that the AHS relinquished control of the
| stcenng and/or the velocuy of the vehxcle, and at this point, the dnver had to take control of the =
lost funchon (or functions).
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The driver controlled either the steering, or the velocity, or the steering and the velocity of the
vehicle for an 810-m (2656-ft) segment of the expressway. Most of this segment was on a curve;
it wasa 0.78-rad (45°) st‘andard‘expressway curve that veered to the driver’s left. Ithad a radius
of 915 m (3000 ft) and a superelevation of 0.065. The distance around the curve was 735 m
(2410 ft), and the lengths of the straight tangent sections of the expressway:that led into and out

. of the curve were 3 m.(102 ft) and 44 m (144 ft), respecuvely

- When the vehicle reached the end of the reduced-capability segment, one of two, procedures was
used to enable the AHS to resume complete control of the vehicle. First, if the driver had used
the driver-controlled transfer method in regaining control of the lost function, then the AHS is-:
sued a Resumption of Control advisory.. After this advisory was issued, the driver was able trans-
fer control of the steering, or vclocity, or the steering and veloéity back to the AHS when he/she
was ready. Second, if the driver had used the situation-controlled transfer method in regaining .
control of the lost function, then the AHS also issued a Resumption of Control advisory.. How-
ever, in this case, the ‘méssage,was diffe‘rentr After stating that the. AHS was able to resume con-
trol of the vehicle, there was a countdown, at the end of which the AHS simply took complete
' control of the driver’s vehicle without any action by the dnver At [hlS point, trials #2, #3 #4, .
and #5 concluded. C ' ‘

Post-Experimental Procedure

' Trial #6 began in the same way as trials #2, #3, #4, and #5—first, the driver was in control of the
~ simulator vehicle until it entered the automated lane; second,';he AHS was in'control while the -
simulator vehicle accelerated up to the designated AHS velocity and became the leader of a
string of automaté'd vehicles. However, the continuation of trial #6 was different to that of trials
#2, #3, #4, and #5—now, with the smulator vehicle Ieadmg a string of automated vehicles, the
driver received a Reduced Capabzluy adv1sory, and control was transferred back to the driver.
‘When the. driver had control, the AHS informed- hlm/hcr that it would not resume control; and -
that he/she should move into the unautomated lanes and continue driving. The trial continued for -
4.min with the driver in control of the vehicle, driving in the center and/or right lane. Through-
out the trial, the density of the traffic in the center and right lanes was 6.21 v/kny/In (10 v/mi/ln).

After completing the sixth trial, the driver returned to the subject preparation room, where he/she
was debriefed and asked to complete a questionnaire dealing with the driving simulator, the’
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multiple experiment, and the Automated Highway System. A copy of this qucsuonnau'c is
presented in appendlx 3. At tlus point, the first session ended.

The driver returned for a second session, which was divided into two sections. In the first sec-
tion, a Titmus Vision Tester was used to-administer a battery of vision tests. The following vi-
sual capabilities of the driver were tested: (1) far-foveal acuity, (2) near-foveal acuity, (3) stereo
depth perception, (4) color deficiencies, (5) lateral misalignment, and (6) vertical misalignment.
In the second section, the spatal localization perimeter developed by Wall was used to determine
the subject s reaction time and accuracy when detecting both static and dynamic peripheral
snmuh ® ‘
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SECTION 3: RESULTS -
FOCUS OF THE DATA ANALYSIS

The objective of this experiment was to determine the effectiveness of the driver when he/she
took partial or full control of the simulator vehicle as it traveled through a segment of the ex-
pressway in which the AHS capabﬂlty was reduced. The data analysm focused on the followmg
experimental quesuon C

Does the-drive}’s ability to conrrol the lost function vary with: (a) the age of the driver,
(b) the desi’gnated AHS velocity of the automated lane, (c) the intra- string&epdran’on’ (d)
- the reduced-capability mode, (e) the method of transferrmg control, or (f) some combma-
~_tion of two or more of these variables? -

In the reduced-capability segment of the expressway, there was a loss of steering, a loss of ve-
locity control, or a loss of both stcenng and velocity control by the AHS. Table 3 shows how
control was divided between the driver and the AHS for each of the three reduced-capablhty
modes. ‘

Table 3. Thé division of cohtrol between the driver and the AHS while the simulator
vehicle was in the reduced-capability segment of the expressway
for each rcduccd—capabxhty mode.

Reduced Capability Mode . - Steerin :C(/mtr'olledfb : | Velocity controlled by:
Loss of steering = "~ Driver. .- | AHS -
Loss of velocity control - N AHS 2l " Driver
Loss of steering and velocity control Driver | “Driver

It should be noted that, in the remainder of this section, the figures iilusﬁ‘aﬁng how the three Te-
duced-capability modes affect driving performance are reported in terms of how-the vehicle was -
controlled, rather than in terms of which function(s) thé AHS was not bbntrolling This is be-
cause it is easier to understand what occurred in the trials when the reduced- capabﬂxty modes are
reported this way. For example, when dealing with lanc-keepm g pcrformance it is less ambxgu- '
ous to report that “the steering was controlled by the AHS,” than it is to report that “the AHS Tost -
control of the velocity”; and to report that “the steering was controlled by the driver,” instead of
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reporting that “the AHS lost control of the steering.” Slmi]arly, when dealing with velocity con-
trol, there is less ambi'guity'in reporting that “the velocity was controlled by the AHS,” than there
is in reporting that “the AHS lost control of the steering,” and in reporting that “the velocity was
,cont:r_olled.'by the driver,” instead of reporting that “the AHS lost control of the velocity.”

PERFORMANCE MEASURES

The abilitv of the driver to control the steering of the simulator vehicle when there was either a
loss of steer'ing or a loss of both steering and velocity control was compared with the ability of
‘the AHS to steer when there was a loss of velocity eoauoleﬂre lane-keeping measures devel-

oped by Bloomfield and Carroll were used to make this comparison. (10) Similarly, the ability of
. the driver to comxol the veloc1ty of the simulator VCthlc when there was either a loss of velocity
control or a loss of both steering and velocity control was compared with the ability of the AHS
to control velocrty when there was a loss of steering’ control—this comparison was made using
the delay time measures developed for the data analysrs of the first four experiments of this se-
ries.(1-23) The two sets of comparisons are described in the next two subsections.

Lane Keeping”.

Compartsons of the ablhty of the drrver and of the AHS to control the steering of the s1rnulator
vehicle in the réduced- capabrhty se gment of the expressway were made using recently developed
lane-keepm g measures. Bloomfield and Carrc_>11 use concepts derived from regression analysis to ‘
develop measures of lan'e-keeping pérf'eﬁnance" and of the. stability or smoothness of the ride.(10
They separate the prevrously used’ measure of deviation from the center of the lane into three dis-
_ tinct measures-—two of which are lane-keeplng measures (the position of the vehicle in a lane
and steering dnft across the lane), whlle the third is a measure of steenng stability. In addition,
they suggest replacmg steenng wheel reversals with the number of crossmgs of the center of the
) veh1cle across the line of best fit. '

_ Bloomﬁeld and Carroll show how to determme a linear equation that is the line of best fit for a
 series of pointson the track of a vehicle.(10) The equation describes the position of the vehicle
relative to the: cen_ter of the lane at any time, and indicates whether the vehicle is traveling paral-
lel to the lane or veering to the left or right of the lane. Also, Bloomfield and Carroll use the
variability of the track of the vehxcle around this line of fit, along with the number of crossings.of
that line, to 1nd1cate the dnver s steermg stabthty, Le., the driver’s ability to maintain the track of
. the veh1cle ' :
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Bloomfield and Cé.r:oll use the following‘ai'ghmcnt to Suggest that the method of least squares
can be used to obtain a line of best fit that gives the relative position of a vehicle in.a lane’

. throughout a segment of road.(!? Before dealing with a curved road segmént—suc’h as that used
in the current experiment—they consider the case, illustrated in figure 4, where a driver i is travel-
ing along a straight road segment. In this case, it is possxble to determine the position of the cen-
ter of the vehicle on a line that is perpendicular to the lane, at any point in time.

‘Track of -
driver’s vehicle - |-

Line of best fit |

ik

Center of lane

White lane
marker -

. Figure 4. Schematic showing a cross-section of a lane, with the track of the driver’s vehicle
“along the lane and the line of best fit. -[Note: The cross-section of the lanc is greatly cxaggeratcd
: comparcd to dlstance along the lane.] .

Bloomfield and Carroll assume that the series of posmons can be dcscnbed by the followm g lin-
ear equation:

P=0y —byx e RS
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where: - ; " c

B 'p - isthé pomt (representmg the center of the driver's vehlcle) at Wthh the line of -
best fit crosses the perpendxcular across the lane after the VCthlC has’ traveled dlS-
‘ tance x. ' S ' |
R x - isthe dlsumce traveled in the lane by the vehwle ,
e la[k . is the point at wh1ch the lme of best ﬁt crosses the' perpendlcular at the start of the
stralghtroadsegment. o S - '

| bip is the gradjent of the lme of best ﬁt—1t 1s essentlally the steermg dnft

The series of positions of the cehter,of the _veh_i'cle i's,unllkely to fall e’xae"tly ona 'st'i'ajght line..

: HoweVer, since in comparison to the 3.66-m (12-ft) width of the lane, the veh'i‘cle:v)ill travel -
along what is, relatiVely speaking, a vet'y lohg; straight rjoad‘se’gment it “is not unreasonable to
assume that the series of posmons can be- descnbed by a linear. equauon Because the equanon :
suggested by Bloomﬁeld and Carroll isa lmear regress:on equatlon the line of best fit of this

' equatlon can be calculated usmg the method of least squares. Usmg the method of least squares,
Wthh minimizes the error m predlctmg p from x, the terms ﬂlk and b[k are ca.lculated as follows

. Eoan |
cyE———t— e @
. B -."2,'{2"— (EX) . : . : .

‘ ‘n .

Where n is'the number of data points' obtained in umex and -

In addmon, the vanablhty in blk—l ., the re51dua1 standard dev1auon—can be used as an esti-
' mate of 1]k the steering mstab111ty I lk prov1des an estimate of the variability in steering that
roccurs when the driver is attemptmg to mamtam a stralght comse along the line of best fit. It i is.
: gwen by the equatlon S ‘ £ ‘

- (z )<2p) 2
Sxp-
[zp2 (E”) -{ } l+w-2 @
| szﬂ;,o_:x): | o

.24



Bloomfield and Carroll suggest that equations 1 and 2 define the position of a vehicle in a
straight road segment; equation 3 gives information on steering drift across the lane; and equa-
tion 4—along with the number of crossings of the direction of travel (or steering oscillations)—
provides a measure of the smoothness or stability of the ride.(19 In particular, they suggest that
lane-keeping performance should be determined using the following four measures:

(1)

)

(3

@

Initial Lane Position. The initial lane position, aji, is the point (representing the
center of the driver’s vehicle) at which the line of best fit crosses the perpendicular
across the lane at the start of a selected segment—it is calculated using equation 3. It
is important to note that ajf is not the actual position of the vehicle at the start of the
segment, but instead it is the initial position in the lane of the line of best fit for the
series of points along the track of the vehicle. If ajrequals zero, it crosses the per-
pendicular line at the center of the lane; if ajk is positive, as in figure 4, the line of
best fit starts to the left of the center line; and if ajf is negative, it starts to the right of
the center line. .

Steering Drift. The steering drift, by measures the rate at which the vehicle is dis-
placed laterally across the lane as a function of the distance it travels along the lane.
bk is the gradient of the line of best fit for the series of points along the track of the
vehicle—it is calculated using equation 2. If bk equals zero, the vehicle is either
traveling along the center line of the lane or is traveling parallel to it. However, if
bi is positive, then the vehicle is moving lateralfy from the right of the lane to the
left as it travels along the lane. And, if b is negative, as it is in figure 4, then the
vehicle is moving laterally from the left to the right of the lane, as it travels along the
lane.

‘Steering Instability. The steering instability, /¢, measures the variability in steer-

ing that occurs when the driver is maintaining his/her position in the lane. It is calcu-
lated using equation 4. Mathematically, I}, is the variability—i.e., the residual stan-

hdard deviation—of the track of the vehicle about the line of best fit.

Steering Oscillations. A steering oscillation occurs every time the track of the
vehicle crosses the linée of best fit. The frequency with which steering oscillations
occur is measured by determining the number of times that the track of the vehicle
crosses the line of best fit per minute.

These four measures were used in analyzing the fourth part of the multiple experiment, which in-
vestigated the effect on normal driving behavior of traveling under automated control.®) That

experiment explored the lane-keeping performance of drivers while they were driving on a
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straight portion of expressway, both before and after they had experienced traveling under auto-
mated control ’ : '

In the current experiment, as already mentioned, the length of the curved portion of the reduced-
capability segment was 735 m (2410 ft), i.e., approximately 90 percent of the 810-m (2656-ft)
long segment.was on the curve. Because of this, the primary comparison of interest here was
between the steering ability of the driver and the steering ability of the AHS while the vehicle -
traveled around the curve. o - : :

 Bloomfield and Carroll point out that, under some circumstances, it is possible to use a linear
equation to describe the track of a vehicle traveling around a curve.(!®) Whether a linear equation
can be used in this way or not depends on the way in which the vehicle’s lane position is deter-
mined. If lane position is determined relative to the cross-section of the lane, then a linear equa-
tion can be used to describe a curved path. The reasoning is as follows. When a'road is curved,
if the position of a vehicle is determined relative to the cross-section of the lane, then, at each
moment, lane position will be expressed relative.to a line that is perpendicular to the tangent of
the curve. In the current experiment, data were collected at a rate of 30 Hz—as a result, a series
of tangents was considered at 1/30—5 intervals around the curve, with a cross-sectional line per-
pendicular to each tangent. The points at which the track of the vehicle intersected those cross-
sectional lines, spaced 1/3() s apart, constituted the lane-position data.

In order to determine how. the lateral position of the vehicle across the lane varies as it travels
around a curve, the series of cross-sectional lines are considered together. Since the data were
not collected continuously, but rather at intervals that were 1/3( s apart, there are segments of
roadway between the cross-sectional lines where data were not collected. Note that this state-
ment is true whether the road is curved or straight. On a straight road, the segments where data
were not collected are rectangular; on a curved road, as it was in this experiment, they are wedge
~-shaped. In either case, because the segments are so small when the data rate is as high as it was
in this experiment, they can be ignored for purposes of statistical analysis. Because this is true, it
does not matter for the analysis whether the roadway was straight or curved:. a linear regression
can be applied to the series of points indicating the position of the vehicle in the lane for both sit-
vations. Therefore, the set of equations presented above could be used to derive the values of the
four measures of lane-keeping performance suggested by Bloomfield and Carroll from the data
collected in the current experiment.(19 [Tt is interesting to note that on a real, standard express-
way curve, the wedge-shaped slivers closely approximate rectangles. With the 915-m (3000-ft)
radius curve used in the current experiment, the length along the lane of each wedge on the inside
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of the curve was only 0.4 percent smaller than the length of each wedge on the outside of the
curve. For example, when the simulator vehicle was traveling at 153.0 km/h (95 mi/h), the -
length of the wedge on the inside of the curve was 1.414 m (4.635 ft) and the Iength on the out-
side of the curve was 1.419 m (4.654 ft).]

If, as it traveled around the curve, the track of the simulator vehicle was approximately parallel to
the center of the lane, then bjf, the steering drift (or gradient of the linear regression equation for
lane position), would be approximately zero. In addition, if the vehicle closely maintained this
parallel track, then Ijk, the steering instability, would be relatively small. In contrast, if the driver
or the AHS were to oversteer as the vehicle traveled around the left curve, then by, the steering
drift, would be a negative; while if the driver or the AHS were to understeer, the steering drift
would be positive. Alternatively, if there was an initial overshoot or undershoot that the driver or
the AHS corrected before the end of the curve, then [, the steering instability, would be

relatively large and there would be very few steering oscillations.
Using the Bloomfield and Carroll equations, comparisons are made among:

(1) The ability of the driver to steer around the curve when he/she controlled only the
steering of the vehicle. : ‘ .

(2) The ability of the driver to steer around the curve when he/she controlled both the -
steering and the velocity of the vehicle.

(3) The ability of the AHS to steer around the curve when the driver controlled the ve-
locity of the vehicle. ‘ '

Time Delay

The concept of time delay, utilized in the analyses of the earlier experiments in this series that
were concerned with the transfer of control between the driver and the AHS, was employed again
here.(1,23). In the current experiment, time delay was defined as the amount of time that the ve-
hicle immediately behind the driver was delayed because the driver was controlling the velocity
of the simulator vehicle while it traveled through the reduced capability segment of the express-
way, i.e., the time delay experienced by the vehicle following the driver’s vehicle that occurred

" during the time period that started at the moment that the driver tock control of the lost function
(or functions) and ended at the moment that the AHS resumed control of the lost function(s). .
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The time delay, T, is given by the following equation:

(dy —d3y)
T=17"%2/ 5
v (3)

where: - ‘ ‘ _
d1  was the distance that would have been traveled by an automated vehicle if it was

traveling at the designated AHS velocity during the time period that started at the
moment that the driver took control of the lost function (or functions) and ended at
the moment that the AHS resumed control of the lost function(s).

dy  was the distance traveled by the driver’s vehicle during the time period that started
at the moment that the driver took control of the lost function (or functions) and
ended at the moment that the AHS resumed control of the lost function(s).

V. was the designated AHS velocity. -

It should be noted that when the lost function was control of the steering, the AHS continued to
control the velocity of the driver’s vehicle and that, in this case, T had to be zero. In contrast,
when the AHS did not control either the velocity or both the velocity and steering of the vehicle,
T could only be zero if the driver drove exactly at the designated AHS velocity, and would be
positive if the driver drove slower than the designated AHS velocity.

If the time delay is found to be relatively small, it should be because the driver drove at a speed
that was close to the designated AHS velocity; while, in contrast, if the time delay is relatively
large, it should be because the driver drove at a speed that was considerably slower than the des-
ignated AHS velocity. In order to explore these possibilities, the average speed of the driver’s
vehicle when the Resumption of Control advisory was issued at the end of the segment was com-
pared to the time delay that was obtained.

DATA ANALYSIS

The focus of the data analysis for the current experiment was on lane keeping and average speed.
The following data items were recorded in the current experiment:

«  Designated AHS velocity of the vehicles in the automated lane.

»  Track of the simulator vehicle.
»  Continuous plot of the velocity of the simulator vehicle.

28



«  Continuous plot of the position of the simulator vehicle.

»  Whether the driver’s vehicle collided with any other vehicles a.nd if so, when the
collision occurred.

+  Time at which the Reduced Capability advisory was issued (for the driver-con-
trolled method of transfer).

+  Time at which the Reduced Capability command was issued (for the situation-con-
trolled method of transfer). '

+  Time when the driver took control of the lost function(s).. |

» ' Lane changes made during the time that the driver was parually or complctely con-
trolling the vehicle.

»  Time at which the Resumpiion of Control advisory was issued.

In this experiment, the continuous data were sampled and collected at a rate of 30 Hz. Using
equations 1 through 4, the following lane-keeping measures were calculated for each driver in
each trial from these continuous data:

 Initial lane position—ajk
e Steering drift—bjk
»  Steering instability—/}k
»  Number of steering oscillations per' minute, i.e., the number of times per minute
that the vehicle crossed the line of best fit.

A five-way analysis of variance (ANOVA) was conducted for each of these lane-keeping mea-
sures. Each ANOVA compared one of the aspects of the steering ability of the driver—as mea-
sured by the lane-keeping measures—when he/she controlled only the steering (while the AHS
controlled speed) and when he/she controlled both steering and speed with the steering ability of
the AHS when it controlled steering (and the driver controlled speed). The latter condition is es-
sentially the baseline condition; by comparing it with the two conditions in which the driver
controlled the steering, it was possible to determine whether the way in which the driver steered
the vehicle was different from the way in which the steering was controlled by the AHS.

In addition to obtaining these measures of steering ability, the average speed while the vehicle
was in the reduced-capability segment and the average speed at the end of the segment were de-
termined for each driver in each trial. Additional five-way analyses of variance were conducted
for each of these velocity measures.

29



The statistically significant results that were found in the analyses of the lane-keeping and veloc-
ity measures are discussed in the subsections that follow. ‘ ‘

*Initial Position in the Lane at the Start of the Curve

The first measure to be analyzed was the initial position in the lane (ajk). It should be noted that
the value of aj; indicates the point at which the line of best fit for the track of the vehicle cuts the
perpendicular line across the lane at the start of the segment being analyzed—it is not the actual
position of the vehicle in the lane at the start of that segment. o

Table 4 lists the statistically significant effects that were found when the analysis of variance
(ANOVA) of the initial position in the lane (the ajf value) at the start of the curve was con- .

ducted. The complete summary table for this ANOVA is presented as table 19 in appendix 4.

Table 4. Summary of the statistically significant effects found by the ANOVA conducted to
determine whether the initial position in the lane at the start of the curve was affected by
the age of the driver, the designated AHS velocity, the control transfer method, the intra-string
gap, or the reduced-capability mode.

-~ Source p-value
Age of the Driver (A) 0.0033
Designated AHS Velocity (V) 0.0001
Control Transfer Method (T) 0.0001
Inta-String Gap (G) 0.0154
Reduced Capability Mode (R) 0.0001
AxR 0.0001
GxR 0.0345

As table 4 indicates, all five independent variables had significant effects on ajg. In addition, the
table shows that the variable of greatest interest in the current experiment—the reduced-capabil-
ity mode—was involved in two interactions: with the age of the driver and with the intra-string
gap. The discussion that follows deals first with these two interactions, then continues with a de-
scription of the effects of the control transfer method and the designated AHS velocity on the
initial position in the lane.

30



. The significant inter-

actions of the reduced-capability mode with the age of the driver and with the intra-string gap are
illustrated in figures 5 and 6, respectively. In both figures, the initial position of the vehicle in
the lane is expressed in terms of the offset from the center of the lane—if the initial position of
the driver’s vehicle is to the left of the center of the lane, then the offset will be positive; if the
driver’s vehicle 1s to the right of the center of the lane, the offset will be negative. -

The interaction between the reduced-capability mode and the age of the driver is explored in fig-
ure 5. The figure shows that at the start of the curve, when the AHS controlled the steering (i.e.,
when the driver controlled the velocity), the mean initial offset was to the left of the center of the
lane—the gk value was between +0.16 m (+0.53 ft) and +0.28 m (+0.92 ft).! In contrast, when
the driver controlled both the steering and the velocity, the mean initial offset was to the right of
the center of the lane—the ajf value was between —0.02 m (-0.07 ft) and -0.16 m (-0.52 ft).

For the third reduced-capability mode—when the driver controlled the steering (i.e., when the
AHS controlled the vélbcity)——the offset of the older drivers was quite different from the offset
of the younger drivers. In this mode, the older drivers had a mean initial offset that was to the
left of the center of the lane: ajx was +0.25 m (+0.82 ft)—a value similar to the offsets obtained
when the AHS controlled the steering. On the other hand, the younger drivers had a mean initial
offset to the right of the center of the lane—their mean gy value was —0.02 m (-0.06 ft), which

was in the same direction as when the driver controlled both the steering and the velocity.

The interaction between the reduced-capability mode and the age of the driver occurred because
the initial offsets were more to the left for the younger drivers than for the older drivers when the
steering was controlled by the AHS, but more to the right for the younger drivers than for the
older drivers in the other two reduced-capability modes.

1 Differences in the offset position of the vehicle from the center of the lane occurred for the older and younger
drivers when the AHS controlled the steering and the driver controlled the speed of the vehicle. This surprising
finding occurred because of the method by which the AHS controlled the steering—which is described on page 66—
and because of the way that this method interacted with velocity—see also the discussion on pages 67 through 69.
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Figure 5. Mean initial offset of the driver’s vehicle from the center of the lane, at the start of the
735-m (2410-ft) curve to the left, for both older and younger drivers, in all three reduced-
capability modes. [Note: When the mean value is positive, the offset is to the left of
the center line; when the mean value is negative, the offset is to the right of the center line.]

Figure 6—illustrating the interaction between the reduced-capability mode and the intra-string
gap—is very similar to figure 5. It shows that at the start of the curve, when the AHS controlled
the steering (i.e., when the driver controlled the velocity), the mean initial offset was to the left of
the center of the lane—the agj¢ value was between +0.21 m (+0.68 ft) and +0.24 m (+0.79 ft);
and that, in contrast, when the driver controlled both the steering and the velocity, the mean
initial offset was to the right of the center of the lane, with the aj; value between —-0.03 m

(=0.10 ft) and —0.15 m (-0.49 ft).
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Figure 6. Mean initial offset of the driver’s vehicle from the center of the lane, at the start of the
735-m (2410-ft) curve to the left, with both intra-string gaps, in all three reduced-capability
modes. [Note: When the mean value is positive, the offset is to the left of the center line; when
the mean value is negative, the offset is to the right of the center line.]

For the third reduced-capability mode—when the driver controlled the steering (i.e., when the
AHS controlled the velocity)—figure 6 shows that while the offsets were both to the left, their
magnitudes were distinctly different for the two intra-string gaps. The mean offset for the
smaller (0.0625-5) gap was +0.19 m (+0.63 ft)—similar to the offsets obtained when the AHS
controlled the steering—while for the larger (0.25-s) intra-string gap, the ajx value of +0.02 m

(+0.07 ft) was much smaller.

The interaction between the reduced-capability mode and the size of the intra-string gap occurred
because for the 0.0625-s intra-string gap, the initial offset was more to the right than the offset
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for the 0.25-s gap when the steering was controlled by the AHS, but more to the left for both
conditions in which the driver controlled the steering.

Coutrol Transfer Method. The effect of the method of ransferring control from the AHS to the
driver on the initial lane position of the driver’s vehicle at the start of the curve is illustrated in

- figure 7.
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0.10 <=

005 ==

0.00

ﬂ_

Offset from center of lane (meters)

005 < Situation- Driver-
' controlled : controlled
0,10 == transfer transfer

method method
-0.15 ==

-020

Figure 7. Mean initial offset of the driver’s vehicle from the center of the lane, at the start of the
735-m (2410-ft) curve to the left, for both control transfer methods. [Note: When the mean
value is positive, the offset is to the left of the center line; when the mean value is negative, the
offset is to the right of the center line.]

When the situation-controlled method of transfer was used, the mean initial offset was to the left
of the center of the lane—the a7t value was +0.15 m (+0.48 ft); in contrast, when the
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driver-controlled method of transfer was used, the mean initial offset was to the right of the cen-
ter of the lane—in this case, the gj; value was —0.03 m (-0.10 ft).

It should be noted that there was a considerable difference in the distance traveled in the stréight
section of the expressway before the start of the curve for the drivers in the two control transfer
groups. The drivers who used the situation-controlled method of transfer were unable to take
control of the lost function until the simulator vehicle was approximately 30 m (98.4 ft) away
from the start of the curve; while, in contrast, the drivers who used the driver-controlled method
of transfer could take control of the lost function as early as 20 s or as late as 30 m (98.4 ft) be-
fore the simulator vehicle arrived at the start of the curve.

Designated AHS Velocity. The effect of variations in the designated AHS velocity on the initial
lane position of the driver’s vehicle is illustrated in figure 8. The figure shows that at the start of
the curve, when the designated AHS velocity was 128.8 knyh (80 mi/h), the mean agj; value was

-0.02 m (-0.05 ft), so the initial offset was to the right of the center of the lane; when the desig-
nated AHS velocity was 153.0 km/h (95 mi/h), the mean a7 value was +0.17 m (+0.55 ft) and

the initial offset was to the left of the center of the lane,
Steering Drift

Steering drift was the second lane-keeping measure analyzed. The steering drift (b ) is the gra-
dient of the line of best fit for the track of the vehicle—it indicates the distance that the driver’s
vehicle has moved laterally across the lane as a function of the distance the vehicle has traveled
longitudinally along the lane.

Table 5 lists the statistically significant effects found when the ANOVA for the steering drift
measure was conducted. The complete summary table for this ANOVA is presented as table 20

in appendix 4. Table 5 shows that the only independent variable that had a statistically signifi-
cant effect on bJ —the reduced-capability mode—was, in addition, involved in two significant

interactions—one with the age of the driver, the other with the designated AHS velocity.
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Figure 8 Mean initial offset of the driver’s vehicle from the center of the lane, at the start of the

735-m (2410-ft) curve to the left, for both designated AHS velocities. [Note: When the mean
- value is positive, the offset is to the left of the center line; when the mean value is negative, the
offsct is to the right of the center line.]

Table 5. Summary of the statistically significant effects found by the ANOVA conducted to
determine whether the steering drift was affected by the age of the driver,
the designated AHS velocity, the control transfer method, the intra-string gap,
or the reduced-capability mode.

i Scurce I g-value
Reduced-Capability Mode (R) 0.0001

Age of the Driver (A) xR 0.0319
Designated AHS Velocity (V) x R 0.0009
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The significant interactions of the reduced-capability mode with the age of the driver and with
the designated AHS velocity are illustrated in figures 9 and 10, respectively. Irrespective of the ‘
initial position in the lane at the start of the curve, both of these figures indicate whether the
simulator vehicle tended to drift towards the left or the right of the lane as it traveled around the
curve. If the steering.drift (i.e., the bjg:value) was posit'Ne, the vehicle was drifting across the
lane from the right to the left; if it was negative, the vehicle was drifting from left to right.

Reduced-Capability Mode (With Age of the Driver), Figure 9 illustrates the interaction between
the reduced-capability mode and the age of the driver. When the AHS controlled the .Steeﬂng ‘
(and the driver controlled the velocity), the steering drifts for both younger and older drivers ~
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. | , , Steering &
0.0002 Steering . velocity
controlled | controlled
g by driver . bydriver.
0.0000 AN\ ye L Dyaiver -
. . ‘ | \\S_I Q ]
5 Steering . =
. g -0.0002 =  controlled - '
| i by AHS \
g -0000¢ +
-§° 0.0006 :
-0.0006
0.0008 \
' ¥ . ,
| &3 Younger drivers \
-0.0010 < . §\\ ‘
N Older drivers
. -0 001 2 e

». Figure 9. Mean steenng drift as the dnver s vehicle traveled around the 735-m
(2410—ft) curve to the left;:as a function of the rcduced-capablhty mode, for the older and
younger drivers. [Note: If the steering drift is positive, the vehicle was drifting from right to
left; if the stecrmg drift is negative, the vehicle was drifting from left to right; and if the steering
drift is zero, the vehlcle was travelmg parallel to or along the center line. ]
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were positive and relatively small—they were +0.00033 my/m (+0.00033 ft/ft) and +0.00008 m/m
(+0:00008 fu/ft), respectively. These steering drift values indicate that the vehicle undershot the
center line of the lane as it traveled around the curve. In contrast, for the two reduced-capability
modes in which the driver controlled the steering, i.€., both when the AHS controlled the velocity
and when the driver controlled the velocity as well as the steering, the steering drifts were nega-
tive and relatively large, with by values ranging between —0.00082 m/m (-0.00082 fi/ft) and:
-0.00115 m/m (-0.00115 fy/ft). These steering drift values indicate that in both reduced-capa-
bility modes, the driver tended to allow the vehicle to drift to the right and overshoot the center
line of the lane while steering the vehicle around the left curve.

Figure 9 also indicates why.there was an interaction between the reduced-capability mode and
the age of the driver. In the two conditions in which the control was split between the AHS and
the driver (i.e., when the AHS controlled the steering and the driver controlled the velocity, and
vice versa), the older drivers had more steering drift to the right than the younger drivers; when
the driver controlled both the steering and the veldcity, the younger drivers had more steering
drift to the right than the older drivers. S

Reduced-Capability Mode (With Designated AHS Velocity), Figure 10 illustrates the interaction
‘between the reduced—éapability mode and the designated AHS velocity. The figure shows that
for both designated AHS velocities, when the AHS cont_rolléd the steering of the simulator vehi-
cle, there were relatively small positive stecring drifts of +0.00008 m/m (+0.00008 fy/ft) and

+0 0()036 m/m (+0.00036 ft/ft) for the 128.8-km/h (80-mi/h) and 153.0-km/h (95- rm/h) desig-
nated AHS velocities, respectlvely, indicatin g that the sxmulator veh1c1e undershot the center line
of thc lanc as it traveled around thc curve.

In contrast, when the driver controlled the steering alone or controlled both the stéeﬁng and the
velocity, the drifts were larger and negative—they were —0.00070 m/m (-0.00070 ft/ft) and
~0.00109 m/m (-0.00109 fu/ft) for the 128.8-km/h (80-mi/h) and 153.0-km/h (95-mi/h) desig-
nated AHS velocmes, respectively, when the driver controlled the steermg alone; and

20.00093 m/m (—0 00093 f/ft) and -0. 00116 m/m (-0.00116 fi/ft) for the 128.8- km/h (80- tm/h)
and 153.0-km/h (95- rm/h) des:1gnated AHS velocities, respecuvely, when the driver controlled
both the steenng and ve10c1ty In each of these cases, the smulator vehlclc overshot the center
hne of the lane as it traveled around the curve.
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Figure 10. Mean steering drift as the driver’s vehicle traveled around the 735-m (2410-ft) curve
to the left, as a function of the reduced-capability mode, for both designated AHS velocities.
[Note: If the steering drift is positive, the vehicle was drifting from right to left; if the steering
drift is negative, the vehicle was drifting from left to right; and if the steering drift is zero, the
vehlcle was traveling parallel to or along the center line.]

The interaction between the rcduced-capability mode and the dcsignaied AHS vcloéity occurrcd
as figure 10 shows, because there was a greater dnft to the left at 153.0 km/h (95 mi/h) when thc )
AHS controlled the steering, but a greater drift to the right at that velocny in both condmons
when the driver controlled the steering.

Steeririg Instzibility |

The third lane-keeping measurc a.nalyzcd was thc steering 1nstab111ty {ie). I[k 1s a measure of the
vanablhty in streemg around thc line of best fit for thc track of the vehlcle

The ANOVA conducted on I]k the steering mstablhty, mdlcatcd that four of the mdcpendcnt
variables had statistically significant effects, and that in addmon there were two significant i in-
teractions—they are listed in table 6. The complete summary table for this ANOVA is presented
as table 21 in appendix 4.
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Table 6. Summary of the statistically significant effects found by the ANOVA conducted to
determine whether the steering instability was affected by the age of the driver, the designated
AHS velocity, the control transfer method, the intra-string gap, or the reduced-capability mode.

Source p-value
Age of the Driver (A) 0.0069
Designated AHS Velocity (V) 0.0001
Control Transfer Method (T) - 0.0070
‘Reduced-Capability Mode (R) 0.0001
A x T x Intra-String Gap (G) 0.0268
VxTxGxR 0.0178

As table 6 shows, four of the independent variables—the age of the driver, the designated AHS
velocity, the control transfer method, and the reduced-capability mode—had significant effects
on /jk. There were also two higher order significant interactions—one of which was a four-way

interaction that involved all of the independent variables except the age of the driver, while the
other was a three-way interaction among the age of the driver, the control transfer method, and
the intra-string gap. In the subsections that follow, the four-way interaction is discussed first.

S_mugﬁap)_, Flgure 11 illustrates thc interaction of the reduccd—capablhty mode—the variable of
particular interest in this experiment—with the designated AHS velocity, the control transfer
method, and the intra-string gap. The ﬁgure'is complex because it shows steering instability as a
function of the reduced-capability mode for each combination of designated AHS velocity, con-
trol transfer method, and intra-string gap. However, inspection of the figure reveals that there are
~ two relatively large effects. First, for all eight combinations of designated AHS velocity, control
transfer method, and i mtra-strmg gap, there was less steering instability when the AHS controlled
the steenng than when it was controlled by the driver. Second, for all 12 combinations of re-
duccd-capablhty mode, control transfer method, and mtra-stnng gap, there was less steering in-
stability when the designated AHS velocity was 128.8 km/h (80 mi/h) than when it was |
153.0 km/h (95 mi/h). These two effects are described in more detail in the two subsections that
follow this discussion. o ' | 2
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Figure 11. Mean steering 1nstab1hty as the driver’s vehicle uaveled around the 735 m (2410 ft)
curve to the left, as a function of the reduced-capability mode, for both desi gnated AHS ;
velocities, both control transfer mcthods and both intra- stnng gaps Yo

The effects of the method of control transfer and of the intra-sting gap were less clear cut. ‘First,
considering the method of control transfer, there was more stéén’ng instability associated with the
situation-controlled transfer method than there was with the drjver-controlled transfer method for
9 of the 12 combinations of reduced-capability mode, designated AHS velocity, and intra-string
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gap; while in the remaining 3 cases, there was more steering instability when the driver-con-
trolled. transfer method was used. The three exceptions occurred when the driver controlled:
(1) the steering alone with a 0.0625-s intra-string gap at a designated AHS velocity of

128.8 km/h (80 mi/h), (2) the steering alone with a 0.25-s intra-string gap at a des"i"gnated AHS
velocity of 153 0 km/h (95 mi/h), and (3) both the steenng and velocity with-a O 0625 -§ intra-
string gap ata desrgnated AHS velocrty of 153.0 km/h (95 mJ,/h)

SecOnd considering the intra-string gap, there was more steering instability associated with the
0.25-s intra-string gap than there was with the 0.0625-s 1ntra-stnng gap for 7 of the 12 combina-
tions of reduced-capability mode, designated AHS velocity, and control tra.nsfer method; while in
the remaining 5 cases, there was less steering instability with the 0.0625-s intra-string gap than
there was with the 0.25-s intra-string gap.

For two of the main effects involved in the four-way interaction shown in figure 11—reduced-

| capability mode and designated AHS velocity—each of their effects was in the same direction

~ for all combinations of the other three variables. Because these effects stand out so clearly, they
are discussed individually below. o

eduggd Capabili :x Qde, The effect, mentroned in the subsecuon above, that varying the re-
duced-capability rnode has on the steering 1nstab111ry can be seen clearly in figure 12. The figure
shows that the steenng mstabrlrty was only 0.13 m (0.43 ft) when the AHS controlled the steer-
ing (and the driver controlled the velocrty), the steering mstabﬂlty mcreased to 0.29 m (0.95 ft)
when the driver controlled only the steering (and the AHS controlled the velocrty) and the
steermg 1nstab111ty was 0 25m (0 82 ft) when the dnver controlled both the steering and the ve-
locity. - ‘ ‘

Designated AHS Velocity, The second effect—also mentioned abo\re——that varying the desig-
nated AHS  velocity has on the steering mstabrhty is illustrated in figure 13 The figure shows
that there was less stecnng instability when the dcsrgnated AHS vcloc1ty was 128 8 km/h
* (80 mi/h) than when it was 153 0 km/h (95 rmjh)—the mstabrhty values obtained with these
‘ desrgnated AHS veloc1t1es were 0 19 m (0 63 ft) and 0. 27 m (O 88 ft), respectively.
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f the Driver 1 Transfer nd In in Flgure 14 explores the three-
way interaction among the age of the driver, the Control transfer method, and the intra-string 8ap
that was found when the Ij values were analyzed. The figure shows that the older dnvers had
less sieering instability than the younger drivers in thre¢ of the four combinations of i mtra—stnng
gap and control tranisfer method. The older drivers had less steering 1nstab1hty than the younger
drivers when the intra-string gap was 0.0625 s and they transferred control usmg either the situa-
tion-controlled or the driver-controlled transfer mcthod as well as when the intra-string gap was
- 0.25sand they transferred control using the driver-controlled method. The excepnon occurrcd

~ when the situation- controllcd transfer method was combined with the 0.25-s gap—-m thls case,
the older dnvers had more steermg mstabxhty than the younger drivers. |
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Flgure 14. Mean steering mstablhty as the dnvcr s vchlclc travclcd around the 735-m (2410-ft)

“curve to the left, as a function of the intra-string gap, for the younger
and older drivers, and both control transfer methods : :



Steering Oscillations -

The fourth ll'ane-keepin g measure to be analyzed was the number of steeﬁng oscillatibns per | .
trxinute, i.e., the number of times pcr minute that the track of the vehicle crossed the line of best
fit. Table 7 lists the si gmﬁcant effects and interactions that were obtained when an ANOVA was
conducted on the rate at whxch steermg oscillations occurred when the driver was traveling
around the curve. The complete summary table for this ANOVA i is presented as table 22.in "

' .appendlx 4. .

Table 7 indicates that the age of the driver and the reduced-capability mode had statistically sig-
~ nificant effects on the number of steering oscillations per minute, and that there was a significant
interaction between these two variables. In addition, the table shows that the reduced-capability

Table 7. Summary of the statistically significant effects found by the ANOVA conducted to
determine whether the number of steering oscillations per minute was affected by the
. “age of the driver, the designated AHS velocity, the control transfer method,
the intra-string gap, or the reduced-capability mode

- Source ' p-value- . .
. Age of the Driver (A) ] . 0.0126
Reduced-Capability Mode(®)  |. ~ 0.0001 .
AXR | 00038
De51gnated AHS Velocuy xR - 0.0001

Control Transfer Method x Intra-S trmg Gap xR 00265 -

mode was also involved in iriteréetidns with the other three independeht‘variables—there‘ wasa
significant vtwo-way iriteraetioh‘involving the reduced-capability mode and the designated AHS
velocity, and a three-way interaction be(ween the reduced-capability mode, the control transfer
method, and the intra-string gap. These various interactions are discussed in the subsections that
follow.

3edug;d -Capability Mode (With Agg of ghe Dnvgr), Flgure 15 explores the. mteracnon between
the reduced-capability mode and the age of the drivers. As expected, the figure shows that when -

the steering was controlled by the AHS (and the driver controlled the velocity), there was essen-
tially no difference in the mean number of steering oscillations per minute that occurred with
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Figure 15. Mean number of steering oscillations. per minute as the driver’s vehicle
traveled around the 735-m (2410-ft) curve to the left, as a function
- of the reduced-capability mode, for the younger and older drivers.  :

younger drivers and with older drivers. However, there.was an interaction between the reduced-
capability mode and the age.of the drivers: When the steering or the steering and the velocity
were controlled by the driver, there were more oscillations per minute for the older drivers than -
for the younger drivers—20.1 and 21.5 steering oscillations per minute, respectively, for the
older drivers, and ' 15.9 and 17.4, respectively, for the younger drivers. .In contrast, there was es- ;
sentially no difference in the number of oscillations for the two age groups when the AHS con- ;
trolled the steering. ' ~ PR ‘

Reduced-Capability Mode (With Designated AHS Velocity). .The interactibn between the re-

duced-capability mode and the designated AHS velocity is explored in figure 16. The figure ..~

shows that when the steering was controlled by the AHS (and the driver controlled the velocity), |
there were more steering oscillations per minute when the designated AHS velocity was .
128.8-km/h (80 mi/h) than when it was 153.0 km/h (95 mi/h)—the mean number of oscillations
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F1 gure 16. Mean numbcr of stccnng oscﬂ]auons per minute as the dnvcr s vehicle traveled
a.round the 73S-m (2410 ft) curve to the left, as a function of the reduced- capablhty modc for
both de51gnated AHS velocities.

per ‘minute for these two velocmcs were 14.6 and 11. 5, respecnvely However, this finding was
reversed when thc driver controlled only the steering (and the AHS controlled the velocity). In .
this case, there were more oscﬂlauons per minute when the velocuy was 153.0 km/h (95 mi/h) -
than there were when the: velocuy was 128.8 km/h (80 mi/h)—the means were 22.1 and 16.6, re--

- spectively. And, when the driver controlled both the steering and- the velocity, there was no
statistically .s'.igniﬁcant difference in the mean number of steering oscillations per minute ob- " -
tainied for the two designated AHS velocities—there were approximately 18 for both of them.

" The three-way .
mteract10n among the- rcduced-capablhty mode ‘the control transfer method, and the intra-string:

gap is ﬂlustrated in. figure 17
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Flgure 17 Mean number of steering osc1llat10ns per-minute as the driver’s vehicle U'aveled
around the 735-m (2410-ft) curve to the left, as a function of the reduced-capabllxty mode, for
both control transfer methods, and both intra-string gaps.

As with figurevs 15 and 16, figure 17 shows that there were fewer steering oscillations per minute ~
when the AHS was controlling the steerin g of the simulator vehicle (and the d_river was control- .
ling its velocity) than there were when the driver was controlling the steering.

The reason that there was an interaction among the three variables was as follows: In the situa-
tions where the driver was cdntrolling only the steering and the situations where he/she was con-
trolling both the steering and the velocuy, the mean numbers of oscillations were essentially the
same (approx1mate1y 18. 5) for all combmatmns of control transfer method and for intra-string
gap. In contrast, when the AHS was controlling the steering, there were relatively few steering .
oscillations-(only 10.2) where the intra-string gap was 0.25 s and velocity control was transferred
from the AHS to the driver using the situation-controlled method; while there were more oscilla-
tions per minute (approximately 13.l3) where the intra-string gap was 0.0625 s and velocity
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control was transferred to the driver using either of the control trgmsfer methods; and there were .
still more oscillations per minute (15.9) where the intra-string gap was 0.25 s and velocity
control was transferred to the driver using the driver-controlled method.

Time Delay

Up to this point, the results that have been described all relate to steering control while the vehi-
cle was in the curved portion of the reduced-capability segment. Now, by turning to the time

delay measure, it is possible to determine if, and how, the velocity of the simulator vehicle was.
affected—however, this comparison was made for the whole of the reduced-capability segment,
~ including the straight portion that occurred before the curve. Table 8 lists the significant vari-
ables and interactions that were obtained when an ANOVA was conducted on the time delay.

The complete summary table for this ANOVA is presented as table 23 in appendix 4. |

Table 8. Summary of the statistically significant effects found by the ANOVA conducted to
- determine whether the time delay was affected by the age of the driver,
the designated AHS velocity, the control transfer method, the intra-string gap,
or the reduced-capability mode. :

Sourcé -value
Age of the Driver (A) , 0.0001
Designated AHS Velocity (V) | 0.0098
Control Transfer Method (T) 0.0001
Reduced-Capability Mode (R) 0.0001 .
AxV 0.0001
AxT 0.0167 .
AxR 0.0001
V x Intra-String Gap (G) 0.0191
TxR 0.0001
AxVxT 0.0056
AxVxR ' 0.0102
AxTxG 0.0099
"AxTxR , 0.0001
VxGxR 0.0019
~ AxVxTxR 0.0319
- AxTxGxR 0.0044

As table 8 shows, the ANOVA conducted on the time delay data indicated that four of the inde-
pendent variables, five of the two-way interactions, five of the three-way interactions, and two of
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the four-way interactions were statistically significant. The discussions in the subsections below
focus first on the two four-way interactions, then the four statistically significant main effects are

discussed.

Reduced-Capability M ith Age of the Driver. Control Transf nd Intra-Strin
Gap). Figure 18 illustrates the interaction involving the reduced-capability mode, the variable of
particular interest in this experiment, with three other variables—the age of the driver, the intra-
string gap, and the control transfer method. Inevitably, since it illustrates a four-way interaction, '
figure 18 seems complex. However, as the figure is inspected, several findings emerge.

The block of eight columns to the left of the histogram in figure 18 shows the mean time delays
that were obtained when the AHS controlled the velocity (and the driver controlled the steering);
the block of eight columns in the center shows the time delays obtained when the driver con-
trolled the velocity (and the AHS controlled the steering); and the block of eight columns to the
right shows the time delays obtained when the driver controlled both the velocity and the steer-
ing.

First, consider the block of ei ght Columﬁs' to the left in ﬁgure 18. Itis clear that these eight mean
time delays—obtained when the velocity of the simulator vehicle was controlled by the AHS
(and the steering was controlled by the driver)—for each of eight combinations of the age of the
driver, the control transfer method, and the intra-string gap, and which are practicallyl invisible
‘on the figure, were essentially zero.

Next, lconéider the block of eight columns in the center of figure 18. Each column represents the
mean tiine delay obtained when the driver controlled the velocity (and the AHS controlled the
steering) for one of eight combinations of the age of the driver, the desi'gnated AHS velocity, and
the control transfer method. The set of four columns to the left in this block shows the mean
time delays that were obtained by the younger drivers—of this set, the two to the right show es-
sentially zero mean time delays when the younger drivers gained control of velocity using the
situation-controlled transfer method; while the two to the left show mean time delays of 1.6 s and
1.0 s when the younger drivers gained control using the driver-controlled transfer method. The |
set of four columns to the right in the center block presents the mean time delays for the older -
drivers. For three of them, there were considcr:ibl'c time ‘delays'( 11.3 s, 10.0s,and 3.9 S)—thc
exception occurred with the combination of a 0.25-s intra-string gap with the situation-controlled
method of transfer (in this case, the time delay was only 0.8 ).
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of the reduced-capability mode, for the younger and older drivers, using both control transfer . .
_ ~ methods and driving with both intra-string gaps.. _

ST



The eight columns in the right of the hiStogram in figure 18 represent the time delays that oc-
curred when the driver controlled both the velocity and the steering. For two of the set of four
columns in the left of this block—both of which represent time delays obtained when the
younger drivers gained control using the driver-controlled ransfer method—and three of the set
of four columns in the right of the block representing mean time delays-obtained with the older
drivers, the time delays were in the range of 6.5 s to 11.4 s. The remaining three time delays
were smaller—the two delays obtained when the younger drivers gaihed control with the situa-
lion-controlléd transfer mcth'oci were 0.8 s and 1.0 s, while the third (2.7 s) was obtained from the
older drivers who had the 0.0625"s gap and the situation-controlled transfer method.

ility Mod

Transfer Method), Like figure 18, figure 19 also illustrates a four-way interaction that was found
when the time delay data were analyzed. In this case, there was an interaction involving the re-
duced-capability mode, the age of the driver, the de51gnated AHS velocity, and the control trans-
fer method ‘

. As with the previous figure, if figure 19 is inspected block by block, several findings émérgc., B
First, consider the block of eight columns at the left in the histogram in figure 18. They repre-
sent the, niean ﬁmc 'delays that were obtained (for the eight combinations.of the age of the driver,
the de51gnated AHS veloc1ty, and the control transfer method) when the velocity of thc simulator
vehicle was controlled by the AHS (and the steenn g was controlled by the driver). These eight
columns are almost 1nv181ble and after i mspcctmg them, it can be concluded that when the veloc-
ity was-controlled by the AHS, the s1mulator continued traveling at thc designated AHS velocity,
and the time delay was effectively zero—as it should be

Next, consider the block of eight columns in the center of figure 19. These represent the time de-
lays that were obtained when the driver controlled the velocity (and the AHS controlled the steer-
ing)—again, they were obtained for the eight combinations of the age of the driver, the desig-
nated AHS velocity, and the control transfer method. The set of four columns to the left in this
block indicates the mean time delays for the younger drivers. The time delays for three of these:
combinations: of dcmgnatcd AHS velocity and control transfer met.hod were of the same order of
magnitude as the time delay data in the first block of c1ght columns—and like them, they were
essentially zero. The excepuon occurred for the combination of the 128.8-km/h (80-mi/h) desig-
nated AHS velocity and the driver-controlled transfer method—the mean time delay for this
combination was 2.5 5. The mean time delays illustrated by the four columns in the right of this
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central block of ei ght were obtained by the older drivers—in contrast to the data for the younger
drivers, all four columns show time delays. For the older drivers who regained control of the
vehicle with the situation-controlled transfer method, these delays were 2.3 s and 3.0 s when the:
designated AHS velocities were 128.8 km/h (80 mi/h) and 153.0 km/h (95 mi/h), respectively—
time delays similar to the delay obtained for the younger drivers who experienced the driver-con-
trolled transfer method with the designated AHS velocity of 128.8 km/h (80 mi/h). However, for
the older drivers who regainéd control of the vehicle with the driver-controlled transfer method,
the delays were much larger—7.8 s and 15.4 s when the designated AHS velocities were

128.8 km/h (80 mi/h) and 153.0 km/h (95 mi/h), respectively.

Finally, consider the third block of eight columns in the right of the histogram in figure 19.
These columns represent the time delays that occurred when the driver controlled both the veloc-
ity and the steering. Again, the set of four columns in the left of this block Tepresents mean time
delays that occurred when the younger drivers controlled the vehicle. In this set, the two
columns to the left show that when control was transferred to the driver using the driver-con-

~ trolled method, the time delays were relatively large (7.7 s and 8.0 s) and, as will be seen shortly,
this pair of time delays was in the same range as the time delays obtained by the older drivers. In
contrast, the two columns to the right of the set for the younger drivers show that when the con-
trol was transferred to the driver using the situation-controlled method, the mean time delays
were still relatively small (0.4 s and 1.3 s). The mean time delays obtained for the older drivers
when they controlled both thie velocity and the steering are shown in the four columns in the right
of the block of eight—f;he mean tiine delays in these four columns were 7.4 s,11.5,3.5 s, and
64s.

Reduced-Capability Mode,  The main effect of varying the reduced-capability mode on the time
delay is shown in table 9. -

Table 9. Time delay associated with each reduced-capability mode.

Condition Time délay
Velocity and steering o B
controlled by driver . 5195
Velocity controlled by driver - 3.09s
Velocity controlled by AHS | 0.02s

(steering controlled by driver)
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As can be seen from the table, when the AHS controlled the velocity of the vehicle (and the
driver controlled the steering), the time delay was—as it had to be—virtually zero. In contrast, B
when the driver controlled the velocity (and the AHS controlled the steering), the average time
delay was 3.09 s; and, when the driver controlled both the velocity and the stecﬁng, the average
time delay was 5.19 s. '

Age of the Driver, The effect of the age of the driver on the time delay can be seen in table-10.
The table shows that the time delay for the older drivers was, on average, considerably greater
than the time delay for the younger drivers—the average time delays were 4.22 s and 1.27 s, re-
spectively. ‘ ‘

Table 10. Time delay for the older and younger drivers.

Condition , _ Time delay
Older drivers ‘ A - 422
Younger drivers . 127s

Desi ghg;gd AHS Velocity, The effect of the designated AHS velocity on the time dciay can be ‘
seen in table 11. When the designated AHS velocity was 153.0 km/h (95 mi/h), the time delay
was larger than it was when the designated AHS velocity was 128.8 knvh (80 mi/h)—the time'
delays were 3.09 s and 2.36 s, respectively. . o

Table 11. Time delay for both dcsignated AHS velocities.

Condition Time delziy B
153.0 km/h (95 mi/h) 3.09s
128.8 km/h (80 mi/h) 2.36's

Control Transfer Method, The effect of the method by which control was transferred from the
AHS to the driver can be seen in table 12. When the driver-controlled method of transfer was
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Table 12. Time delay for both control transfer methods.

Condition " Time delay
Driver-controlled 449 s
Situation-controlled 145

used, the time delay was relatively large (4.49 s); whereas, when the control was transferred
using the situation-controlled method, the time delay was relatively small (1.45 s).

- Time Delay and Ending Velocity

The various time delay effects discussed in the subsections above occurred because the driver did
not drive at the designated AHS velocity when he/she took control of the velocity. The relation-
ship between velocity and time delay can be seen by compaﬁng figure 19 with figure 20. Fig-
ure 20 shows the difference between the designated AHS velocity and the velocity of the vehicle
at the end of the reduced-capability segment, for each combination of the rcduced-capability
mode, the driver’s age, the designated AHS velocity, and the control transfer method.

As can be seen from the first block of eight columns in figure 20, when the AHS controlled the
vcloéity (and the driver controlled the steering), there were, of course, no differences in the des-
ignated AHS velocity and the velocity at the end of the reduced-capability segment. Similarly, in
figure 19, no time delays were found in the first block of eight columns. | 7

The differences between the designated AHS velocity and the velocity at the end of the reduced-
capability segment when the driver controlled the velocity (and the AHS controlled the steering)
are shown in the second block of eight columns in ﬁgurc 20. The first four columns in this block
of eight show the data for the younger drivers. When the designated AHS velocity had been
128.8 kmyh (80 mi/h) and the younger drivers took control using the driver-controlled transfer
method, they were driving 4.7 km/h (2.9 mi/h) slower than the dcmgnatcd AHS veloc1ty by the
end of the reduced-capability segment; and, as can be seen from the corrcspondm g column in
figure 19, there was a time delay of 2. 54 s for these drivers with the same combination of
conditions. In the remaining three cases for the younger drivers, their vehicles were traveling a
little faster than the designated AHS velocity at the end of the reduced-capability segment—this
was particularly noticeable when the designated AHS velocity had been 153.0 km/h (95 mi/h)
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and the younger drivers took control using the driver-controlled transfer mcthod In the latter
" case, as figure 19 mmcates there was a correspondmg negatwe time delay, Whllc in the other
two cases for the younger dnvers the time delays were essermally zero.

The second set of four_ columns in the central block of figure 20 shows that, in contrast, when the
older drivers controlled the velocity (and the AHS controlled the steering), there were velocity
reductions‘from the \)elocity at the start of the reduced'-capability segment (where the vehicle was
traveling at the designated AHS velocity) to the velocify at the end of the reduced-capability

. segment—the reductions ranged between 7. 20 km/h (4.47 mi/h) and 46.08 km/h (28.62 m1/h)
Similarly, as figure 19 shows there were correspondmg time delays that ran ged from 2.33 s to
15.35s. ‘ '

Finally, the veloc1ty differences that were found when the dnver controlled both the velocity and

* the steenng are shown i in the third block of elght columns in figure 20. In all eight cases, the ve-

locity at the end of the reduced capab1hty segment was less than the velocny at the start of the
reduced-capability segment (where the vehicle was travehng at the de31gnated AHS velocity).
The velocity reductions that occurred when the veh1cle was traveling through the reduced-capa-
b1hty segment ranged from 1. 80 km/h (1.12 mi/h) for the 'younger drivers using the dnver-con— '
trolled transfer method when the designated AHS velocity had been 153 0 km/h (95 mJ./'h) to.
37.44 km/h (23.25 mi/h) for the older drivers when they used the driver-controlled transfer
method and the designated AHS ve'loeity had been 153.0 ka/h (95 mi/h). ‘The pattern of mean.
velocity\ differences shown in figure 20 1s mirrored by the time delay data already seen in fig- |
ure 19, where the range of time delays was from 0.43 s for the younger drivers using the driver-
controlled transfer method when the designated AHS velocity had been 153 0 km/h (95 mi/h), to
11.53 s for the older drivers when they used the dnver-controlled transfer method and the de51g-
nated AHS veloc1ty had been 153 0 km/h (95 mi/h). '

VISUAL CA»PABILITIES TESTING e

The Titmus Vision Tester was used to administer a series of standard visual tests. The drivers
taking part in this experiment did not have any visual problems that could not be remedied by :
wearing corrective lenses Each driver was also given two newly developed tests—they were
tested with a perimeter that explored static and dynamic penpheral sensitivity outio 21°ofec-
centricity, under binocular viewing conditions. Initial comparison of the data from the dnvers .
who took part in this experiment with data from ophthalmological patients examinedin the -
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University of Jowa Hospitals mdrcated that the penpheral sensmvmes of the dnvers were typrcal
of normal SUb_]CCtS drawn from the populauons of equivalent age groups. "

QUESTIONNAIRE DATA

A copy of the quesuonnalre used in the multiple expenment 1s presented in appendrx 3—1t con- h
sisted of 31 questions. After questions 1 through 26 and 30, a 103-mm response bar was pre-
sented. At each end of the response bar, there were anchor pomts reflecting the extremes of each
possible response to the questions posed. A thlrd anchor pomt was placed in the middle of the
bar to reflect a neutral value between the two extremes The dnvers were asked to mdrcate therr
responses by marlcmg the bar. Each response was measured, in mllhmeters, from the left end o
the mark made by the driver. Scores between zero and 51 mm reflect responses that favor the . |
extreme (o the left—the closer the score is to zero, the more it favors the extreme posmon .
Scores between 52 mm and 103 mm reflect responses that favor the extreme to the nght—the
closer the score is to 103 mm, the more it favors the extreme position. The Ineu_tral point was
‘between 51 mm and 52 mm. - | | * '

A series of ANOVA's was conducted on the data obtained for questions 1 t‘hrough‘v26 and 30.
The results of the analyses for many of these quesnons are presented in the reports dealing wrth
the other three experiments that, along with the current expenrnent were part of the mulnple ex-
periment. Table 13 lists each of the questions, the toprcs that they cover, and the. reference num-

-bers of the report(s) in WhICh the responses are presented

The results of the analyses for quesnons 14 throu gh 17 and for question 22 (a and b)—all of
which deal with reduced AHS capab1hty——are presented below.

Dealing With Reduced AHS Capabi!ity

Questions 14 through 17 and question 22 (a and b) addressed how the drivers dealt with the seg-
ment of the expressway in which the capability of the AHS was reduced. . ANOVA’s were con-
ducted on the responses o these qnesnons in order to determine whether. the reduced capabrhty :
mode the method of transferrmg control, or the age and/or gender of" the driver had an effect on
the responses. The ANOVA’s indicated that for questions 14 and: 16 the gender of the dnver
significantly affected the responses (at the p= 0.0486 and p=0. 0186 levels respectively). -

Table 14 shows the‘response.s to these questions nyeraged over the age of the driver; the *
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_Table 13. Reference numbers of reports in which questionnaire responses are presented.

Number of report containing

Question Topic response!
1 Simulator experience 3)
2 Simulator realism ° - (3)
-3 Simulator realism 3)
4 - Simulator realism (3)
5 “Simulator realism 3)
- 6 Simulator experience 3)
7 AHS messages 3y

- 8 . AHS messages (3)

9. Control - 3)

L 10 Control 3)

11 - Inter-string gap ?3), @
12 Designated AHS velocity 3@
13 Accuracy of the comfort lever 4 .

- 14 Reduced AHS capability current report
15 Reduced AHS capability: current report - -
16 Reduced AHS capability current report”

17 Reduced AHS capability current report’
18 Safety and resumption of manual control (5)
19 , Safety . - [©))
20 Attitude toward AHS 3)
21 Attitude toward AHS . - 3)

- 22a - Reduced AHS capability current report -
22b . Reduced AHS capability current report
22¢ Attitude toward AHS 4

23 Attitude toward AHS (3).4)
24 - Attitude toward AHS 3), @)
25 . Attitude toward AHS (3), @ -
26 ~ Attitude toward AHS C(3),4)
30 Cruise control . current report

1 N umber in parentheses refers to reports listed in the references at the end of the current report.

reduced capabxhty mode, and the method of transfemng control For quesuon 14, both the male
and ferale dnvers gave responses mdlcatlng that they felt in control of the situation when they

. received the reduced- capability advisory—the males indicated that they felt more in control of

: ,the sxtuatmn than the females did. For quesuon 16, both the male.and female drivers gave re-
sponses 1ndlcanng-that they feltit was easy to fill in for the system-—with the males indicating .
that they felt it was easier than the females did. There were no statistically significant differ- -
ences for questions 15 17; and 22 (aand b)—the mean. responses to these questions, averaged -

' over all vanables are prcsented m ‘table 14.
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Table 14. Questions dealing with reduced AHS capability.

Male - Female

{Question o - e ~ Drivers ~ Drivers
14. To what extent did you feel in control of the situation
‘when you ICCCIVCd the Reduced Capab111ty advnsory" ‘
L.Notatall - ’ : - ;
~* R.Toa great extent : - ' - 746 - 61.9
'Question L B : : | Overall Meah
15. How successful do you feel you were at filling in during the lost | '
~ capability section? '
L. Very unsuccessful = . L :
R. Very.successful . : - o 712
- Male '-Fefnale ]
Question ‘Drivers . Drivers

16. How easy was it to fill in for the system during the lost |
capability section?

- L. Noteasy to fill in : ) S o

- R.Easytofillin = = B L 79.0 64.2

.| Question ’ o L - "|'Overall Mean
'17. When you received the Resumption of Control messagc did the S
- transition back to automated control go smomhly‘? :
L. Not at all- o ‘ S s
-R. To a great extent . o 83.7
- | 22. (a) During the portion of the drive where your speed was. : - '
| automatically controlled, but you had control of the steenng, how
did this feel? , _
L. Very uncomfortable . ,
R. Very comfortable L | 59.3
'122. (b) During the portion of the drive where your steering was '
- automatically controlled, but you had control of your speed, how
did this feel? _

L. Very uncomfortable _ ‘ ,
- R. Very comfortable 3 B ‘ L ' a 77.9

The responses to question 15 indicated that the drivers thought that they were successful at filling
in during the reduced-capability section of the expressway. Similarly, the responses to ques- )
tion 17 indicated that after receiving the Resumption of Control message they believed that the
transition back to the AHS went smoothly. - '
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It was expected that in the reduced-capability section of the expressway, those drivers who had
control of the steering but not the velocity—as if they were using cruise control—would be more
comfortable than those who'faced the unfamiliar situation of having control of the speed but not
the steering. However, as table 14 shows, the results of question 22 (a) and (b) suggest that this |
did not occur—those drivers who had control of the steering, but not velocity, were only slightly
comfortable; while those who had coﬁtr‘ol of the spécd, but not steering, were clearly more com-
fortable. ‘

Cruisé Control.
The responses to question 30, which dealt with cruise control, are presented in table 15. The
ANOVA conducted on these responses showed that the older drivers were more likely to use

cruise control on their own vehicles than the younger drivers—this result was significant at the
p=0. 0048 level. e

Tablle 15. Cruise control.

o - R L . | Younger Older ;
Questlon o ' : Drivers Drivers
30.- How often do you use the cruise control on your vehlcle'?

L. Hardly ever ¥ : -
R. Very often : L . 649 83.1
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SECTION'qf, DISCUSSION

DEALING WITH REDUCED CAPABILITY IN AN AUTOMATED HIGHWAY
SYSTEM ‘

The objective of this experiment was to determine the effectiveness of the driver of a vehicle
traveling in the automated highway 'systerh when he/she was required to take parﬁal or full con-
trol when the vehicle arrived at a segment of the exptess'way i which the AHS capability was
reduced—the AHS no longer controlled the ‘llane keeping function, or the velocity control func-
tion, or both the lane -keeping and velocity control funcﬁons As it ‘approached the start of the
reduced capablhty segrnent the driver’s VCthle was in the automated lane and was under the
control of the AHS. It was pcsmoned behind the lead vehicle of a string of three vehicles, and ,
was traveling at either 128.8 km/h (80 mi/h) or 153.0 km/h (95 mi/h). When the vehicle arrived
at the start of the segment of expressway in which the functionality of the AHS was reduced, the.
driver had to take com:rol of the steenng, or the velocity, or both the steermg and the velocny of
the vehicle. Driving performance data were obtained. from 60 drivers.

The le}\gth of the reduced- eap'ability segment was 810 m (2656 ft), and most of it was on a curve
that veered to the left of the driver. The length of the curved portion of the segment was 735m
(2410 ft). The primary compansons of interest were between the ability of the driver and the
AHS to steer around the curve and to maintain the velocity of the vehicle. The lane- -keeping per-
formance data were analyzed using newly developed lane- -keeping performance measures.(®)
And, the extent to which the driver was able to maintain the velocity of the vehicle in the
reduced-capability segment was determined from time delay data. (1 2.3)

The lane-keeping performance data and time delay data were analyzed in a series 6f ANOVA’s
that compared the driving perfornian_ce obtained with each of the three reduced-capability modes.
The individual results of these apa]yses were presented in the previous-se_cﬁbn of this report. Not
all the statistically significant effects that were found are of dperation'al importance. Only those
effects that appear to be of partlcular relevance to the AHS and its operanons are dlscussed in
thlS section.’ ‘ '

Lane-Keeping Performance and Réduced AHS Capability

In the first of the three reduced-capability modes, the driver contrbiied the steering of the simula-
tor vehicle while the AHS continued to control its velocity; in the second, the driver controlled
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the velocity of the vehicle, while the AHS controlled the sie_e;-ing; and in the third, the driver con-
trolled both the steering and the velocity. Four lane-keeping measures were used to determine
steering performance as the vehicle traveled around-the curved portion of the reduced-capability
segment. These lane-keeping measures were analyzed individually in a series of ANOVA’s that
compared the steering performance obtained with each of the three reduced-capability modes. In
this section, the initial positién in the lane and the steering drift (and their product), the steering
instability, and the number of steering oscillations are considered together. Table 16 allows a di-
rect comparison of lane keeping-to be made for all three reduced-capability modes.

Table 16. Comparison of lane-keeping perfonhénéc for the dlrcé reduccd-caf)ability modes.

'AHS controlled . Driver Driver
| steefing (driver [ controlled -controlled both
~ controlled “steering - | steering
~ velocity) (AHS and -
" - controlled - velocity
, : velociiy)
(1) Position of vehicle relative | +0.22m +0.10 m -0.09m
" tocenterof lane at startof |  (+0.73ft) . (+0.34 ft) (-0.29 ft)
curve—the g, value to left of center | to left of center | to right of center
(2) Steering drift—the 4000021m | -0.00090m | -0.00104m
b, value (+0.00069 ft) | (-0.00294ft) | (-0.00341ft)
(3) Total drift in curve +0.15m —0.66 m -0.76 m
—the b, valuemultiplied | o516 | (-2.17f) (-2.51 ft)
by 735 m , to left to right to right
4 P_osition of vehicle relative | C+037m -0.56 m -0.85m
to center of lléne at end of | (+1.24 ft) (-1.83 f) (-2.80 fr) .
. segment (lin‘é 1 plus line Dl to léft of center | toright of'ccnter to right of center
(5) Undershoot/overshobt | . undershoot \ ovérshoot overshoot
(6) Steering instability | 0.13m (0.42 ft) | 0.29 m (0.96 f1) | 0.25 m (0.83 f1)
(7) Oscillations per minute 14.03 19.29 17.96

The first line of thc_table' shows the position of the simulator vehicle relative to the center of the
lane at the start of the curve for each of the reduced-capability modes (averaged over the remain-
ing four independent variables—the age of the driver, the designated AHS velocity, the control
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transfer method, and the intra-string gap). For both reduced-capability modes in which the driver
controlled the steering, the average position of the center of the simulator vehicle was closer to
the center of the lane at the start of the curve than it was for the mode in which the stecrihg was
controlled by the AHS.

The second line of table 16 shows the steering drift in terms of bik, the averagc gradient of equa-
tion 1. Line 3 shows, for each of the reduced-capability modes, the aﬁerage extent to which the
simulator vehicle drifted across the lane from the start to the end of the curve, i.e., it shows the
prodﬁct bjrx, where x is 735 m (2410 ft), the distance traveled in the curve. For both conditions
in which the driver controlled the steering, the drift across the lane was in a different direction
than it was for the case where the AHS controlled the steering; for the first two cases, there was
an overshoot relative to the center of the lane; for the latter, there was an undershoot. In addi-
tion, the magnitude of the drift was at least four times greater when the driver controlled the |
steering—the steering drift from the beginning to the end of the curve was 0.66 m (2.17 ft) to the
right of the lane when the driver controlled the steering alone, and 0.76 m (2.51 ft) to the right
when the driver controlled both the steering and the velocity, as opposed to a steering drift of
0.15m (0.51 f1) to the left when the AHS controlled the steering.

Line 4 in table 16 shows the position of the vehicle in the lane at the end of the cuw¢;thc val-
ues shown here are the sum of the initial position in the lane (from line 1) and the broduct bikx
(ffom line 3). The simulator vehicle was 0.37 m (1.'24‘ft) to the left of the center of the lane at
the end of the curve when the stgeﬁn g was controlled by the AHS; in contrast, it was 0.56 m
(1.83 ft) to the right when the driver controlled the stccﬁng alone, and 0.85 m (2.80 ft) to the
right when the driver controlled the velocity as well as the steering. This means, as line 5 in the
table shows, that the small steering drift obtained when the AHS controlled the steering resulted
in the vehicle slightly undershooting the center of the lane, whereas the more substantial steering
drifts that occurred in both conditions in which the driver controlled the vehicle produced con-
siderable overshoots of the center of the lane.

The remaining two lines (6 and 7) in table 16 compare the steering instability and number of
oscillations per minute for the three reduced-capability modes. Line 6 shows that the steering .
instability was apprqiiquately' halved when the steering was controlled by the AHS—the instabil-
ity was 0.13 m (0.42 ft) when the AHS controlled the steering, while it was 0.29 m (0.96 ft)
when the driver controlled the steering alone, and 0.25 m (0.83 ft) when he/she controlled both

. steering and velocity.- Finally, line 7 shows there were fewer oscillations per minute when the
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AHS controlled the steering (14.03) than there were when the driver controlled the steering alone
(19.29) or the steering and velocity together (17.96).

It is of note that when the driver was controlling the steering alone and the AHS controlled the
velocity—a driving situation similar to that experienced currently by a driver using cruise control
in normal driving—the total steering drift while the vehicle traveled around the curve was less
than the total drift obtained when the driver was controlling both the steering and the velocity, as
in normal driving. ‘ '

It was to be expected that the steering would be controlled more precisely by the AHS than it
would be by a human driver. This proved to be the case—there was at least four times as much
 steering drift and twice as much steering instability, and there were more steering oscillations per
minute when the driver controlled the steering than when the vehicle was controlled by the AHS.

In contrast, ét first it may seem surprising that at the beginning of the curve, the AHS positioned
the vehicle twice as far from the center of the lane as did the driver. To explain why the AHS
positioned the vehicle as far away from the center of the lane as it did at the start of the curve, it
is necessary to examine how the AHS controlled steering. Every 1/30's, the AHS selected a -
point along the center line of the lane that was a fixed distance ahead of the vehicle’s front
bumper—30 m (98.4 ft) was the fixed distance in this experiment. Then the AHS steered the car
toward that point. Most of the time when the vehicle was traveling along a straight portion of the
expressway, the steering point being used by the AHS lay on a line passing through the center of
the lane. However, when the vehicle was so close to the start of the curve that it was within the
30-m (98.4-f1) fixed distance, the direct line from the center of the car to the steering boim no
longer lay on the line passing through the center of the lane—instead it was offset to the left (i.e.,
in the same direction that the curve veered). Then, as the car got closer and closer 1ohgitudinally
to the start of the curve, the AHS moved it laterally farther and farther away from the center of
the lane. '

This method of automatic steering—directing the vehicle toward a steerin g point ahead on a line
that passés through the center of the lane—will always produce an undershoot relative to the
center of the lane when a vehicle travels around a curve. The undershoot will be greater if the
fixed distance is increased, and it will be reduced if the fixed distance is reduced. Also, if the
vehicle were to travel around the curve at a relatively high velocity, then the distance between
successive steering points would increase, producing a corresponding increase in the magnitude
of the undershoot. In Confrast, if the vehicle were to travel around the curve at a relau'vély low
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velocity, the distance between successive steering points would decrease and, in turn, the magni-
tude of the undershoot would also decrease.

When the driver controlled thc stcenng—whcther controlling the steering alone, or the stcermg
and the velocity together—Dby the time the vehicle had reached the end of the curve, it had over-
shot the center of the lane by a considerable amount. While the vehicle traveled 735 m (2410 ft)
longitudinally around the curve, the total steering drift was 0.66 m (2.17 ft) laterally across the
lane when the driver controlled the steering alone, and 0.76 m (2.51 ft) when the driver con-
trolled both steering and velocity. The most extreme offset from the center of the lane occurred
at the end of the curve when the driver controlled both the steering and the velocity—in this case,
the center of the simulator vehicle was 0.85 m (2.80 ft) to the right of the center of the lane. In
itself, this need not be a problem—given a nominal passenger car width of 1.68 m (5.5 ft) and a.
lane width of 3.66 m (12 f1), if the center of the vehicle was 0.85 m (2.80 ft) to the right of the
center of the lane, the edge of the vehicle Qould still have a clearance of 0.14 m (0.46 ft).
However, these results suggest that it would be unwise to reduce the lane width of the eXpress-
way for any reason (e.g., to accommodate more AHS lanes), since then there would be a strong
possﬂ)lhty that the driver’s vehicle could drift out of lane and, when the curve is to the left,
encroach into the center lane, threatening the traffic in it. (It is to be noted that in some AHS
scenarios, a barrier separates the automated lane from the unautomated lanes. In that case, the :
drift just discussed, coupled with a narrower-than-conventional lane, éould lead to the vehicle
-striking the barrier.) o '

Lane-Keeping Performance and Desigfnate.dl AHS Velocity

Table 17 presents a cor‘npé.riéoh of the four lane-keeping measures for the two designated AHS
velocity conditions. Asit shows—and as might be expected—it was harder to steer the vehicle
when the dcmgnatcd AHS velocity before the driver took full or partial control of the vehicle was
153.0 km/h (95 mi/h) than when it was 128.8 km/h (80 mi/h). The steering drift and the steermg
1nstab111ty were greater in all thre¢ reduced-capability conditions for the 153.0-km/h (95- ml/h)
de51gnated AHS velocuy In addition, the number of steering oscillations per minute was greatcr '
for the higher designated AHS velocity when the dnver com:olled steermg alone and when |
he/she controlled both steering and veloc1ty |

As mentioned in the previous section, the method of automating the ‘steerir'lg that was used in this
experiment, i.e., to steer the vehicle by directing it toward a steering point ahead on a line that
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Table 17. Conipaﬁson of lane-keeping performance for tHe two desi griated ‘AHS velo'cities.‘

Reduced-capablhty mode
4 - Steering & "
e Steering Steering  velocity’
Lane-keepmg ~ Designated controlled by | controlled by | controlled by
~ measure AHS velocity [ -~ AHS - driver ‘driver
| 1 +0120m | —0.005m -0.154 m
C | 1288kmm || (+039fp) (-0.02 fr) (-0.51 fr)
Initia! lane (80 mi/h) to left 10 right to right
position | 153.0kavh +0.344 m +0.213m ~0.020m
o (95 mi/h) (+1.13 fo) (+0.70 f1) (-0.07 fr)
' L  toleft to left to right
©40.00008m | -0.00070m | -0.00093m
o 128.8knvh | (+0.00027f) | (-0.00229fr) |- (-0.00305 fr)
Steering - | ' (80 mi/h) _ to left  toright toright
drift 153.0kmv/h | +0.00036m | -0.00109m | -0.00116m
B (95mih) | (+0.00118f) | (-0.00358ft) ‘| (-0.00379 fi)
o ~ toleft toright toright
1288kmvh * | 0.085m 0.262m 0.220 m
Steering . (80 mi/h) (0.279 ft) (0.858 ft) (0.722 ft)'
instability  |. 153.0 km/h 0.180m 0323 m 0286 m
e (95 mi/h) (0591 ft) (1.058 ft) (0 937 i)
‘Steering 128.8 km/h o B
‘oscillations | (80mih) || . 1463 16.64 17.44
per minute 153.0 km/h | _
‘ (95 mi/h) 11.49 22.10 18.47

passes through the center of the lane—will alvi/ays produce an undershoot relative to the center of
the lane when a vehicle travels around a curve. Also, if the steering point is a fixed distance
ahead of the vehrcle thc undershoot wxll be greater for a vehicle traveling around the curve at a
relatrvely hlgh veloc1ty than fora vehicle travchn g around it ata relatively low velocuy This is
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the reason why in thlS expenment both the initial position in the lane and the steering drift were
greater when the veloc1ty was 153.0 knvh (95 mi/h) than when it was 128.8 km/h (80 mlfh)

Lane-Keeping Performance and Age ’of the Driver :

| Vanatlons 1".‘7_'the. age of the driver had less effect on lane-keeping performance- than d1d the
‘reduced- capablhty mode and the designated AHS velocny Nevertheless, as shown earher in the
results section, this independent variable was involved in several statistically significant

interactions.

When the driver controlled the sieering alone, at the start of the cﬁrve that veered to the left, the
older driver positioned the vehicle 0.25 m (0.82 ft) to the left.of the center of the lane—this may
have been an anticipatory response by the experienced driver—while the younger driver posi-
tioned the'vehiCIe in the center of the lane. When the driver controlled both steering and veloc-
ity, the difference between t;he older and younger drivers was of similar magnitude, although -
o both responses were shifted to the nght. In this case, at the start of the curve, the older driver
~ positioned the vehicle virtually at the cénter of the Iane, while the younger driver posmoned it
0.16 m (0.52 f1) to the right. Tt is not clear why there was a difference in the initial offsets

" between the two modes, althou gh it should be noted that (as will be discussed in the subsection-

o “on Velocity Control and Reduced AHS Capability later in‘this‘secdon) When the driver con-

~ trolled both functions, he/she drove at a slower speed than the designated AHS velocity that was
~maintained by the AHS when the driver controlled the steering alone. : R
One of the few relatively clear effects involving the age of the driver was that there was slightly

less steering instability for the older driver than there was for the younger driver—0.21. m '
- (0.69 fr) vs. 0.24 m (0.80 f1), respectively. This was associated with there being more steering

;;(;)sc‘:illations per minute for the older drivers than there were for the younger drivers (18.45 vs.

o 15 87 respectively) This combination of results—less'steering instability with more steering

8 osc111at10ns-—suggests that the older drivers may have been paying closer attention to the task of
' bsteenng than the younger drivers. '

It might have been expected that when the AHS controlled the steering, there would have been

~ no difference in lane keeping between the older and younger drivers.. However, as already dis-
cussed in the subsection on Lane-Keeping Performance and Reduced AHS Capability, the

. method of automatic steering used in ;his experiment—steering the vehicle toward a point a fixed
distance ahead on a line that passes through the center-of the lane—is bound to produce an
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-undershoot relative to the center of the lane when a vehicle travels around a curve; and further-
more, the ‘n‘iagﬁitude of that undershoot will be greater for a vehicle traveling at a relatively 'high
velocity than for a vehicle travéling around it at a relatively low velocity. It will be shown—
once again in the subsection on Velocity Control and Reduced AHS Capability that is to be
found later in this section—that the older drivers drove at a slower speed than the younger -
drivers. And it is because the older drivers drove slower when the AHS controlled the steering
that there was, in fact, a difference in steering performance for the older and younger drivers— -
even though neither were actually controlling the steering. For this reduced-capability mode, the
initial offset to the left, the steering drift, and the steering instability were all smaller for the older
drivers than they were for the younger drivers. ' :

‘Lane-Keeping Performance, Intra-String Gap, and Control Transfer Method

As with the age of the driver, the intra-string gap and the control transfer method were involved
in a number of statistically significant intéractions. They are of minor importance as far as the
implementation of an AHS is concerned and, as a result, are not discussed further here.

Time Delay, Velocity Control, and Reduced AHS Capability

Tnspection of the time delay data’'shown in figures 18-and 19 shows that there was more time de-
lay associated with the reduced-capability mode in which the drivers controlled both the steering
and the velocity than in the mode in which they controlled the velocity alone. Closer inspection
revealed that the difference in the time delays occurred for the younger drivers, but not for the

“older drivers, who had time delays of similar magnitude in both conditions. As was shown by
comparing the time delay (in figure 19) and the difference in velocity at the beginning and at the
end of the reduced-capability segment (figure 20), time delay is directly related to the velocity of
the vehicle with each of the reduced-capability modes—the greater the time delay, the slower the
velocity must have been. A second measure of the extent to which the velocity was reduced '
from the designated AHS velocity—the average velocity throughout the reduced-capability seg-
ment—is shown in table 18 for each combination of the age of the driver, designated AHS veloc-
ity, and reduced-capability mode. .

First, and most obvi‘ously, table 18 shows that when the driver controlled the steering alone, the
AHS kept the vehicle at the designated AHS velocity—as it was programmed to do. -
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‘Second, table 18 shows that when controlling both the steering and the velocity, the older drivers
drove at a similar speed—just over 105 km/h (65 mi/h)}—whether the designated AHS velocity
had been 128.8 km/h (80 mi/h) or 153.0 km/h (95 mi/h). In addition, when controlling the ve-
locity (while the AHS controlled the steering), the older drivers drove at a similar speed—-just
over 106.6 km/h (66.2 mi/h)—when the designated AHS velocity was 128.8 kmvh (80 mi/h); and
only a little faster—111.5 km/h (69.2 mi/h)—when the designated AHS velocity was 153.0 km/h
(95 mi/h). In contrast, the pattern for the younger drivers was rather different. When controllinig
- both the steering and the vélocity after the designated AHS velocity had been 128.8 km/h

, (80 mi/h), the younger drivers’ speed—112.0 km/h (69.6 mi/h)—was only a little faster than the
older drivers’ speed had been. However, for the same reduced-capability' mode, after the
designated AHS velocity had been 153.0 km/h (95 mi/h), the younger drivers’ speed—

129.0 kmv/h (80.1 mi/h)}—was considerably faster than that of the older drivers.

Table 18. Average vélocuy while the vehicle traveled in the reducéd—capablhty segment of the
expressway for both dnver age groups, both designated AHS velocities, and all three reduced- '

(65.7 mi/h)

capability modes.-
, L Age of the Driver
Reduced-Capability ‘Designated AHS | N |
Mode . Velocity . . | Older Drivers Younger Drivers |
AHS controlled - 128.8 km/h " 106.6 km/h 1240km/mh
steering - - (80.0 mi/h) -(66.2 mi/h) (77.0 mi/h)
' (driver controlled | . 153.0km/h " 111.5 kav/h 153.6 knvh -
__ velocity) (95.0 mi/h) - (69.2 mi/h) (95.4 mi/h).
_Drivercontrolled | . '1288km/h » 1285 km/h  1284km/h
_ steering (80.0 mi/m) . ~ (79.8 mi/h) (79.8 mi/h)
(AHS controlled | 153.0 km/h- | 1532 kmvh - 153.2kmh
- velocity) (95.0 mi/h) (95.2 mih) (95.1 mi/h)
| Driver controlled | - 128.8km/h - 105.1 km/h 112.0 km/h
‘both _ (80.0 mi/h) (653 mi/h) (69.6 mi/h)
steering and 153.0 km/h 105.8 km/h 129.0km/h - -
velocity ' (95.0 mi/h) (80.1 mi/h)
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Third, when the mode in which the driver controlled the \}elocity (while the AHS controlled the
steering) is considered, the difference between the younger and older drivers can be seen to
increase. The younger drivers drove considerably faster—124.0 km/h (77.0 mi/h) vs. 106.6 km/h
(66.2 mi/h)—when the designated AHS velocity was 128.8 km/h (80 mi/h); and then, when the
designated AHS velocity was 153.0 kivh (95 mi/h), the younger drivers drove so fast that their ‘
average speed, 153.6 km/h (95.4 mi/h), was higher than even the designated AHS velocity (as
compared with an older driver’s average velocity of 111.5 km/h [69.2 mi/h]). It was surprising
to discover that when performing the unfamiliar task of controlling only the velocity of the
vehicle (while the AHS continued to control the steering), the younger drivers drove faster than
when they were controlling both the steering and the velocity, as in normal driving. The older
drivers also drove at speeds that were higher when controlling the velocity alone than when
controlling both the velocity and the steering—although the difference was not nearly as large as
it was for the younger drivers.

It should be noted that in the experimental instructions, the driver was asked “. . . to fill in for the
S ystem, until the lost capability is restored” (passage D.1 in the video narrative), while the simu-.
lator vehicle traveled through the reduced-capability section of the expressway. In addition, = -
when in control of the lost function(s), he/she was also instructed as follows: “. .. you should ry
to maintain your position in the string of vehicles” (passage D.5 in the video narrative). With the
exception of one condition, the driver drove at speeds that were slower than the designated AHS
velocity. However, since in all four combinations of designated AHS velocity and reduced-
capability mode, the older drivers drove at least 16.6 km/h (10.3 mi/h) faster than the speed limit
in the unautomated lanes, it is possible that they attempted to drive at the designated AHS
velocity while controlling the spécd in the rcduccd-capability section. In the case of the youhger-
drivers, this possibility‘ seems more like a certainty: for all four combinaﬁqﬁs of thede',éigna‘t‘ed.
AHS velocity and reduced-capability mode, the younger drivers drove at speeds that were closer
to what the designated AHS velocity had been—in one case even surpassing it—throughout the
reduced-capability section of the expressway. Itis very likely that the overshoots of the center
line of the lane that were found in this expcrimcnt'-‘occurrcd because the drivers were travelingat -
velocities that were higher than those they usually experience.

The time delay and velocity control data can be summarized as follows:
+  When the AHS controlled the velocity (and the driver controlled the steering), there

could be no reduction in velocity, and therefore no time delay.
. When the driver controlled both the velocity and the steering, there was a greater

72



reduction in velocity compared to the designated AHS velocity and, therefore, more
time delay than when the driver controlled velocity alone (and the AHS controlled
the steering); this effect was particularly noticeable for the younger drivers.

. There was a greater reduction in velocity (and therefore more time delay) for the -
older drivers than there was for the younger drivers.

. When the driver-controlled transfer method was used, there was more reduction in
velocity (and more time delay) than there was when the situation-controlled transfer
method was used—this was because the driver controlled the vehicle for a shorter
period of time when the situation-controlléd transfer method was used than when
the driver-controlled transfer method was used.

. There was a greater reduction in velocity (and more time delay) when the design-

~ velocity was 153.0 km/h (95 mi/h) than when it was 128.8 km/h (80 mi/h).

. There waé more reduction in velocity (and'more time delay) when the intra-string

gap was 0.0625 s than when it was 0.25s.

These effects may have occurred for the following reasons: There rriay have been a greater
reduction in velocity when the driver controlled both the velocity and the steering than when the
driver controlled the vclbcity alone because, in the latter case, when the driver was controlling' -
| only one function instead of two, he/she may have been able to pay more attention to the task of
velocity maintenance, and thus was better able to “fill in for the System” as requested in the o
instructions to the experiment. It is likely that there was a greater reduction in velocity when the -
driver-controlled transfer method was used rather than the situation-controlled transfer method
because with the situation-controlled method, the driver was actually in control of the velocity
fora shorter time than when control was transferred with the driver-controlled method. There
was more reduction in velocity for the older driver than there was for the younger driver, perhaps
because the younger driver was more prepared to drive at high speeds that were close to the
designated AHS velocities—this is in line with the suggestion from the lane-keeping results that
the older driver may be a more careful driver (who pays closer attention to the task of steering
than the younger driver). The next finding in the current experiment—that there was a greater
reduction in velocity when the driver resumed control of a vehicle that had been under automated
control traveling at 153.0 km/h (95 mi/h) than when it had been traveling at 128.8 km/h (80‘
mi/h}—was to be expected, since it repeated the results of the first two experiments in this
series.(1) Finally, there may have been a greater reduction in velocity when the intra-string gap
was 0.0625 s than when it was 0.25 s because the driver was less comfortable in maintaining
velocities that were faster than those normally experienced when his/her vehicle was physically
closer to the vehicle ahead and he/she could see far less of the other activity on the expressway.
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RECOMMENDATIONS

If an AHS configuration like the oné explored in the current experiment were to be operated
under the assumption that in certain circumstances the driver might temporarily have to take full
or partial control of his/her vehicle, the following recommendations can be made:

. Given adequate warning, the driver could take over the steering and/or velocity if
S there were a reduction in the AHS capability and maintain the traffic flow.
'+ Ifthc AHS selects a designated AHS velocity of 128.8 kmvh (80 mi/h) or higher,
" and if the driver is required to take control of the steering of the vehicle and has to
negotiate a curve before returning control to the AHS, then he/she should not be
asked to try to maintain the designated AHS velocity, but instead should be
encouraged to reduce speed and should be warned about a possible overshoot. The
encouragement and wammg would be more effective if presented in training, and
. not just at the moment that the driver is requ1red to take control of the lost
~ function(s). :
e If the AHS selects a designated AHS veloc1ty of 128.8 km/h (80 mi/h) or higher,
) - . and the driver is required to take control of the steering of the vehicle and has to
ncgdtiate a curve before returning control to the AHS, the lane width should not be
reduced from the current standard of 3.66 m (12 ft). | ‘
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AP'-P‘ENDI_X 1: ORDER OF PRESENTATION OF CONDITIONS
The orders in which combinations of designatéd AHS velocity and intra-string gap were
presented to the 12 groups of 5 drivers assigned to.each of the 12 combinations of the age of the
driver, the reduced AHS capability mode, and the method of transferring control in the reduced-
capability segment of the expressway are shown below.

[Kcy ‘ . ' , 4 ‘
" Combination #2: Designated AHS velocity 128.8 km/h (80 mi/h), inter-string gap 0.0625 s.
Combination #3: Designated AHS velocity 153.0 km/h (95 mi/h), inter-string gap 0.0625 s.
- Combination #5: Designated AHS. velocity 128.8 km/h (80 mi/h), inter-string gap 0.25 s.
Combination #6: Demgnated AHS velocuy 153 0 km/h (95 m1/h) mter-st:rmg gap 0 25s.]

f combinations of designated AHS velocity and intra-string gap for younger
n i in iver-controlled transfer method
D -v ) Q 1 EE‘ -
Yoo 3 5 2 6
- YDO4 6 3 57 2
YDO7 .27 3 5 6
YD10 3 5 6 2
YD13 S 6 2 3

r of n n
YDO2 . 5 6 2 3
YDO5 2 3 5 6
"YDQS§ 2 6 3 5
YDI11 5 6 2 3
YDi14 5 3 6 2
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Orders Q. f combinations of designated AHS 'xclo'cim ahd intra-string gap for younger

drivers who took control of both the steering and velocity using the driver-controlled
' R ‘transfer method - . T
Driver . Order of Presentation |
YDO03 2. 6 3 5
YDO06 5 2 6 3.
YD09 6 2 3 5
YD12 5 2 6 3
YDI5 2 5 3 6

BB

Dn r of ntation
YDI16 2 3 6 5
YD19 3 5 6 2.
YD22 3 2 5 6
YD25 5 2 6 23
YD28 2 6 3 S

inger
the ¢ hod
. f Presentati

YDI7 3 6 2 5
"YD20 2 6 3 5
YD23 6 2 5 3.
YD26 3 5. 2 6
YD29 6 3 S 2

YD18 6 2 5 3 -
YD21 5 3 2 6.
YD24 6 .S 3 2
YD27 S 6 2 3
YD30 2 3 S5 6
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0DO01 5 3 6 2
OD04 '3 6 2 .5
OD07 32 5 6
OD10 3 6 2 .5

| 3.6 2 5

Driver - T fPr ntation
OD02 5 6 2 3
ODO05 2 3 5 6
OD08 6 3 2 5
OD11 5 6 3 2 -
2 5 6 3

Driver ' er of Presentati

N
0D03 2 5 3 6
OD06 6 2 5 3
OD09 2 5 6 3
ODI12 5 3 6 2
OD15 5 3 2 &

- - who took cgn;rg} gf ih; §§g ing ggmg 1h§ situgtign-ggnmlled
Driver_ Order of Prcsentatlon
OD16 3 2 5 s
OoD19 5 2 3 6
0OD22 - 3 25 6
OD25 . 2 3 6 5
3 - 6 2 5

QD28
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OD17 6 3 .5 2
OD20 2 3 6 5
OD23 5 6 3 2
op26 5. 2 3 6

6 3 5 2
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APPENDIX 2: EXTRACTS-OF THE NARRATIVE FOR THE TRAINING VIDEOS

[f\fbte: There were four ver.sioris‘ of the ‘trainin“g videos used in tfiis‘exp‘erimeht—eone for the
manual, one for the fully automated, and two for the partially automated transfer conditions that
were investigated in part 1 of the multiple experiment. In part 3 of the multiple experiment, i.e.,
in the current experiment, the drivers who had used partial autoination in part 1 here used two
different methods for regaining the lost function(s), and therefore required two different training
tapes. Much of the narrative is repeated from one tape to the next. Here, all of the narrative that
is relevant to the current experiment is supplied for the manual training tape—and the narrative
that describes the other parts of thc multiple experiment is deleted for the sake of brevxty Where
in the remaining tapes the text is repeated from the manual tape, this will be noted, and the
repeated text does not appear.]

VIDEOTAPE #1: MANUAL TRANSFER'ON ENTRY TO AHS

[A. Introducing the AHS]

Passage A.1: The study in which you are about to-participate is part of an on-going investigation
of Automated Highway Systems. We are conducting the investigation for the
FHWA, the Federal Highway Administration. The FHWA is responsible for safety
and travel effectiveness on our highways. In this investigation, the FHWA is
trying to determine how to design an Automated Highway Systefn in order to
reduce congestion and to increase highway safety. We are conducting a series of
studies using the Iowa Driving Simulator. We will explore how an Automated
Highway System might work, and how well drivers would handle their vehicles in
such a system. The data provided by you, and others, will aid us in making
accurate and responsible recommendations about how to design and operate the
Automated Highway System. This is a test of the Automated Highway System,
not a test of you, the driver. We will maintain your privacy—your data will never
be presented with your name attached.

Passage A2: The Automated Highway System could be designed in a number of ways. The
version that you will drive in the simulator has been installed on a freeway with
three lanes in each direction. In this freeway, the leftmost lane is reserved for au-
tomated traffic only. All the vehicles in this lane are under the control of the Au-
tomated System. They will be arranged in strings—there may be one, two, three,
or four vehicles traveling together in each string. The vehicles in the automated

-~
’
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lane will be traveling faster than the traffic in Lhe other two lanes. The right and
center lanes are not automated, and the speed limit in these lanes is 55 miles per

hour.

[B. Entering the Automated Lane]
[Note: The narrative for this section of the multiple expcnment is ormtted because it is not rele-

vant to the current experiment.]

[C. Comfort Level] | ,
[Note: The narrative for this section of the multiple experiment is omitted because it is not rele-

vant to the current experiment.]

[D. Reduced Capability]

Passage D.1:

After you have been traveling in the automated lane for a few minutes, you will
reach a section of the freeway where the System cannot operate at full capability.
There will be a loss in capability—it will be unable to control the steering, or the
speed of your vehicle, or both the steering and the speed. And, you will need to fill

_in for the System, untll the lost capability is restored.

P e D.3:

Passage D.4:

: Twenty seconds before you arrive at the lost capability section, you will receive a

warning telling you which capabilities have been reduced. The warning for both
steering and speed control loss will sound like this:

[“In twenty seconds, the Automated Systexﬁ will not be able to control your
vehicle. To regain control now, take hold of the steenng wheel, place your foot on
the accelerator, and push the Off- button ”]

If you take control at this point, you will hear the following message:
[“You now have full control of your vehicle.”]

If you have not already taken control, when you reach the point at which the lost
capability section starts, you will hear a second message. It will sound like this:
[“After the countdown, the System will no longer control your vehicle.

" Four... three... tWo... One... HoW.

You must control your vehicle.”]
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_ass_gLi

Passage D

Passage D.7:

Passage D.8:

When you hear this message, there will be no need to press thc Off-button to take
control. There will be no need to press it, because at this point the Systern will be

‘unable to control the lost capability—you must take control. While you control the

speed and steering, you should try to maintain your position in the string of
vehicles.

: At the end of the section in which there is some lost capability, the System will be

able to resume control of your vehicle, as long as it is still in the automated lane.
When the 1ost capability is restored you will hear the following message: |
[“The Automated System can now regain total control of your vehicle.

Please push the On-button to transfer total control to the Automated System.”)

As soon as you press the On-button, the Automated System will take control of the
vehicle and you will hear this message: '
[“Your vehicle is now under the control of the Automated System.”]

Let me review what will happen with the lost capability section of the freeway.

—Twenty seconds before you reach the section, you will receive a warning.

—Tt will tell you which capabilities the System has lost—speed or steering, or
both speed and steering. ' ‘ '

" —You may take control at this point by pressing the Off-button.

—If you do not take control at this point, when you reach the lost capability
section you will be told that you must take control—smcc from here, the System
will not control the lost capability.

. —While you control the vehicle, please try to maintain your position in the string

of vehicles.
—You will be informed when you reach the end of the lost capability section.
—And then, you should press the On-button to transfer control back to the System.

VIDEOTAPE #2: AUTOMATED TRANSFER ON ENTRY TO AHS

[A. Introducing the AHS]

Passage A.1:
Passage A.2:

AS IN MANUAL.
AS IN MANUAL.
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[B. Entering the Automated Lane] , B
[Note: The narrative for this section of the multlple expenment is omitred because it is not rele-

- vant to the current experiment.]

[C. Comfort Level] .
\ [Note: The narrative for this section of the rnultlplc experiment is omitted because it is not rele-

vant to the current experiment.]

[D. Reduced Capability]

Passage D.1:

Pagsage D.2:

AS IN MANUAL.

Twenty- seconds before you arrive at thc lost cépability section, you will receive a
waming telling you which capabilities have been reduced. ‘The warning for both
steering and speed control loss will sound like this:

* [“In twenty seconds the Automated System will not be able to control your

Pas' D.

Passage D .4:

Passage D.S:

vehicle. ”]

: Then, when you reach the point at which the lost capability section starts, ydu will

hear a second message. It will sound like this:

[“After the countdown, the System will no longer control your vehlcle
Four... three... two... one... now..

You must control your vehicle.l”] |

When you hear this mcssagc‘, the SyStcm will be unable to~con&ol' the lost..
capability—you must take control. While you are in control, you should try to
maintain your position in the string of vehicles. I

You must kéep driving until you reach the end of the section in which there is
some ibst capability. Then, as long as you are still in the automated lane, the
System will be able to resume control of your vehicle. When the lost. capablllty
has been restored, you will hear the following message: ,

[“The Automated System can now regam total control of your vehicle. . - -
It will regain control in three seconds. ‘ '

Three... two... one... now.”)
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Passage D.6:

Eassl age D.7:

As soon as the System has resumed control, this is what you will hear:

[“Your vehicle is now under the control of the Automated System.”]

Let me review what will happen with the lost capability section of the freeway.

—Twenty seconds before you reach the section you will receive a warning.

—It will tell you which capabilities the System has lost—speed, or steering, or
both speed and steering. ‘

—When you reach the lost capability section, you will be told that you must take
control—since from here, the System will not control the lost capability. »

—While you control the vehicle, please try to maintain your position in the .string
of vehicles. | .

—You will be informed when you reach the end of the lost capability section.

- —At this point, the System will resume control.

VIDEOTAPE #3: PARTIALLY AUTOMATED TRANSFER ON ENTRY.TO AHS—
DRIVER-CONTROLLED METHOD TO TAKE OVER LOST CAPABILITY

[A. Introducing the AHS]

Passage A.1:
Passage A.Z:

AS IN MANUAL.

-AS IN-MANUAL.

[B. Entering the Automated Lane] ‘ ‘ ‘
[Note: The narrative for this section of the multiple experiment is omitted because it is not rele-

vant to the current experiment.]

[C. Comfort Level] _ |
[Note: The narrative for this section of the multiple experiment is omitted because it is not rele-

vant to the current experiment.]

[D. Reduced Capability]

Passage D.1:
Passage D.2:
Passage D.3:
. Passage D.4:
Passage D.5:
Passage D.6:

AS IN MANUAL.
AS IN MANUAL. -
AS IN MANUAL.
AS IN MANUAL.
AS IN MANUAL.
AS IN MANUAL.
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Passage D.7: AS IN MANUAL.
Passage D.8: AS IN MANUAL

VIDEOTAPE #4: PARTIALLY AUTOMATED TRANSFER ON ENTRY TO AHS—
SITUATION-CONTROLLED METHOD TO TAKE OVER LOST CAPABILITY

[A. Introducing the AHS]
Passage A.1: AS IN MANUAL.
Passage A.2: ASIN MANUAL.

[B. Entering the Automated Lane] ,
[Note: The narrative for this section of the multiple experiment is omitted because it is not rele-
vant to the current experiment.] o '

[C. Comfort Level] ‘
[Note: The narrative for this section of the multiple experiment is omitted because it is'not rele-
vant to the current experiment.] |

[D. Reduced Capability] o

Passage D.1: AS IN MANUAL. | o
Passage D.2: AS IN AUTOMATED. '

Passége D.3: AS IN AUTOMATED.

Passage D.4: AS IN AUTOMATED.

Passage D.5: AS IN AUTOMATED.

Passage D.6: AS IN AUTOMATED.. .
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APPENDIX 3: QUESTIONNAIRE FOR THE MULTIPLE EXPERIMENT
Thé foiloWin g series of qﬁcsﬁdns deals with the dﬁving simulator, the study that you just took
partin, and the Automated Highway System. Each question is followed by aline. Please answer

each qucstxon by marking this line in the appropnate place

For example: If you were asked, “How would you rate the unportance of the mrbags in dnver
safety?” you might answer as shown below:

Your answer \
Completely 'Absolutely
unnecessary o : . B ‘ necessary

1. How much did you enjoy driving the simulator? | . -

Notatall - ' ' Agreatdeal

2. How did driving in the simulator compare to driving in your car?

[ , o
vVéry differcni' o o _ ~ Very sirnilar
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. How realistic was the view out of the windshield in the simulator?

Very antificial ' | Very realistic

. How realistic were the sounds in the simulator?

| —~
* Very artificial - ' " Veryrealistic

. How realistic was the vehicle motion in the simulator?

Very artificial - S ' Very realistic -

. While driving the simulator, did you feel queasy or unwell?

]

Felt unwell L : , _-Felt fine -

. Was the message giving you the command to enter the automated lane'easy to understand?

Hard to ' Easy to
understand o . understand

. Did you have é.nough\ time to react to the message telling you to enter the automated lane?

Insufficient time . Sufficient time
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10.

11.

12.

13.

To what extent did you feel in control of the situation when you drove into the automated
lane and transferred control of your vehicle to the Automated Highway System?

Not in control - : Very much in control

Did you control your car poorly or well as you left the manual lane and entered the
automated lane? ' ' | '

Very poorly (controlled) | Very well (controlled)

When 'you entered the automated lane, the distance between strings of automated vehicles
varied. Would you prefer a longer or shorter gap than the ones you experienced? -

Strongly pre!crrcd . — , .~ Swongly preferred .-
longer distance S " shorter distance

‘When your car was under aiitomated control, were you comfortable with the speed, or would

you have preferred to have traveled faster or slower?

Wouldprefl:r‘ - o ‘Would prefer

‘much slower = - , much faster

Did you feel that pulhng and pushin g on the lever with your right hand‘acc-;urately reflected
how comfortable you felt about the car in front of you?

T
Did not reflectmy - - - . - ...+ Accurately.reflected
comfort level N my comfort level
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14. To what extent did you fcel.in control of the situation when you received the Reduced
Capability advisory? ‘ :

Not at all : : : To a great extent

15. How successful do you think you were at filling in during the lost capability section?-

b -

Very unsuccessful ' : Very successful -

16. How easy was it to fill in for the system during the lost capability section?

|

Not easy to fill in , D | - Easy to fill in

17. When you received the Resumption of Control message, did the transition back to automated

control go smoothly?

Notatall = ' . | To a great extent

18. How safe did the speed at which you left the automated lane and entered the manual lane
feel?

Very unsafe I Very safe
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19. How safe did you feel when you drove into the automated lane?

b l

Very unsafe ~ Very safe

20. In this study, you spent some time in the manual lanes and some in the automated lane:

which did you prefer?
|
Strongly preferred - ST Strongly preferred
manual lanes automated lane

21. Was it more challenging to be in the automated lane or the manual lanes?

| L |
More challenging in . . More challenging in
manual lanes o ' ' ' - automated lane

22 (a). During the portion of the drive where your speed was automatically controllcd but you
had control of the stcenng, how did this feel?

I
Very uncomfortable : Very comfortable

22 (b). During the portion of the drive where your steering was automatically controlled, but you
had control of your speed, how did this feel? ‘

Very ﬁncoinforfabIc: o Very comfortable
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22 (c). During the portion of the drive where your steering and speed were automatically con-
trolled, how did this feel? '

Very uncomfortable | . ~ Very comfortable

23. How would you feel if an Automated Hi ghway System was mstalled on [-380 between Iowa
City and Waterloo?

Very unenthusiastic - ,‘ Very enthusiastic

24, Ifan Automated Hi ghway System was installed on 1-380, would you prefer dnvmg in the
automated lanes or the manua.l lanes? :

| | I
Strongly prefer | : : C Strongly prefer
manual lanes ' - automated lanes .

- 25. If an Automated Hi ghwéy S&s:em was installed, would you feel safer driving on I-380 than
you do now without the System?

Much safer with ' R ‘ Much safer with
current freeways: ‘ - . Automated Highway System

90.



26. How will the installation of an Automated Highway System affect the stress of driving?

]
will greatly S Will greatly
‘dccrcasc sress | increase stress

27. Do you have any comments on the Automated Highway System?

28. What type of vehicle do you usually drive?

Type _Make 7 Year
Car

Yan

Truck

Motorcvgc

QLher.
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29. Does your vehicle have cruise control?

(a) Yes. _ __(If you marked.»yes, please answer Question 30)

()No______ . (If you marked no, please skip Question 30, and
: answer Ques’tionv 3D o

30. How often do you use the cruise control on your vehicle?

Hardly ever ' : Very often

- 31. Have you had any accidents involving moving vehicles?

" (@) Yes b)No

Thank you for participating in this study!
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APPENDIX 4: ANOVA "SUMMARY TABLES

Appendix 4 containg thc full summary tables for the ANOVA s conducted on thc four lane-
keeping performance measures and on. the t1mc delay data. They are presented on the followmg
pages 1 in the same order in which they were discussed in section 3 of thc main report.

Table 19. Summary of the ANOVA conducted to determine whether the initial posiﬁén of the
vehicle in the lane was affected by the age of the driver, the designated AHS velocity, the control
transfer method the intra-string gap, or the reduced-capabxhty mode.

Corrected Total

93

Degrees of Type OI Sum “

Source . Freedom of Squares . Mean Square F-valye p-valpe
Age of Driver (A) 1 041481138 041481138 8.92 0.0033
Transfer Method (T) 1 1.15114143 1.15114143 24,74 0.0001
A*T - 1 0.04186020 0.04186020 0.90 0.3444
Reduced Capablhty (L) 2 2.82786634 . 1.41393317 30.39 0.0001
A*L 2 1.09266470 054633235 11.74 0.0001
T*L 2 ‘ 0.05271954 0.02635977 0.57 0.5687
A*T*L 2 - 0.05027922 ©'0.02513961 0.54 0.5837
Designated AHS : ‘ a
Velocity (V) 1. 1.50384629 - - 1.50384629 132.33 0.0001
A*V~ 1 0.00476553 - 0.00476553 0.10 " 07494
™V 1 0.02345616 0.02345616 0.50 04788
AYT*V 1 0.00930372 0.00930372 0.20 0.6554
Ly 2 0.08460169 0.04230085 091 04051
AYL*Y 2 0.12843783 0.06421891 1.38 0.2547
T*L*V 2 0.05356381 -0.02678190 0.58 0.5636
A¥T*L*Y 2 0.17964216" 0.08982108 1.93 0.1487
Intra-String Gap (G). 1 027961827 0.27961827 . 601 . 00154
A*G ‘ 1 0.00835863 - - 0.00835863 - 0.18 06723
™G 1 0.06923568 . 0.06923568 : . 1.49 - 0.2244
A*T*G 1 . 0.01801727 - 0.01801727 039 - 05347
L*G - 2 - 0.32051218 0.16025609 344 ¢ 0.0345
AYL*G 2 - 0.02256058 0.01128029 .0.24 - 0.7850
T*L*G 2 0.05529058. 0.02764529 0.59 0.5533
A¥T*L*G 2 0.02840186 0.01420093 0.31 0.7374
V*G , 1 0.00079354 - 0.00079354 - 0.02 0.8963
A*V*G 1 0.00863475 0.00863475 0.19 0.6672
T*V*G 1 0.02866200 0.02866200 0.62 - 0.4338

- A*T*V*G 1 - 0,04795113 0.04795113 " 1.03 0.3117
L*V*G 2 0.02723454 0.01361727 029 0.7467
ArL*V*G 2 0.01217167 0.00608583 0.13% 0.8775.
T*L*V*G 2 0.10529741 0.05264871 1.13 03253 -
A¥T*L*V*G 2 0.00622424 0.00311212 0.07 0.9353
Error 148 6.88535807 _ 004652269

195 16.71412976



Table 20. Summary of the ANOVA conducted to determme whether the steermg drift was
affected by the age of the driver, the designated AHS velocity, the control transfer method, the
mtra slnng gap, or the reduced-capability mode.

0.00009592

94

o - Degrees of Type III Sum -
Source Freedom of Squares Me -V, -
Age of Driver (A) - 1 ~0.00000028 0.00000028 147 0.2276
Transfer Method (T) 1 -~ 0.00000010 0.00000010 0.54 0.4641
AT 1 0.00000023 0.00000023 1.20 0.2760
-Reduced Capablllty @@ 2 0.00004679 0.00002339 - 122.81 "0.0001 -
. A*L 2 0.00000134 0.00000067 3.53 0.0319 -
T*L 2 0.00000088 0.00000044 231 0.1030
A*T*L ¢ ‘ 2 - 0.00000037 '0.00000019 0.97 ~ 0.3808
Designated AHS ‘ B
Veloqi'[y ) 1 - 0.00000062 _0.00000062 3.24 0.0741.
A*V 1 0.00000011 - 0.00000011 0.60 04395
V.. - 1 0.00000004 . 0.00000004 0.19 0.6640
ATV 1 - 0.00000030 0.00000030 . 1.59 0.2090
LAV 2 -0.00000283 0.00000141 7.43 0.0009 .
- ALY 2 0.00000031 0.00000016 . 0.82 0.4443.
T*L*V.~ 2 0.00000066 . .  0.00000033 1.73 0.1810
A¥T*L*V : 2 0.00000016 ~0.00000008 042 06579
Intra-String Gap (G) 1 ~0.00000001 ~ 0.00000001 005 ~ 08174
A*G. ‘ 1 -0.00000028 0.00000028 - 1.45 0.2306
™G - 1 0.00000045 -~ 0.00000045 237 0.1259
A*T*G . 1 '0.00000004 0.00000004- 0.19. 0.6637
L*G - 2 - 7 0.00000008 -+ .0.00000049 . 2.57 0.0799
A¥L*G ' 2 - --0.00000004 .. " 0.00000002 0.11 0.8941"
T*L*G 2 0.00000013 © . 0.00000006 0.33 07174
A*T*L*G 2 0.00000000 - 0.00000000 - 0.00 0.9950
V*G' 1 ©. . 0.00000001 - 0.00000001 0.03 0.8612
A*V*G - -1 + - -0.00000001 0.00000001 0.05 0.8178 ..
T*V*G - 1~ . % 000000009 - - -"0.00000009 - 0.45 ..0.5048 .
A*T*V*G 1 *0.00000005 : -0.00000005 0.27 0.6038
L*V*G- - 2 -7 0:00000004 0.00000002 0.11 0.8935
A*L*V*G 2 ©°..0.00000030 .. 0.00000015 0.78 0.4602
THL¥V*G 2 © - 0.00000009 . . o -0.00000004 0.23 07917
A*T*L*V*G 2 -~ 0.00000031 .~ 0.00000016 0.83 04402 -
Error- - ~ 141 *0.00002686 - 0.00000010 _ : '
Con'ccted Total 188 Lo



Table 21. Summary of the ANOVA conducted to determmc whether the steering instability was
affectcd by the age of the driver, the designated AHS velocity, the control transfer method, the
1m:a-smn g gap, or the reduced capab111ty mode.

. Degrees of = Type III Sum .
Source Freedom = . of Squares Mea -V, , -V
Age of Driver (A) - 1 0.04387792 0.04387792 71.52 ~0.0069
Transfer Method (T) 1 - 004371684 0.04371684 7.49 0.0070
A*T 1 0.01640720 0.01640720 2.81 0.0957 -
Reduced Capability (L) 2 0.79161957 0.39580978 67.83 0.0001
A*L "2 0.00395533 .0.00197766 0.34 © 07131
T*L. - 2 -0.00309645 0.00154823 0,27 0.7673 -
A*T*L . 2 - 0.00306958 0.00153479 0.26 0.7691
Designated AHS I _
Velocity (V) 1 0.24582967 0.24582967 42.13 0.0001"
A*V 1 10.00709347 - 0.00709347 1.22 02721 -
™V 1 0.00071159 - 0,00071159 0.12 0.7274
A*T*V 1 0.01034204 - 0.01034204 - 1.77 0.1852
L*V 2 10.00788639 " 0.00394320 0.68 0.5104 -
A¥L*vY 2 0.02210581 0.01105291 1.89 0.1542
T*L*V 2 0.00453524 0.00226762 0.39 0.6787
AYT*L*Y 2. 0.00634193 . 0.00317097 0.54 "0.5820
Intra-String Gap (G) 1 - 0.00613345 -0.00613345 1.05 0.3070
A*G 1 0.01535812 0.01535812 2.63 0.1069
™G 1 0.00208903 0.00208903 0.36. . 0.5506
AYT*G 1 0.02919764 0.02919764 - 5.00 0.0268
L*G . 2 0.02963443 0.01481722 2.54 0.0825
A*L*G 2 © . 0.01047822 - 0.00523911 0.90 0.4097
T*L*G - 2 0.01044043 0.00522021 - 0.89 04110
A*T*L*G 2 -0.01651611 - 0.00825806 1.42. .0.2462 -
v*G o 1 0.00357481" 0.00357481 0.61 04351 -
A*V*G 1 ©0.00702348 0.00702348 1.20 0.2744
T*V*G 1 - 0.00007856 0.00007856 0.01 0.9078
A*T*V*G 1 0.01480696 0.01480696 2.54 0.1134
L*V*G 2 - 002171570 - 0.01085785 '1.86 0.1593
A*L*V*G 2 - 0.01575467 0.00787733 1.35 -0.2625
T*L*V*G 2 " 0.04835451 0.02417725 4.14 0.0178
A*T*L*V*G 2 0.02252836 0.01126418 193 0.1488
Error 144 0.84029144 0.00583536
Corrected Total 191 .

244486674
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Table 22. Sumxha.ry of tﬁé ANOVA conducted to determine whether the number of steering
oscillations per minute was affected by the age of the driver, the designated AHS velocity, the
control transfer method, the intra-string gap, or the reduced-capability mode.

Degreesof  Type OI Sum

Source Freedom of Squares M -V, -V,
Age (A) 1 1143.44104 14344104 - 6.39 0.0126
Transfer Method (T) 1 20.81162 .20.81162 0.93 0.3373
A*T’ 1 . 40.10575 : 40.10575 1.79 0.1835
Reduced Capability (L) 2 1049.70394 . 524.85197 23.38 0.0001
A*L 2 260.13164 : 130.06582 5.79 0.0038
T*L . 2 101.76893 : 50.88446 227 0.1074
A*T*L 2 38.04725 19.02363 0.85 04307
Designated AHS AR T
Velocity (V) 1 - 46.26116 : 46.26116 2.06 0.1534
A*V . 1 - . 245136 . 245136 0.11 0.7416
™V 1 0.00185 0.00185 0.00 0.9928
A*T+V 1 0.43392 : 0.43392 0.02 0.8896
L*vV 2 , 585 81966 292.90983 13.05 0.0001
A*L*V 2 - 17.81719 N 8.90859 0.40 06732
T*L*V. 2 L 27.88049 S 1394025 . 0.62 0.5389
A¥TYL*V 2 N 34.14863 © 17.07431 0.76 0.4693
Intra-String Gap (G) 1 . 1276292 - 12.76292 0.57 04521
A*G 1 3.71905 3.71905 0.17 0.6846
™G - 1 61.91117 ' © 6191117 2.76 0.0990
- A*T*G 1 '18.82679 : 18.82679 0.84 0.3614 -
L*G . - 2 23.47389 11.73695 : 0.52 0.5940
A*L*G 2 0.76271 - . 0.38135 0.02 09832
T*L*G 2 167.23426 . 83.61713 3.72 0.0265
A*T*L*G 2 . 1.74278 - 3.87139 0.17 0.8418
V*G. 1 . 2647640 ‘ 26.47640 1.18 02793
A*V*G 1 . 20.54060 -+ 20.54060 091 0.3404
T*V*G 1 o0 119049 o 1.19049 0.05 0.8182
A*T*V*G 1 ' - 3.47716 . 347716 0.15 0.6945
L*V*G 2 36.76110 . - 18.38055 ' 0.82 - 0.4431
A¥L*V*G 2 7.49354 .- .3.74677 0.17 0.8465
T*L*V*G 2 45.13542 , 22.56771 1.01 0.3686
AXT¥L*V*G 2 18.75675 e 9.37838 . 042 0.6593
Emor ' 142 3187 99158 2245064 '
Corrected Total - 189 6517.99597
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Table 23. Summary of the ANOVA conducted to determine whether the time delay was affected
by the age of the driver, the designated AHS velocity, the control transfer method, the mtra-strmg
: . gap, or the reduced-capability mode,

4292.762220

97

Degrees of Type III Sum’

Source Freedom of Squares Mean Square F-value p-value
Age of Driver (A) 1 423.158014 423,158014 55.62 0.0001
Transfer Method (T) 1 461.804656 461.804656 60.69 0.0001
A*T 1 44.619594 44.619594 5.86 0.0167
Reduced Capability (L) 2 - 949,788847 474894423 62.42 0.0001
A¥L 2 281,983321 140.991661 18.53 0.0001
T*L 2 252.622876 126.311438 16.60 . 0.0001
A*T*L 2 . 187.979378 93.989689 12.35 0.0001
Designated AHS - ‘
Velocity (V) 1 52.156435 . 52.156435 6.85 0.0098
AV 1 128.865769 128.865769 16.94 0.0001
T*V B 1 13.624522 3.624522 0.48 04912
A*¥T*V 1 60.234481 60.234481 7.92 0.0056
L*v 2 35.934357 17967179 2.36 0.0980
A*L*VY 2 " 72.000802 36.000401 4.73 - 0.0102
T*L*V 2 20.941152 10470576 1.38 0.2559
A*T*L*Y 2 53.720239 26.860120 3.53 0.0319
Intra-String Gap (G) 1 1.479031 - 1.479031 . 0.19 0.6600
A*G 1 29.633498 29.633498 3.89 0.0504
T*G 1 14.121540 14.121540 1.86 0.1752
A*T*G 1 51.929587 51.929587 6.83 0.0099
L*G 2 43,286186 21.643093 2.84 . 0.0615
AXL*G 2 23.842636 11.921318 1.57 0.2123
T*L*G - 2 23.671760 11.835880 1.56 0.2146
A*T*L*G 2 85.952262 42.976131 5.65 0.0044
V*G 1 ’ 42.770995 42,770995 5.62 0.0191
AXV*G 1 6.075576 6.075576 0.80 0.3730
T*V*G . 1 12.512887 12.512887 1.64 0.2018
A*T*V*G 1 0.550854 0.550854 0.07 0.7883
L*V*G 2 99,254940 49.627470 6.52 0.0019
A*L*V*G 2 14.196654 7.098327 0.93 0.3958
T*L*V*G 2 26.951275 13.475637 1.77 0.1739
A¥THL¥V*G, 2 . 0308968 0.154484 0.02 0.9799
Error 143 1088.034760 7.608630 ‘

- Corrected Total 190
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