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ABSTRACT	

	

Lane	departures	represent	an	important	cause	of	road	crashes.	The	objective	of	the	present	

study	 was	 to	 assess	 the	 effects	 of	 an	 auditory	 Lane	 Departure	 Warning	 System	 (LDWS)	 for	

partial	 and	 full	 lane	 departures	 (onset	 manipulation)	 combined	 with	 missed	 warnings	

(reliability	 manipulation:	 100%	 reliable,	 83%	 reliable	 and	 66%	 reliable)	 on	 drivers’	

performances	 and	 acceptance.	 Several	 studies	 indicate	 that	 LDWS	 improves	 drivers’	

performances	during	lane	departure	episodes.	However,	little	is	known	about	the	effects	of	the	

warning	 onset	 and	 reliability	 of	 LDWS.	 Results	 of	 studies	 which	 looked	 at	 forward	 collision	

warning	systems	show	that	early	warnings	tend	to	improve	drivers'	performances	and	receive	a	

better	 trust	 judgement	 from	the	drivers	when	compared	to	 later	warnings.	These	studies	also	

suggest	 that	 reliable	 assistances	 are	 more	 effective	 and	 trusted	 than	 unreliable	 ones.	 In	 the	

present	study,	lane	departures	were	brought	about	by	means	of	a	distraction	task	whilst	drivers	

simulated	driving	in	a	fixed-base	simulator	with	or	without	an	auditory	LDWS.	Results	revealed	

steering	behaviors	 improvements	with	LDWS.	More	effective	recovery	maneuvers	were	 found	

with	 partial	 lane	 departure	 warnings	 than	 with	 full	 lane	 departure	 warnings	 and	 assistance	

unreliability	 did	 not	 impair	 significantly	 drivers’	 behaviors.	 Regarding	missed	 lane	 departure	

episodes,	drivers	were	 found	to	react	 later	and	spend	more	time	out	of	 the	driving	 lane	when	

compared	 to	 properly	 warned	 lane	 departures,	 as	 if	 driving	 without	 assistance.	 Subjectively,	

LDWS	did	not	reduce	mental	workload	and	partial	lane	departure	warnings	were	judged	more	

trustworthy	 than	 full	 lane	 departure	 ones.	 Data	 suggests	 the	 use	 of	 partial	 lane	 departure	

warnings	when	designing	LDWS	and	that	even	unreliable	LDWS	may	draw	benefits	compared	to	

no	assistance.	

	

Keywords:	steering,	lane	departure	warning,	alert	timing,	alert	miss,	driving	simulator	
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1 INTRODUCTION	

	

Among	 the	 several	 attempts	 made	 in	 the	 past	 few	 decades	 to	 decrease	 car	 crashes	 and	

related	 injuries,	 is	 the	 attempt	 to	 assist	 people	whilst	 driving.	 A	 variety	 of	 driving	 assistance	

devices	have	since	been	designed	and	implemented	in	cars.	Different	devices	were	developed	to	

help	 drivers	 carry	 out	 the	 three	 driving	 sub-tasks:	 (i)	 navigation	 –	 e.g.	 navigation	 aids	 using	

global	positioning	system;	 (ii)	hazard	 identification	–	e.g.	 collision	warning;	and	(iii)	 control	–	

e.g.	 adaptive	 cruise	 control	 for	 longitudinal	 control	 or	 electronic	 stability	 program	 for	 lateral	

control	–	(Stanton	et	al.,	2001).	

According	to	road	crashes	analyses,	lane	departures	are	one	of	the	leading	causes	of	crashes,	

representing	between	14.5%	(ADAC,	2001;	Pohl	et	al.,	2007)	and	40%	(Bar	and	Page,	2002)	of	

the	causes	of	all	crashes	that	occurred	in	different	European	countries.	The	contribution	of	lane	

departure	episodes	to	fatal	crashes	is	even	more	significant,	representing	between	35%	(ADAC,	

2001;	Pohl	et	al.,	2007)	and	70%	(Bar	and	Page,	2002)	of	the	causes	of	all	fatal	crashes.	In	the	

United	States,	 lane	departures	were	also	reported	to	be	a	factor	 in	66%	of	crashes	involving	a	

single	 light	 vehicle	 (Najm	 et	 al.,	 2007)	 and	 caused	 28%	 of	 fatal	 crashes	 in	 2005	 (National	

Highway	 Traffic	 Safety	 Administration,	 2006).	 Considering	 all	 light	 vehicle	 crashes	 together,	

more	 than	 27%	 of	 crashes	 are	 due	 to	 lane	 departures,	 corresponding	 to	 more	 than	 30%	 of	

crashes	economic	cost,	and	36%	of	functional	years	lost	(Najm	et	al.,	2007).	

Assistances	 considered	 here	 are	meant	 to	 assist	 drivers	 in	 the	 lateral	 control	 sub-task.	 A	

classification	based	on	a	mixture	of	two	theoretical	frameworks	(Hoc	et	al.,	2009;	Young	et	al.,	

2007)	and	a	 review	of	all	 lateral	 control	assistance	devices	 is	available	 (Navarro	et	al.,	2011).	

According	 to	 this	 classification,	 Lane	Departure	Warning	 Systems	 (LDWS)	belong	 to	 a	mutual	

control	mode	where	both	the	driver	and	the	assistance	share	the	supervision	of	lateral	control	

but	only	the	driver	remains	in	charge	of	steering.	The	assistance	only	warns	the	driver	when	a	

given	lateral	position	is	judged	as	unsafe.	
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LDWS	can	be	considered	as	an	extension	of	 the	 rumble	 strip	 concept.	 If	 rumble	 strips	are	

known	 to	 be	 effective	 to	 reduce	 crashes	 (e.g.	 Auberlet	 et	 al.,	 2010;	 Hatfield	 et	 al.,	 2009;	

Meuleners	et	al.,	2011;	Morena,	2003),	 they	did	not	offer	much	onset	 flexibility	and	variety	of	

design	 options	 offered	 by	 LDWS,	 such	 as	 the	 sensorial	modality	 used	 to	 convey	 the	warning	

signal	and	its	duration	(Navarro	et	al.,	2011).	

LDWS	are	considered	to	have	the	potential	 for	preventing	crashes	and	particularly	serious	

crashes.	More	precisely,	LDWS	are	described	as	relevant	to	prevent	or	mitigate	between	146000	

and	 179000	 crashes	 per	 year	 in	 the	 United	 States	 including	 between	 4842	 and	 7529	 fatal	

crashes	(Jermakian,	2011).	Several	studies	 indicate	 that	LDWS	 improve	drivers’	performances	

when	facing	 lane	departure	episodes.	 Indeed	compared	to	no	assistance,	LDWS	were	 found	to	

reduce	steering	reaction	times	(Deroo	et	al.,	2013,	2012;	Kozak	et	al.,	2006;	Navarro	et	al.,	2007;	

Rossmeier	et	al.,	2005),	and	the	number,	magnitude	and	duration	of	lateral	excursions	(Deroo	et	

al.,	2013,	2012;	Hoc	et	al.,	2006;	Navarro	et	al.,	2010,	2007;	Rimini-Döring	et	al.,	2005).	These	

studies	indicate	that	LDWS	are	improving	safety	during	lane	departure	episodes.	These	findings	

are	confirmed	by	a	naturalistic	study	where	two	distinct	cohort	of	trucks	equipped	with	LDWS	

were	 compared	with	 trucks	 not	 equipped	with	 LDWS,	 over	 13	 billion	miles	 traveled.	 Trucks	

without	 LDWS	had	 a	 crash	 rate	 approximately	 2	 times	 higher	 compared	 to	 those	with	 LDWS	

(Hickman	et	al.,	2015).	

LDWS	are	assumed	to	improve	drivers’	situation	diagnosis	through	their	ability	to	capture	a	

driver’s	 attention	 (Ho	 et	 al.,	 2005;	 Spence	 and	 Ho,	 2008).	 However,	 situation	 diagnosis	 also	

implies	 that	 drivers	 must	 make	 a	 cognitive	 assessment	 of	 the	 situation,	 taking	 into	 account	

various	contextual	elements,	before	acting	(Kovordányi	et	al.,	2005;	Navarro	et	al.,	2007).	Thus,	

situation	diagnosis	requires	some	time	to	be	completed	and	is	dependent	on	both	the	context	of	

the	situation	and	the	design	of	the	warning	signal	delivered.	As	a	consequence,	and	in	order	to	

optimize	 the	benefits	 of	 the	LDWS,	 the	onset	 of	 the	warning	delivery	 is	 of	 particular	 interest.	

Situation	 diagnosis	 might	 also	 be	 under	 the	 influence	 of	 the	 LDWS	 reliability	 as	 assistance	

reliability	 is	 known	 to	 affect	 human	 dependence	 on	 assistance	 (Lee	 and	 Moray,	 1992;	 Muir,	
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1994;	 Parasuraman	 and	 Riley,	 1997).	 Individuals	 are	 more	 likely	 to	 depend	 on	 perfectly	 or	

highly	 reliable	 assistances	 than	 on	 poorly	 reliable	 assistances.	 Following	 this	 rationale,	

assistances	with	 less	 than	 approximately	 70%	 of	 reliability	 were	 found	 to	 be	worse	 than	 no	

assistance	(Wickens	and	Dixon,	2007).	Even	artificially	low	or	high	statements	about	assistance	

reliability	 were	 reported	 to	 have	 long-lasting	 influence	 on	 the	 perception	 of	 assistance	

performance	(Barg-Walkow	and	Rogers,	2016).	However,	surprisingly	little	is	known	about	the	

effects	 of	 lane	 departure	 warning	 onset	 and	 reliability	 on	 driving	 performances,	 and	 its	

acceptance.	The	aim	of	the	experiment	was	to	address	these	two	points.	

In	 a	 test-track	 experiment	 manipulating	 LDWS	 onset,	 it	 was	 found	 that	 an	 early	 onset	

resulted	 in	 more	 warnings,	 fewer	 lane	 departures	 and	 a	 lower	 acceptance	 than	 a	 late	 onset	

(Tijerina	et	al.,	1996).	These	results	were	confirmed	recently;	full	lane	departure	warnings	were	

found	less	effective	but	more	accepted	than	partial	lane	departures	(Navarro	et	al.,	2016).	These	

findings	are	consistent	with	 those	gained	 from	a	series	of	driving	simulator	studies	 looking	at	

Forward	 Collision	Warning	 Systems	 (FCWS,	 longitudinal	 control	 assistance	while	 following	 a	

car).	 Indeed,	 early	 warnings	 tend	 to	 decrease	 braking	 reaction	 times	 compared	 to	 later	

warnings	 particularly	 for	 urgent	 braking	 (Abe	 and	 Richardson,	 2006a,	 2006b,	 2005,	 2004).	

However,	 contrary	 to	 LDWS,	 early	 warnings	 received	 a	 better	 trust	 judgement	 from	 drivers.	

This	 data	 reinforces	 previous	 work	 that	 showed	 the	 efficiency	 of	 early	 warnings	 to	 help	

distracted	drivers	to	react	more	quickly	than	with	late	FCWS	or	no	assistance	(Lee	et	al.,	2002).	

A	 too	 quickly	 drawn	 conclusion	 would	 be	 that	 the	 earlier	 the	 warning	 the	 better,	 as	 early	

warnings	should	give	drivers	more	time	to	react	to	hazardous	situations	in	addition	to	helping	

with	the	situation	diagnosis.	However,	it	is	known	that	the	earlier	the	warning	the	more	likely	it	

is	that	the	warning	will	be	considered	as	a	false	alert	(McGehee	et	al.,	2002;	Parasuraman	et	al.,	

1997;	Shinar,	1978).	As	a	result,	warning	signals	considered	as	false	alarms	might	be	judged	as	

harmful	and	potentially	 ignored	by	drivers	(Abe	and	Richardson,	2006a,	2004).	Thus	warning	

onset	and	reliability	can	hardly	be	considered	independently	in	practice.	This	is	even	more	true	

for	LDWS	compared	to	FCWS.	If	a	FCW	is	judged	as	too	early	it	may	be	considered	by	drivers	as	
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a	very	careful	warning	delivery,	whereas	a	too	early	LDW	may	be	perceived	as	a	false	warning	

because	 the	current	 lateral	position	of	 the	vehicle	 is	perceived	as	completely	safe.	This	would	

explain	why	early	warnings	are	 judged	as	acceptable	with	FCWS	(Abe	and	Richardson,	2006a,	

2005,	2004)	and	unacceptable	with	LDWS	(Navarro	et	al.,	2016;	Tijerina	et	al.,	1996).	

Driving	assistance	designers	tend	to	minimize	the	risk	of	missed	warnings	(Parasuraman	et	

al.,	 2000).	 Missed	 warnings	 are	 considered	 as	 more	 harmful	 than	 false	 warnings	 (i.e.	 false	

warnings	 just	 have	 to	 be	 ignored	 whereas	 missed	 warnings	 may	 put	 the	 operator	 at	 risk	

immediately).	 Minimizing	 the	 risk	 of	 false	 warnings	 necessarily	 implies	 an	 increase	 of	 false	

warnings	(Parasuraman	et	al.,	2000).	Therefore,	initially	our	focus	was	on	LDWS	false	warnings	

(Navarro	et	al.,	2016).	It	was	found	that	the	unreliable	LDW	(33%	and	17%	of	invalid	warnings)	

delivering	 false	warnings	alone	or	combined	with	missed	warnings	did	not	affect	significantly	

driving	 performances	 during	 lane	 departure	 episodes	 compared	 to	 an	 unassisted	 control	

condition.		

In	 practice	 however,	 drivers	 are	 not	 necessarily	 aware	 of	 the	 LDWS	 presence	 and	

operational	status	 in	their	vehicle	(Braitman	et	al.,	2010;	Robinson	et	al.,	2011).	Those	results	

are	 complemented	by	a	 survey	conducted	on	343	UK,	Swedish	and	Chinese	drivers	 that	were	

asked	 to	assess	 the	usefulness	of	10	“information	enhancement	systems”	on	a	 five-point	scale	

from	1	(not	useful)	to	5	(very	useful).	LDWS	were	evaluated	as	the	 less	useful	assistance	with	

2,67	 points	 on	 the	 average	 (Duan	 and	 Chen,	 2011).	 Additionally,	 among	 various	 assistance	

devices	(i.e.	FCWS	with	autobrake,	LDWS,	side-view	assist,	and/or	active	bi-xenon	headlights),	

LDWS	were	judged	the	most	annoying	assistance	(Braitman	et	al.,	2010).	Only	59%	of	driver’s	

declared	to	keep	the	LDWS	turned	on	whilst	driving	(Eichelberger	and	McCartt,	2014).	Due	to	

LDWS	being	an	assistance	drivers	are	able	to	control	(i.e.,	turn	on/off),	the	actual	effectiveness	

of	LDWS	is	dependent	on	driver	acceptance	and	related	use	of	it.	In	everyday	life,	drivers	tend	to	

disengage	 LDWS	because	 some	 of	 the	 delivered	warnings	 are	 perceived	 as	 false	warnings	 by	

drivers	 who	 ultimately	 found	 LDWS	 annoying.	 If	 disengaged,	 LDWS	 are	 obviously	 useless.	 A	

solution	would	be	to	reduce	as	much	as	possible	 the	risk	of	 false	warnings	 in	order	to	deliver	
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only	valid	warnings.	This	solution	would	most	likely	result	in	LDWS	no	longer	being	judged	as	

annoying	by	drivers,	however,	the	risk	of	missed	warnings	would	necessarily	increase.	

Furthermore,	LDWS	are	based	on	lane	marking	detection	to	trigger	warnings	and	cannot	be	

used	in	the	absence	of	road	markings.	Even	with	road	markings,	not	all	lane	departures	can	be	

detected	due	to	snow,	heavy	rain,	fog,	ice	or	technical	problems,	for	example.	As	a	matter	of	fact,	

the	 question	 that	 remains	 to	 be	 addressed	 is	 the	 impact	 of	 missed	 warnings	 on	 drivers’	

performances	during	the	situation	of	the	missed	lane	departure	detection	and	the	following	lane	

departures.	 Based	 on	 Muir’s	 automation	 trust	 model,	 an	 unreliable	 assistance	 should	 lead	

drivers	 to	 reject	 the	 assistance	 considered	 (Muir,	 1994).	 Such	 adaptive	 behaviors	 were	 not	

observed	 in	both	simulated	and	real	world	environments,	where	reliable	and	unreliable	(false	

positives	 and	 negatives)	 LDWS	 were	 showed	 to	 improve	 lane	 keeping	 performances	 by	

preventing	drivers	 to	 approach	 lane-edge	 zones	 (Rudin-Brown	and	Noy,	 2002).	Drivers’	 trust	

regarding	the	LDWS	was	greater	with	the	perfectly	reliable	device	than	with	an	unreliable	one.	

However,	 no	 data	 was	 reported	 regarding	 the	 lane	 departure	 episodes.	 Results	 gained	 from	

FCWS	indicate	that	unreliable	warnings	can	dramatically	reduce	the	benefits	of	the	device	(Bliss	

and	Acton,	2003;	Enriquez	and	MacLean,	2004).	In	a	car	following	task,	drivers’	reaction	times	

to	the	lead	car	braking	increased	with	an	unreliable	collision	warning	system	(false	and	missed	

warnings)	 compared	 to	 a	 reliable	 one	 and	 were	 even	 longer	 than	 without	 assistance.	

Furthermore,	 longer	 reaction	 times	 for	 the	 lead	 vehicle	 brake	 situations	 following	 assistance	

errors	were	recorded	(Abe	et	al.,	2002).	Notwithstanding	this,	drivers	also	spent	less	time	in	the	

hazardous	zone,	too	close	from	the	followed	vehicle,	whatever	the	reliability	of	the	FCWS.		

It	seems	that	reliable	assistances	are	more	effective	than	unreliable	ones.	However,	there	is	

a	 risk	 that	 drivers	 could	 rely	 too	 much	 on	 reliable	 assistance,	 leading	 to	 a	 drop	 in	 driving	

performances.	This	drop	was	observed	with	FCWS	in	terms	of	longer	reaction	times	(Abe	et	al.,	

2002)	and	quality	of	 the	 reaction	 (Maltz	 and	Shinar,	2007)	 to	a	hazardous	event,	but	 it	 could	

also	 result	 in	 more	 crashes.	 Indeed,	 more	 crashes	 were	 observed	 with	 a	 perfectly	 reliable	

assistance	 than	 with	 an	 imperfectly	 reliable	 assistance	 (Bliss	 and	 Acton,	 2003).	 As	 a	
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consequence,	 unreliable	 FCWS	 were	 not	 always	 found	 less	 effective	 than	 reliable	 ones.	

Additionally,	a	large	number	of	missed	warnings	(Maltz	and	Shinar,	2004)	and	various	warning	

reliability	levels	(60%,	70%,	80%,	95%	and	100%)	(Ben-yaacov	et	al.,	2002;	Bueno	et	al.,	2012)	

did	not	have	any	significant	impact	on	drivers'	behaviors.	

The	objective	of	the	present	study	was	to	assess	the	effects	of	an	auditory	LDWS	for	partial	

and	 full	 lane	 departure	 (onset	 manipulation)	 combined	 with	 missed	 warnings	 (reliability	

manipulation:	 100%	 reliable,	 83%	 reliable	 and	 66%	 reliable)	 on	 drivers'	 performances	 and	

acceptance.	Partial	lane	departure	and/or	reliable	warnings	were	expected	to	be	more	effective	

and	 more	 accepted	 by	 drivers	 than	 full	 lane	 departure	 and/or	 unreliable	 warnings.	 Missed	

warning	 lane	 departures	 were	 expected	 to	 weaken	 drivers’	 performances,	 compared	 to	 no	

assistance,	and	the	benefits	of	assistance	for	the	subsequent	lane	departures	were	expected	to	

lower.	

	

2 METHOD	

	

2.1 Participants	

Three	equivalent	groups	of	twelve	participants	(18	females	and	18	males),	aged	from	24	to	

44	 years	 (mean	 age	 =	 30.7	 years	 ±	 5.2),	 with	 driving	 experience	 ranging	 from	 3	 to	 26	 years	

(mean	=	12.1	 years	±	5.7),	 took	part	 in	 the	 experiment.	All	 of	 the	participants	had	normal	 or	

corrected-to-normal	 vision.	 No	 participants	 experienced	 motion	 sickness.	 Each	 received	 a	

financial	compensation	of	50	euros	for	their	participation.	

	

2.2 Simulator	

The	 experiment	 took	 place	 on	 a	 fixed-base	 simulator	 (developed	 by	 LEPSIS-COSYS-

IFSTTAR).	 The	 visual	 environment	 was	 projected	 onto	 seven	 screens	 providing	 a	 horizontal	

angle	of	about	300°	around	the	driver.	The	simulator	cabin	was	a	Peugeot	308	equipped	with	a	
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manual	 gearbox,	 a	 force	 feedback	 steering	wheel,	 pedals	 for	 brakes,	 accelerator	 and	 clutch,	 a	

speedometer	 and	 cruise	 control	 set	 at	 90	 kph.	 The	 visual	 database	 consisted	 of	 a	model	 of	 a	

straight	three-lane	road	developed	for	the	purpose	of	the	experiment.		

	

2.3 Distraction	task	

Lane	departures	were	brought	about	by	means	of	a	reading	task	-	words	were	displayed	on	

a	7-inche	screen	placed	on	the	dashboard	(25°	down	and	35°	right	from	the	driver	gaze	straight	

ahead).		

The	 screen	displayed	 four	words	 at	 a	 time,	which	 refreshed	 every	 second,	 from	a	 total	 of	

3097	 words	 selected	 from	 the	 MANULEX	 database	 (Lété	 et	 al.,	 2004)	 based	 on	 their	 length	

(between	 6	 and	 9	 letters)	 and	 use	 frequency	 (50%	 of	 the	 words	 closer	 to	 the	 frequency	

average).	Between	1	and	4	 infinitive	verbs	were	presented	with	an	average	of	2	 infinite	verbs	

every	eight	words	displayed.	

Whilst	driving,	participants	were	instructed	to	read	aloud	as	many	verbs	as	possible	without	

looking	at	the	road	for	the	period	of	the	distraction	task.	A	camera	recording	drivers’	faces	and	

eyes	was	used	to	check	that	drivers	kept	their	eyes	on	the	distraction	task.	

During	each	driving	scenario,	 twelve	distraction	 tasks	were	played,	 separated	by	20	 to	40	

seconds	between	each	one.	Half	of	the	distraction	tasks	led	to	a	lane	departure	(3	on	the	right	

and	3	on	the	left).	To	ensure	that	the	distraction	tasks	lead	to	a	left	or	a	right	lane	departure	or	

to	no	lane	departure,	the	driving	simulation	was	manipulated	during	the	reading	task.	For	those	

distraction	tasks	that	should	not	lead	to	a	lane	departure,	the	vehicle	trajectory	was	maintained	

in	the	driving	lane.	For	those	distraction	tasks	that	should	lead	to	a	lane	departure,	the	vehicle	

trajectory	was	slightly	changed	(1°	of	vehicle	heading)	to	the	right	or	to	the	left	to	ensure	a	left	

or	a	right	lane	departure	respectively.	The	trajectory	change	had	no	effect	on	the	steering	wheel	

force	feedback.	Because	the	vehicle	heading	was	changed	during	the	distraction	task,	it	was	not	

possible	 for	 the	 participants	 to	 notice	 those	 manipulations	 and	 post	 experiment	 interviews	

confirmed	this.	
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During	the	manipulation	of	the	driving	simulation,	drivers	kept	control	of	the	steering	wheel	

and	 were	 able	 to	 steer	 the	 car	 normally.	 Because	 drivers	 were	 asked	 to	 focus	 on	 a	 very	

demanding	 distraction	 task	 and	 were	 instructed	 to	 keep	 both	 hands	 on	 the	 steering	 wheel	

during	those	episodes	and	drive	in	a	straight	line,	the	lane	departures	appeared	as	natural.	Pre-

tests	were	used	to	set	the	manipulations	of	the	driving	simulation	to	ensure	that	provoked	and	

prevented	lane	departures	were	not	perceived	as	artificial	and	unexpected.		

The	distraction	task	stopped	when	a	Partial	Lane	Departure	-PLD-	or	Full	Lane	Departure	-

FLD-	was	reached	depending	on	the	condition	(onset	manipulation).	PLD	was	reached	as	soon	

as	part	of	the	front	tyre	touched	the	inside	edge	of	the	closest	 lane	marking.	FLD	was	reached	

when	the	front	tyre	was	completely	beyond	the	outside	edge	of	the	lane	marking.	

When	 the	 distraction	 task	 ended,	 the	 7-inch	 screen	 used	 to	 display	 the	 words	 remained	

black.	In	the	case	of	a	driving	scenario	without	assistance,	no	further	information	was	provided.	

In	 the	 case	 of	 a	 driving	 scenario	with	 driving	 assistance,	 the	 end	 of	 the	 distraction	 task	was	

associated	with	a	warning.		

	

2.4 Driving	assistance	device	

The	 driving	 assistance	 device	 consisted	 of	 a	 sound	 similar	 to	 a	 rumble	 strip	 noise	 played	

from	the	loudspeakers	of	the	simulator	cabin	when	the	vehicle	was	leaving	its	lane.	The	sound	

remained	active	as	long	as	the	car	was	not	driven	back	into	its	lane.	

The	end	of	the	distraction	task	(either	PLD	or	FLD)	and	the	warning	were	triggered	at	the	

same	 time.	A	 control	 condition	without	 assistance	was	performed	 for	 both	PLD	 and	FLD.	 For	

those	conditions,	no	warning	was	delivered	at	the	end	of	the	distraction	task.	

Each	 group	 of	 twelve	 participants	was	 given	 a	 reliability	 level	 (Perfect	 -100%-,	Medium	 -

83%-	or	Low	-66%-)	to	ensure	that	the	percentage	of	assistance	reliability	was	maintained	for	

each	participant	 for	 the	 entire	duration	of	 the	 experiment	 (i.e.	 partial	 and	 full	 lane	departure	

onsets).	



	 11	

All	 in	 all,	 each	participant	 took	part	 in	 four	 successive	driving	 scenarios	 balanced	 in	 each	

group	of	participants	using	Latin	square	design:	(1)	No	Assistance	with	Partial	Lane	Departure;	

(2)	No	Assistance	with	Full	Lane	Departure;	(3)	Assistance	with	Partial	Lane	Departure;	and	(4)	

Assistance	with	Full	Lane	Departure.	

	

2.5 Procedure	

Drivers	 were	 instructed	 to	 drive	 in	 the	 middle	 lane	 of	 the	 three-lane	 road,	 to	 keep	 both	

hands	on	the	steering	wheel	and	to	reach	the	speed	of	90	kph.	When	the	speed	of	90	kph	was	

reached,	cruise	control	was	automatically	engaged	and	the	speed	of	90	kph	was	maintained	for	

the	remainder	of	 the	driving	scenario.	Cruise	control	was	used	 in	order	to	ensure	similar	 lane	

departure	episodes.	

The	 experiment	 lasted	 approximately	 an	 hour,	 beginning	 with	 a	 training	 scenario	 which	

aimed	 to	 familiarize	 drivers	 with	 the	 simulator,	 the	 distraction	 task	 and	 the	 procedure.	 The	

experiment	 itself	 consisted	 of	 4	 driving	 scenarios	 (approximately	 8	 minutes/scenario),	 each	

followed	by	questionnaires.	Drivers	had	to	complete	the	NASA-TLX	in	order	to	assess	subjective	

workload	(Hart	and	Staveland,	1988)	and	a	questionnaire	of	acceptance	of	the	assistance	device	

(Reagan	and	Bliss,	2013)	when	the	assistance	was	present.		

Prior	 to	 the	 experiment	 participants	 were	 presented	 with	 the	 assistance	 device	 and	 the	

warning	 sound.	 The	 assistance	 device	 was	 not	 experienced	 in	 driving	 conditions	 before	 the	

experiment.	 Participants	 were	 not	 informed	 of	 the	 assistance	 device	 reliability	 and	 onset	

manipulations.	

The	 two	groups	of	participants	with	an	 imperfect	driving	assistance	 faced	one	miss	 (83%	

reliable)	 or	 two	 misses	 (66%	 reliable)	 among	 the	 six	 lane	 departures	 induced	 through	 the	

distraction	 task.	The	misses	occurred	after	 the	second	or	 third	distraction	 task	 (and	 first	 lane	

departure)	for	the	medium	reliability	(83%)	and	after	the	second	or	third	and	the	fifth	or	sixth	

distraction	task	(and	first	and	third	lane	departure)	for	the	low	reliability	(66%).		
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Traffic	 on	 both	 ways	 was	 present	 at	 a	 rate	 of	 approximately	 six	 vehicles	 per	 kilometer.	

However,	 the	traffic	was	arranged	in	such	a	way	that	drivers	never	had	to	take	 into	account	a	

potential	risk	of	collision	nor	to	change	lane.	

	

2.6 Data	analysis	

Newman-Keuls	tests	were	used	for	post-hoc	comparisons.	The	level	of	significance	of	p<0.05	

was	used	in	all	tests.		

2.6.1 Driving	behaviors	during	lane	departure	episodes	
In	order	to	assess	driving	behaviors	during	lane	departure	episodes,	the	Duration	of	Lateral	

Excursion	(DLE)	was	computed.	DLE	 is	 the	 time	spent	by	drivers	outside	of	 their	driving	 lane	

(i.e.	the	most	outward	portion	of	the	vehicle	over	the	centerline	of	the	lane	boundary)	during	a	

provoked	 lane	 departure.	 Steering	 reaction	 times	 that	 corresponded	 to	 the	 time	 elapsed	

between	the	end	of	the	distraction	task	and	the	moment	when	drivers	began	to	turn	the	steering	

wheel	was	also	calculated.		

2.6.1.1 Lane	departures	without	the	warning	missed	situations	

A	 3	 x	 2	 x	 2	 mixed	 design	 ANOVA	with	 one	 between-participants	 factor	 (reliability	 level:	

100%,	83%,	66%)	and	two	within-participants	factors	(onset:	Partial	Lane	Departure,	Full	Lane	

Departure;	 driving	 assistance:	 no	 assistance,	 assistance)	 was	 used	 to	 assess	 lane	 departures	

without	the	warning	missed	situations.	

2.6.1.2 Missed	warning	lane	departures	

Analysis	was	 carried	 out	 in	 order	 to	 assess	 the	 lane	 departures	missed	 by	 the	 assistance	

device	compared	to	no	assistance	and	lane	departures	with	a	perfectly	reliable	assistance.	A	3	x	

2	mixed	design	ANOVA	with	one	between-participants	factor	(influence	of	miss:	behavior	when	

the	assistance	is	perfectly	reliable,	during	the	miss	with	assistance	reliability	of	83%,	during	the	

first	miss	with	assistance	reliability	of	66%,	during	the	second	with	assistance	reliability	of	66%	
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and	with	no	assistance)	and	one	within-participants	factor	(onset:	Partial	Lane	Departure,	Full	

Lane	Departure)	was	adopted.	

2.6.1.3 The	lane	departure	following	a	missed	warning	

An	analysis	was	then	performed	to	assess	behaviors	for	the	lane	departure	following	a	lane	

departure	missed	 as	 compared	 to	 no	 assistance	 and	 lane	 departures	with	 a	 perfectly	 reliable	

assistance.	 A	 3	 x	 2	 mixed	 design	 ANOVA	 with	 one	 between-participants	 factor	 (influence	 of	

miss:	behavior	when	the	assistance	is	perfectly	reliable,	after	the	miss	with	assistance	reliability	

of	 83%,	 after	 the	 first	 miss	 with	 assistance	 reliability	 of	 66%,	 after	 the	 second	 miss	 with	

assistance	reliability	of	66%	and	with	no	assistance)	and	one	within-participants	factor	(onset:	

Partial	Lane	Departure,	Full	Lane	Departure)	was	performed.	

2.6.2 Global	lateral	position	
A	 3	 x	 2	 x	 2	 mixed	 design	 ANOVA	 with	 one	 between-participants	 factor	 (reliability	 level:	

100%,	83%,	66%)	and	two	within-participants	factors	(onset:	Partial	Lane	Departure,	Full	Lane	

Departure;	driving	assistance:	no	assistance,	 assistance)	was	used	 to	assess	driving	behaviors	

outside	 of	 the	 distraction	 tasks	 and	 associated	 lane	 departures	 on	 a	 dependent	 variable	

assessing	 drivers’	 position	 in	 the	 driving	 lane.	 To	 do	 so,	 a	 variable	 inspired	 from	 Land	 (the	

surface	between	the	lane	center	and	the	car	center)	was	computed	for	all	road	sections	with	no	

distraction	tasks	or	lane	departure	(Land	and	Horwood,	1995).		

2.6.3 Subjective	mental	workload	and	assistance	acceptance	
A	 3	 x	 2	 x	 2	 mixed	 design	 ANOVA	 with	 one	 between-participants	 factor	 (reliability	 level:	

100%,	83%,	66%)	and	two	within-participants	factors	(onset:	Partial	Lane	Departure,	Full	Lane	

Departure;	 driving	 assistance:	 no	 assistance,	 assistance)	 was	 used	 to	 assess	 subjective	

workload.	

Finally,	a	3	x	2	mixed	design	ANOVA	with	one	between-participants	factor	(reliability	level:	

100%,	83%,	66%)	and	one	within-participants	factors	(onset:	Partial	Lane	Departure,	Full	Lane	

Departure)	was	used	to	assess	assistance	acceptance.		
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3 RESULTS	

	

3.1 Lane	departures	without	the	warning	missed	situations		

	

3.1.1 Duration	of	lateral	excursion	(DLE)	
The	assistance	device	reliability	did	not	significantly	influence	the	mean	DLE	(F(2,	33)=0.29,	

p=.75).	Mean	DLE	were	significantly	reduced	in	the	presence	of	the	assistance	device	compared	

to	 the	no	assistance	 condition	 (assistance:	4.45s,	no	assistance:	5.64s,	F(1,	33)=92.62,	p<.001,	

see	 Fig.	 1A).	 The	 onset	 also	 impacted	 significantly	 the	 DLE	 (F(1,	 33)=5.38,	 p<.03)	 and	 a	

significant	interaction	between	onset	and	the	presence	of	assistance	was	found	(F(1,	33)=4.87,	

p<.04).	Post-hoc	analyses	revealed	that	the	assistance	device	 is	significantly	more	valuable	 for	

PLD	(4.17s)	than	for	FLD	(4.73s)	whereas	PLD	and	FLD	did	not	significantly	impact	DLE	without	

assistance	(PLD:	5.63s,	FLD:	5.64s).	

	

3.1.2 Steering	reaction	time	
The	assistance	device	reliability	did	not	significantly	influence	the	mean	steering	Reaction	

Times	(RTs)	(F(2,	33)=0.51,	p=.61).	Mean	RTs	were	significantly	reduced	in	the	presence	of	the	

assistance	device	compared	to	the	no	assistance	condition	(assistance:	0.88s,	no	assistance:	

1.18s,	F(1,	33)=30.99,	p<.001,	see	Fig.	1B).	The	onset	of	the	warning	also	impacted	significantly	
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RTs	(PLD:	0.92s,	FLD:	1.14s,	F(1,	33)=26.14,	p<.001).		

	

	

	

Figure	 1:	Mean	 duration	 of	 lateral	 excursion	 (A)	 and	mean	 steering	 reaction	 time	 (B)	 for	

partial	 (PLD)	 and	 full	 (FLD)	 lane	 departure	 episodes,	 missed	 situations	 excluded.	 Error	 bars	

represent	standard	errors.	
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3.2 Missed	warning	lane	departures		

	

3.2.1 Duration	of	lateral	excursion	
Figure	2A	 shows	 the	mean	DLE	 for	 the	warnings	missed	 (miss	 83%	 reliability	 assistance,	

miss	1	66%	reliability	assistance	and	miss	2	66%	reliability	assistance)	comparatively	with	the	

average	DLE	with	 the	perfectly	 reliable	assistance	and	 the	no	assistance	condition.	An	overall	

significant	effect	was	observed	(F(4,	52)=6.78,	p<.001).	Post-hoc	analyses	indicated	a	significant	

DLE	difference	between	 lane	departures	properly	signaled	with	a	perfectly	 reliable	assistance	

and	 the	 first	 warning	 missed	 either	 with	 the	 83%	 and	 the	 66%	 (Miss	 1	 66	 %)	 assistances.	

However,	this	difference	was	not	significant	for	the	second	warning	missed	(Miss	2	66	%).	In	the	

case	 of	 this	 second	 warning	 missed,	 DLE	 are	 significantly	 reduced	 compared	 to	 the	 DLE	

observed	during	 the	 first	warning	missed	 (miss	83	%	and	miss	1	66	%).	More	precisely,	DLE	

observed	for	that	second	miss	(4.92s)	were	positioned	half	way	between	the	DLE	observed	with	

the	 perfectly	 reliable	 assistance	 (4.28s)	 and	 the	DLE	 observed	 in	 the	 no	 assistance	 condition	

(5.64s)	without	significantly	differing	from	one	or	the	other.	

	

3.2.2 Steering	reaction	time	
Similarly	to	what	was	observed	for	DLE,	an	overall	significant	effect	was	observed	for	RTs	

(F(4,	 52)=3.62,	 p<.02,	 Fig.	 2B).	 However,	 post-hoc	 analyses	 only	 indicated	 a	 statistical	 RT	

difference	between	 lane	departures	properly	 signaled	with	 a	perfectly	 reliable	 assistance	 and	

the	first	warning	missed	in	the	83%	(p<.05)	and	a	trend	in	the	66%	(Miss	1	66	%,	p<.1).	
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Figure	 2:	Mean	 duration	 of	 lateral	 excursion	 (A)	 and	mean	 steering	 reaction	 time	 (B)	 for	

lane	departures	missed	compared	to	perfectly	reliable	assistance	and	no	assistance.	Error	bars	

represent	standard	errors.	 	
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3.3 The	lane	departure	following	a	missed	warning	

	

3.3.1 Duration	of	lateral	excursion	
The	ANOVA	and	associated	post-hoc	test	pointed	out	a	significant	difference	in	terms	of	DLE	

between	the	no	assistance	condition	and	all	 lane	departures	following	a	missed	warning	(Miss	

83%,	 Miss	 1	 66%	 and	 Miss	 2	 66%)	 (F(4,	 52)=5.32,	 p<.002,	 Fig.	 3A).	 DLE	 were	 significantly	

shorter	 even	 just	 after	 a	missed	 warning	 with	 the	 assistance	 device	 than	with	 no	 assistance	

(mean	DLE	after	a	missed	warning:	4.57s,	DLE	without	assistance:	5.64s).	Furthermore,	the	DLE	

for	 a	 lane	 departure	 provoked	 immediately	 after	 a	 warning	 missed	 lane	 departure	 did	 not	

significantly	differ	from	the	DLE	observed	with	a	perfectly	reliable	assistance	device.	

	

3.3.2 Steering	reaction	time	
The	pattern	of	 results	 recorded	with	RTs	 is	 descriptively	 similar	 to	 the	 one	described	 for	

DLE	 (RTs	 in	 the	 no	 assistance	 condition	 longer	 than	 all	 lane	 departures	 following	 a	 missed	

warning)	but	failed	to	reach	statistical	significance	(F(4,	52)=2.49,	p<.06,	Fig.	3B).	
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Figure	3:	Mean	duration	of	lateral	excursion	(A)	and	mean	steering	reaction	time	(B)	for	the	

lane	 departure	 immediately	 following	 a	 warning	 missed	 compared	 to	 perfectly	 reliable	

assistance	and	no	assistance.	Error	bars	represent	standard	errors.	

	

0

1

2

3

4

5

6

7
D
ur
at
io
n	
of
	la
te
ra
l	e
xc
ur
si
on
	(s
)

Driving	condition

-A-

With	perfectly	reliable	assistance After	miss	83%

After	miss	1	66% After	miss	2	66	%

No	assistance

0

0,2

0,4

0,6

0,8

1

1,2

1,4

1,6

1,8

RT
	(s
)

Driving	condition

-B-

With	perfectly	reliable	assistance Miss	83	% Miss	1	66	% Miss	2	66	% No	assistance



	 20	

	

3.4 Global	lateral	position	

The	 assistance	 device	 reliability	 did	 not	 significantly	 influence	 drivers’	 lateral	 position	 on	

the	driving	lane	(F(2,	33)=0.59,	p=.56).		

The	 cumulate	 surface	around	 the	 lane	 center	was	 significantly	 reduced	 in	 the	presence	of	

the	 assistance	 device	 compared	 to	 the	 no	 assistance	 condition	 (assistance:	 3516	 m2,	 no	

assistance:	3099	m2,	F(1,	33)=54.42,	p<.001,	Fig.	4).	

The	 onset	 also	 impacted	 significantly	 the	 surface	 around	 the	 lane	 center	 (F(1,	 33)=17.15,	

p<.001).	With	 FLD	 onset	 the	 cumulate	 surface	 around	 the	 lane	 center	was	 higher	 (3421	m2)	

than	with	PLD	onset	(3194	m2).	

Although	the	assistance	triggered	for	PLD	appeared	to	reduce	the	most	the	surface	around	

the	lane	center,	no	significant	interaction	between	the	presence	of	the	assistance	and	the	onset	

was	found	(F(1,	33)=2.15,	p=.15).	

	

Figure	4:	Cumulate	surface	around	the	lane	center.	Error	bars	represent	standard	errors.	
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3.5 Subjective	workload	and	assistance	acceptance		

No	significant	 effect	of	 the	presence	of	 assistance	 (F(1,	33)=0.06,	p=.81),	 of	 the	assistance	

reliability	 (F(2,	33)=1.07,	p=.35),	 or	onset	 (F(1,	33)=0.56,	p=.46)	were	 recorded	on	 subjective	

workload.	

Assistance	reliability	did	not	significantly	impact	any	of	the	acceptance	dimensions	assessed	

(reliable,	predictable,	trustworthy,	acceptable,	pleasing,	annoying,	accurate,	agreeable)	and	only	

the	dimension	trustworthy	was	significantly	affected	by	the	onset	of	the	warning	(F(1,	33)=6.42,	

p<.05).	 PLD	warnings	 receiving	 a	 higher	 score	 (6.75	 on	 a	 scale	 of	 0–10)	 than	 FLD	warnings	

(5.94).		

4 DISCUSSION	

	

When	looking	at	drivers’	performances	during	lane	departures	without	the	warning	missed	

situations,	 a	 global	 improvement	was	observed	 in	 the	presence	of	 the	LDWS	when	 compared	

with	 the	 no	 assistance	 condition.	 Additionally,	 drivers	 returned	more	 quickly	 in	 their	 driving	

lane	with	a	Partial	Lane	Departure	 than	with	a	Full	Lane	Departure	warning,	whereas	PLD	or	

FLD	 did	 not	 significantly	 impact	 DLE	 without	 assistance.	 However,	 no	 significant	 reliability	

effect	was	 observed.	 For	 the	 first	 lane	 departure	missed	 by	 the	 assistance,	 drivers	 tended	 to	

react	 later	 and	 took	 more	 time	 to	 return	 to	 the	 driving	 lane	 when	 compared	 with	 properly	

warned	 lane	 departures.	 Nevertheless,	 recovering	maneuvers	were	 not	 significantly	 different	

from	the	no	assistance	condition.	For	the	second	lane	departure	missed,	driving	performances	

improved	when	compared	with	the	first	missed	situation,	and	were	in	between	those	observed	

for	properly	warned	lane	departures	and	no	assistance.	Lane	departures	immediately	following	

missed	warnings	were	 very	 similar	 to	 those	 observed	with	 properly	warned	 lane	 departures	

indicating	 that	drivers	 fully	benefit	 from	 the	assistance	 in	all	 cases.	Moreover,	 outside	of	 lane	

departure	 episodes,	 drivers	 swerve	 less	 in	 the	 driving	 lane	 with	 the	 LDWS	 than	 without,	
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especially	with	the	PLD	onset.	From	a	subjective	point	of	view,	LDWS	did	not	reduce	workload	

and	PLD	warnings	were	judged	more	trustworthy	than	the	FLD	ones.	

The	significant	reduction	of	SRT	and	DLE	observed	without	the	warning	missed	situations	

confirms	a	general	benefit	of	LDWS	to	improve	drivers’	performances	and	therefore	their	safety	

during	 lane	 departure	 episodes.	 The	 results	 extend	 the	 observations	 which	 have	 been	made	

previously	 to	 unreliable	 LDWS	 when	 compared	 with	 perfectly	 reliable	 LDWS.	 Previous	

experiments	 show	 that	 perfectly	 reliable	 LDWS	 reduce	 steering	 reaction	 times	 (Deroo	 et	 al.,	

2013,	2012;	Kozak	et	al.,	2006;	Navarro	et	al.,	2007;	Rossmeier	et	al.,	2005)	and	decrease	 the	

number,	magnitude	and	duration	of	lateral	excursions	(Deroo	et	al.,	2013,	2012;	Hoc	et	al.,	2006;	

Navarro	et	al.,	2010,	2007;	Rimini-Döring	et	al.,	2005).	The	current	experiment	shows	that	even	

after	drivers	had	 to	deal	with	missed	warnings,	 subsequent	 lane	departures	correctly	warned	

take	 full	advantage	of	 the	assistance	 in	terms	of	reduction	of	both	steering	reaction	times	and	

duration	 of	 lateral	 excursion.	 Indeed,	 LDWS	 benefits	 remained	 stable	 after	missed	 warnings,	

and	only	the	recovery	manoeuvers	during	missed	warning	episodes	were	impacted.	

These	findings	are	also	consistent	with	those	previously	collected	though	the	comparison	of	

two	levels	of	LDWS	inaccuracy	(Navarro	et	al.,	2016).	LDWS	reliability	(83%	or	66%	composed	

of	false	warnings	alone	or	combined	with	missed	warnings)	did	not	significantly	impact	on	the	

quality	of	the	recovery	maneuvers.	This	result	is	extended	here	even	when	unreliable	assistance	

is	 compared	with	 perfectly	 reliable	 assistance.	 This	 data	 is	 contrasted	with	 some	 of	 the	 data	

collected	 for	 unreliable	 FCWS	 that	 led	 to	 a	 drop	 of	 performances	 (Bliss	 and	 Acton,	 2003;	

Enriquez	and	MacLean,	2004).	In	the	present	experiment,	the	reliability	of	the	assistance	(0%,	

12%	 or	 34%	 of	 missed	 warnings)	 did	 not	 significantly	 affect	 drivers’	 performances	 and	

judgements	of	trust,	other	than	when	focusing	on	missed	episodes.	This	pattern	of	results	was	

also	 observed	 for	 FCWS	 in	 other	 studies	with	 a	 large	number	 of	missed	warnings	 (Maltz	 and	

Shinar,	2004)	or	various	warning	reliability	levels	60%,	70%,	80%,	95%	and	100%	(Ben-yaacov	

et	al.,	2002;	Bueno	et	al.,	2013,	2012)	having	no	significant	impact	on	drivers	behaviors.	
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Moreover,	even	the	first	lane	departure	warned	after	missed	warnings	take	full	advantage	of	

the	 delivered	 warning.	 In	 line	 with	 acceptance	 data	 indicating	 that	 drivers	 did	 not	 consider	

unreliable	 assistances	 as	 less	 trustworthy	 than	 perfectly	 reliable	 assistance.	 Contrary	 to	

previous	data	 from	 the	 literature	 indicating	a	decrease	 in	 trust	 in	automation	with	unreliable	

LDWS	(Rudin-Brown	and	Noy,	2002),	the	current	results	indicate	that	trust	in	automation	is	not	

a	key	 factor	when	 it	 comes	 to	LDWS.	 Indeed,	 the	assistance	 improved	recovery	maneuvers	as	

soon	as	a	correct	warning	was	delivered	regardless	of	previously	missed	warnings.	

These	results	are	consistent	with	the	idea	that	a	correct	warning	is	able	to	redirect	drivers’	

attention	(Ho	and	Spence,	2009;	Ho	et	al.,	2006,	2005;	Spence	and	Ho,	2008)	and	trigger	a	faster	

reaction	 (Lee	 et	 al.,	 2002),	 which	 was	 observed	 in	 the	 present	 experiment	 through	 steering	

reaction	times.	LDWS	impact	on	recovery	maneuvers	is	extended	by	the	assistance	to	diagnose	

the	driving	situation.	Indeed,	reductions	in	steering	reaction	times	(approximately	0.3s)	cannot	

explain	 alone	 the	 reduction	 in	 the	 duration	 of	 lateral	 excursion	 (about	 1.2s)	 and	 the	 safety	

benefits	 associated.	Results	 indicate	 that	 this	 two	 step	warning	process	 is	 not	 affected	by	 the	

assistance	reliability.	The	observation	 that	missed	warnings	have	no	effect	on	performance	as	

soon	 as	 the	missed	warning	 episode	 is	 over	 is	 also	 consistent	 with	 the	 idea	 that	 there	 is	 no	

motor	memory	 of	 a	 steering	 response	 triggered	when	 a	warning	 is	 delivered,	 rather,	 drivers	

reason	based	on	the	diagnosis	of	the	situation	and	adjust	their	behaviors	accordingly	(Reynaud	

et	al.,	2016).	

Considering	missed	warning	 situations,	 if	 drivers’	 recovery	maneuvers	 are	not	 as	 good	as	

with	a	valid	warning,	they	are	not	significantly	worse	than	without	assistance.	All	together	the	

data	tends	to	indicate	that	in	terms	of	quality	of	the	recovery	maneuvers,	and	associated	safety	

benefits,	 an	unreliable	LDWS	assistance	would	be	better	 than	no	assistance.	Moreover,	 LDWS	

safety	 benefits	 may	 also	 be	 expected	 outside	 of	 lane	 departure	 episodes	 with	 a	 general	

improvement	of	 lateral	control	observed.	In	line	with	previous	results	(Rudin-Brown	and	Noy,	

2002),	drivers	swerved	less	 in	the	driving	lane	with	assistance	than	without,	regardless	of	the	

reliability	 level	considered.	This	confirms	the	potential	of	LDWS	(even	 imperfectly	reliable)	 to	
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mitigate	 the	 important	 transportation	 safety	 issue	 of	 lane	 departure	 crashes	 that	 represent	

more	of	 27%	of	 crashes	of	 light	 vehicles	 (Najm	et	 al.,	 2007).	With	LDWS	being	 considered	 as	

potentially	relevant	to	prevent	or	mitigate	between	146000	and	179000	crashes	per	year	in	the	

United	States,	including	between	4842	and	7529	fatal	crashes	(Jermakian,	2011).	Reductions	in	

crashes	have	already	been	observed	in	real	driving	conditions,	with	a	crash	rate	approximately	

2	times	higher	for	vehicles	without	LDWS	compared	to	vehicles	equipped	with	LDWS	(Hickman	

et	al.,	2015).		

Regarding	lane	departure	warnings	onset,	drivers	respond	and	return	in	their	driving	lane	

faster	 with	 PLD	 warnings	 when	 compared	 with	 FLD	 warnings,	 giving	 a	 clear	 objective	

advantage	 to	 the	 use	 of	 earlier	 warnings.	 From	 a	 subjective	 point	 of	 view,	 workload	 is	 not	

lowered	 with	 PLD	 assistance	 onset	 and	 only	 the	 trust	 dimension	 on	 an	 eight	 dimensions	

acceptance	 questionnaire	 is	 reduced	 (reliable,	 predictable,	 acceptable,	 pleasing,	 annoying,	

accurate,	 agreeable;	 Reagan	 &	 Bliss,	 2013).	 Contrary	 to	 what	 was	 observed	 with	 LDWS	

delivering	false	warnings	alone	or	combined	with	missed	warnings	(Navarro	et	al.,	2016),	PLD	

warnings	were	 not	 subjectively	 perceived	 here	 as	more	 annoying	 and	 less	 pleasing	 than	 FLD	

warnings.	 This	 indicates	 that	 the	 nature	 of	 the	 assistance	 error	 is	 determinant	 on	 drivers’	

acceptance	 and	 its	 related	 use.	 Reinforcing	 the	 idea	 that	 false	 warnings	 are	 responsible	 for	

LDWS	being	considered	as	a	highly	annoying	assistance	(Braitman	et	al.,	2010;	Duan	and	Chen,	

2011)	 often	 disengaged	 by	 drivers	 (Eichelberger	 and	 McCartt,	 2014;	 Reagan	 and	 McCartt,	

2016).	The	 solution	 suggested	here	 to	 encourage	drivers	 to	use	LDWS	would	be	 to	 reduce	 as	

much	as	possible,	false	warnings,	even	it	comes	at	the	price	of	an	increase	of	the	risk	of	missed	

warnings.	The	risk	of	warnings	given	too	early	being	considered	as	false	warnings	and	therefore	

potentially	 ignored	 by	 drivers	 (McGehee	 et	 al.,	 2002;	 Parasuraman	 et	 al.,	 1997;	 Shinar,	 1978;	

Tijerina	et	al.,	1996),	was	not	observed	in	the	present	experiment.	This	 is	probably	due	to	the	

fact	 that	 even	 if	 imperfectly	 reliable,	 every	 warning	 delivered	 was	 valid.	 The	 issue	 of	 false	

warning	annoyance	being	solved,	earlier	PLD	warnings	were	judged	as	more	trustworthy	than	
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later	 FLD	 warnings,	 in	 line	 with	 previously	 reported	 results	 on	 FCWS	 regarding	 the	 trust	

dimension	(Abe	and	Richardson,	2006a,	2005,	2004).		

An	 actual	 trend	 regarding	 transportation	 assistances	 is	 to	 automate	 driving	 as	 much	 as	

possible.	 The	 reason	 for	 that	 trend	 is	 related	 to	 our	 increasing	 technological	 ability	 to	 do	 so	

(Hancock,	2009).	But	in	terms	of	human-machine	cooperation	ever	increasing	automation	is	not	

necessarily	 for	 the	best	 (Parasuraman,	2000).	The	 issue	 raised	by	always	more	automation	 is	

currently	under	debate	 in	 the	human	 factors	community;	how	much	automation	 is	 too	much?	

(Hancock,	 2014).	 From	 a	 psychological	 perspective	 (i.e.	 drivers’	 perspective),	 increasing	

automation	as	much	as	possible	is	not	the	answer	to	all	transportation	safety	issues.	It	is	rather	

the	 opposite	with	 people	 having	 a	 clear	 preference	 for	manual	 completion	 even	 of	mundane	

tasks	rather	than	a	completely	automatic	task	completion	even	if	it	is	twice	as	fast	(Navarro	and	

Osiurak,	 2015;	 Osiurak	 et	 al.,	 2013).	 Additionally,	 the	 higher	 the	 degree	 of	 automation,	 the	

higher	the	risk	of	automation	not	only	solving	but	also	generating	problems	(Bainbridge,	1983).	

Contrary	to	low	level	assistances,	high	levels	of	driving	assistance	may	come	with	incorrect	use	

of	automation	(Parasuraman	and	Riley,	1997)	and	out-of-the-loop	(Kaber	and	Endsley,	1997)	or	

complacency	phenomenon’s	(Parasuraman	and	Manzey,	2010;	Parasuraman	et	al.,	1993).	As	a	

result,	 warning	 assistances	 such	 as	 LDWS	 actually	 remain	 highly	 relevant	 to	 improve	 safety.	

This	statement	is	confirmed	by	recent	publications	focusing	on	LDWS	in	various	research	fields	

(Brown	et	al.,	2015;	Dahmani	et	al.,	2015;	Huang	et	al.,	2015;	Son	et	al.,	2015).	

The	 collected	 data	might	 also	 provide	 some	 guidelines	 to	 assistance	 designers.	 The	 study	

revealed	that	missed	warnings	had	no	significant	effect	on	subsequent	lane	departure	situations	

in	 terms	 of	 both	 driving	 performances	 and	 acceptance,	 including	 trust	 in	 automation.	 This	

indicates	 that	LDWS	are	beneficial	 to	drivers	 as	 soon	as	 a	 valid	warning	 is	 delivered.	Besides	

when	 drivers	 faced	 a	missed	warning,	 this	was	 not	 detrimental	when	 compared	with	 the	 no	

assistance	 condition.	This	 indicates	 that	when	 it	 comes	 to	LDWS,	designers	 should	not	 favour	

the	reduction	of	the	risk	of	missed	warning	over	the	risk	of	false	warnings	(Parasuraman	et	al.,	

2000).	Therefore,	 a	 recommendation	would	be	 to	minimize	 the	 risk	of	 false	warnings.	 Ideally	
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the	warnings	 should	be	delivered	only	when	necessary	and	when	drivers	 reach	a	partial	 lane	

departure	rather	than	a	full	lane	departure.	

The	 study	 may	 be	 subject	 to	 a	 number	 of	 potential	 limitations.	 Firstly,	 only	 few	 lane	

departure	 episodes	 were	 introduced	 and	 further	 studies	 are	 required	 to	 confirm	 the	 data	 in	

longer-term	experiments.	 Indeed,	 LDWS	efficiency	 and	 acceptance	might	 change	 after	 a	more	

prolonged	 period	 of	 use.	 Secondly,	 so	 as	 to	 ensure	 experimental	 control,	 lane	 departure	

episodes	 were	 induced	 here	 by	 means	 of	 a	 distraction	 task.	 This	 methodology	 may	 have	 an	

impact	 on	 LDWS	 assessment.	 In	 particular,	 the	 absence	 of	 significant	 changes	 in	 trust	 and	

subjective	workload	might	be	due	to	the	fact	that	the	distraction	task	was	very	demanding	and	

may	have	masked	subjective	effects	due	to	the	amount	of	attentional	resources	it	required.	More	

realistic	lane	departures	induced	through	drivers’	drowsiness	or	unprovoked	distraction	would	

be	 valuable	 in	 order	 to	 confirm	 the	 results.	 Thirdly,	 the	driver	 cognitive	 state	may	 impact	 on	

LDWS	effectiveness.	In	particular,	the	origin	of	the	driver	distraction	(internal	or	external)	could	

impact	on	the	assistance	effectiveness	(e.g.	Bueno	et	al.,	2012).	Fourthly,	even	 if	broadly	used,	

driving	simulation	cannot	be	considered	as	equivalent	to	real	driving.	Drivers	probably	did	not	

feel	 as	 vulnerable	 in	 the	 driving	 simulator.	 As	 a	 consequence,	 naturalist	 studies	would	 be	 an	

important	step	so	as	to	reinforce	our	conclusions.	

5 CONCLUSION	

	

According	to	 the	data	collected,	a	 lack	of	reliability	with	a	LDWS	providing	valid	warnings	

does	not	negatively	impact	drivers’	performances	and	acceptance.	Even	during	missed	warning	

episodes’,	performances	are	not	worse	than	without	assistance.	Interestingly,	duration	of	lateral	

excursion	 is	 reduced	 between	 the	 first	 and	 the	 second	 warning	 missed.	 This	 suggests	 that	

driving	 performances	 might	 even	 be	 better	 with	 an	 assistance	 that	 is	 regularly	 missing	

warnings	 than	 with	 an	 assistance	 missing	 very	 few	 lane	 departures.	 In	 addition,	 driving	

performances	 for	 a	 lane	 departure	 episode	 following	 a	 missed	 warning	 are	 as	 good	 as	 the	
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performances	which	were	observed	with	a	perfectly	reliable	assistance.	The	results	also	showed	

the	superiority	of	partial	lane	departure	warnings	over	full	lane	departure	warnings,	suggesting	

the	 use	 of	 partial	 lane	 departure	 warnings	 when	 designing	 LDWS.	 Further	 studies	 should	

confirm	the	data	collected	here	with	other	 lane	departure	 inducers	 (e.g.	with	drowsy	drivers)	

and	with	longer-term	experiments	with	more	lane	departure	episodes.	
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