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Abstract 

It  is now evident from anecdotal evidence and prel iminary 
research tha t  distractions can hinder the task of operat ing 
a vehicle, and consequently reduce driver safety. However 
with increasing wireless connectivi ty and the portabi l i ty  of 
office devices, the vehicle of the future is visualized as an 
extension of the stat ic work place - i.e. an office-on-the- 
move, with a phone, a fax machine and a computer  all within 
the reach of the vehicle operator. For this research a Head 
mounted  Eye-tracking Device (HED), is used for tracking 
the eye movements of a driver navigat ing a test route in an 
automobible while completing various driving tasks. Issues 
arising from da ta  collection of eye movements during the 
completion of various driving tasks as well as the analysis 
of this da ta  are discussed. Methods for collecting video and 
scan-path data, as well as difficulties and l imitat ions are also 
reported. 

Keywords: Perceptual  reasoning, Ergonomics, Camera cal- 
ibration, Tracking 

1 Introduction 

Because of the increasing presence of In-Vehicle Informat ion 
Systems (IVIS) in modern vehicles, questions are now being 
raised about the impact  of these systems upon vehicle safety. 
Manual,  visual, and auditory methods are being used to in- 
teract with various in-vehicle devices such as radios, com- 
pact disk players, cell phones, laptop, palmtop computers, 
collision avoidance, global posit ioning navigat ion systems, 
speech based e-mail and other modern  in.formation equip- 
ment.  These devices provide obvious benefits to the driver 
- however costs associated with changes in driver workload 
and monitor ing efficiency are not  so clear. While thereis lit- 
tle argument  tha t  visual, auditory, biomechanical,  and cog- 
nitive distractions result from the use of these devices, the 
safety implications are difficult to quantify. To improve ve- 
hicular safety, some method for the assessment of these dis- 
tract ions  is required ([Ranney et al. 2000] and [Serafin et al. 
1993]). However, the exact parameters  with which a mini- 
mum threshold can be defined are not  yet fully unders tood 
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([Lee et al. 2000] and [Hankey et al. 2000]). A recent s tudy 
[Wierwille and Ti jer ina  1998] on developing formal defini- 
tions of the level of a t tent ion required in operat ing in-vehicle 
devices found tha t  "the amount  and frequency of visual at- 
ten t ion  to in-vehicle devices is directly safety relevant". An- 
other s tudy ([Vollrath and Totzke 2000]) on in-vehicle com- 
munica t ion  methods concludes the mode of communicat ion 
with in-vehicle devices does result in differences in levels of 
encroachment on the driver's at tent ion.  Car radios have 
been largely accepted as an acceptable driving distract ion 
while other in-vehicle information systems have not been so 
readily accepted ([McKnight and Mclmight 1991] and [Cain 
and Burris 1999]). Fundamental ly,  a distraction is anyth ing  
tha t  takes a t ten t ion  away from the pr imary task. In  the case 
of a driver, this is anyth ing  tha t  takes the driver's a t ten t ion  
away from the driving task. In the absence of knowledge 
about  the levels of distraction that  result from secondary 
tasks, it is difficult to predict what the effect of mult iple 
tasks is on the pr imary  (driving) task. While most drivers 
are risk adverse, they are not  fully aware of the involved risks 
when making decisions to use an  in-vehicle device. Many 
researchers have addressed problems relat ing to driver dis- 
t ract ions and a comprehensive review of the l i terature and 
studies  on various in-vehicle devices, completed in [l:teimer 
and Sodhi 2002], is summarized below. 

1 . 1  E x i s t i n g  R e s e a r c h  I n t o  T h e  D i s t r a c t i o n  P r o b l e m  

It  has long been recognized tha t  an overload of informa- 
t ion processing capacity causes problems with driving per- 
formance [Matthews and Sparkes 1996]. Exist ing research 
provides a number  of examples of overload. In  [Brown et al, 
1969] it is demonstra ted tha t  concurrent  performance of an 
audi tory task impairs judgments  of whether the car can be 
driven through a narrow gap. In  [Harms 1991] menta l  arith- 
metic performance is shown to be sensitive to the demands of 
the driving task. In  recent years, there has been an increase 
in the variety of in-vehicle equipment  available to drivers. 
Cassette players and radios are s tandard  in most cars. Mo- 
bile telephones are now widespread, and lately navigat ional  
and route guidance equipment,  real-t ime information sys- 
terns etc. have been introduced into the "driver space". A 
number  of investigations have been directed at evaluating 
the effects of such equipment  on driving performance. Cog- 
nitive load problems have been related to the use of mobile 
phones in various ways - actions such as phone conversa- 
tions, holding the phone, and dialing while driving ([McK- 
night and Mcknight 1991] and [Cain and Burris 1999]) have 
an impact  upon  the driver's a t ten t ion  in different ways. In  
[McKnight and Mcknight 1991] an intense business conver- 
sat ion is shown to differ from a social conversation in the 
cognitive load placed on the driver while operat ing a ve- 
hicle. It appears tha t  hands free conversations do result 
in reduced cognitive loads, nevertheless there is an increase 
in the load compared with normal  driving ([Pachiaudi and 
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C h a p o n  1994] and [Cain and Burr is  1999]). T h e  re la t ive  risk 
of dr iv ing  wi th  a cell phone  has been  r epo r t ed  as compara-  
ble w i th  the  haza rd  associa ted wi th  dr iv ing  while in tox ica ted  
([1997]) and it is s t a t ed  t h a t  " the  re la t ive  risk is s imilar  to  
the  haza rd  assoc ia ted  wi th  dr iv ing  wi th  a b lood  alcohol  level 
at  the  legal l imi t" .  I t  has also been  shown t h a t  t he  risk as- 
soc ia ted  wi th  a phone  conversa t ion  while  dr iv ing  does not  
end wi th  the  call ( [Redelmeier  and Tibsh i ran i  1997]), and 
it is con jec tu red  t h a t  t he  sus ta ined  risk is due  to  the  driver  
be ing  men ta l ly  occupied  w i t h  the  past  conversa t ion  af ter  i t  
is ac tua l ly  over. 

Th is  pape r  focuses on the  use of eye t rack ing  m e t h o d s  to  
m o n i t o r  how various d is t rac te rs  affect a driver,  assuming a 
re la t ionship  be tween  eye movemen t s  and a t ten t ion .  Whi l e  
th is  m o d e  of  t rack ing  a t t en t ion  has been  used in t he  past ,  
recent  advances  in t r ack ing  ha rdward  and software,  as well 
as increases in c o m p u t i n g  power  have now m a d e  m a d e  at- 
t e m p t s  at mon i to r i ng  dr iver  a t t en t ion  vis-a-vis  eye move-  
men t  t r ack ing  feasible for real  t ime  analysis. E v e n  so, the re  
are several  issues t h a t  mus t  be  addressed when  using eye 
m o v e m e n t  t racking,  and  some of these  are de ta i led  in this  
paper .  

1.2 Eye Movements and Attention 

T h e  h u m a n  ocu lomo to r  sys tem is contro l led  di rec t ly  f rom a 
sect ion of  the  b ra in  s t e m  t h r o u g h  th ree  pairs of ex t r aocu la r  
muscles~ each responsible  for one of  the  three  direct ions  of 
eye movemen t ;  hor izontal ,  vert ical ,  and  torsional .  T h e  mos t  
basic movemen t ,  for which no select ive func t ion  exists, is 
cal led physiological  nys t agmus  which is caused involuntar -  
ily by t r emors  in the  ex t r aocu l a r  muscles,  resu l t ing  in slight 
shifts of t he  ocular  image  in re la t ion  to t he  re t ina .  All  t he  
r ema in ing  eye movemen t s  have one th ing  in c o m m o n  - t h e y  
have some func t ion  in control l ing where  t he  eyes fixate. A 
Saccadic  eye m o v e m e n t  is the  f u n d a m e n t a l  search m o v e m e n t  
for the  eye. I t  can  be  bes t  descr ibed  as a bal l is t ic  m o t i o n  
to  p rope l  t he  eye to  a new ob jec t  of interest .  Saccades  are 
fur ther  descr ibed  as pre  p r o g r a m m e d  movement s ,  and  once 
in i t ia ted,  the i r  p a t h  or des t ina t ion  canno t  be  vo lun ta r i ly  al- 
tered.  A cer ta in  a m o u n t  of t ime,  be tween  150 and  200 ms 
can be  a t t r i b u t e d  to p lanning  and execu t ing  a saccade,  while  
t he  ac tua l  m o v e m e n t  only takes a m a x i m u m  of 30 ms while 
reaching  a m a x i m u m  speed  of  up to  900 deg per  sec. T h e  
t ime  be tween  saccades is when  the  eye processes visual  in- 
fo rma t ion  by f ixat ing on a target .  

W h e n  the  ob jec t  of  in teres t  is in mot ion ,  a t h i rd  t y p e  of 
eye m o v e m e n t  known as a s m o o t h  pursu i t  m o v e m e n t  is used 
as opposed  to  a sequence  of  saccades and fixations.  T h e  
purpose  of  a s m o o t h  pursu i t  m o v e m e n t  is to  t r ack  a mov-  
ing ob jec t  and keep it in foveal v iew once a saccade  place  
the  ob jec t  in focus. Th is  m o v e m e n t  allows for visual  infor- 
m a t i o n  to  be  e x t r a c t e d  f rom a mov ing  ta rge t .  I t  funct ions  
us ing a feedback process t h a t  cons tan t ly  uses in fo rma t ion  
re la ted  to  the  speed of  t he  mov ing  ob jec t  to  p red ic t  where  
to  move the  eyes. In  order  to  keep an ob jec t  cen te red  in 
t he  fovea of  b o t h  eyes a four th  type  of m o v e m e n t  known as 
vergence  m o v e m e n t s  are used in con junc t ion  wi th  s m o o t h  
movements .  Vergence m o v e m e n t s  are slow, 10 deg per  sec, 
d i scon juga te  m o v e m e n t s  used to  select t he  d is tance  of  t he  
t a rge t  by al igning the  ob jec t  in t he  center  of  b o t h  fovea. 
A d i scon juga te  m o v e m e n t  is descr ibed  as a s i tua t ion  where  
each eye is looking in different direct ions.  Two  final invol- 
u n t a r y  eye m o v e m e n t s  are ves t ibu la r  and op tok ine t ic  move-  
ments ,  which  work in con junc t ion  to  keep an ob jec t  in v iew 
when  the  head  moves.  Ves t ibular  movemen t s  are t r iggered  
by signals f rom the  inner  ear to  oppose  ro t a t i ona l  movement~ 

while  op tok ine t ic  m o v e m e n t s  are t r iggered  by opt ica l  t rans-  
la t ions oppos ing  uni form movemen t s  in the  visual  field. 

Eye  movemen t s  in m a n y  cases are assumed to  be predic-  
tors  of a t t en t ion .  An  eye- t racking  sys tems can therefore  be  
used to  collect i n fo rma t ion  abou t  how a driver  responds  to  
different s i tua t ions  on or off the  road  [Recarte  and Nunes  
2000]. Two  different models  for eye m o v e m e n t s  and  a t t en -  
t ion  are descr ibed  in [Henderson 1993]. In the  first a sequen-  
t ia l  a t t e n t i o n  mode l  describes a t t en t ion  as be ing  "d i rec ted  to  
t he  specific loca t ion  t oward  which the  eyes will  move  pr ior  to  
a saccadic  eye m o v e m e n t " .  In  t he  second model ,  a t t e n t i o n  is 
descr ibed  as be ing  "a l loca ted  to  all locat ions  in the  general  
d i rec t ion  of t he  i m p e n d i n g  saccade r a t h e r  t h e n  to  t he  specific 
t a rge t  loca t ion" .  Similar  f indings r e l a t ing  eye m o v e m e n t s  
d i rec t ly  to  a t t en t iona l  shifts for "ord inary  ac t iv i t ies"  have 
been  found by [Recarte  and Nunes  2000]. Saa r inen  [Saari- 
nen  1993] found t h a t  "observers  could no t  shift  a t t en t ion  
away f rom f ixa t ion  to  an e x t r a  foveal  pos i t ion  as efficiently 
as t h e y  could m a i n t a i n  a t t e n t i o n  at f ixa t ion" .  However  the re  
is one difficulty t h a t  needs to  be  r emembered .  Unt i l  some 
pe r iod  before  t he  saccadic  m o v e m e n t  s tar ts ,  models  of eye 
m o v e m e n t  and  a t t en t ion  p re sume  t h a t  t he  m o v e m e n t  can 
be  canceled [Salvucci 2000]. It  is the re fore  easy to  conceive 
t h a t  s i tua t ions  exist  where  a t t en t ion  is d i rec ted  on objec ts  
bu t  no eye m o v e m e n t  is ever  execu ted  to  b r ing  it  into view. 
In  order  to  s impli fy  the  p rob lem of u n d e r s t a n d i n g  where  at- 
t en t i on  is focused these  s i tua t ions  are assumed to  be unim-  
por t an t .  Whi le  eye movemen t s  are no t  a per fec t  ind ica t ion  
of  cogni t ive  process,  t h e y  are a "good index  of  t he  m o m e n t  
to  m o m e n t  on-l ine process ing ac t iv i t ies  t h a t  a c c o m p a n y  vi- 
sual  cogni t ive  tasks" [Rayner 1992]. In t he  past ,  researchers  
have  used  eye m o v e m e n t s  as an insight  to  pe rson ' s  t hough t s  
and in tended  act ions [McKnight  and Mcknigh t  1991]. More  
recently,  the  focus has shi f ted  into mode l ing  behav io r  pa t -  
terns  based  u p o n  eye movemen t s  [Salvucci and  A n d e r s o n  
1998]. In  e i ther  case in fo rma t ion  about  where  a sub jec t  is 
looking mus t  be  col lected at  h igh  frequency,  to  c ap tu r e  any 
sudden  changes in a persons actions.  

Eye  m o v e m e n t s  recorded  at  h igh  frequencies  can  give im- 
p o r t a n t  clues to  h u m a n  behavior .  A grea te r  u n d e r s t a n d i n g  
of  w h a t  in fo rma t ion  people  use in p rob l em  solving can  be  de- 
t e r m i n e d  by how long it takes to  process in_formation. Basic  
work in the  field was comple t ed  in [Just  and  C a r p e n t e r  1976] 
where  the  re la t ionship  be tween  the  locus, dura t ion ,  and  se- 
quence  of eye f ixat ions and the  ac t iv i ty  of  the  cen t ra l  proces-  
sor was inves t iga ted .  Eye  m o v e m e n t  d a t a  looks at  where  an  
ind iv idua l  is col lec t ing v isual  i n fo rma t ion  over a ve ry  smal l  
scale cur ren t ly  in the  range  of 50 to  400 HZ. Higher  col lect ion 
ra tes  are only avai lable in sys tems  where  t he  sub jec t s  head  is 
fixed. Com m erc i a l  head  m o u n t e d  eye t rackers  can  cur ren t ly  
collect eye m o v e m e n t s  in the  range  of  50 to  240 HZ while  
a v ideo  record ing  of  t he  forward  scene can be  m a d e  at  30 
HZ. Trad i t iona l  m e t h o d s  of  ana lyz ing  eye m o v e m e n t s  have  
focused largely on sepa ra t ing  f ixat ions f rom saccades based 
upon  velocit ies ,  aggrega t ion  of consecut ive  points  w i th  dura-  
t ion  min imums ,  and digi ta l  f i l ter ing [Salvucci 1999]. M a n u a l  
m e t h o d s  can  t h e n  be used to  ident i fy  w h a t  a dr iver  is f ixat-  
ing on. A recent  t echn ique  to  a u t o m a t e  this process  involves 
t rac ing  f ixations.  F i x a t i o n  t r ac ing  is " the  process  of m a p p i n g  
observed  ac t ion  protocols  to  t he  sequent ia l  p red ic t ions  of  a 
cogni t ive  process  mode l"  [Salvucci 1999]. Sa lvuce i  ([Salvucci 
and  A n d e r s o n  1998], [Salvucci 1999]) presents  an ex tens ive  
rev iew of cur ren t  m e t h o d s  of  t r ac ing  eye movement s ,  and 
develops th ree  new techniques  based  u p o n  Markov  models .  
T h e  models  however  are l imi ted  the i r  app l ica t ion  for s tudy-  
ing in-vehicle  devices  because  of the i r  a s sump t ion  t h a t  " the  
t ask  env i ronmen t  in which  eye -movemen t  d a t a  are col lec ted  
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is (at least for the most  part)  s ta t ic" .  In the context  of 
the automobile  the  scenery outside the vehicle is constant ly  
moving.  The  driver is t racking other  vehicle, signs, and ob- 
jects  outside the vehicle wi th  smooth  movements.  To detect  
pat terns  in driver 's  eye movements  new methods  of analysis 
need to be developed. 

To develop a new method  of analyzing dynamic  scenes 
an unders tanding of visual search in a dynamic set t ing is 
needed. W i t h  the addi t ion of smooth  eye movements,  the 
analysis of scan paths  for dynamic  scenes is more difficult 
t han  the associated problem in a stat ic  scene, since conclu- 
sions about  eye movements  and their  re lat ion to the actual  
scene can only be made at discrete intervals relat ing to the  
recording of the scene camera  [Stark and Ellis 1981]. The  
low recording rates of scene cameras make it necessary to 
rely on eye movements  recorded at higher frequencies to un- 
ders tand where the subject  is looking. Driving is one of 
many  tasks tha t  occurs in a dynamic  set t ing and therefore 
exhibits this problem. Drivers, l imited by their  visual re- 
sources, can only focus on a single st imulus and search up to 
three  targets  a second effectively [Moray 1990]. Frequent ly  
the need arises to concurrent ly moni tor  many  different vi- 
sual st imuli  such as the speedometer ,  rear view mirror,  a car 
in front, to the side, or other  aspects of the visual scene not 
re la ted to driving. When  visual resources axe allocated to 
secondary tasks a decrease in the  amount  of visual resources 
al located to the driving task has to occur [Rumar 1988]. 
Time-shar ing is used as a me thod  of part ial ly overcoming 
this l imitat ion.  W i t h  t ime-shar ing individual  visual  tasks 
are completed by sequences of saccadic movements  and fixa- 
tions. After  enough information has been acquired from one 
stimulus, a saccadic movement  is executed,  aligning another  
st imuli  wi th  the  central  region of the fovea. The  sequence is 
repea ted  over again unti l  one of the tasks is complete  [Wier- 
wille 1993]. The  pr imary  st imulus in many  instances is the 
forward view of the automobile  wi th  a range of secondary 
st imuli  compet ing  for the spare visual capaci ty [Rockwell 
1988]. A problem can occur when a driver chooses to moni- 
tor  too  many  secondary stimuli  instead of the pr imary  task, 
result ing in a lack of a t tent ion  to the p r imary  task. The  
driver therefore cannot  interpret  enough informat ion from 
the road. 

Drivers na tura l ly  develop a safety mechanism to counter-  
act this problem, by l imit ing the amount  of t ime focus is 
directed off the road for comfort ,  to a m a x i m u m  of approxi- 
mate ly  1.6 seconds [Wierwille 19931. Due to this l imi ta t ion  
a difficulty exists when information needs to be ex t rac ted  
from highly complex, or unknown secondary tasks, such as 
the clut tered dashboard of a new car or dialing a cell phone. 
In this s i tuat ion the t ime to search and complete  a task may  
have to be longer than  the comfort  limit. W h e n  informat ion 
is ex t rac ted  from complex scene experienced drivers exhibit  
a larger number  of eye movements  wi th  decreased fixation 
length [Chapman and Underwood 1998]. 

Other  problems can be identified in a drivers visual field. 
The  visual field is a region of flexible size and shape tha t  
includes bo th  areas of direct focus and indirect focus. The  
useful area of the visual field or funct ional  field of view has 
been described as "the area around the fixation point  from 
which information is being briefly s tored and read out  dur- 
ing a visual task" [Williams 1988]. A relat ionship between 
the size of the visual field and workload also exists, when 
too much informat ion is being processed the  useful field of 
view contracts  to prevent  overloading of the  visual sys tem 
([Rantanen and Goldberg  1999], and [Miura 1990]). In ad- 
dition, a reduct ion in the mean gaze durat ion can be found 
[Miura 1990]. The  reduct ion in visual field size can be related 

to two separated phenomena.  Tunnel  vision, represented by 
a clear reduct ion in aper ture  angle of the visual cone, and a 
general decrease in per ipheral  visual performance indepen- 
dent of the visual cone angle [l:tantanen and Goldberg  1999]. 
Drivers affected by these changes rely on a greater  number  
of shorter  fixations to detect  and acquire information from 
targets  ([Miura 1990] and [CrundaU et al. 1998]). Crundal l  
et al. [Crundall et al. 1997] concludes tha t  slower react ion 
t imes result. An  on the road driving study, using a commer-  
cial eye tracker as a me thod  of determining where a subjects  
a t ten t ion  is focused, was completed to fur ther  unders tand  
the effects t ha t  distract ions have on drivers as well as veri- 
fying the  results of some previous experiments .  

2 Tracking Drivers Eye Movements in an 
On The Road Setting 

The  purpose of this invest igat ion was to analyze the  gaze 
pa t t e rn  of drivers when they  are being distracted.  In the 
exper iment  24 people, who are all in possession of a valid 
driver 's  license, were asked to drive a route  of about  20 miles 
wi th  the Head mounted  Eye-tracking Device HED on. It  
was recommended  tha t  subjects  use the vehicle t ha t  they 
most  often drive, so tha t  they  would already be familiar wi th  
the controls. Dur ing the ride the subjects  were confronted 
with  several distractions,  which were presented by one of the 
investigators.  W h e n  driving past  a pre-determined posi t ion 
on the  route  for each distraction,  the  researcher played back 
a pre-recorded CD track ini t ia t ing the  specific distraction.  
The  distractions which the subjects were confronted wi th  
were: 

1. Turning on the radio and changing the s ta t ion to 1610 
AM. 

2. Note the  prices of gasoline from approaching gas sta- 
tions. 

3. Answering a phone call wi thout  a hands free device and 
complet ing a computa t iona l  task. 

4. Looking in the rearview mirror  and describe the vehicle 
t ha t  is following. 

5. Answering a hands free phone call and complet ing a 
memory  task. 

6. Beading the  odometer .  

7. Star t le  sound of a cellular phone (3 rings). 

2.1 System Setup 
To operate  the  system in a car the following i tems were re- 
quired: 

1. IView operator  PC.  

2. Compute r  moni tor  for eye level tracking. 

3. HED.  

4. CD player and speakers. 

5. UPS  power pack. 

The  iView operator  records and stores all the  incoming 
da ta  from the  HED. The  moni tor  is necessary to make real 
t ime  adjus tments  to the pupil  and corneal reflection thresh- 
old. W h e n  dr iving in na tura l  light conditions, the light in- 
tensi ty  changes wi th  cloud cover, t ime of day, t ree / bridge 
cover etc. This  affects the contrast  of the pupil and corneal 
reflection. This effect is most  pronounced when it is sunny. 

63 



Therefore ,  c loudy days will  give b e t t e r  eye data .  Two re- 
searchers  t rave l  w i th  t he  subjec t ,  inside t he  car. One re- 
searcher  opera tes  t he  iView P C  and the  o ther  researcher  
controls  t h e  d i s t r ac t ion  presen ta t ion .  Dur ing  an expe r imen-  
t a l  run,  t h e  d i s t r ac t ing  researcher  is assigned t h e  fol lowing 
tasks:  

1. Ac t i va t i ng  the  d is t rac t ions .  

2. No te  t he  traffic c i rcumstances .  

3. Ask ing  pa r t i cu la r  quest ions .  

4. N o t i n g  the  answers.  

2.2 System Calibration 
In  order  to  c ap tu r e  t he  gaze pos i t ion  correctly,  the  sys tem 
has to  be  ca l ib ra ted  for each driver.  Th i s  is done  by def ining 
a n u m b e r  of po in ts  where  the  sub jec t  mus t  focus on. T h e  
n u m b e r  of  po in ts  and  the i r  pos i t ions  can  be  defined w i t h  the  
iView software.  T h e  ca l ib ra t ion  p rocedure  gives t he  op t ion  
of  be ing  a b l e  to  de f ine  a 2-points~ 5-points ,  9-points  and a 13- 
points  ca l ibra t ion .  T h e  more  points  used, the  m o r e  accura te  
is t he  ca l ib ra t ion  and thus  the  gaze posi t ion.  W h e n  encoun-  
t e r ing  difficulties dur ing  ca l ibra t ion ,  a couple  of  th ings  were  
t r ied  to  fac i l i ta te  ca l ibra t ion .  F i r s t ,  t he  n u m b e r  of  po in ts  
used for ca l ib ra t ion  can be  decreased.  A n o t h e r  op t ion  is to  
decrease  t h e  ca l ib ra t ion  accept  level. T h e  h igher  t h e  accep- 
t a t i o n  level, t he  ha rde r  it  is to  accept  a gaze posi t ion.  As a 
resul t  the  gaze pos i t ion  is more  accura te .  Correspondingly ,  
the  lower the  accep ta t ion  level, t he  fas ter  t he  sys t em will  ac- 
cept  a gaze posi t ion,  b u t  t he  ca l ib ra t ion  is less accura te .  T h e  
p o i n t s  are d isplayed on the  c o m p u t e r  screen. Dragg ing  a n d  
dropp ing  the  po in ts  manua l ly  can  change  the  p l a c e m e n t  of  
the  ca l ib ra t ion  points .  This  is ve ry  convenient  when  a po in t  
is p laced  on a loca t ion  where  t he  sub jec t  can ha rd ly  see it 
or has  to  t u r n  the i r  eyes in an  u n n a t u r a l  pos i t ion .  W i t h  this  
op t ion  the  po in t  can  be shi f ted  to  a b e t t e r  locat ion.  To solve 
the  p rob l em of ca l ib ra t ing  the  sys t em wi th  t he  dr iver  sea ted  
in the  car,  t he  car was d r iven  in f ront  of  a flat surface such 
as a garage  door.  This  provides  a fiat un i fo rm wall  where  
the  ca l ib ra t ion  points  could be  easily l oca t ed  w i t h  a laser 
po in t e r  or stick. 

2.3 Data Recording 
As m e n t i o n e d  earlier,  the  H E D  uses th ree  different cameras :  
t he  scene camera ,  t he  eye camera  and the  Ill. camera .  T h e  
d a t a  coming  f rom the  scene c a m e r a  and  t h e  I R  c a m e r a  are 
s tored  digitally,  as an M P E G  file and A S C I I  file respec t ive ly  
in t he  PC ,  whi le  t h e  eye c a m e r a  d a t a  can  be  s tored  v ia  a 
v ideo  recorder .  T h e  digi ta l  d a t a  is used for the  analysis and 
the  eye c a m e r a  d a t a  is used for ad jus t ing  the  con t ras t  of  the  
pupi l  and corneal  ref lect ion dur ing  the  ca l ib ra t ion  and  the  
drive.  For  this  reason,  only  the  scene c a m e r a  and  I R  c a m e r a  
d a t a  was recorded  for th is  research.  

W h e n  the  eyes are closed the  II:t c a m e r a  is unab le  to  de tec t  
t he  pupi l  and the  corneal  reflect ion.  As a resul t ,  a n u m b e r  
of  zeros co r re spond ing  to  t he  eye pos i t ion  j u m p i n g  f rom t h e  
cu r ren t  pos i t ion  to  t h e  uppe r  left corner  of  the  scene v ideo  
will  be  recorded  in the  A S C I I  file. T h e  uppe r  left  corner  
is cons idered the  or igin  of  t he  coo rd ina t e  space, w i t h  r ight  
m o v e m e n t s  resu l t ing  in h igher  hor izon ta l  values and  upwards  
m o v e m e n t s  resu l t ing  in g rea te r  ver t ica l  values.  

W h e n  the  ca l ib ra t ion  p rocedure  is successful ly c o m p l e t e d  
the  sub jec t  is r eady  to  drive,  t h e  scene c a m e r a  and  I R  cam-  
era  d a t a  beg in  recording.  T h e  sub jec t  is now asked to  look 
s t r a igh t  forward  and  close h i s / h e r  eyes for th ree  seconds.  

This  is done  to  synchronize  t he  two camera  sys tems.  T h e  
synchron iza t ion  can la te r  be used w h e n  t ry ing  to  ident i fy  the  
scene t h a t  re la tes  to  m e a s u r e m e n t s  r ecorded  in t he  A S C I I  
file. This  p rocedure  proved  to  be  cr i t ical  in u n d e r s t a n d i n g  
how the  r ecorded  scene re la tes  t o  t he  r ecorded  A S C I I  file. 

3 Results 

To eva lua te  the  effect of  in-vehicle  tasks  on the  driver ,  focus 
has been  p laced  on ana lyz ing  eye m o v e m e n t s  as recorded  in 
t he  A S C I I  file using the  recorded  scene as a m e t h o d  of  de- 
t e r m i n i n g  the  physical  loca t ion  of  a m o v e m e n t .  Since the  
average  l eng th  of  t he  dr ive was 39 minutes ,  an  average  of  
39 * 60 * 50 ---- 117,000 eye pos i t ions  m e a s u r e m e n t s  were 
m a d e  for each subjec t .  Before  a de ta i l ed  analysis  could  
begin,  p rob lems  assoc ia ted  wi th  e n v i r o n m e n t a l  condi t ions  
t h a t  l imi t  t he  effectiveness of t h e  eye t racker  while  record-  
ing d a t a  needed  to  be  addressed.  T w o  l imi ta t ions  of  eye 
t rack ing  were  observed  when  a compar i son  of the  col lec ted  
d a t a  and  recorded  v ideo  was made .  F i r s t  t h e  eye t r ack ing  
e q u i p m e n t  canno t  ob t a in  a pos i t ion  m e a s u r e m e n t  w h e n  the  
eye is closed, say when  blinking- In this s i t ua t i on  the  eye 
t racker  assumes t h e  eye 's  pos i t ion  is at  t he  or igin  t he  up-  
pe r  left h a n d  corner .  Second,  sunl ight  interferes  w i t h  t he  
I R  record ing  device,  resu l t ing  in col lec ted  pos i t ions  outs ide  
of t he  feasible region of  m easu rem en t .  Before  any in d e p t h  
analysis  can be  c o m p l e t e d  b o t h  types  of  false d a t a  need  to  
be  r emoved  f rom the  d a t a  s t ream.  T h e  d a t a  was f i l tered to  
r emove  b o t h  pos i t ions  recorded  at  t he  origin and points  out-  
side the  feasible region.  W h e n  the  hor izon ta l  and  ver t i ca l  eye 
posi t ions  are p lo t t ed  agains t  t ime,  t he  f i l tered sect ions  are 
miss ing  as i l lus t ra ted  in (F igure  1). A de ta i led  inves t iga t ion  
into  eye m o v e m e n t  pa t t e rn s  could t h e n  be  comple ted .  

Basic  plots  of  recorded  d a t a  pos i t ions  for a pa r t i cu l a r  sub-  
j ec t  are shown agains t  t ime  for four of  t h e  tasks  p resen ted  
to  t he  dr iver  in th is  s tudy:  changing  the  radio  (F igure  1), 
checking the  rear  v iew mi r ro r  (F igure  2), r ead ing  the  odome-  
te r  (F igure  3), and  a h a n d  he ld  cell phone  conversa t ion  (Fig- 
ure  4). T h e  figures show the  p a t t e r n  of eye m o v e m e n t s  be- 
fore, du i ing ,  and after  a t a sk  is given to  the  driver .  Since the  
sub jec t  had  no ind ica t ion  when  the  ins t ruc t ions  for a task  
were  to begin,  eye m o v e m e n t s  pa t t e rn s  before  the  s t a r t  of  
ins t ruc t ions  in any f igure can be  cons idered  controls .  How- 
ever  it  is difl~icult to  classify any m o v e m e n t s  r ecorded  as be- 
ing r ep re sen ta t ive  of  "no rma l  driving"~ as will  be  discussed 
la ter .  T w o  basic p a t t e r n s  can  be  ident i f ied f rom the  results ,  
o n e  in which  glances are m a d e  be tw een  the  roadway  and  the  
device  (radio,  rear  v iew mirror ,  and  o d o m e t e r )  (Figures  1, 
2, and  3) and  ano the r  where  t he  dr iver  is in a s t a t e  of s ta t ic  
f ixa t ion  on the  center  of  t he  road  (F igure  4). E a c h  of  these  
s i tua t ions  needs to  be  ana lyzed  in a different  manne r ,  w i t h  
r e l a t ion  to t h e  effects on d r iv ing  pe r fo rmance .  

In  t he  rad io  t a sk  it  is easy to  see how the  drivers  eye 
m o v e m e n t s  follow the  t ask  shar ing  model .  T h e  i n s t ruc t i on  
per iod,  t he  pe r iod  where  the  t ask  is comple ted ,  and an in- 
d iv idua l  eye m o v e m e n t  off t he  road  are i l lus t ra ted  in (Fig-  
ure  1). W h e n  the  dr iver ' s  eyes move  to  the  radio,  which  
is l oca t ed  down and to  the  r ight  of  the  forward  view,  t he  
hor izon ta l  pos i t ion  and ver t i ca l  pos i t ions  increase,  w i th  a 
de lay  occur r ing  at t h e  pos i t ion  of t h e  rad io  where  some ac- 
t ion  is c o m p l e t e d  unt i l  a m o v e m e n t  back  to  the  forward  v i ew 
is comple ted ,  up and  to  the  left is. t he  hor izon ta l  and  ver-  
t ica l  pos i t ions  decrease.  T h e  process  is r e p e a t e d  un t i l  the  
t a sk  is comple ted .  T h e  rea r  v iew mir ror  task,  (F igure  2), is 
ve ry  s imilar  to t he  rad io  task,  except  ins t ead  of a downward  
m o v e m e n t  to the  radio,  an upward  m o v e m e n t  to  t he  mi r ro r  
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is combined wi th  a movement  to  the right. T h e  odomete r  
reading, (Figure 3), shows more of jus t  a one dimensional  
movement  to the dashboard.  W h e n  the  driver 's  eyes are 
not  focused on the  roadway, unexpec ted  st imuli  will not  be 
focused close to  the fovea, requir ing another  eye movement  
and fixation before an unders tanding  of the  s i tua t ion  can 
be made. The  driver, when engaged in the  cycle of glances 
between the  device and the  roadway, also loses the  abili ty 
to moni tor  s i tuat ions tha t  could be occurr ing around the  
vehicle per ipheral  but  not  direct ly  in front. These  types of 
movements  are responsible for many  of the spikes found in 
the control space around the  i l lustrated tasks. 

A lack of eye movements  to surrounding locations is even 
more pronounced during the cognit ive phone task where the  
drivers eye "wander" around the center  of the  forward view. 
The  lack of  movement  possibly corresponds to visual tun-  
neling a reduct ion  in the  useful field of view observed dur ing 
periods of increased informat ion  processing. In this s i tuat ion 
it is again unlikely t h a t  the  driver would notice s i tuat ions 
occurr ing around the  vehicle. It  was also observed tha t  the 
reduct ion  in eye movements  did not  end wi th  the phone call 
ie. end of the ins t ruct ion period. Rela t ing  to the  situa- 
t ion described in [Redelmeier and Tibshirani  1997], where 
a sustained risk after the end of  a cell phone conversat ion 
is re la ted to after thoughts .  Even  with  the  abili ty to iden- 
tify distract ions tha t  cause a reduct ion  in eye movements~ 
risk matr ices  to categorize their  safety effects are difficult 
to compute .  The  abili ty to develop these matr ixes  requires 
an unders tanding  of a "normal" driver 's  eye movement  pat-  
tern. Methods  of compar ing hypothesized "normal" driver 's  
eye movements  are needed to fully unders tand  the when a 
driver is under  the effects of a cognit ive task. 
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Figure  1: Horizontal  (top line) Vertical  (bo t tom line) eye 
movements  p lo t ted  against  t ime  during the  radio task 

3,1 Glance Measurements 

A detai led analysis of glances has been completed  for the  
radio, rear  view mirror,  and odomete r  task. If a glance is 
defined as the s tat ic  t ime when a driver is likely to be  inter- 
pre t ing  informat ion from ei ther  the  roadway or some in-car 
device, some hypothesis  can be formulated on how long a 
driver 's  eyes are off the road to complete  a par t icular  task. 
To simplify the analysis it is assumed tha t  the driver is e i ther  
in terpre t ing  informat ion from the  roadway or IVIS device. 
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Figure  2: Horizontal  ( top line) Vertical  (bo t tom line) eye 
movements  p lo t ted  against  t ime dur ing the  rear view mirror  
task 
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Figure  3: Horizontal  (top line) Vertical  (bo t tom line) eye 
movements  p lo t ted  against t ime  dur ing the odometer  task 

Movement  t imes and the  influence of per ipheral  vision are 
current ly  omi t t ed  from this pre l iminary  analysis for simplic- 
ity. The  e l iminat ion of movement  t imes could have some 
effect on glance times, since a slow movement  would be bet-  
ter  classified as par t  of the  t rans i t ion  as opposed to a glance. 
For the  radio task i l lustrated in (Figure 1), it is possible to 
construct  a table,  identifying where the eyes are directed 
dur ing the task. Glances can be  character ized as ei ther  on 
road or off road glances. The  da ta  corresponding to  the  ra- 
dio change task is i l lustrated in Table 1. Glances can then  be  
used as an indicat ion of how often a driver 's  eyes are not  on 
the road. Table 2 summarizes  the  glances for the  radio, rear 
view mirror,  and odomete r  tasks. The  da ta  seems to verify 
the, 1.6 second rule discussed in [Wierwille 1993], since all 
but  four glances for all three  tasks were under  the  l imitat ion,  
and only one glance for 2.32 seconds exceeded 1.6 seconds 
for more than  0.08 seconds. W i t h o u t  safety matr ixes  it is 
difficult to discuss how the  driver is affected by different pat-  
terns of glances. However at 25 M P H  the 2.32 second glance 
would represent  no direct f ixation or smooth  movement  to 
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Figure  4: Hor izonta l  ( top line) Vert ical  ( b o t t o m  line) eye 
movements  p lo t t ed  against  t ime  dur ing  the  cogni t ive hand  
held phone  conversat ion 

the  roadway for a d is tance  of 85 feet, raising some basic 
quest ions of safety tha t  cannot  be answered. Glance mea-  
surements  cannot  be comple ted  for the  cogni t ive task  since 
it would  represent  one long glance to the  roadway. Simi lar ly  
cogni t ive effects of  the  radio, rear  v iew mirror,  and odome te r  
tasks cannot  be included in the  analysis. As in the  case of 
the  cogni t ive phone  conversat ion,  a ca lcu la ted  "normal"  eye 
movemen t  pa t t e rn  could allow for a fur ther  unders t and ing  
of the  cogni t ive effects of  these tasks. 

R o a d  Loca t ion  R o a d  Loca t ion  
Glance  On Off Glance  On  Off 

1 1.64 16 0.34 
2 1.40 17 1.26 
3 1.44 18 0.32 
4 0.84 19 1.00 
5 1.38 20 0.46 
6 0.36 21 1.06 
7 1-44 22 0-36 
8 0.30 23 2.32 
9 1.16 24 0.54 

10 0.28 25 0.44 
11 1.10 26 0.44 
12 0.32 27 0.92 
13 1.18 28 1.40 
14 0.36 29 0.82 
15 1.22 

Table  1: Glances for the  radio task  

3.2 Problems Encountered When Analyzing Eye 
Movement Data 

Trad i t iona l  me thods  of analyzing eye movements  have fo- 
cused largely on separa t ing  fixations f rom saccades based 
u p o n  velocities,  aggregat ion  of consecut ive  points  w i th  du- 
ra t ion  min imums,  and digi ta l  f i l tering [Salvucci 1999]. In a 
dr iv ing  s i tuat ion,  s m o o t h  movements  are also present  and 
these  me thods  would  need to  be  modif ied to  be useful in 
the  general  case. Methods  of separa t ing  fixations, s m o o t h  

Measure  
Task comple t ion  

Off the  road  
M a x  off the  road  

Average  off the  road  glance 
Average  glance 

Glances to comple te  task 

Radio  Mirror  
26.12 26.56 
18.38 18.72 
2.32 1.68 
1.23 1.17 
0.90 0.86 

15 16 

O d o m e t e r  
9.24 
5.9 

1.16 
0.84 
0.71 

Table  2: S u m m a r y  of  glances for the  radio, rear view mirror ,  
and odome te r  task 

movements ,  and saccades,  p robab ly  can be  comple ted  wi th  
a veloci ty  threshold .  T h e  veloci ty  of saccaclic m o v e m e n t  is 
always significantly larger  t h a n  t h a t  of a smoo th  movement .  
A m e t h o d  based u p o n  this  t ype  of separa t ion  is discussed in 
[Sauter et al. 1991]. 

Once  a separa t ion  of s m o o t h  and saccadic m o v e m e n t  is 
made  another  p rob lem arises. If  a t r ac ing  p rog r am is to  
m a p  these  movemen t s  to a cogni t ive process model ,  an un- 
ders tanding  of the  env i ronment  the  sub jec t  is immersed  in 
is required.  In the  case of  a car driver,  the  env i ronmen t  is 
cont inuously  chmaging, making  it difficult to ident i fy w h a t  
is ac tua l ly  occurring,  even if it is possible to  ident i fy where  
the  sub jec t ' s  visual  a t t en t ion  is focused in a coord ina te  space 
automat ical ly .  Manua l  m app ing  is one t echn ique  commonly  
used to ident i fy  the  scene. In manua l  m app in g  a h u m a n  
opera to r  de termines ,  f rom a video recorded dur ing  the  test ,  
w h a t  is ac tual ly  occurr ing.  In addi t ion  to the  dynamic  scene, 
head  movements  fur ther  compl ica te  the  analysis of  eye move-  
m e n t  da t a  recorded using a head  m o u n t e d  eye tracker.  

If  a head m oun ted  eye t racker  is used, recorded da ta  only 
represents  the  eye movemen t s  in re la t ion  to  the  sub jec t ' s  
head. In  m a n y  s i tuat ions  a reference to the  vehicle or outs ide  
space is desired so some calcula t ion of the  gaze p a t h  needs 
to  be  made.  To ca lcula te  the  gaze p a t h  some combina t ion  of  
head  and eye posi t ion is required.  Some eye t racker  models  
are available wi th  an opt ional  head  t racker  to  e l imina te  the  
head  m o v e m e n t  problem.  However,  these  systems can he 
p rob lemat ic  in vehicles because  of  thei r  use of magnets .  

Difficulties wi th  head  movemen t s  when  using a H E D  are 
one reason for thei r  l imi ted  use. In s i tua t ions  where  a head  
t racker  can  not  be used, character is t ics  be tween  head  and 
eye movements  maybe  useful in separa t ing  out  the  head  
movemen t  componen t  of  the  gaze path .  In [Stern and Ran-  
ney 1999] head  movemen t  is shown to  be dependen t  on eye 
movement .  Land  [Land 1992], discusses the  semi-pred ic tab le  
re la t ionship  be tween  fast moving  saccadic movemen t s  and 
slower head  movements .  W h e n  b o t h  the  eyes and head  re- 
ceive commands  to  turn ,  an eye movemen t  occurs quickly 
wi th  the  head  following slowly, if  free to  do so. In situa- 
t ions where  the  head  is not  free to move,  addi t iona l  move-  
ment  is added to  the  eyes, resul t ing  in the  same line of gaze 
[Land and Horwood  1996]. S tern  and R a n n e y  [Stern and 
R a n n e y  19991 describe two types  of  head  movements ,  pre- 
d ic t ive  head  movement ,  where  the  head  movemen t s  usual ly 
precedes the  eye movement ,  and reac t ive  head  movemen t s  
where  the  eye movemen t  "lags beh ind  the  head  m o v e m e n t " .  
P red ic t ive  head  movements  usual ly  occur  in s i tua t ions  where  
we ant ic ipate  looking at someth ing  in our  per iphera l ,  while 
reac t ive  head  movements  occur  when we do no t  an t ic ipa te  
looking. O the r  m e thods  have been  deve loped  for identify- 
ing head  movement ,  inc luding video analysis techniques  us- 
ing face t racking  ( [Matsumoto  and Zelinsky 2000] and [Park 
and Lira 2001]) and a more  complex  l ight p ro jec t ion  sys tem 
[Schumacher and Korn  1983]. Fu tu re  work on separa t ing  
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head movements  could include action recognit ion algorithms 
similar to those proposed in ([Bobick 1996] and [Laya 1998]). 
The  work in [Laya 1998] aims to develop a image processing 
solution to the  head movement  problem. Schill et  al. [Schill 
et  al. 2001] look at methods  for au tomat ica l ly  detect ing re- 
gions of interest  in images using a complex learning based 
sys tem based upon eye movements,  while disregarding the 
actual  head position. 

In order to fur ther  unders tand wha t  effects dis t ract ing 
tasks have on the driver, some unders tanding  of what  is 
considered "normal" driving is needed. Such a measure  is 
inherent ly difficult to calculate in a real road set t ing since 
the  environment  is constant ly changing. The  problem is akin 
to the s teady s ta te  problem in random process. However, in 
the case of drivers, i t  may be possible to es t imate  "normal" 
eye movements  in an artificial environment  where the road 
is straight,  wi th  oncoming cars. However here too it is easy 
to imagine the number  of possible derivations tha t  could be 
discussed to describe wha t  a driver would be expected to 
look at. In a s i tuat ion with  a oncoming cars approaching at 
25 MPH,  the driver needs to give the  less a t tent ion  to the 
approaching car t han  at 40 M P H  since unconsciously the 
driver knows things are happening  slower. While  signs on 
the  side of the road require quick glances tha t  may happen 
wi th  some probabil i ty  etc. 

4 Conclusions 

This paper  demonstra tes  how various eye movements  can be 
collected and analyzed to compare a driver 's  performance 
with  a variety of in-vehicle tasks. Conclusions verify some 
basic measures tha t  have already been published in the lit- 
erature.  Eye movements  for the radio, rear view mirror,  and 
odometer  tasks all show pat terns  of t ime sharing by drivers. 
At ten t ion  is divided between the tasks of driving and the  sec- 
ondary task, switching back and forth between them. The  
basic me thod  of analysis demons t ra ted  here shows only how 
a driver divides at tent ion,  cognitive effects of the task cannot  
be analyzed using this method.  Results also concur wi th  the 
apparent  max imum glance t ime of approximate ly  1.6 seconds 
off the  road as discussed in [WierwiUe 1993]. In the three 
test  cases shown only four violations of this rule occurred for 
the 38 glances off the road and only one of these violations 
exceeded the  rule by more than  0.08 seconds. The  small  
var ia t ion may relate to how movement  t imes were assumed 
to be negligible. The  one glance for 2.32 seconds during the 
radio task is however well above the tolerance limit.  If  the  
driver was observing the posted speed limit of 25 MPH,  such 
a glance off the road represents t ravel ing a distance of about  
85 feet. Al though it is t empt ing  to conclude tha t  t raveling 
85 feet wi thout  looking directly at the road is a dangerous 
driving practice,  addit ional  work is needed to suppor t  this 
hypothesis~ and to develop a similar mat r ix  for the effects of 
cognit ive distractions.  

The  decrease in eye movements  shown with  the cognitive 
task concurs wi th  what  has been published, and the basic 
principal  of visual tunnel ing tha t  occur under cognitive load. 
The  dangers involved wi th  the  cognitive task axe shown to 
continue past  the end of the phone conversation, agreeing 
with  the s i tuat ion described by [Hedelmeier and Tibshirani  
1997], t ha t  the  risk of a cognitive conversation is still higher 
than  "normal" after conversat ion ends. Since the  cognitive 
task is represented as a single glance at the roadway, it may 
also be in terpre ted  as an unsafe driving practice.  It  is how- 
ever a more difficult problem to identify a level of risk from 
the da t a  collected in this s tudy wi thout  fur ther  methods  of 

comparing some measure of "normal" driving. W i t h o u t  a 
"normal" da ta  s t ream difficulties also exist identifying if the  
effects of the task axe completely  el iminated.  

5 The Future 

To fur ther  develop driver predict ion models for real- t ime 
warning systems and advanced model ing systems, fast meth-  
ods of analyzing human eye movements  are needed. The  
next  logical step is to develop mat r ix  for interpret ing and 
evaluat ing eye-movements as a me thod  of predict ing a 
driver 's  intent. Since human eye movements  are assumed 
to follow a shift in at tent ion,  this me thod  shows the most  
promise for predict ing driver actions. Future  vehicles could 
easily be f i t ted with  eye tracking equipment ,  moni tor ing 
a drivers fixation pat terns,  thus prevent ing unsafe distrac- 
tions. 
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