
Eye-­‐Tracking
Provides	
  detailed	
  gaze	
  information	
  – Where	
  and	
  for	
  how	
  long	
  participant	
  looks	
  

• Video-­‐camera(s)	
  and	
  infra-­‐red	
  light	
  source	
  record	
  
eye-­‐movements	
  and	
  pupil	
  dilatation

• Maps	
  eye	
  movements	
  onto	
  precise	
  locations	
  in	
  space
using	
  relationship	
  between	
  pupil	
  and	
  corneal	
  reflection

• Has	
  high	
  temporal	
  resolution	
  (250-­‐1000	
  Hz)
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Eye	
  Movements	
  in	
  Reading
The	
  eyes	
  do	
  not	
  move	
  continuously	
  while	
  reading

Fixations	
  
• Information	
  extraction
• Mean	
  =	
  225-­‐250	
  ms

Saccades – quick	
  jumps	
  
• 20-­‐30	
  ms in	
  duration
• Move	
  7-­‐9	
  characters
• Vision	
  is	
  suppressed

Regressions	
  
• 10-­‐20%	
  of	
  saccades
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Eye-­‐Tracking	
  in	
  Reading
Stimuli

• Whole	
  sentences,	
  entire	
  texts,	
  webpages,	
  etc.

Task:	
  	
  Usually	
  just	
  reading	
  

• Additional	
  (offline)	
  
tasks	
  can	
  include	
  
plausibility	
  judgments,	
  
comprehension	
  
questions,	
  etc.	
  

DVs: Eye-­‐movement	
  measures
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The author began the book before going on vacation.

First	
  fixation	
  duration	
  =	
  
First-­‐pass	
  duration	
  =	
  
Regression	
  path	
  duration	
  =
Second-­‐pass	
  duration	
  =	
  
Total	
  time	
  =
Regressions	
  out	
  =	
  

Eye-­‐Tracking	
  in	
  Reading

254 210 266 183

102 122
189 231 274

266	
  ms
266	
  +	
  183	
  ms

266	
  +	
  183	
  +	
  102	
  +	
  122	
  ms
122	
  ms

266	
  +	
  183	
  +	
  122	
  ms
1	
  regression

Eye-­‐movement	
  measures
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Eye-­‐Movement	
  Measures

Measure Description

First	
  fixation	
  duration Duration	
  of	
  first	
  fixation	
  in	
  a	
  region	
  

First-­‐pass	
  duration Time	
  spent	
  in	
  a	
  region	
  before	
  moving	
  on	
  
or	
  looking	
  back	
  

Regression	
  path	
  
duration	
  

Time	
  from	
  first	
  entering	
  a	
  region	
  until	
  
eyes	
  move	
  beyond	
  that	
  region,	
  
including	
  regression	
  time	
  

Second-­‐pass	
  duration Duration	
  of	
  re-­‐fixations	
  

Total	
  time Sum	
  of	
  all	
  fixations	
  in	
  a	
  region	
  

Regressions	
  out Proportion	
  of	
  regressions	
  out	
  of	
  a	
  
region	
  following	
  first-­‐pass	
  fixations
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Linking	
  Hypothesis	
  1
There	
  is	
  a	
  close	
  relationship	
  between	
  what	
  the	
  eyes	
  are	
  fixating	
  
and	
  what	
  the	
  brain	
  is	
  processing

Eye-­‐Mind	
  Hypothesis	
  (Just	
  &	
  Carpenter,	
  1980)

• There	
  is	
  no	
  appreciable	
  lag	
  between	
  what	
  is	
  fixated	
  
and	
  what	
  is	
  processed	
  

• Readers	
  retain	
  fixation	
  on	
  a	
  word	
  until	
  processing	
  
is	
  completed	
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Eye-­‐Mind	
  Hypothesis
Question

• Do	
  we	
  perform	
  word	
  recognition,	
  syntactic	
  parsing,	
  semantic	
  integration,	
  
referential	
  integration	
  and	
  discourse	
  processes	
  before	
  moving	
  eyes	
  to	
  
the	
  next	
  word?

Subsequent	
  Results

• The	
  effects	
  of	
  a	
  manipulation	
  are	
  often	
  visible	
  after	
  the	
  critical	
  word	
  or	
  
region	
  (spill-­‐over	
  effects)

• Suggests	
  that	
  processing	
  of	
  word	
  X	
  continues	
  while	
  fixating	
  word	
  X+1,	
  
and	
  possibly	
  while	
  fixating	
  word	
  X+2,	
  etc.

à The	
  eye-­‐mind	
  assumption	
  is	
  too	
  strong
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Linking	
  Hypothesis	
  2
The	
  eyes	
  do	
  not	
  leave	
  a	
  word	
  until	
  it	
  has	
  been	
  syntactically	
  integrated	
  (tree	
  
building)	
  	
  (Boland	
  2004)

• “Early”	
  measures	
  (first-­‐fixation,	
  first-­‐pass	
  reading	
  time,	
  regressions	
  out)	
  
reflect	
  lexical	
  access	
  and	
  constraints	
  on	
  structure-­‐building	
  

• “Later	
  ”measures	
  (e.g.,	
  regression	
  path	
  duration,	
  total	
  reading	
  times)	
  are	
  
sensitive	
  to	
  higher-­‐level	
  processes	
  like	
  semantic	
  integration,	
  reference	
  
integration,	
  and	
  discourse	
  processes
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Eye-­‐Tracking	
  vs Self-­‐Paced	
  Reading

57

Eye-­‐tracking Self-­‐paced reading

Relatively	
  natural Relatively unnatural	
  (may	
  lead	
  to	
  
task-­‐induced	
  effects)

Some	
  words	
  are	
  skipped No	
  words	
  are	
  skipped	
  
(measurement	
  for	
  each	
  word)

Dealing	
  with	
  blinks	
  can	
  be	
  
problematic

Blinking	
  not	
  problematic

Often	
  difficult	
  to	
  interpret	
  
various	
  reading	
  measures

Simple	
  and	
  easy	
  to	
  implement	
  
and	
  analyze

High	
  temporal	
  resolution RTs	
  include	
  processing	
  of	
  target	
  and	
  
programming	
  button	
  press	
  (slow	
  
RTs)



Behavioral	
  Methods	
  
Common	
  methods	
  used	
  in	
  language	
  comprehension:

• Lexical	
  Decision
• Priming	
  techniques
• Self-­‐paced	
  reading
• Eye-­‐tracking
• Pupillometry

Investigate	
  the
mental	
  lexicon

Investigate	
  syntactic,	
  semantic,	
  
and/or	
  pragmatic	
  processing

101
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Pupillometry
Detect	
  changes	
  in	
  the	
  pupil	
  size,	
  using	
  Eye-­‐tracker

Link	
  these	
  changes	
  to	
  (increased)	
  underlying	
  neural	
  activity	
  -­‐>	
  Cognitive	
  Load

-­‐ Pupil	
  diameter	
  (Just	
  &	
  Carpenter	
  1993)

-­‐ Pupil	
  jitter	
  (Marshall,	
  2002)



Pupil	
  diameter
Pupil	
  diameter	
  is	
  “index	
  of	
  automatic	
  activity	
  in	
  
psychophysiological	
  research”	
  (Goldwater,	
  1972)

Dilation	
  corresponds	
  to	
  “central	
  nervous	
  system	
  arousal”	
  
(Beatty	
  &	
  Wagoner,	
  1977)

-­‐ Linking	
  Hypothesis:	
  Hierarchically	
  organized	
  processes	
  
require	
  increased	
  activity	
  –>	
  greater	
  pupil	
  dilation

Letter	
  Matching:

-­‐ Physical	
  :	
   A	
  A

-­‐ Name:	
   A	
  a	
  

-­‐ Category:	
   a	
  i

Fig. 2. Averaged evoked pupillary responses
for same, different, and control judgments for
a group of 16 subjects in a second experiment
using a category-level criterion.

confirmed in more detail the relations be-
tween the level of hierarchical process-
ing and task-induced activation. As in
the first experiment, subjects made few
errors of classification, but the percent of
judgment errors differed significantly
among the experimental conditions
(PI = 0.2 percent, NI = 2.9 percent,
CI = 8.1 percent, and D = 0.5 percent;
F = 4.24, d.f. = 3,45, P < .025).
The averaged evoked pupillary re-

sponses for the second experiment are
shown in Fig. 2. As in the previous ex-
periment, few trials were rejected for
artifacts in the pupillometric data and
these rejections were not selectively
distributed across stimulus conditions
(PI = 4.4 percent, NI = 4.6 percent,
CI = 5.0 percent, and D = 4.2 percent).
And as before, pupillary dilation during
the decision interval was significantly
larger on experimental than on control
trials (t = 3.72, d.f. = 14, P < .01, the
control trial data of one subject being lost
in computer malfunction).
As might be apparent from Fig. 2,

highly reliable differences are present in
the averaged evoked pupillary responses
for correct same judgments as a function
of the level to which the letter pair must
be processed before reaching a correct
decision of identity. For the three types
of letter pairs that may be judged
"same" by the category criterion, the
averaged pupillary dilation in the 1-sec-
ond interval preceding response cue on-
set is smallest for physically identical let-
ter pairs and largest for categorically
identical pairs of different names. These
differences in dilation amplitude are
highly significant (F = 6.46, d.f. = 2,30,
P < .005). Further, the latency to peak
pupillary response is significantly larger
for letter pairs requiring higher levels of
processing (PI = 1.145 seconds, NI =
1.306 seconds, and CI = 1.345 seconds;
F = 6.73, d.f. = 2,30, P < .005). Thus
less-automatic processing of same letter
pairs within this hierarchically organized
cognitive system (7) appears to be asso-
ciated with larger amounts of activation
for greater periods of time.

In both experiments, the amplitude of
the averaged evoked pupillary response
for correct different judgments was inter-
mediate between those observed for the
simplest and most complex same judg-
ments. This result is in agreement with
reaction-time data obtained with simulta-
neously presented letter pairs (7, 15).
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One interpretation of both sets of find-
ings is that some different letter pairs can
be judged to be different on the basis of
physical comparison, whereas others re-
quire full processing before a correct
classification can be made. The apparent
heterogeneity of the different judgments
for simultaneously presented letter pairs
therefore does not cloud the orderly rela-
tions observed between processing
depth and task-induced activation ob-
served for correct same judgments.
The use of letter matching as a proce-

dure for the investigation of analysis and
decision processes carried out at dif-
ferent levels of a hierarchically organized
cognitive system coupled with the use of
pupillometric measurements to assess
momentary shifts in centrally regulated
autonomic activation provides a unique
opportunity to test the Jacksonian hy-
pothesis that more complex cognitive
processes require a greater level of acti-
vation or "vigilance" for their successful
execution. The data from, both experi-
ments lend support to this hypothesis.
They suggest a pattern of nervous sys-
tem organization in which the presum-
ably forebrain mechanisms that specifi-
cally mediate complex cognitive pro-
cesses exert reasonably direct, short-
latency control of brainstem activation
systems to provide the momentary level
of central activation required. However

reasonable such an interpretation might
be, it is not without its difficulties. First,
despite several decades of serious inves-
tigation, the mechanism by which brain-
stem activation systems affect the effi-
ciency of cortical information processing
remains puzzling (16). Second, the vari-
ous signs taken as indicators of nervous
system activation are not always in per-
fect agreement. Activation cannot there-
fore be a unitary variable, and care must
be exercised to specify exactly what
measures of nervous system activity are
taken as indicators of activation in any
particular instance. Third, pupillometric
measures, although classically associat-
ed with more central indicators of brain
activation (13), are still peripheral auto-
nomic signs and quite removed from
those central processes that one would
wish to study directly. Nonetheless, the
close relationship between peripheral
patterns of pupillary dilation and the lev-
el of cognitive processing observed in
the present experiments provides strong
support of Jackson's idea that vigilance
is a critical parameter of the higher infor-
mation-processing functions of the hu-
man brain.

JACKSON BEATTY
BRENNIS L. WAGONER

Department ofPsychology,
University ofCalifornia,
Los Angeles 90024
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Pupil	
  diameter
Just	
  &	
  Carpenter	
  (1993):	
  Complexity	
  in	
  sentence-­‐processing	
  

-­‐ Reading	
  Object	
  relative	
  clause	
  vs	
  subject	
  relative	
  clause

0	
  	
  “The	
  new	
  media	
  like	
  to	
  cover	
  political	
  events	
  extensively.”

1a	
  “The	
  reporter	
  that	
  the	
  senator	
  attacked	
  admitted	
  the	
  error	
  publicly.”

1b	
  “The	
  reporter	
  that	
  attacked	
  the	
  senator	
  admitted	
  the	
  error	
  publicly.”

2 “The	
  reporter	
  attacked	
  the	
  senator”	
  TRUE	
  or	
  FALSE?

-­‐ Reading	
  time	
  +	
  Button	
  press	
  +	
  Pupil	
  diameter	
  (max	
  change)	
  !

Max

Min



Pupil	
  diameter
Just	
  &	
  Carpenter	
  (1993):

Error	
  rate:	
  Object	
  relative	
  =	
  21%	
  vs	
  subject	
  relative	
  =	
  11%

Pupil	
  diameter:	
  

Reading	
  time:	
  

320 Just and Carpenter

4.75 r
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H
S
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I-H
P
« 4.60

4.55

Object Relative

Subject Relative

-1000 -500 500

DISTANCE IN TIME FROM MAXIMUM AMPLITUDE (msec)

Fig. 1 Maximum pupil diameter during the reading of object relative and subject relative
sentences, for selected trials.

simple maximum measure, rather than a waveform peak, as in Beatty's work.
One of the reasons for basing the pupillary response on a simple maximum
rather than a waveform peak was that on approximately 40% of the trials the
pupil diameter measure did not constitute a conventionally modulated
waveform. Some of the trials (approximately 17%) had more than one mode,
and some trials (approximately 23%) had no mode. As a result, much of the
data could not be analyzed in terms of waveform characteristics, such as the
peak to trough distance or the latency of the waveform peak. Instead, the
measurements were treated as a simple data stream.

Pupillometric Indices of Processing Intensity 323

700

600

500

400

300

Subject

-

/

/

1 1

Relative

\

i i

Object Relative

2 [The] reporter senator admitted the
< that erroi
g attacked

the
1 2 3 4

[The] reporter attacked admitted the
that erroi
the
senator

1 2 3 4
Region

Fig. 2 Total gaze duration on Regions 1-4 of the sentences in Experiment 1.

simply measure the higher probability of an error occurring in the computa-
tions associated with object relatives. The reading times indicate that extra
processing time is consumed in the case of object relatives. But this extra
processing time could be "extra" in the same sense that adding five single-
digit numbers takes longer than adding four single-digit numbers. The
pupillometric results provide additional new information, relating to the nature
of the difficulty imposed by object relative sentences. The pupillometric
results indicate that the computations for object relatives are not just more
time consuming and error prone, but also that the processing is making greater
demands on mental resources.

Experiment 2: Wh-phrase vs. Whether-clause Sentences
To examine the generality of the pupillary response to complexity during
on-line processing, it is useful to examine other constructions as well as other
tasks. Experiment 2 examines the processing of sentences with unbounded
dependencies, such as:

(3) The confused police didn't know which leader the rioters followed noisily down
the street after the meeting.

Such constructions have been analyzed from the vantage of linguistic theory
as examples of filler-gap constructions (e.g., Fodor, 1978; Stowe, 1986). The
name reflects the claim that comprehension involves "gap-filling," specifically,



Pupil	
  “jitter”	
  -­‐ ICA
The	
  Index	
  of	
  Cognitive	
  Activity	
  (Marshall,	
  2000)

Separate	
  light	
  reflex	
  from	
  dilation	
  reflex

Light	
  reflex	
  – slow	
  oscillation	
  of	
  pupil	
  diameter	
  in	
  response	
  to	
  light

Dilation	
  reflex	
  – brief	
  but	
  great	
  dilation	
  in	
  response	
  to	
  cognitive	
  activity

Wavelet	
  analysis	
  extracts	
  sudden	
  and	
  sharp	
  changes	
  in	
  pupil	
  dilation	
  and	
  ignores	
  
smooth,	
  gradual	
  changes	
  in	
  pupil	
  diameter

• Preserves	
  size	
  and	
  number	
  of	
  sharp	
  dilations



Pupil	
  “jitter”	
  -­‐ ICA
The	
  Index	
  of	
  Cognitive	
  Activity	
  (Marshall,	
  2000)

US006090051A 

United States Patent [19] [11] Patent Number: 6,090,051 
Marshall [45] Date of Patent: Jul. 18, 2000 
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Obtaining	
  ICA	
  values
• Binocular	
  eye-­‐

tracking	
  during	
  
stimulus	
  
presentation

• Extracting	
  ICA	
  values	
  
from	
  eye	
  movement	
  
results	
  file

• Collect	
  number	
  of	
  
dilations/events	
  per	
  
100ms

• Align	
  to	
  stimulus	
  
presentation!

• Analyze	
  no	
  of	
  ICA	
  
events	
  in	
  critical	
  time	
  
region

Display X	
  Pos Y	
  Pos Time	
  (secs)

1 539.6 363.5 1.316

1 539.8 363.2 1.348

1 539.2 357.7 1.516

1 539.2 359 1.58

1 551.1 360.8 1.6

1 644.3 379.5 1.616

1 751.5 381.8 1.648

1 749.8 381.8 1.664

1 749.9 381.4 1.68

1 749.5 382.6 1.7

1 749.2 382.5 1.716

1 748.3 380.6 1.748

1 747.5 381.5 1.8

1 605 380.5 3.364

5

9



Pupillometry -­‐ Comparison

Pupil	
  diameter Jitter	
  -­‐ ICA

“Free” Patented

Light sensitive Only	
  sensitive	
  to	
  cognitive load

Slow Fast

Well-­‐researched and	
  
understood,	
  linking	
  hypothesis

Under-­‐researched
-­‐ physiological	
  basis?
-­‐ do	
  all	
  types	
  of	
  “cognitive	
  load”	
  

affect	
  ICA?	
  



Course	
  Experiment
What	
  open	
  questions	
  remain	
  after	
  van	
  Berkum et	
  al.	
  (2008)?

Manipulation:	
  Could	
  the	
  speaker-­‐inconsistency	
  effect	
  interact	
  with	
  addressee	
  
knowledge?

• Imagine	
  an	
  addressee	
  who	
  knows	
  something	
  about	
  the	
  “unusual”	
  speaker

Measures:	
  Could	
  these	
  results	
  extend	
  to	
  reading?

• Imagine	
  getting	
  an	
  email	
  from	
  someone	
  that	
  you	
  either	
  know	
  or	
  don’t	
  know	
  
Could	
  such	
  speaker	
  inconsistencies	
  be	
  reflected	
  in	
  ICA?

Homework:	
  Read	
  student	
  paper	
  from	
  last	
  semester	
  (S16_final_paper.pdf)

• What	
  were	
  the	
  Stimuli,	
  Task,	
  DV	
  and	
  Linking	
  Hypothesis?
• Can	
  you	
  think	
  of	
  any	
  confounds	
  that	
  were	
  missed?
• Problems	
  with	
  the	
  stimuli or	
  procedure?	
  Ideas	
  for	
  fixing?
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Agenda
Next	
  Monday

• Read:	
  Student	
  paper	
  for	
  our	
  course	
  experiment
• Discussion	
  of	
  course	
  experiment

Next	
  Wednesday

• Read:	
  Demberg &	
  Sayeed	
  (2016)
• ICA	
  and	
  self-­‐paced	
  reading	
  combined
• Apply	
  to	
  course	
  experiment
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