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CONTEXT  experiments  quasi-experiments 

@ reader  instruction, bitebar, ...  age, expertise, ... 

@ sentence/word  preview, contrast, ...  grammar, lexical status, ... 

      Dep. variable  first-pass single-fixation durations (over 90 000) 

Word frequency  DWDS corpus (125 million words) 

Word predictability  prob(guessing word n | words 1 to n-1); 83 guesses/wrd 

Fixation data  222 subjects, collapsing across 9 experiments 

Analysis  linear mixed-effect models, using lmer (lme4 package in R) 



I. Predictability of words in sentences

Predictability of the next word in reading 
increases fixation duration on the earlier word  
(Method: multivariate statistics; Kliegl et al., 
2006) 



Successor	
  Effect	
  of	
  Memory	
  
Predictability	
  (Inverted)	
  of	
  n+1	
  	
  	
  word n word n+1 



•  An2cipatory	
  retrieval	
  of	
  	
  word	
  n+1	
  

•  -­‐	
  some	
  words	
  can	
  be	
  predicted	
  from	
  
sentence	
  context	
  

-­‐  need	
  no	
  (or	
  only	
  minimal)	
  visual	
  
informa<on	
  for	
  recogni<on	
  

-­‐  tend	
  to	
  be	
  skipped,	
  approached	
  with	
  longer	
  
saccades	
  (O'Regan,	
  '79)	
  

-­‐  word	
  n+1	
  par<ally	
  processed	
  
during	
  fixa<on	
  on	
  word	
  n	
  

-­‐  predictability	
  effect	
  reduced,	
  not	
  
eliminated	
  if	
  word	
  n+1	
  is	
  fixated	
  

Successor	
  Effect	
  of	
  Memory	
  
Predictability	
  (Inverted)	
  of	
  n+1	
  	
  	
  word n word n+1 

Pred=50% 



•	
  30	
  English-­‐German	
  readers;	
  30	
  German-­‐English	
  readers	
  
•	
  UMass	
  Amherst	
  Corpus	
  (48	
  sentences;	
  Schilling	
  et	
  al.,	
  1998;	
  Reichle	
  et	
  al.,	
  1998)	
  
•	
  Potsdam	
  Sentence	
  Corpus	
  (144	
  sentences;	
  Kliegl	
  et	
  al.,	
  2004)	
  

Bilingual	
  Reading	
  of	
  German	
  and	
  English	
  Sentences	
  



Features	
  of	
  Chinese	
  Script	
  

•  Example	
  

医生提醒市民们傍晚乘凉时尽量少去草丛茂密的地方。	
  
The	
  doctor	
  reminded	
  the	
  ci-zens	
  that	
  they	
  should	
  avoid	
  lush	
  grass	
  

•  Each	
  character	
  takes	
  same	
  amount	
  of	
  horizontal	
  extent	
  with	
  
different	
  levels	
  of	
  visual	
  complexity.	
  

•  The	
  majority	
  of	
  linguis<cally	
  defined	
  Chinese	
  words	
  are	
  one	
  and	
  
two	
  characters	
  in	
  length	
  (Yu	
  et	
  al.,	
  1985).	
  

•  A	
  Chinese	
  character	
  typically	
  occupies	
  the	
  space	
  of	
  3	
  le`ers	
  in	
  
alphabe<c	
  languages	
  (i.e.,	
  Tsai	
  &	
  McCokie,	
  1995),	
  but	
  carries	
  
compara<vely	
  more	
  informa<on	
  about	
  meaning.	
  



Reading	
  Sentences	
  in	
  Simplified	
  Chinese:	
  	
  
Beijing	
  Sentence	
  Corpus	
  

Kliegl,	
  Yan,	
  et	
  al.	
  (2012)	
  

•  60	
  readers	
  of	
  
Simplified	
  Chinese	
  
(Beijing)	
  

•  150	
  sentences	
  

•  32,	
  414	
  single-­‐fixa<on	
  
dura<ons	
  (firstpass	
  
reading)	
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Reading	
  Spanish	
  Proverbs	
  and	
  High	
  and	
  Low	
  
Predictable	
  Sentences:	
  Max-­‐Jump	
  of	
  Predictability	
  

•  41	
  Argen<nian	
  readers	
  
of	
  Spanish	
  (Bahia	
  
Blanca	
  &	
  Buenos	
  Aires)	
  

•  184	
  sentences	
  
(75	
  low	
  predictable,	
  45	
  
high	
  predictable,	
  64	
  
proverbs)	
  

•  19,550	
  single-­‐fixa<on	
  
dura<ons	
  (firstpass	
  
reading)	
  

Fernández,	
  Shalom,	
  Kliegl,	
  &	
  Sigman	
  (2014)	
  

Low	
  predictable	
  
High	
  predictable	
  
Proverb	
  

We specified both LMMs such that they yielded estimates for three variance
components associated with intercepts for subjects, sentences and words. The models
account for dependencies between fixations due to the clustering associated with these
three partially crossed random factors.

RESULTS

Word predictability distribution across sentences

We first verify whether the proverbs and high-predictable and low-predictable
sentences have different distributions of predictability. For each word in the sentence
we calculate the mean predictability, averaging across all subjects who participated in
the cloze task. To align predictability uniformly across all sentences, we normalised the
data, assigning to each word the relative position in the sentence (its word number
divided by the sentence length). In this representation, the first word of a sentence
is indexed 0 and the last word is indexed 1 regardless of sentence length. Both
representations consistently show an increase of predictability of all types of sentences
(Figure 1a,b). The rate of increase is larger for high-predictable sentences and proverbs
than for low-predictable sentences.

When collapsed across all positions in the sentence, the distributions of word
predictabilities show very different patterns: while in low-predictable sentences only a
small proportion of words are highly predictable, high-predictable sentences and
proverbs show relatively symmetric distributions with comparable numbers of high-
predictable and low-predictable words (Figure 1c).

We reasoned that a critical parameter for memory retrieval during fluent reading is
transitions in predictability, i.e., the moment in which a sentence becomes predictable
and is retrieved from memory. Hence, we characterise the transitions in predictability
in the different kinds of sentences. For proverbs and high-predictable sentences,
predictability of the first few words is low (when the proverb has not yet been
detected), in a critical stage in which the proverb is detected predictability grows
rapidly, and from this moment on, words remain highly predictable until the end of the

Figure 1. (a) Averaged predictability of each sentence type as a function of word number. Error bars
correspond to standard errors. (b) Predictability as a function of normalised word position. (c) Distribution
of predictability values for each type of sentence.
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sentence. This effect is revealed by a diagram in which predictability for each word of
each sentence is coded in a grey scale (Figure 2a) which shows that this pattern is
actually observed in the vast majority of proverbs and high-predictable sentences.

This structured distribution of predictability is further confirmed by the auto-
correlation function, which shows a very strong lag-1 predictability autocorrelations
(!.55, pB.0001). In fact, the autocorrelation function decreases very slowly as a
function of lag (Supplementary Figure 1). In contrast, the highly predictable words in
low-predictable sentences occur sporadically, typically reflecting very constrained
grammatical structures which occur discretely throughout the sentence (Figure 2c).
The lag-1 predictability autocorrelation of low-predictable sentences is R!.080 (p!
.065), considerably lower than proverbs and vanishes very rapidly (Supplementary
Figure 1). In summary, the analyses revealed first an expected decrease of average
cloze predictability for the comparison of proverbs and high-predictable and low-
predictable sentences. More importantly, it shows that predictability in proverbs
reflects higher cloze values for subsequent words and not merely the occurrence of an
individual word with high predictability.

Baseline LMM

N"1-predictability and type-of-sentence effects

LMM-based test statistics are summarised in Table 1. A plot of standardised model
residuals over fitted values did not reveal any problems with outliers, heteroskedastic
error variance or nonlinearity (see Supplementary Figure 2a). Fixation durations
increased significantly with the predictability of word N"1 (N"1-predictability
effect; t!3.00), replicating the non-canonical direction of this effect, interpreted as
evidence for memory retrieval of predictable words (Kliegl et al., 2006). As expected,
the N"1-predictability effect was significantly stronger in high-predictable than low-
predictable sentences (t!#2.66); the N"1-predictability effect was not significantly
different for proverbs vs. high-predictable sentences (t!1.27). In a post hoc LMM
with low-predictable sentences as the reference category for a treatment contrast, the
N"1-predictability effect was not significant in low-predictable sentences (t!.17).
LMM-based partial effects (top row) and observed, unadjusted results (bottom) are
shown in the right panels of Figure 3.

Figure 2. (a$c) Map of the predictability values of all the sentences of each type, sorted by the word
number at which the maximum value is reached. Darker grey scales correspond to higher values of
predictability. White lines indicate jump word on each sentence.
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Reading	
  Spanish	
  Proverbs	
  and	
  High	
  and	
  Low	
  
Predictable	
  Sentences:	
  Before	
  and	
  ADer	
  Pred-­‐Jump	
  

•  41	
  Argen<nian	
  readers	
  
of	
  Spanish	
  (Bahia	
  
Blanca	
  &	
  Buenos	
  Aires)	
  

•  184	
  sentences	
  
(75	
  low	
  predictable,	
  45	
  
high	
  predictable,	
  64	
  
proverbs)	
  

•  19,550	
  single-­‐fixa<on	
  
dura<ons	
  (firstpass	
  
reading)	
  

Fernández,	
  Shalom,	
  Kliegl,	
  &	
  Sigman	
  (2014)	
  

for high-predictable sentences. Thus, with enough statistical power, we observe
significant predictability-related spillover effects from word N!1.

Aside from fixed effects relating to the contrasts between sentences and to
predictabilities (described above), lengths and frequencies of words N!1, N and
N"1 as well as launch site and word number exhibited the pattern of significant
effects on fixation duration already reported for the baseline LMM.

In summary, with the exception of predictability-related spillover effects from word
N!1 to word N, the distinction between fixations before and after the maximum
jump in predictability accounted for positive predictability effects associated with
word N"1 observed in the baseline model. This result is consistent with the
hypothesis that words were retrieved from memory and hence no further effect of
cloze predictability was expected with this variable in the LMM.

Gaze duration LMMs

Studies of reading have relied on different measures of fixation durations (Rayner,
1998, 2009). All the analyses reported so far were based on single-fixation durations.
Here we investigated the robustness of this effect by repeating the LMM analysis with
gaze durations, which result from accumulating all the fixation times to a given word
during first-pass reading. Results on both baseline models on gaze duration were
similar to those obtained on single-fixation durations (Table 2). There was coincidence
(either the effect was significant for both measures or for none) for 19 out of 22 effects.
The three effects which changed significance for gaze and single-fixation durations
showed very similar patterns and were close to the boundary of significance.
Interestingly, when considering the effect of maxjump, while the trends were very
similar, gaze data showed overall higher patterns of significance. This is evident when
comparing the lower panels of Tables 1 and 2, with most of the interactions reaching

Figure 4. Interactions of maxjump (top panels correspond to maxjump#0, before jump word; bottom
panels correspond to maxjump#1, after jump word), type of sentence (high-predictable sentences vs.
proverbs; low- vs. high-predictable sentences) and predictability of word N!1, N and N"1 for single-
fixation durations on word N. Panels reflect partial effects of maxjump LMM (i.e., after removal of other
fixed effects and variance components for mean fixation durations of subjects, sentences and words). Shaded
areas are 95% confidence intervals; fixation duration is plotted on a log scale for correspondence with the
LMM.
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Low	
  predictable	
  
High	
  predictable	
  
Proverb	
  



II. Age of reader and visibility of text

Reinhold Kliegl, Antje Nuthmann, Jochen Laubrock, Sarah Risse, 
Eike Richter,  & Thomas Weskott (in preparation)  



~ 250 readers ranging from 16 to 80 years 
reading 60 paragraphs (~ short newspaper clips) 

Nachbarn machten grausigen Fund (NEUKÖLLN.) 

Wie die Polizeidirektion 8 in der Sonnenallee gestern meldete, ist das Verbrechen um 

den lange Zeit als vermisst geltenden Teppichunternehmer Hardy L. nun endlich 

aufgeklärt. Der Nachbar fand den Mann am Samstag in seiner Wohnung in der 

Weserstraße. Der Anblick war alles andere als erfreulich. Die Nachbarn wurden zum 

psychologischen Betreuungsdienst des Sozialamtes in der Parthestraße gebracht. 

 

 
3 Types of question: 

... from the beginning : Ist die Polizeidirektion in der Hermannstraße? (Nein) 

... from critical sentence: Fand der Nachbar den Mann? (Ja) 

... from end: Wurde der Teppichhändler von seinen Kindern gefunden? (Nein) 



Vocabulary over Age (N ~ 250) 



Digit-Symbol Substitution over Age 



Reading Time over Vocabulary 

Kern, Weskott, & Kliegl (2008)



Comprehension over Age 

Kern, Weskott, & Kliegl (2008)



Three Word Frequency Effects in Sentence Reading 

word n-1 word n word n+1 

Kliegl et al. (2006, J Exp Psychol: General)



Three Word Frequency Effects in Paragraph Reading 

word n-1 word n word n+1 

Kern, Weskott, & Kliegl (2008)

Log Frequency 



Three Word Frequency Effects in Paragraph Reading: 
Age Differences 

word n-1 word n word n+1 

24-53 years 

16-23 years 

54-79 years 

Worthäufigkeit 

Kern, Weskott, & Kliegl (2008)

Log Frequency 



Three Word Frequency Effects in Paragraph Reading: 
Digit-Symbol Substitution Differences 

word n-1 word n word n+1 

middle 

high 

low 

Worthäufigkeit 

Kern, Weskott, & Kliegl (2008)

Log Frequency 



Three Word Frequency Effects in Paragraph Reading 
Vocabulary Differences 

word n-1 word n word n+1 

middle 

high 

low 

Log Frequency 

Kern, Weskott, & Kliegl (2008)



Lag Effects word n-1 word n 

spillover or 

preview benefit? 

Properties of word n-1 influence 
fixation duration 
on word n 
Evidence from experiments 
manipulating target words: 

preview benefit 
e.g., Balota et al. (1985) 

spillover 
e.g., Rayner & Duffy (1986) 

foveal load 
e.g., Henderson & Ferreira (1990) 



Dynamical modulation of the perceptual span  (e.g., Henderson & Ferreira, 1990) 
- the less frequent word n-1, 
- the greater the foveal load during processing of word n-1, 
- the more focused the perceptual span, 
- the smaller the preview benefit for word n, 
- the stronger the frequency effect on word n 

hi-frq word n-1 word n lo-frq word n-1 word n 

Location of fixation n 

P
ro

ce
ss

in
g 

ra
te

 a
t f

ix
 lo

c 
n-

1 

Location of fixation n-1 

Classic Spillover Lag of Foveal-Load Effect 
 Freq (n-1)/Freq(n)  word n-1 word n 



Classic Spillover Lag of Foveal-Load Effect 
 Freq (n-1)/Freq(n)  word n-1 word n 

 

For low-frequency word n-1, 
there is a stronger effect of 
the frequency of word n 
on the fixation on word n. 

 

 

Frequency of word n-1 
low high 

Kliegl et al., 2006 



Word-level interactions for Fixation Duration 

 
 

GLMM for model in Kliegl et al., 2006 

Low-freq word n 

High-freq word n 

Frequency of word n-1 [quantiles] 
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Young adults Old adults Low-contrast young 

Low-freq word n 

High-freq word n 

Two 3-Factor Crosslevel Interactions  
for Fixation Durations 



 
 

Frequency of word n-1 [quantile] 

Fi
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du
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or
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n 
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s] 

Young adults Middle adults 

Rare word n 

Frequent word n 

Two 3-factor crosslevel interactions for SFD Effects of N-Frequeny, N-1-Frequency, and Age on 
Fixation Duration in Reading Paragraphs 

Older Adults 

Kern, Weskott, & Kliegl (2008)

Paragraphs 



III. Effects of Age on Scanpath regularity

Titus von der Malsburg, Reinhold Kliegl, & 
Shravan Vasishth (2015). Cognitive Science 



IV. Reading strategy impacts  
on parafoveal-on-foveal effects  

in sentence reading

Christiane Wotschack & Reinhold Kliegl (2011). 
Quarterly Journal of Experimental Psychology 



Wotschack & Kliegl 29 

Parafoveal-on-Foveal (PoF) Effects 

•  Perceptual span: stronger parafoveal effects if word n is 
short (Kennedy & Pynte 2005) 

•  Foveal load: more preprocessing of word n+1 if word n is 
easy to process (Henderson & Ferreira 1990, 1993) 

word n word n+1 word n+2word n-1 word n         word n+1 word n+2word n-1



Jede Sprache der Welt besitzt eine Grammatik.Jede Sprache der Welt besitzt eine Grammatik.

Wotschack & Kliegl 30 

Selectivity in reading 

Jede Sprache der Welt besitzt eine Grammatik.

Jede Sprache der Welt besitzt eine Grammatik.

Jede Sprache der Welt besitzt eine Grammatik.



Wotschack & Kliegl 31 

•  In corpus analyses: Different reading behavior in terms of 
fixational selectivity (especially in old age) may lead to 
different composition of data base 

 May also give rise to critical parafoveal-on-foveal effects? 

Selectivity effects in reading: 1. Age 

•  Reading is selective process: 10-30% of words are skipped 

•  Short, high frequent, predictable words are skipped more 
often (Rayner 1998, Drieghe et al. 2008): 
Function words are prime candidates for skipping 

•  In old age: more skipping, more regressive eye movements 
(Kliegl et al. 2004, Rayner et al. 2006, Laubrock et al. 2006) 



Wotschack & Kliegl 32 

Selectivity effects in reading: 2. Comp difficulty 

Martins gebrochener Zeh schwoll rasch an.

  Martin‘s broken toe swelled quickly.

easy:  Was schwoll an?

What was swelling?

Fuß foot/ Ferse heel/ Zeh toe

hard:  Was passierte mit Martins Zeh?

What happened to Martin’s toe?

  wurde blau /wurde steif /wurde dick

became blue / became stiff/ became thick
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Questions and Measures 
Reading for comprehension in 2 conditions and 2 age groups 

•  Do reading intention and age affect the selectivity of fixated 
words? 

•  Is the selectivity of fixated words related to effects of 
distributed processing? 

Variables of interest: single fixation duration (SFD) 

-  selectivity in first-pass single fixation cases (SFC) 

-  effects of word frequency (n) on first-pass SFD 

-  effects of word frequency (n+1) on first-pass SFD 



Wotschack & Kliegl 34 

Experiments 

easy 
young 

easy   
old 

hard 
young 

hard 
old 

n subjects 24 32 30 23 

Ø-age (years) 17.6 70.6 18.5 68.0 

reading 
material 

144 sent. (Potsdam Sentence Corpus) 

instruction read for comprehension 

freq. of 
questions 

27% 100% 

type of 
questions 

easy hard 



35 

Method 
•  Eye Movement Recording: 

EyeLink-II-System, 500 Hz 

•  Binocular calibration and 
recording 

•  Isolated sentences 
presented on the center line 
of a monitor, response via 
mouse klick 

•  Analyses: Effects of distributed processing on single 
fixation duration (SFD) with LMM (Pinheiro & Bates 2000) 

•  Separate models for old and young readers, focus on 
condition effects 
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Results: summary statistics 

age effect: 
F(1,105)=25.2 *** 
cond. effect old: 
F(1,53)=4.14* 

age effect: 
F(1,105)=7.2 ** 
condition effect: 
F(1,105)=27.8 *** 

condition effect: 
F(1,105)=6.3 * 

first pass skipping regression SFD (ms) 
easy    
young 

.16 .07 231 

hard   
young 

.16 .18 242 

easy        
old 

.25 .14 224 

hard        
old 

.21 .25 245 



word n frequency length predictab. function 
word prop.  

Corpus-
reference 

2.3 5.4 -1.48 .37 

easy 
young 

2.24 4.5 -1.58 .32 

hard 
young 

2.26 4.5 -1.55 .33 

easy  
old 

2.03 4.9 -1.65 .27 

hard  
old 

2.23 *** 4.6 ***  -1.52 ** .33 *** 

Wotschack & Kliegl 37 

Results: selectivity effects (SFC) 
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Summary results: selectivity  
(Single Fixation Cases) 
•  No selectivity effect between young samples 

•  Demanding questions changed fixational behavior in old 
readers: 

 Single Fixation Cases in easy old readers were 
proportionally more often: 
—  lower frequent words 
—  longer words 
—  words of lower predictability 

•  hard old fixated more function words (FW) than easy old  
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Word frequency effect: young 

hard young 

easy young 

Frequency word n [log] 

S
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linear: t = -3.71, quadr.: -2.47, cubic: t = -8.31 
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Parafoveal-on-foveal effect 

Frequency word n+1 [log] 
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hard young 

easy young 

t = -5.56 
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Word frequency effect: old 

hard old 

easy old 

difference: linear: t = 4.05, cubic: t = -2.33 

Frequency word n [log] 
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Parafoveal-on-foveal effect 

hard old 

easy old 

difference: t = -3.84 

Frequency word n+1 [log] 
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hard old 

easy old 

Frequency word n+1 [log] Frequency word n [log] 
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Condition effects due to top-down strategy 

•  Fewer skippings, shorter sacc. amplitudes: due to reduced 
perceptual span in response to task demands 

•  Selectivity effect in old age: if fewer words are skipped, more 
FW are fixated (= short and highly frequent) 

 stronger next-word frequency effect on SFD 

word n         

high freq.
word n+1 word n+2word n-1

(Henderson & Ferreira 1990, 
Kennedy & Pynte 2005) 
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Summary and Conclusion 

•  Reading strategy/ task demands impact in top-down fashion 
on eye movement behavior, reading identical material 
(Radach, Huestegge, Reilly 2008, Wotschack 2009) 

•  Selectivity effects in corpus analyses may give rise to PoF-
effects 
—  need to be considered in group comparisons 

•  Results confirm idea of distributed processing within the 
perceptual span 

•  Perceptual span modulated by reading intention and locally 
by processing demands 


