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Abstract 

It is generally accepted that low-level features (e.g., inter-word spaces) are responsible 

for saccade-target selection in eye-movement control during reading. In two 

experiments using Uighur script known for its rich suffixes, we demonstrate that, in 

addition to word length and launch site, the number of suffixes influences initial 

landing positions. We also demonstrate an influence of word frequency. These results 

are difficult to explain purely by low-level guidance of eye movements and indicate 

that due to properties specific to Uighur script low-level visual information and 

high-level information such as morphological structure of parafoveal words jointly 

influence saccade programming.  
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During reading, the eyes of a reader are sent to different positions in the text to 

acquire lexical and semantic information. Research on eye-movement control in 

reading alphabetic languages has reached the generally accepted conclusion that the 

center of the word which is to be fixated serves as the intended landing position for 

the next saccades because word processing is assumed to be optimal at this location 

(McConkie, Kerr, Reddix, Zola, & Jacobs, 1989; O'Regan & Lévy-Schoen, 1987). 

Word centers are calculated on the basis of word lengths. Therefore, a major cue to 

determine where to fixate next is the low spatial-frequency information (i.e., spaces 

between words) in parafoveal or peripheral vision. One of the topics debated recently 

is whether or not variables other than low-level visual information can influence 

where the eyes initially fixate in a word in reading (see Rayner, 2009; for a review). In 

the present study, we provide clear evidence that saccade-target selection in 

eye-movement control is also influenced by the morphological structure of words and 

by word frequency in at least one writing system. 

Fixation landing-positions are not always precisely at the intended locations (i.e., 

word centers). Due to random oculomotor error and the saccadic range effect which 

was explained as either a systematic range-error (McConkie, Kerr, Reddix, & Zola, 

1988) or an error occurring at the perceptual level (Engbert & Krügel, 2010), 

first-fixation landing-positions (FLPs) form a Gaussian distribution peaking slightly 

to the left of word centers, labeled the preferred viewing location (PVL; Rayner, 

1979). Rayner’s (1979) observation of a PVL effect has been replicated in a number 

of studies; they are consistent with the original observation that initial fixations are 

primarily driven by low-level visual information. FLPs also depend on the launch site 

of the saccade (i.e., the distance of the last fixation to the beginning of the currently 

fixated word): The peak of the Gaussian distribution moves towards the beginning of 



Eye guidance in Uighur 4 

words as launch sites increase (Engbert & Krügel, 2010; Nuthmann, Engbert, & 

Kliegl, 2005; McConkie et al., 1988). 

Such PVL curves and their underlying mechanism of word-based saccade-target 

selection in reading require knowledge of the beginning and end of the target word as 

indicated by spaces between words. For example, if spaces are removed from English 

texts, the PVL curve no longer follows a Gaussian shape, but decreases sharply and 

linearly from the beginning to the end of a word (Rayner, Fischer, & Pollatsek, 1998; 

Rayner & Pollatsek, 1996). Similar PVL curves were also observed during reading 

Chinese texts (Li, Liu, & Rayner, 2011; Yan, Kliegl, Richter, Nuthmann, & Shu, 

2010). Conversely, Nuthmann, Engbert, & Kliegl (2007) reported little difference in 

PVLs between normal reading and so-called mindless reading of Z-strings with 

spaces. 

In agreement with the view that initial fixations are primarily driven by low-level 

visual information, Beauvillain (1996) demonstrated that morphological structure in 

French words (suffixed and prefixed words) had little influence on FLP when word 

length was matched. Hyönä and Pollatsek (1998) varied the lengths of the component 

morphemes (i.e., constituent words constructing the compound word) of 

two-morpheme Finnish words of constant overall word length. They found no effect 

of morpheme length on FLP. Their result is consistent with a purely visual 

guidance-mechanism. Similarly, Deutsch and Rayner (1999) compared FLP between 

single and plural Hebrew words of the same lengths (varying from 5 to 8 letters), and 

no effect of morphological structure was observed. Finally, Inhoff, Briihl, and 

Schwartz (1996) found no difference in FLP between bimorphemic suffixed (e.g., 

ceaseless) and monomorphemic words (e.g., arthritis), but fixations were slightly 

closer to the center when bimorphemic compound-words were fixated (e.g., 
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blueberry). 

Underwood, Clews, and Everatt (1990) hypothesized that eye-movement 

guidance can also be based on high-level semantic parafoveal information processing. 

They observed that readers' saccades took their eyes further into the word if decisive 

information was located in the second half (i.e., superstore), as opposed to those 

words with decisive information located in the first half of the word (i.e., engagement), 

underscoring the view that the eye guidance system has knowledge of the information 

density of the word to be fixated before its fixation actually takes place (see also 

Hyönä, Niemi, & Underwood, 1989). However, Underwood et al.’s (1990) critical 

finding was not replicated in later studies (e.g., Rayner & Morris, 1992; Hyönä, 

1995). 

Lavigne, Vitu and d’Ydewalle (2000) reported a shift of the initial 

fixation-location towards the end of words for highly frequent and predictable target 

words when prior fixations were located close to the beginning of the target word. 

These results suggest that the decision where to send the eyes next in reading might be 

affected by ongoing linguistic processes. Rayner, Binder, Ashby and Pollatsek (2001) 

found that, compared to unpredictable words, readers skipped predictable words more 

often and spent less time processing them when they did fixate them; however, there 

was only a very small influence of predictability on FLP and this result could be 

explained as being due to skipping-related mislocated fixations (see also Vainio, 

Hyönä, & Pajunen, 2009 and Rayner, Reichle, Stroud, Williams, & Pollatsek, 2006, 

who found no influence of lexical predictability on FLP at all). 

Finally, Hyönä (1995) reported that irregular letter combinations at word 

beginnings attracted a fixation closer to the word beginning, indicating that word 

length is not the only type of information that will influence the decision where to 
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fixate next. Similarly, White and Liversedge (2004) also found that initial fixation 

positions shifted towards word beginnings when the first letters of target words were 

misspelled. These results are in agreement with the view that abstract letter-codes for 

the first few letters are activated parafoveally (Rayner, McConkie, & Zola, 1980). It is 

perhaps worth noting that the FLP modulation, observed in both studies, was mainly 

due to low-level visual/orthographic information. This modulation effect only took 

place when the irregular/misspelled letters were close to the fovea. 

Summing up, the studies reviewed above indicate clearly that low-level features 

are primarily responsible for FLP, whereas there is a lack of strong evidence 

supporting the hypothesis that saccade-target selection (as indexed by FLP) is also 

influenced by high-level information such as the morphological structure of 

parafoveal words. One possible reason for the absence of positive evidence is that 

affixes are generally much shorter than root morphemes in Indo-European languages. 

This may reduce the relevance of affixes in saccade-target selection. Alternatively, 

researchers may choose orthogonal designs using target words with short 

root-morphemes as experimental materials, so that the lengths of root morphemes and 

affixes are roughly the same. However, this in turn limits both the amount of available 

material and the number of observations. 

The Uighur language is well suited to demonstrate an effect of affixes (in fact, 

suffixes). Uighur, formerly known as Eastern Turki, became a written language in the 

fifth century. Today, an Arabic-derived alphabet is the official graphemic system used 

for Uighur in the Xinjiang Uighur Autonomous Region, under the administration of 

the People's Republic of China. Uighur is an agglutinative alphabetic language. This 

means that many suffixes serving different functions can be attached to the end of a 

word; they denote, among others, person, number, direction, tense, case, and voice. 
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For example, the word  (impossibility) is composed of one root 

 (meaning able) and 5 suffixes: , , ,  and , which 

indicate negation, tense, part of speech, person and ablative, respectively. Some of the 

letters look different in the whole word than in isolated forms or suffixes, because 

they are written in successive strokes (so-called closing letters) in the whole word; 

each letter has up to four different forms (Engesath, Yakup, & Dwyer, 2009; Hahn, 

1991). Figure 7 contains a few example sentences. 

Another important feature of Uighur script is its right-to-left reading direction. It 

has been demonstrated that the perceptual span in reading (i.e., the area of text from 

which visual information is extracted during fixation) is asymmetric to the right of 

fixation in left-to-right scripts such as English, because readers spread attention in the 

direction of reading to acquire incoming information (McConkie & Rayner, 1975). 

Conversely, Pollatsek, Bolozky, Well, and Rayner (1981) found a rightward 

asymmetry when the Israeli readers read in English; the leftward asymmetry only 

emerged when the readers were reading Hebrew because of its right-to-left reading 

direction. Deutsch and Rayner (1999) found that the PVL curve for readers of Hebrew 

texts was similar to that of readers of English: PVL curves in both scripts peaked 

close to the word center with shifts towards the word beginning. Pollatsek et al. and 

Deutsch and Rayner further claimed that their result was evidence against the 

lateral-dominance hypothesis, which suggests that the PVL effect has more letters 

projected into the left hemisphere of the brain for better linguistic processing. 

As noted above, due to the right-to-left reading direction of the Uighur language, 

the present study offered itself as a further test of these PVL effects. More importantly, 

we tested the effect of morphological structure (i.e., the number of suffixes) on FLP 

during the reading of Uighur.  
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Previous research is not clear with respect to frequency effects on FLPs: Rayner, 

Sereno, and Raney (1996) and White and Liversedge (2004) found no evidence of 

frequency effects, but other studies reported that readers’ eyes landed further into 

high- than low-frequency words (Rayner et al., 2006) or when initial morphemes of 

compounds were of high rather than of low frequency, with no difference in frequency 

of the compound (Hyönä & Pollatsek, 1998). Therefore, we also tested the effect of 

word frequency on FLPs in the present experiment. Last, but not least, 

morphological-complexity and frequency effects need to be established beyond the 

already known effects of word length and launch site.  

In summary, we examined the effects of the following four variables: word 

length, launch site, morphological complexity, and word frequency on FLPs during 

right-to-left reading of Uighur sentences. Moreover, we report additional analyses of 

how all these variables impact on subsequent fixation durations and refixation rates.  

Experiment 1 

Method 

Subjects 

Forty-eight undergraduate students from Beijing Normal University with normal 

or corrected-to-normal vision, who were native speakers of Uighur, participated in 

Experiment 1. The sessions lasted for about 30 minutes. Each student received 20 

CNY for participation. 

Material 

A total of 120 Uighur sentences were constructed. They were 7 to 12 words in 

length (M=9.2, SD=1.2) and comprised 1106 tokens of 846 words (types). Word 

length varied from 2 to 21 letters (M=7.5, SD=3.0). The percentages of word length in 

the range of less than 5, 5 to 10, above 10 letters were 11%, 73%, and 16%, 
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respectively. Word frequencies (i.e., frequencies of complete word forms) were taken 

from the official survey of website terms for modern Uighur based on four million 

words (Yusup, Zhao, Pan, & Abdurahim, 2010). The percentages of words with 

occurrences in the range of less than 100, 100 to 1000, 1001 to 10,000 and above 

10,000 per four million words were 13%, 48%, 34%, and 5%, respectively. The 

percentages of words with 0, 1, 2, above 2 suffix(es) were 34%, 38%, 19%, and 9%. 

The lengths of root morphemes varied from 1 to 11 letters (M=4.7, SD=1.7) and the 

total numbers of letters of suffix(es) in suffixed words varied from 1 to 15 (M=3.9, 

SD=2.3). 

Apparatus 

Eye movements of the subjects were recorded binocularly with an EyeLink II 

system (500 Hz). Sentences occupied only one line on the screen and were presented 

one at a time at the 1/3 vertical position from the top of the screen of a 19-inch 

ViewSonic G90f CRT Monitor (1024×768 resolution; frame rate 100 Hz) controlled 

by a P4 computer running at 2.8 GHz under a Windows XP environment. Subjects 

were seated 50 cm in front of the monitor with the head positioned on a chin rest. 

Texts were displayed using 20 pt bold fonts, with each letter subtending 0.46 degrees 

of visual angle. 

Procedure 

Each subject read half of the total number of sentences (i.e., 60); they read the 

other half of the sentences in a Chinese translation and the sentences were 

counterbalanced across subjects. The current report is based only on eye movements 

from Uighur reading. Subjects were calibrated with a standard nine-point grid. After 

validation of calibration accuracy, a fixation point appeared on the right side of the 

monitor. If the eye tracker identified a fixation on the fixation spot, the fixation point 
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disappeared and a sentence was presented such that the center of the first letter in the 

sentence appeared at the fixation-point position. 

Subjects were instructed to read the sentences for comprehension and to signal 

the completion of a trial by fixating a dot in the lower left corner and pressing a button 

on a joystick. Then the sentence was replaced by a yes-or-no question pertaining to 

the current sentence on 14 trials (23%), which the subjects answered by pressing one 

of two different joystick buttons. These questions served primarily to ensure reading 

for comprehension. Subjects correctly answered 88% (SD=8%) of the questions. 

Following a response, fixation on a fixation point initiated the presentation of the next 

sentence or a drift correction. The experimenter carried out an extra calibration if the 

tracker did not detect both eyes within a pre-defined window of 1.5° by 1.5° around at 

the initial fixation point.  

Data Analysis 

Fixations were determined with an algorithm for binocular saccade detection 

(Engbert & Kliegl, 2003). After deleting sentences containing a blink or loss of data 

(5%), there were 22684 fixated words (34661 fixations). Words were excluded from 

the analysis when they met the following two sets of criteria. The first set comprises 

the usual exclusion criteria (i.e., first and last words and first and last fixated words of 

a sentence and hyphenated words: 25%; words on which first-fixation durations 

[FFDs] shorter than 60 ms or longer than 600 ms or gaze durations [GDs] longer than 

800 ms: 6%). FFD is the first fixation duration on a word, irrespective of the number 

of fixations; GD is the sum of fixation duration during the first pass reading of the 

word. After this filtering there were 16330 fixated words (72%) left. 

The second set of exclusion criteria is specific to the analysis reported here. We 

excluded words with first fixations on the space before them (n=1785) and words with 
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launch sites from the last letter of the last word (n=304) or from more than ten letters 

before the current word (n=1105). This left a total of 13523 fixations. We carefully 

checked the impact of these criteria on our results and maintain that our conclusions 

do not depend on them; their inclusion, however, requires much more complex 

models than the one we report here. For example, the inclusion of fixations with 

launch sites larger than ten letters requires a polynomial parameterization of the 

launch site effect (i.e., a quadratic term and its interactions with the other covariates) 

in what arguably qualifies already as a very complex statistical model.
 1 

In line with previous research, we used a log10 transformation for word 

frequencies and log2 transformation for word length. These transformations reduce 

the skew in the distribution of these variables and guard against spurious effects 

(Kliegl, Nuthmann, & Engbert, 2006).
2 

All four covariates were centered on the 

sample means. Also as in much prior research, analyses of residuals strongly 

suggested that log transformation was required for FFDs and GDs.  

Statistical inferences about effects of word length, launch site, morphological 

complexity, and word frequency on FLP, FFD, and GD are based on linear mixed 

models (LMM); effects on refixation probabilities (RFPs) and skipping probabilities 

(SKPs) were analyzed with generalized linear mixed models (GLMMs). Effects larger 

than twice their standard errors are interpreted as significant (i.e., given the number of 

subjects and observations for each subject, the t-statistic [M/SE] effectively 

corresponds to the z-statistic). We also tested the significance of critical fixed effects 

and interactions with log likelihood ratio test (LRT) as described below. 

In addition to the four main effects (i.e., linear trends) and the interactions 

between them, we estimated model parameters of variance components for subjects, 

sentences and word tokens (i.e., varying intercepts) as well as variance components 
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and correlation parameters for subject-related experimental main effects. In other 

words, we started with a “full model” (e.g., Zuur, Ieno, Walker, Saveliev, & Smith, 

2009; Barr, Levy, Scheepers, & Tily, 2013). Such a model is likely to be 

overparameterized and mask significant effects in a model with fewer parameters. 

Therefore, we reduced the model by systematically removing non-significant terms. 

“Model pruning” occurred in three steps. In each step we tested whether removal 

of terms significantly decreased the goodness of fit of the model as reflected in a LRT. 

In the first step, we eliminated non-significant correlation parameters. In the second 

step, we tested the significance of each variance component. In the third step, we 

tested the significance of higher-order interactions in the fixed-effects part of the 

model. We used restricted maximum likelihood (REML) estimates for model 

comparisons involving correlation parameters or variance components (steps 1 and 2) 

and maximum likelihood (ML) estimates for comparisons involving models with 

different fixed effects (step 3), following the recommendation of Pinheiro and Bates, 

(2000). Analyses were carried out with the lmer program of the lme4 package (Bates, 

2010; Bates, Maechler, & Bolker, 2011) in the R environment for statistical 

computing and graphics (R Development Core Team, 2012). For graphics we used 

Wickham’s (2009) ggplot2 package.  

Results 

Comparison with Previous Research 

Does Uighur reading replicate benchmark results from other alphabetic 

languagues? As shown in a comparison in Table 1, our FLP results of Uighur reading 

were in good agreement with previous results of Hebrew (Deutsch & Rayner, 1999), 

English (e.g., Rayner, 1979; McConkie et al., 1988) and German reading (Nuthmann 

& Kliegl, 2009).
3
 This also holds for PVL curves (Figure 1). 
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Table 1 

Mean FLPs by word length in the present and previous studies. 

 Word length 

 3 4 5 6 7 8 9 

RL Present study 2.0 2.4 2.7 3.2 3.3 3.8 4.1 

RL Deutsch & Rayner (1999) 2.3 2.7 2.8 3.2 3.5 3.8 - 

LR Rayner (1979) 2.1 2.4 2.8 3.2 3.5 3.8 - 

LR Rayner et al. (1996) - - 2.8 3.1 3.6 4.1 - 

LR Nuthmann & Kliegl (2009) 1.7 2.1 2.5 2.9 3.0 3.2 3.6 

Note. Values represent mean number of letters from the beginning of a word. RL: 

right-to-left reading; LR: left-to-right reading. 

 

 

Figure 1. PVL curves for 6- to 9-letter words.  

 

Effects of Morphological Structure on First-Fixation Landing-Positions 

Table 2 displays the 13,523 first-fixations on words we observed in the space 

spanned by the number of letters and number of suffixes of words, revealing the 

inherent dependency between these two word variables. As it turned out, the LMM 
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estimates of significant effects on FLPs did not change across model pruning. 

Therefore, we report results with reference to the full model, summarized in Table 3. 

 

Table 2 

Number of fixations broken down by word length and morphological structure. 

 Number of suffixes 

Word 

length 
0 1 2 3 4 5 

2 37 0 0 0 0 0 

3 385 2 0 0 0 0 

4 237 61 0 0 0 0 

5 1176 697 0 0 0 0 

6 1002 924 129 0 0 0 

7 413 950 211 15 0 0 

8 537 978 481 0 0 0 

9 139 586 702 115 0 0 

10 87 339 499 220 0 0 

11 75 294 630 133 16 0 

12 0 136 316 190 0 0 

13 0 0 215 117 49 0 

14 0 20 18 95 0 0 

15 0 0 0 166 17 0 

16 0 0 0 17 50 0 

17 0 0 0 17 15 15 

Note. Rectangle demarcates cells included in Gaussian fit analyses. 

 

The largest effects were due to word length (b=1.58, SE=.10, t=15.32) and 

launch site (b=-.43, SE=.02, t=-24.31). As shown in Figure 2, which displays the 

highly significant interaction between these two variables (b=-.18, SE=.02, t=-9.18), 

FLP decreased with launch site and increased with word length, but the word-length 

effect started to disappear for very large launch sites. Indeed, there is some 

discrepancy between model estimates and observed means for large launch sites. 

Apparently, evidence for saccade-targeting effects requires the eyes to be within 
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around ten letters from the beginning of the word. We should not be too impressed by 

the regularity of these results, because in part they reflect the structural constraint of 

word length on the maximum FLP. Nevertheless, these effects represent benchmark 

results in agreement with previous research on other alphabetic languages. 

 

 

Figure 2. Illustration of FLP effects due to word length and launch site. Word lengths 

were grouped into four categories (2-5 letters; 6-7 letters; 8-9 letters; 10-17 letters) for 

this graph; LMM estimates were based on specifying all variables as continuous 

variables. Lines and 95%-confidence bands are based on these estimates; points are 

observed means. 
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Table 3. LMM estimates of FLP (Experiment 1)  

Fixed-effects parameters  

 Estimate SE t-value 

Grand mean (GM) 3.666 0.106 34.56 

Word length (WL) 1.583 0.103 15.32 

Launch site (LS) -0.432 0.018 -24.31 

Suffix number (SN) -0.101 0.042 -2.44 

Word frequency (WF) 0.063 0.046 1.37 

WL x LS -0.184 0.020 -9.18 

WL x SN 0.093 0.055 1.68 

LS x SN 0.004 0.010 0.38 

WL x WF 0.006 0.093 0.06 

LS x WF -0.007 0.012 -0.56 

SN x WF 0.014 0.057 0.25 

WL x LS x SN 0.023 0.015 1.58 

WL x LS x WF -0.006 0.025 -0.24 

WL x SN x WF -0.059 0.070 -0.84 

LS x SN x WF 0.017 0.015 1.13 

WL x LS x SN x WF 0.005 0.019 0.26 

Variance components SD Correlation parameters 

Word - GM 0.66      

Sentences - GM 0.17      

Subjects - GM 0.69 GM     

Subjects - WL 0.47 0.97 WL    

Subjects - LS 0.11 -0.28 -0.39 LS   

Subjects - SN 0.08 -0.68 -0.53 0.27 SN  

Subjects - WF 0.03 -0.19 -0.10 0.60 0.76 WF 

WL x SN 0.16 -0.06 -0.01 0.39 0.46 0.66 

Residual 1.47      
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Note: WL: log2 word length; LS: launch site; SN: morphological structure; WF: log10 

word frequency. Log Likelihood: -25122; REML Deviance: 50243; N of observations: 

13523; N of sentences: 120; N of subjects: 48. 

 

The new and theoretically important effect uncovered with this study is a 

significant effect of morphological complexity (b=-.10, SE=.04, t=-2.44; Figure 3): 

FLP was estimated closer towards the beginning of the word as the number of suffixes 

increased. Importantly, as also shown in the panels of Figure 3, this effect was 

opposite to the observed means, which was strongly dominated by correlated effect of 

word length.  

 

 

Figure 3. FLP main effect of morphological complexity (i.e., number of suffixes). 

Observed means are plotted in dots; partial effects based on LMM estimates are in 
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rectangles. Error bars are 2 SEs based on within-subject cell means for observations 

or LMM-residual for model estimates. 

 

LMM estimates of variance components (bottom part of Table 3) revealed 

reliable individual differences for mean FLP and the four effects associated with word 

length, launch site, number of suffixes and word frequency. There were also 

significant correlation parameters; five of them with magnitudes larger than .50. Mean 

FLP correlated positively with the word-length effect (.97) and negatively with the 

effect of morphological complexity (-.68), that is subjects who jumped further into 

words overall exhibited a larger word-length effect and a smaller suffix effect. In 

addition, subjects who showed a positive morphological complexity effect also had a 

positive word frequency effect (.76) but a negative word length effect (-0.53). Finally, 

subjects who were sensitive to word frequency were also sensitive to an interaction 

between word length and morphological complexity (.66). Possibly, these individual 

differences map onto differences in reading strategy or reading skill. 

Two additional analyses were conducted. First, in order to address questions 

about low-level confounds (e.g., Hyönä, 1995), we report results from an alternative 

LMM in Appendix 3, including initial bigram frequency (weighted by lexical 

frequency) which was calculated from the same dictionary (i.e., Yusup et al., 2010): 

the addition of this covariate did not increase the goodness of fit in likelihood ratio 

test [χ²(16) = 17.012, p = . 385], nor change the significance of number of suffixes on 

FLP. Second, in Appendix 4 we report influence of two types of suffixes, derivational 

suffix and inflectional suffix, on saccade-target selection: results strongly suggest that 

these two types of suffixes are very similar with respect to their influences on FLP. 

Fitting Distributions of First-Fixation Landing-Positions 

To further confirm the influence of number of suffixes on the distribution of 
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FLPs, we addressed an important drawback of the analyses of within-word 

landing-position distributions in natural reading tasks. Within-word landing-position 

distributions in reading approximate broad Gaussian distributions which are typically 

truncated at word boundaries, suggesting that a substantial proportion of fixations fall 

to the left or right of the boundaries of the selected target word due to saccadic error 

(mislocated fixations; McConkie et al., 1988, Engbert & Nuthmann, 2008). Thus, 

within-word landing positions represent only a certain proportion of an underlying 

landing-position distribution. As a consequence, the mean value computed from 

within-word fixation locations can be far from the real mean value of the underlying 

distribution. It has for example been demonstrated for normal reading that the mean 

value of the underlying landing-position distribution can occasionally be even outside 

the word boundaries (Krügel & Engbert, 2010).  

Following McConkie et al. (1988), we fitted truncated Gaussian curves on 

experimentally observed first-fixation landing-positions within the test words to 

estimate the true mean landing-position. Using a grid-search procedure (mean values 

and standard deviations were varied with a step size of 0.1 letter units, c.f. Krügel & 

Engbert, 2010), we fitted truncated Gaussian curves on FLPs for words demarcated 

with a rectangle in Table 1 (i.e., word lengths 6 to 9 with 0 to 2 suffixes). Note that 

there were at least 100 fixations in each cell of this partition.  
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Figure 4. FLPs and their Gaussian-fit distribution curves for words with different 

numbers of suffixes, broken down for different launch sites (-1 to -3, -3 to -5 and -5 to 

-7) and word lengths (6-9). The vertical lines indicate means in Gaussian-fit curves. A 

launch site of -1 means that the saccade originated at the last letter of the previous 

word. 

 

Figure 4 presents the fitted curves for the distribution of FLP on 6- to 9-letter 

words with different numbers of suffixes and for different launch sites. Based on the 

parameter estimates of the truncated Gaussian curves, the numerical landing-site 

difference reported above turned out to be even more pronounced than suggested by 

arithmetic mean statistics, which demonstrates the reliability of our results. Further 

details about means (standard deviations) of FLPs are reported in Appendix 1 (upper 
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part). 

Effects of Morphological Structure on FFD, GD, Skipping and Refixation Rates 

In this section we document the significant effects of morphological structure 

(and associated interactions) on other additional eye-movement measures. These 

analyses were set up as a cumulative sequence, because FLP is followed by FFD. To 

capture this behavioral sequence, we included polynomial FLP as an additional 

covariate for FFD, GD and refixation rate analyses.  

There were many reliable predictors for fixation durations, for example, 

first-fixations were longer when they landed close to the word center (b=5.830, 

SE=.736, t=7.92 and b=-4.622, SE=.466, t=-9.91, for linear and quadratic trends of 

FLP on FFD), known as an inverted optimal viewing position (IOVP) effect as 

reported in many alphabetic scripts (e.g., Hyönä & Bertram, 2011; Nuthmann, 

Engbert, & Kliegl, 2005; Vitu, McConkie, Kerr, & O’Regan, 2001). FFDs and GDs 

were longer on less frequent words (b=-.017, SE=.007, t=-2.57 and b=-.049, SE=.009, 

t=-5.45; for FFD and GD analyses, respectively). FFD increased with increasing 

launch site (b=.010, SE=.003, t=3.36) and GD increased with increasing word length 

(b=.238, SE=.018, t=13.12). These effects have been well-documented in the literature 

and are not directly related to the central topic of the present study. Therefore, LMMs 

estimates for FFD and GD are only reported in Appendix 2. Below we focus on 

morphological structure influences. 

There were two significant interactions with morphological complexity in FFD 

and two in GD. As shown in Figure 5a (first row, middle panel), the IOVP effect was 

strong only for words shorter than 10 letters and with one or two suffixes; b=2.442, 

SE=.734, t=3.33, for the interaction between word length and FLP. Figure 5b (second 

row, left panel) demonstrates an interaction between morphological complexity and 
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word length in FFD (b=-.040, SE=.008, t=-5.20): FFDs increased with increasing 

morphological complexity for short words, but decreased for long words. Possibly, 

readers processed the whole word when it was short, but they processed only the root 

morpheme as a first step when it was long. In agreement with the above assumption, 

there was a general increase in duration with morphological complexity as shown in 

Figure 5c (second row, right panel), but the effect was most pronounced for highly 

frequent long words (b=.033, SE=.015, t=2.25). Finally, there was also a significant 

three-way interaction between word length, number of suffixes and FLP on GD 

(b=-2.516, SE=1.059, t=-2.38): GDs on medium and long words were longer when 

FLPs were closer to word beginning, whereas the opposite pattern was observed for 

short monomorphemic words and there was little influence of FLP on GD for short 

words with 1-2 suffixes. 

As far as refixation probability is concerned, the only significant effect of 

morphological complexity was an interaction between launch site and number of 

suffixes (b=.053, SE=.026, z=2.04, p=.041), which indicates that suffixed words are 

more likely to be refixated with increasing launch site, but there is little influence of 

launch site on refixation rate for monomorphemic words. No effects or interactions 

associated with morphological complexity were significant for the analogous analysis 

of skipping probability. 
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Figure 5. Reliable influences of morphological complexity on FFD (a; top panel and 

b; middle-left panel) and on GD (c; middle-right panel; d: bottom panel). Words were 

grouped into three length categories (short words: 2 to 5 letters, solid lines; medium 

words: 6 to 9 letters, dashed lines and long words: 10 to 17 letters, dot-dash lines) and 

at low- and high-frequency groups based on the log10 frequency. Cells with fewer 

than 200 observations were collapsed with their neighbor cells. LMM estimates were 

based on specifying all variables as continuous variables; lines and 95%-confidence 

bands are partial effects based on LMM estimates. 
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Discussion 

Results from Experiment 1 confirmed previous findings that the PVL is located 

between word beginning and word center; with increasing word length, the mean FLP 

systematically shifted further away from the word beginning, suggesting the primary 

role of word length in saccade-target selection (Rayner, 1979; Rayner et al., 1996; 

Rayner et al., 2001). Also, the longer the launch site the closer the fixations landed 

towards the beginning of words. Furthermore, given the right-to-left reading direction 

of Uighur scripts, the rightwards-deviated PVL (from the word center) indicates that 

most visual information is in the readers’ left visual field and thus projected into the 

right hemisphere. Thus, accepting the rationale of Deutsch and Rayner (1999), the 

PVL phenomenon cannot be explained by the left-hemisphere dominance of linguistic 

processing. The influence of reading direction on PVL is in agreement with the view 

that readers need to allocate more of their attention to unidentified strings of letters to 

acquire incoming information (McConkie & Rayner, 1975). 

The most striking finding in Experiment 1 was the effect of morphological 

structure on FLPs. Initial fixations were directed further towards beginnings of 

suffixed words than expected on the basis of word length and launch site, which 

cannot be explained purely by low-level guidance of eye movements. There were also 

effects of morphological complexity on gaze durations, especially for highly frequent 

long words. These effects provide independent evidence for a greater processing 

difficulty associated with an increasing number of suffixes. 

Where do Uighur readers send their eyes initially? Results from the present study 

suggest one possibility: after determining word boundary information on the basis of 

low spatial frequency, Uighur readers must have segmented a word further into 

several possible morphological units (i.e., root morpheme and suffix) and selected a 
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position optimal for the recognition of the root morpheme. In other words, the root 

morpheme receives higher weight than suffixes in inter-word saccade-target selection. 

In addition, we had expected that eyes land further into high-frequency than 

low-frequency words, once we statistically control for word length. Indeed, there was 

a positive numerical linear effect of word frequency on fixation landing position. This 

effect was not significant in the full LMM reported. Word frequency, however, was 

significant in a model without a random factor for words. We reported statistic for the 

full model, but note that word frequency is known to exhibit nonlinear relations with 

eye-movement measures (e.g., Kliegl et al., 2006). For example, in the present data, 

modeling the effect of frequency with a linear and a quadratic trend yielded 

significant interactions of the quadratic word-frequency component with word length 

and launch site. Such higher-order interactions are difficult to explain and we did not 

expect them. Therefore, we stay with the conservative inference that there is no 

significant evidence for word frequency so far, but this absence of evidence should 

not be interpreted as evidence for absence of this effect. We will return to the 

word-frequency effect again in Experiment 2. 

In Experiment 1, we analyzed FLPs from all words of the sentences. This 

analysis faced a high correlation of word length and morphological structure (r = .72), 

because an increase in number of suffixes is usually tied to an increase in number of 

letters. Therefore, in Experiment 2 we followed up our results with an orthogonal 

manipulation of a select set of word lengths (6 to 9 letters) and morphological 

structure (i.e., 0 or 2 suffixes) for target words of sentences, in order to gain 

experimental control of one confounding factor.  

Experiment 2 

Current research about eye-movement control during reading comprises (a) a 
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statistical-control approach, using multivariate statistics such as LMMs, which 

simultaneously test the effects of a large number of (quasi-) experimental variables in 

large data sets with many subjects, many sentences, and consequently many 

observations per subject, and (b) an experimental-control approach based on 

experimental designs with orthogonal manipulation of a limited number of variables, 

affording (quasi-)experimental control of confounding variables. Experiment 1 

employed the statistical-control approach. Given that morphological structure was not 

manipulated in Experiment 1, a number of possible confounding factors such as the 

degree to which current words can be predicted from prior contexts might have 

potentially influenced the results. Therefore, it is important to corroborate results of 

Experiment 1 in the context of an experimental design built around target words. 

In Experiment 2 we orthogonally manipulated morphological structure (i.e., 

number of suffixes) and word length (i.e., 6 to 9 letters) of target words and controlled 

a number of several other word properties. There was one target word per sentence. 

This way, we aimed at producing further evidence in support of the hypothesis that 

morphological structure influences saccade-target selection during the reading of 

Uighur sentences.  

Method 

Subjects 

An independent group of thirty undergraduate students from Beijing Normal 

University and Minzu University of China with normal or corrected-to-normal vision, 

who were native speakers of Uighur, participated in Experiment 2. The eye-tracking 

experiment lasted for about 30 minutes, after which they filled out a brief and adapted 

version of the language-history questionnaire created by Li, Sepanski, and Zhao 

(2006). The subjects had an average speaking experience of 21 years (SD=2) and 
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reading experience of 16 years (SD=2). The proportions of daily exposure to Uighur 

print and other scripts (mainly simplified Chinese and English) were 76% (SD=16%) 

and 24% (SD=17%) respectively. Each student received 20 CNY for their 

participation. 

Another independent group of 17 native Uighur students from the Beijing 

Normal University participated in a norming study to determine the predictability of 

the target words. Each student received 10 CNY for their participation. 

Material 

Eighty-six
4
 pairs of target words (84 nouns and 2 verbs) with different 

morphological structure (monomorphemic words or words with two suffixes) were 

selected. These target words ranged from 6 to 9 letters in length, with 31, 30, 11 and 

14 word pairs for these word lengths, respectively. Number of letters and parts of 

speech were identical within each pair. There were also no differences with respect to 

word frequency (for monomorphemic words: M=1.592, SD=0.656, and for 

double-suffixed words: M=1.569, SD=0.544, log-transformed occurrences per million 

words): F(1,171)=.0.063, p=.803. In addition, because Hyönä (1995) showed that 

irregular letter combinations at the beginning of a word are a low-level visual feature 

that can affect FLP, initial letter bigram frequency was also controlled in Experiment 

2 (for monomorphemic words: M=3.469, SD=0.503, and for double-suffixed words: 

M=3.376, SD=0.421, log-transformed occurrences per million bigrams): 

F(1,171)=1.706, p=.193. The total number of letters of the suffixes in the suffixed 

target-words varied from 3 to 6 (M=3.8, SD=1.0). 

In order to minimize the influence of context, within each pair of target words, 

an identical sentence frame prior to the target words was constructed. Sentence frames 

after the target words could be different. Sentences were 5 to 13 words in length 
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(M=7.3, SD=1.6), corresponding to 26 to 85 letters (M=48.1, SD=11.7). Target words 

were never among the first two or the last two words. Each sentence was only 

presented once to a subject with the two conditions counterbalanced over subjects. 

Each subject read 86 sentences and answered 30 comprehension questions. An 

example of a sentence pair is shown in Figure 6. 

 

 

Figure 6. A pair of sentences used in Experiment 2. The target word in sentence (a) is 

a monomorphemic word, the one in sentence (b) is a suffixed word. The root 

morphemes are marked by the thin-solid underlining and the suffixes are marked by 

thick-solid and dotted underlining. Sentence (a) translates as: I participated in the 

event and the experiment; sentence (b) translates as: I spent the difficult days with my 

children. 

 

The sentence contexts were written to be neutral for the two types of target 

words. In the norming study, we presented all words prior to the target word and 

asked subjects to predict the next word of the sentence. From 1462 predictions (17 

subjects x 86 words), the monomorphemic target words were predicted 5 times (0.3%), 

and the suffixed words 16 times (1.1%). Thus, as intended, the target words could not 

be predicted from the prior sentence context—if anything, the morphologically 

complex suffixed words scored numerically higher on this dimension than 

monomorphemes: F(1,85)=2.15, p=.146. 

Apparatus, Procedure, and Initial Data Analysis 

Apparatus and procedure were largely identical to those in Experiment 1, except 

that texts were displayed in normal as compared to bold fonts, with each letter 
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subtending 0.42 degrees of visual angle. Subjects correctly answered 91% (SD=4.3%) 

of all questions. Sentences containing a blink or loss of data were deleted (i.e., 1% of 

all trials). After initial screening there were 2332 validly fixated target words. From 

this set, using the same criteria as in Experiment 1, we excluded (a) 93 words with 

first durations shorter than 60 ms or longer than 600 ms or with gaze durations longer 

than 800 ms, (b) 201 words with fixations on the space before the word, and (c) words 

with last-saccade launch sites smaller than one (77) or larger than ten letters (48). The 

final data set contained 1953 fixations. 

Results 

First-Fixation Landing-Positions 

Given the much smaller number of fixations in Experiment 2 compared to 

Experiment 1 and also presumably due to the restricted range for word length and 

morphological complexity, the LMM analogous to the one reported for Experiment 1 

was likely to be overparameterized (although the program did converge to a solution). 

Interactions of morphological complexity with other variables in analysis of FLP were 

not significant when appropriate random slopes are included (all t-values < 1.4) and 

removing these interaction terms did not cause a significant decrement of goodness of 

fit; likelihood ratio test: 
2
(7) = 6.6, p =.467. Therefore, the final model contained 

four fixed effects as well as subject-related variance components for intercept 

(SD=0.51), word length (0.11), launch site (0.10), and word frequency (0.22) as well 

as the sentence-related variance component for intercept (0.58); given the theoretical 

interests on morphological complexity, we also included by-subject (0.00) and 

by-item random slopes (0.13) for this factor. The residual SD was 1.22. Inspection of 

residual plots did not indicate any problems with model fit. 

The four significant fixed effects are shown in Figure 7. FLPs increased with 
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word length (b=0.190, SE=.068, t=2.79) and decreased with launch site (b=-.404, 

SE=.027, t=-14.95). There is evidence for misfit for very short and especially for very 

long launch sites. Apparently, when the last fixation was 9 or more letters before the 

current word launch site no longer affects FLP. 

 

 

Figure 7. Four significant effects on FLP. Top row: classic effects of word length and 

launch site. Bottom row: effects of morphological complexity (suffixes) and word 

frequency. Lines, points, and grey 95% confidence intervals are partial effects (i.e., 

based on LMM estimates after statistical control of other variables in the model and 

removal of between-subject and between-sentence random effects); rectangles are 

observed means (rounded to the next integer on x-axis).  

 

Of theoretical relevance for the present context is that FLP decreased with 

morphological complexity (bottom left; b=-.081, SE=.032, t=-2.54) and increased 
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with word frequency (bottom right; b=.187, SE=.082, t=2.28). Thus, we were able to 

establish the influence of effects, traditionally linked to higher cognitive processes, on 

saccade-target selection during the reading of Uighur sentences. Further details about 

means (standard deviations) of FLPs are reported in Appendix 1 (bottom part). 

Gaussian Fits of First-Fixation Landing-Positions 

As a further demonstration of the reliability of our results, we fitted truncated 

Gaussian curves to FLPs of target words (Figure 8). The difference in landing-position 

reflected in the Gaussian curves replicated the one observed in the simple arithmetic 

mean statistics (for monomorphemic words: μ = 3.3 letters and σ = 1.8 letters; for 

suffixed words: μ = 3.1 letters and σ = 1.8 letters; see also Appendix 1, bottom part). 

 

 

Figure 8. FLPs and their Gaussian-fit distribution curves for words with different 

number of suffixes, broken down for different word lengths (6-9). The vertical lines 

indicate means in Gaussian-fit curves. 

 

Other Eye-Movement Measures 

For the analyses of FFDs, GDs as well as refixation and skipping probabilities 

we followed the model building strategy described for FLPs. In general, these 

measures supported only simpler LMMs with fewer variance components. Also, with 
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the exception of refixation probability, likelihood ratio tests of the significance of 

interactions were not significant, even though there were occasional t-values with 

magnitudes larger than two. We report results based on LMMs including variance 

components for subject-related and sentence-related means (i.e., varying intercepts) 

and the four fixed effects of word length, launch site, morphological complexity, and 

word frequency. 

First-fixation duration. First-fixations were longer on short words (b=-.023, 

SE=.008, t=-2.74) and after short launch sites (b=-.012, SE=.004, t=-2.87). These 

results may appear counter to expectation, but they simply reflect the fact of higher 

refixation rates on long words (i.e., up to 80%; see below) and reduced refixation rates 

for close launch sites, as the first of two fixations is usually shorter than single 

fixations (e.g., Kliegl, Olson, & Davidson, 1983). Consequently, when refixation rate 

is included as a covariate in the LMM, this variable is highly significant (b=-.189, 

SE=.015, t=-12.23) and t-values of word length and launch site drop to non-significant 

t-values of -0.14 and -0.93, respectively. As far as the other two variables are 

concerned, neither the effect of morphological complexity (b=.008, SE=.007, t=1.20), 

nor the effect of word frequency (b=-.023, SE=.013, t=-1.84) were significant. 

Interestingly, with refixation rate in the model we obtained the usual effect of word 

frequency of shorter fixations for high-frequency words (b=-.030, SE=.012, t=-2.44). 

Gaze duration. Gaze duration exhibited the expected profile with significant 

positive effects of word length (b=.071, SE=.012, t=5.89), launch site (b=.025, 

SE=.005, t=4.95), and morphological complexity (b=.018, SE=.008, t=2.17) as well as 

the expected negative effect of word frequency (b=-.060, SE=.016, t=-3.66). These 

results validate the interpretation that suffixes increase morphological complexity and 

processing difficulty. 
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Refixation probability. For refixation rate the interaction term for the 

four-factor interaction was significant, both in terms of t-value (b=-.149, SE=.056, 

t=-2.64) and in a likelihood ratio test; 
2
(11) = 30.6, p=.001. Obviously, this result 

was unexpected. Figure 9 is one rendition of this interaction in terms of observed 

means reduced to a word length (3) x launch site (2) x suffixes (2) x word frequency 

(2) format. For word length, we collapsed fixation for 8- and 9-letter words to obtain a 

roughly balanced number of fixations for all cells; Launch site was dichotomized into 

close (1-4 letters) and far; Word frequency was dichotomized at the mean of 

log10-frequency. 

 

Figure 9. Refixation probabilities broken down by word length, launch site, 

morphological complexity (number of suffixes), and word frequency. Error bars are 

+/-1 standard error of the cell means. 
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As expected, refixation rate increased with word length and overall refixation 

probability was higher for far (.35) than close (.30) launch sites, because far launch 

sites lead to fixations towards the word beginning. In addition, there are two 

unexpected, but theoretically interesting results. First, for far launch sites 

low-frequency words are refixated more often than high-frequency words (.41 vs. .28), 

but this was not the case for close launch sites (.31 vs. 30); this interaction term was 

also significant in the GLMM (b=-.219, SE=.067, t=-3.28). Second, for close launch 

sites and long words morphological complexity reverses the canonical frequency 

effect on refixation probability: Long high-frequency words with two suffixes are 

refixated more often than their low-frequency counterparts.  

Skipping probability. With target words varying in length between six and 9 

letters overall skipping probability was only .076. As expected, skipping probability 

decreased with word length (b=-.292, SE=.094, t=-3.10) and (marginally) increased 

with word frequency (b=.337, SE=.171, t=1.97). 

Discussion 

Results from Experiment 2 confirmed the critical results from Experiment 1 that 

the FLP shifted towards the word beginning with more complex morphological 

structure, in addition, results also demonstrated that fixations were programmed 

further into the word given high word frequency (such an influence of word frequency 

appeared only in a numerical trend in Experiment 1). In Experiment 1, these results 

were obtained only after statistically controlling for word length and launch site; in 

Experiment 2, they were obtained with an orthogonal manipulation of morphological 

structure and control of several possibly confounding factors. Therefore, the 

difference in FLP due to morphological structure should not be explained as a 

consequence of uncontrolled confounding factors such as properties of the preceding 
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context, part of speech of the target word, or initial bigram frequency. Thus, the 

hypothesis about parafoveal morphological decomposition during the reading of 

Uighur sentences is supported for fixations on a select set of target words. Thus, 

previous failures to observe a possibly high-level influence on saccade-target 

selection may need to be re-visited with multivariate LMM statistics. Of course, 

frequency effects could still be the consequence of correlations with other low-level 

visual features of words.   

The analyses of other eye-movement measures confirmed that suffixes increase 

processing difficulty: gaze durations were longer and refixation probabilities 

increased (especially for long words), but there was also an unexpected result: Long, 

morphologically complex, high-frequency words were refixated more often than 

low-frequency words of the same length and suffix structure. Although we do offer a 

conclusive interpretation of this effect, such a crossover interaction between 

morphological complexity and word frequency, moderated by launch site, deserves to 

be followed up in future research. 

 

General Discussion 

One generally accepted assumption for a saccade-target selection mechanism is 

that FLPs are primarily determined on the basis of word length (see Rayner, 2009; for 

a review). There is also evidence indicating that this decision where to fixate can also 

be influenced by other low-level visual factors. For example, irregular (Hyönä, 1995) 

or misspelled (White & Liversedge, 2004) initial letters of a word can attract a 

fixation closer to the word beginning. However, there is no consistent evidence that 

high-level information such as morphological structure influences FLPs.  

In the present study, two experiments were carried out implementing a 
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corpus-analytic and an experimental control approach, respectively, to test the effect 

of morphological structure on saccade-target selection during the reading of Uighur 

scripts. We expected that the complex morphology of this script would increase the 

chances to detect such an effect (compared to other alphabetic scripts). Indeed, our 

results clearly demonstrate that initial fixations were directed further towards the word 

beginnings for morphologically more complex words. These results are not in 

accordance with an assumption of purely low-level guidance of eye movements and 

indicate that Uighur readers must decompose the word about to be fixated into 

morphological units and accord greater weight to the root morphemes, than to suffixes 

in saccade-target selection. As a consequence, a position optimal for the recognition 

of the root morpheme is chosen. 

We suspect that this step of decomposing a word and its consequence of clear 

morphological boundaries are of great importance to Uighur readers. Because Uighur 

words often have long suffixes, targeting towards the physical center of a word will 

leave the root morpheme (which often provides crucial information for 

comprehension) in an eccentric and non-optimal viewing position, leading to a slower 

overall processing rate. In agreement with our hypothesis, Farid and Grainger (1996) 

varied fixation-positions of Arabic words (reading from right to left) in an isolated 

word-recognition task. Their results demonstrated that for the Arabic script, the 

optimal viewing position in which readers had a minimal error rate shifted rightward 

(i.e., towards the word beginning) for a suffixed word. 

Obviously, such an argument for morphological decomposition clearly rests on 

the reader's ability to discriminate the locations of morpheme boundaries from the 

parafovea even without being able to reliably identify the morphemes. A question 

remains unsolved about which cues would allow the Uighur readers to identify the 
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morpheme boundaries. We cannot answer this question on the basis of our results, but 

identification of morpheme boundaries in Uighur may reply on simple statistic 

information such as letter-transition frequency. The identification of morpheme 

boundaries in Uighur is more or less similar to word boundary segmentation during 

the reading of Chinese scripts: Although Chinese is written without any explicit 

word-boundaries, evidence from recent studies demonstrates that readers of this 

language are still able to target the word center during saccade generation (Li et al. 

2011; Shu, Zhou, Yan, & Kliegl, 2011; Yan et al., 2010). These results suggest that 

Chinese readers need to segment characters into words parafoveally (Yan et al., 2010; 

Yang, Wang, Xu, & Rayner, 2009). Experimental evidence and computational 

simulation further suggest that word-boundary information in Chinese can be 

generated online on the basis of statistical information such as word frequency and 

character co-occurrence frequency (Richter, Yan, Engbert, & Kliegl, 2010; Yen, 

Radach, Tzeng, & Tsai, 2011). Importantly, word boundaries are calculated in very 

simple algorithms so that in most cases the segmentation can be achieved during 

fixations on the words prior to the ones about to be fixated. If we adopt the 

word-segmentation process in Chinese and apply it to Uighur, it is reasonable to 

hypothesize that the morphological boundary in Uighur can be obtained in similar 

ways from simple statistical information such as letter-transition frequency. 

Alternatively, readers may use other cues to detect morphological boundaries. 

Due to “vowel harmony” rule in Finnish (i.e., front vowels never appear together with 

the back vowels in the same word), two adjacent letters of different vowel quality 

would efficiently indicate a constituent boundary. Bertram, Pollatsek and Hyönä 

(2004) demonstrated compounds with different vowel quality constituents were 

processed faster than those with same vowel quality constituents. Although the bigram 
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frequency around the constituent boundary should be naturally low for compounds in 

which the vowels in the first and second constituents were of different qualities, 

post-hoc analyses indicated that this vowel quality effect did not crucially depend on 

the bigram frequency of the constituent boundary letters. 

The parafoveal morphological decomposition is in principle in agreement with 

recent positive evidence for parafoveal semantic information extraction during natural 

reading which also suggests that high-level information can be obtained from the 

parafovea under some circumstances, although this effect has been traditionally 

elusive or denied (Rayner, Balota, & Pollatsek, 1986; but see Hohenstein, Laubrock, 

& Kliegl, 2010, for positive evidence in German). Reliable parafoveal semantic 

processing has been recently consistently reported especially during the reading of 

Chinese sentences. For example, Yan, Richter, Kliegl, and Shu (2009) used neutral 

context and simple characters which presumably facilitate parafoveal processing. This 

parafoveal semantic effect has been extended to traditional Chinese script (Tsai, 

Kliegl, & Yan, 2012) and to compound Chinese characters (Yan, Zhou, Shu, & Kliegl, 

2012). Yang, Wang, Tong, and Rayner (2012) reported that semantic preview benefit 

in SFDs was apparent only when preview words were plausible from prior sentence 

context. In addition, there is also evidence for parafoveal extraction of 

morpho-semantic information in traditional Chinese (Yen, Tsai, Tzeng, & Hung, 2008) 

and syntactic information in Korean (Kim, Radach, & Vorstius, 2012). 

A few previous studies suggested that refixations can be programmed on the 

basis of different types of high-level information. For example, although Hyönä and 

Pollatsek (1998) failed to find an influence of constituent morpheme lengths on FLP, 

they found that the location of the second fixation and refixation probability of 

fixations landing around the word center (i.e., which were less likely to be mislocated 
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ones) were influenced by morphology. In addition, Pynte (1996) reported that when 

the initial fixation location was controlled, refixations were directed towards 

informative letters, which distinguish a word from its orthographic neighbors. 

However, we failed to find the effect of morphological structure on refixation 

probability in the present study. The increased refixation duration as a function of 

morphological structure is basically in agreement with a view proposed by Drieghe, 

Pollatsek, Juhasz, and Rayner (2010). Drieghe et al. suggested that there is an initial 

processing stage in which readers’ minds determine the morphological structure. If a 

word has two constituents, the cognitive system focuses on the first constituent. As a 

result, initially the second constituent does not receive as much processing resources 

as the corresponding letters of the monomorphemic words. Combining the difference 

in FLP and refixation duration as a function of morphological structure, results may 

jointly suggest that the suffixes are treated as separate units from root morphemes. 

We close with a couple of methodological comments. First, we restricted our 

analyses to fixations following launch sites from 1 to 10 letters. For this range the 

linear relation to FLP was very strong. Including longer launch sites would have 

forced inclusion of a quadratic trend representing a plateau of FLPs. Indeed, this 

pattern is visible in the observed values plotted in Figure 2. Obviously, including 

quadratic trends in the LMMs greatly increased their complexity, but did not change 

any of the substantive conclusions presented.  

Second, Experiments 1 and 2 together provide a convincing demonstration that 

statistical and experimental control approaches are not in disagreement with respect to 

high-level cognitive influences on saccade target selection. Indeed, we consider it 

quite remarkable that effects of morphological complexity and word frequency 

exhibited the expected direction of their effects only after statistical control of the 
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dominant influences of word length and launch site. Changes in the sign of regression 

coefficients relative to their zero-order relation with FLP are examples of suppressor 

constellations which are not known for their high reliability. Therefore, replicating the 

direction of two postulated small effects for target words with a zero-correlation 

between word length and morphological complexity provides not only an important 

validation of high-level parafoveal effects on saccade target selection, but offers also 

the constructive perspective that statistical and experimental control techniques can 

lead to the same conclusions (Kliegl, 2007; Kliegl, Enbgert, & Nuthmann, 2006; 

Rayner, Pollatsek, Slattery, Drieghe, & Reichle, 2007).   

Conclusion. Results from the two experiments in the present study clearly 

suggest that morphological decomposition is a basic stage during saccade-target 

selection and that fixations are programmed not only on the basis of low-level word 

length information, but also high-level morphological structure whilst reading Uighur 

script. It is likely that Uighur readers parafoveally compute the center of 

morphological gravity of the word about to be fixated and that saccades are a 

compromise between visual and morphemic guidance. Whether these results reflect 

only specific characteristics of the reading Uighur script or generalize to other 

languages deserves further investigation. 
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Footnote 

1. Program scripts and results for an alternative analysis with a maximum launch site 

of 15 letters are available at the repository.  

2. Alternative transformations for word length are its reciprocal or square-root value. 

For log2 and square-root transformation skew was minimal. The log2-transformation 

has the communicative advantage of mapping word lengths 2, 4, 8, 16 on the values 

of 1 to 4. Our theoretical inferences did not depend on the choice of transformation. 

One big advantage of the transformation over the original metric was that a significant 

four-factor interaction, presumably spurious due to the sparseness of long word 

lengths. 

3. Nuthmann & Kliegl (2009) reported median landing positions of single fixations. 

4. Originally a total of 88 pairs of target words (86 nouns and 2 verbs) were 

constructed but two (i.e., numbers 37 and 84 in Appendix 5) were excluded from the 

analyses. This is because the suffixed words in the removed pairs have only one suffix 

instead of two. 
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Appendix 1. Means (standard deviations) for eye-movement measures by word length and morphological structure (Experiments 1 and 2) 

Letters Suffixes N words 
Gauss     

FLP 
FLP FFD GD SFD RP SP 

Experiment 1  

6 

0 72 3.7 (2.7) 3.4 (0.8) 222 (37) 251 (48) 168 (43) 16 (15) 17(14) 

1 75 3.3 (2.1) 3.1 (0.6) 222 (29) 256 (43) 189 (73) 16 (13) 19(13) 

2 7 2.7 (3.8) 3.0 (1.1) 231 (52) 266 (70) 187 (47) 16 (25) 18(34) 

7 

0 28 3.6 (2.3) 3.5 (0.8) 226 (41) 271 (57) 179 (55) 23 (21) 12(13) 

1 79 3.2 (2.3) 3.2 (0.6) 230 (36) 280 (51) 179 (41) 24 (18) 12(9) 

2 16 3.2 (2.9) 3.4 (1.0) 239 (50) 301 (60) 202 (67) 26 (21) 13(14) 

8 

0 38 4.1 (2.4) 3.9 (0.9) 233 (45) 293 (58) 182 (51) 31 (20) 10(11) 

1 82 3.9 (2.3) 3.9 (0.8) 232 (38) 299 (53) 201 (45) 30 (18) 10(10) 

2 33 3.2 (2.2) 3.4 (0.7) 232 (42) 296 (60) 182 (42) 30 (20) 11(11) 

9 

0 13 3.9 (2.5) 4.1 (1.7) 222 (45) 287 (86) 206 (75) 30 (37) 11(19) 

1 44 4.2 (2.3) 4.1 (0.9) 228 (39) 309 (69) 195 (56) 37 (24) 6(7) 

2 47 4.2 (2.2) 4.2 (0.9) 229 (33) 297 (56) 201 (57) 31 (21) 9(10) 

10 

1 23 5.0 (2.1) 4.8 (1.0) 234 (49) 334 (94) 198 (50) 43 (29) 5 (7) 

2 32 4.5 (2.1) 4.4 (1.0) 238 (43) 336 (72) 192 (56) 44 (24) 5 (6) 

3 14 4.1 (2.6) 4.3 (1.1) 233 (52) 339 (91) 203 (64) 47 (31) 6 (11) 

11 

1 16 4.2 (2.6) 4.3 (1.3) 222 (46) 350 (78) 210 (55) 55 (27) 4 (7) 

2 41 4.1 (2.8) 4.4 (1.0) 221 (40) 350 (73) 199 (41) 54 (25) 4 (6) 

3 7 4.9 (2.4) 4.9 (1.7) 210 (51) 312 (87) 176 (55) 52 (35) 4 (10) 

12 

1 13 4.6 (2.4) 4.6 (1.6) 215 (60) 343 (129) 197 (57) 52 (34) 7 (15) 

2 22 4.2 (2.7) 4.4 (1.1) 224 (42) 374 (84) 209 (55) 57 (27) 2 (5) 

3 11 4.3 (2.7) 4.5 (1.3) 213 (47) 347 (95) 197 (55) 59 (32) 4 (10) 
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Appendix 1 (continued) 

 

 

Note. N word: number of words in material; FLP: first landing position (letters); Gauss FLP: μ (σ) values in Gaussian fitted FLP distribution 

curves; FFD: first-fixation duration (ms); GD: gaze duration (ms); SFD: second-fixation duration (ms); RP: refixation probability (percentage) 

and SP: skipping probability (percentage). Values are computed across subjects’ means, except Gaussian-fit landing positions, which were 

estimated from aggregated proportions of first fixations in each letter position for different word lengths.  

Experiment 2         

6 0 31 2.7 (1.7) 2.9 (0.6) 252 (60) 300 (64) 202 (66) 23 (18) 10 (17) 

 2 31 2.5 (1.6) 2.6 (0.5) 251 (42) 296 (49) 229 (79) 19 (18) 8 (11) 

7 0 30 3.1 (2.0) 3.1 (0.7) 244 (35) 311 (60) 210 (58) 31 (20) 7 (8) 

 2 30 3.2 (1.7) 3.3 (0.8) 248 (42) 317 (72) 213 (37) 29 (21) 8 (13) 

8 0 11 3.7 (1.6) 3.7 (0.9) 230 (48) 287 (69) 206 (55) 28 (27) 6 (19) 

 2 11 3.5 (1.7) 3.4 (1.1) 242 (50) 370 (106) 229 (57) 49 (32) 7 (12) 

9 0 14 3.6 (2.1) 3.5 (1.0) 229 (37) 365 (56) 216 (61) 57 (24) 4 (9) 

 2 14 3.2 (2.1) 3.4 (1.0) 231 (51) 388 (122) 253 (97) 55 (30) 4 (13) 
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Appendix 2. LMM estimates for duration analyses (Experiment 1). 

 FFD GD 

Fixed-effects parameters       

 Estimate SE t-value Estimate SE t-value 

Grand mean (GM) 5.367  0.019  279.86  5.560  0.022  247.29  

Word length (WL) -0.003  0.014  -0.23  0.238  0.018  13.12  

Launch site (LS) 0.010  0.003  3.36  0.006  0.003  1.67  

Suffix number (SN) 0.009  0.006  1.56  0.004  0.008  0.47  

Word frequency (WF) -0.017  0.007  -2.57  -0.049  0.009  -5.45  

Landing position linear (LP1) 5.830  0.736  7.92  -8.136  0.855  -9.51  

Landing position quadratic (LP2) -4.622  0.466  -9.91  0.085  0.584  0.15  

WL:LS -0.004  0.004  -0.90  -0.013  0.006  -2.39  

WL:SN -0.040  0.008  -5.20  0.002  0.011  0.15  

LS:SN 0.001  0.002  0.40  0.005  0.003  1.68  

WL:WF 0.027  0.013  1.99  0.004  0.019  0.19  

LS:WF -0.003  0.003  -1.36  0.007  0.003  2.15  

SN:WF -0.007  0.008  -0.94  0.002  0.011  0.20  

WL:FLP1 1.835  1.088  1.69  -14.280  1.380  -10.35  

WL:FLP2 -0.027  0.975  -0.03  0.405  1.231  0.33  

LS:FLP1 -1.098  0.225  -4.88  -0.576  0.280  -2.05  

LS:FLP2 -0.168  0.209  -0.80  0.070  0.262  0.27  

SN:FLP1 -0.013  0.556  -0.02  0.706  0.706  1.00  

SN:FLP2 -1.081  0.539  -2.01  -1.024  0.681  -1.50  

WF:FLP1 -1.837  0.642  -2.86  1.300  0.811  1.60  

WF:FLP2 0.259  0.627  0.41  0.449  0.789  0.57  

WL:LS:SN 0.002  0.003  0.55  0.005  0.004  1.25  

WL:LS:WF -0.003  0.005  -0.48  0.000  0.007  0.06  

WL:SN:WF -0.006  0.011  -0.53  0.033  0.015  2.25  

LS:SN:WF 0.001  0.003  0.44  0.001  0.004  0.24  
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WL:LS:FLP1 -0.383  0.500  -0.77  1.780  0.628  2.84  

WL:LS:FLP2 -0.151  0.454  -0.33  -0.720  0.570  -1.26  

WL:SN:FLP1 -0.797  0.832  -0.96  -2.516  1.059  -2.38  

WL:SN:FLP2 2.442  0.734  3.33  -0.325  0.929  -0.35  

LS:SN:FLP1 -0.221  0.259  -0.85  -0.648  0.325  -1.99  

LS:SN:FLP2 -0.353  0.248  -1.42  0.097  0.311  0.31  

WL:WF:FLP1 1.194  1.367  0.87  1.863  1.733  1.07  

WL:WF:FLP2 -0.306  1.243  -0.25  2.504  1.570  1.60  

LS:WF:FLP1 -0.192  0.295  -0.65  -0.742  0.371  -2.00  

LS:WF:FLP2 -0.588  0.287  -2.05  -0.228  0.360  -0.63  

SN:WF:FLP1 -0.927  0.800  -1.16  -0.443  1.011  -0.44  

SN:WF:FLP2 0.278  0.769  0.36  -0.422  0.970  -0.44  

WL:LS:SN:WF 0.007  0.004  1.48  0.002  0.006  0.30  

WL:LS:SN:FLP1 0.641  0.395  1.62  0.789  0.498  1.58  

WL:LS:SN:FLP2 0.045  0.349  0.13  0.155  0.439  0.35  

WL:LS:WF:FLP1 0.466  0.634  0.73  0.795  0.797  1.00  

WL:LS:WF:FLP2 0.187  0.592  0.32  -0.093  0.743  -0.13  

WL:SN:WF:FLP1 0.997  1.133  0.88  -1.841  1.444  -1.27  

WL:SN:WF:FLP2 0.198  0.985  0.20  1.669  1.246  1.34  

LS:SN:WF:FLP1 -0.052  0.376  -0.14  -0.016  0.473  -0.03  

LS:SN:WF:FLP2 -0.353  0.360  -0.98  0.159  0.452  0.35  

WL:LS:SN:WF:FLP1 0.213  0.527  0.40  1.273  0.662  1.92  

WL:LS:SN:WF:FLP2 -0.007  0.465  -0.01  -0.648  0.584  -1.11  

 

Note: WL: log2 word length; LS: launch site; SN: morphological structure; WF: log10 word 

frequency. N of observations: 13523; N of sentences: 120; N of subjects: 48. 

 

 

 



Eye guidance in Uighur 53 

Appendix 3. LMM estimates for an alternative model for FLP with initial bigram frequency 

(Experiment 1). 

Fixed-effects parameters  

 Estimate SE t-value 

Grand mean (GM) 3.663 0.105 34.82 

Word length (WL) 1.648 0.106 15.61 

Launch site (LS) -0.432 0.018 -24.44 

Suffix number (SN) -0.099 0.043 -2.33 

Word frequency (WF) 0.067 0.048 1.41 

Initial Bigram freq. (IB) 0.042 0.079 0.53 

WL x LS -0.196 0.021 -9.33 

WL x SN 0.118 0.059 2.01 

LS x SN 0.010 0.011 0.88 

WL x WF 0.014 0.098 0.14 

LS x WF -0.009 0.012 -0.75 

SN x WF 0.007 0.059 0.11 

WL x IB -0.136 0.203 -0.67 

LS x IB 0.010 0.019 0.53 

SN x IB 0.008 0.097 0.08 

WF x IB -0.041 0.092 -0.44 

WL x LS x SN 0.028 0.015 1.83 

WL x LS x WF -0.007 0.027 -0.26 

WL x SN x WF -0.018 0.073 -0.25 

LS x SN x WF 0.023 0.016 1.47 

WL x LS x IB 0.004 0.054 0.07 

WL x SN x IB -0.353 0.146 -2.42 

LS x SN x IB -0.040 0.026 -1.53 

WL x WF x IB -0.183 0.191 -0.96 

LS x WF x IB 0.022 0.025 0.86 
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SN x WF x IB -0.006 0.100 -0.06 

WL x LS x SN x WF 0.005 0.020 0.23 

WL x LS x SN x IB 0.005 0.040 0.12 

WL x LS x WF x IB 0.084 0.053 1.59 

WL x SN x WF x IB 0.023 0.174 0.13 

LS x SN x WF x IB -0.039 0.027 -1.44 

WL x LS x SN x WF x 

IB 
-0.053 0.048 -1.11 

Variance components SD Correlation parameters 

Word - GM 0.65      

Sentences - GM 0.17      

Subjects - GM 0.68 GM     

Subjects - WL 0.47 0.98 WL    

Subjects - LS 0.11 -0.28 -0.39 LS   

Subjects - SN 0.08 -0.68 -0.54 0.25 SN  

Subjects - WF 0.03 -0.21 -0.14 0.64 0.74 WF 

WL x SN 0.15 -0.07 -0.02 0.41 0.46 0.67 

Residual 1.46      
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Appendix 4: Types of suffixes in Uighur script (Experiment 1). 

There are mainly two types of suffixes: derivational suffix and inflectional suffix. In an 

additional analysis, we tested whether the two types differ from each other with respect to 

their influences on FLP. We selected monomorphemic words, single-suffixed words and 

double-suffixed words whose two suffixes are of the same type. As shown in Figure 10, 

first-fixations significantly landed further into the inflectionally suffixed words as compared 

to the monomorphemic words (b=-.185, SE=.045, t=-4.07). Although the contrast between 

derivationally suffixed words and monomorphemic words was not reliable (b=.096, SE=.062, 

t=-1.54), the numerical trend was very similar to that of the inflectionally suffixed words. We 

suspect this is due to a lack of statistical power because of the limited number of items and 

observations for derivationally suffixed words (N=1459) as compared to inflectionally 

suffixed word (N=6511). Taken together, results strongly suggest that these two types of 

suffixes are very similar with respect to their influences on FLP. 

 

Figure 10. FLP as a function of suffix type and word length. 
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Appendix 5: Experimental sentences with morpheme-by-morpheme glosses and translations. 

Root morphemes are marked by thin-solid underlining and suffixes are marked by alternating 

thick-solid and thick-dotted underlining. Derivational suffixes and inflectional suffixes are 

distinguished by using black and grey colors respectively. 
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