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CHAPTER 10 

Eye-movement models for arithmetic and reading 
- performance 

Patrick Suppes 

Insmute for Mathemallcal Studies m the Soczal Sciences. Stanford Umverslty, Stanford. CA 94305. U.S.A. 

1. Introduction 

In this chapter I propose various stochastic models 
of eye movement applicable to two important do­
mains of cognition, namely, arithmetic and read­
ing. I begin with the analysis of arithmetic because 
my own research has been concentrated there, but 
in the second half I consider the question of what 
changes have to be made in the axioms of the mod­
els proposed for arithmetic in order to deal with 
some well-known features of eye movements in 
reading. As might be expected and for reasons to be 
considered later, the changes are rather profound. 

From the standpoint offundamental science, it is 
somewhat disturbing that the axioms of different 
models for different cognitive tasks are changed so 
much depending upon the task. One would like to 
be able to isolate in clear and more definite form the 
fundamental assumptions that are invariant across 
different kinds of tasks, and then to impose various 
boundary and causal conditions to account for the 
changes. I do not think such an approach is hope­
less, but it seems premature for the subject matter of 
this chapter. 

On the other hand, the focus on examining the 
empirical adequacy of a small number of explicitly 
formulated models has necessarily led to simplifica .. 
tions of structure that do not accommodate all the 
many experimental findings. In the case of reading, 
for example, I begin with a minimal control model 
that probably no one would accept as correct. The 

purpose of this minimal model is to use it as a basis 
for examining, and then organizing in a more com­
plex model, the most significant features of the 
reading process that are omitted. Deficiencies in 
the various models analysed highlight defects in 
current theories about arithmetic and reading per~ 
formance. 

Another methodological point of some impor­
tance concerns individual differences. The exis­
tence of individual differences does not count 
against the various models considered. It is as­
sumed in their formulation, although not made ex­
plicit in the axioms, that parameters are estimated 
separately for each individual. What is required to 
reject a given model is not variation of such global 
parameters but the existence of individual distribu­
tions which violate the fundamental assumptions of 
the axioms, for example, distributions which are 
not convolutions of exponential distributions, or 
random-walk motions which are in violation of the 
basic assumptions. Global variables of text and task 
differences are especially present in reading, but 
also do not as such affect goodness of fit of a model, 
in contrast to local variables such as features of a 
particular arithmetic exercise or of a particular 
word in a reading text, which do affect fit. 

2. Procedural theory for arithmetic 

In previous publications a detailed procedural theo­
ry for the performance of standard algorithms of 
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TABLEl 

Example of one..column addition for sums s; 99 

Pseudo machine-language program 

Attend (1, 1) .......................................................................... . 
Readin 
Copy SS in NSS .................................................................... . 
Attend (+1, +0) ......................................................... « •••••••••••• 

Readm 
Opr 

Attend (+1, +0) ..................................................................... .. 
Readin .................................................................................. . 
Jump (0-9)SS, Opr 
Attend (+1, +0) ...................................................................... . 
Outnght NSS ........................................................................ . 
Deletenght NSS 
Attend (+0, +1) ..................................................................... .. 

Outnght NSS ....................................................... ,. ............... . 
Deletenght NSS 
End 

a concrete context for the tatler (~or:lSlCleram 
tion of eye movements, I first ..... "" ........ ,AU ... 

its To do so, I tum to 
natural of seven 

years of age what it means 
carry out the teacher's request "Add these num~ 

" where the are written standard 
column 

I first ...... "'" ... "or. 

these nUlrnoers Slnlpil;!r commands whose 
the student. We 

thus say that our ........ ',.... .... 1"'.., of addling 
numbers is 

up slm'pler SUblr01.lLtinles 

English-addressable subroutines 

Look at thIS number. 

Remember the number. 
Now look at this next number. 

Move down the column. 
If there 1S another number, add as before and contmue. 

If not, move down to the blank space. 
Write down the number of ones In the answer. 

Now look at the space to the left. 
Write down the number of tens In the answer (unless It IS zero). 

There is 
which holds an encoded repre~ 

pnnte:o (!'.l11"nnnl to which the student 
nel~cel'tu;allv attenclm,g. In the "'Y".~",.,.,,,,i 

tm~ente:d on a 
most one in each square 

For column addition we number the ('nl'Tal~ 
nates from the upper corner. 

in the exercise 

the co()rdinates 

5 
4 
7 

flmnb4er is needed for the geIler:al 



The restricted set of instructions we need for 
column addition is the following: 

Attend (a, b): Direct attention to grid 
position (a, b). 

(±a, ±b): Shift attention on the grid by 
(±a, ±b). 

Readin [SS]: Read into the stImulus­
supported register the 
physical symbol in the grid 
position addressed by 
Attend. 

Lookup [R 1] + [R2]: Lookup table of basic 
addition facts for adding 
contents of registers [R 1 ] 
and [R2] and store the result 
in [Rl]. 

Copy [Rl] in [R2]: Copy the content of register 
[Rl] into register [R2]. 

Jump (val) R, L: Jump to line labeled L if 
content of register [R] is val. 

Outright [R]: Write (output) the rightmost 
symbol of register [R] at grid 
position addressed by 
Attend. 

Deleteright [R]: Delete the rightmost symbol 
of register [R]. 

End: Terminate processing of 
current exercise. 

Of these instructions, only Lookup does not have an 
elementary character. In our complete analysis, it 
has the status of a subroutine built up from more 
pnmitive operations such as those of counting. It is, 
of course, more than a problem of constructing the 
table of basic addition facts from counting sub­
routines; it is also a matter of being able to add a 
single digit to any number stored in the non-stim­
ulus-supported register [NSS], as, for example, in 
adding many rows of digits in a given column. I 
omit the details of building up this subroutine. It 
should also be obvious that the remaining instruc­
tions are not a minimal set. 

The left-hand column of Table 1 shows a pro­
gram for adding any single column of numbers such 

457 

that the sum is equal to or less than 99. As would be 
expected, the program for multiple-column addi­
tion or subtraction is a good deal more complicated. 
A description of these programs may be found in 
Suppes (1972) or Suppes et al. (1983). 

3. Axioms for eye movements in doing arithmetic 

A detailed presentation of a mathematical model of 
eye movements in doing arithmetic is given in 
Suppes et al. (1982, 1983). The purpose here will be 
to review and comment on the basic axioms, with 
some modifications made. and then later to analyse 
the way in which the axioms must be changed as we 
move from arithmetic to reading. As would be ex­
pected, there are necessary simplifications of the 
theory of eye movements given here. We reach only 
a certain level of detail. For example, there is no 
treatment of the velocity or acceleration of the sac­
cades, or of their angular length. We do emphasize 
the stochastic nature of eye movements, a point 
which is not always completely recognized in the 
literature. This leads to specific assumptions about 
the probabilistic distribution of the duration of fix­
ations and also of the direction of movement. This 
stochastic aspect of eye movements has been well 
recognized in much of the literature, at least since 
Nachmias (1959). 

The axioms fall naturally into two parts. The first 
part deals with the duration of fixation. An impor­
tant point here is the underlying rationale of the 
axioms. Conceptualization is in terms of eye-con­
trol instructions being executed to control the dura­
tion of fixation. A fixation which executes only a 
single instruction is assumed to be exponentially 
distributed, and when n instructions are being ex­
ecuted internally as part of a single fixation then the 
duration of fixation is a convolution of n exponen­
tials with the same parameter. The exponential is 
assumed for mathematical simplicity and is reason­
ably consistent with existing data. (For some recent 
data supporting the exponential distribution in in­
fants and free-viewing adults, see Harris et al., 
1988.) This assumption, which was used in Suppes 
et al. (1983) for arithmetic, applies in a very natural 
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way, as we shall see, to the case of reading. It should 
be emphasized that the internal instructions are not 
ones that I am attempting to identify in the present 
context. They do not, for example, correspond 
rectly to the instructions shown in the left-hand 
column of Table t I think these eye-control in­
structions as the fine-grained instructions needed 
for performing a cognitive task, such as executing 
an algorithm of or reading a passage of 
text. The coarser instructions of Table 1, for exam­
ple, are best thOUght of as subroutines, constructed 

these fine-grained instructions. 

3.1. Axioms on duratIOn of fixation 

r..P .. JI."-'UlL Fl. executIOn time of each eye-con~ 
ma'emma.enc of past processing and 

The first axiom by itself "'U'~AA~'..:JJ that each eye-con-
trol instruction is executed in dis-
tributed but 

tlxEltl01n, a direct palrannel,nc 
fixation durations is not po:sSit)le. H n'wP'VPf" 

suIts were not too when the 1l-nlln""'1I"'kO ""1..1''''''''''''''"' 

was assumed. 

AXIOM In DrOICeS~~mQ arzthn'1et.lC ""J'nr.,~'H.,l>'H'" 

"'" 1 or "" 2. 

the basis of this axiom it DOSSlible to compare 

histograms of fixation durations to the combina· 
tlOn of two distributions, one of which IS an expo­
nential distribution and the other a convolution of 
two exponential distributions with the same param­
eter. This distribution of fixations has the form: 

a -tlAt -t1A2 
f(t) =: - e + e (l) 

At 

DirectIOn of saccades. The next set of axioms is 
concerned with the direction of saccadic move­
ment. This is conceptualized as a random walk, and 
some data on the Markovian character of this ran­
dom walk are presented below. Note that the direc-
tion of not their nor 
the of is assumed to be a ran-

dis,cre:te trials. The 

there are seven 
the random-walk model. The 
the put, which means that the 

within a gIven square of the 
U''1r111nnw-t!l1''1t to note that several saccades can occur 
within the same The 

ter's ... "'''lll''l • ., .... 

aggregate of fixations on a 
The 

row to the top row. The step 
tion back to the top of the column but with two or 

and backtrack3 the from 
Dr€~ced1Ilg row is not 

fOflmuJlate each 

oa<:KtraC:K motion ext:U1c:my but these 
are the actual cases used in order break up 

the way. 



The sixth step is that of skipping over a square on 
the grid. There is good evidence in the arithmetic 
data that for a certain percentage of the time a 
square on the grid is not fixated even though the 
stimulus there is cognitively, and therefore visually, 
comprehended. This implies that skipping was due 
to the use of extrafoveal vision to recognize the 
numbers displayed. The important point is that 
stimuli at some distance from the fIXation point 
may be recognized, a phenomenon that needs to be 
accounted for by any theoretical model. The seven­
th motion is the catchall other, which includes all 
the cases of motion that do not satisfy the standard 
algorithm and that do not have a clear cognitive 
interpretation. Given the stochastic character of 
eye movements, it is important to report and ana­
lyse this seventh class of movement in order to give 
a sense of how faithfully the algorithm of the regis­
ter-machine model is being followed. 

These assumptions about the random motion are 
made explicit in the following axioms: 

3.2. AXIOms on saccades in arzthmetic 

AXIOM DI. Ifprocessing is complete in a glven 
region of regard, then jump to the next grid square in 
the regIster-machine model, i. e., the normative 
model of the algorithm. 

AXIOM D2. If processing in a given regIOn of 
regard is not complete and non-stimuLus-supported 
memory has not decayed, stay put on present grId 
square. 

AXIOM D3. Ifprocessing in the present region of 
regard is not complete and non~stlmulus-supported 
memory has decayed. backtrack to the immediately 
preceding row in the same column or to the begin­
ning of the column. 

AXIOM D4. If the present region of regard also 
provides a perceptual image of the next grid square 
and processing It is complete, then skip over the next 
square to the following one. 

AXIOM D5. A saccade is independent of past 
motion and earlier stimuli. 

It should be noted that these axioms do say some-

459 

thing, of course, about the length of a saccade but 
only in terms of the random walk on the grid. Ax~ 
iom D5 is an informal statement of the indepen­
dence-of-path assumption needed to imply the 
Markovian character of the random walk. For the 
purposes of studying the algorithms of arithmetic, 
this level of generality can be accepted although it 
would still be useful to have a_ more detailed study 
of the actual angular length of saccades, and to 
relate these angular lengths to the random walk. 
This, however, will have to be a subject for future 
study in which stimuli and tasks are chosen to en­
courage variation in saccade length. 

4. Survey of the data analysis on arithmetic 
performance 

I will present here a summary of the data analysis. 
The experimental methodology and methods of 
analysis are presented in detail in Suppes et al. 
(1982, 1983). The subjects were two adult male 
college students, one eighth .. grade girl, and two 
fifth-grade boys. The subjects were selected from a 
pool on the basis of the capacity of the eye-tracking 
device to properly generate eye-tracking data for 
them. The computer-based eye-tracking system 
known as PERSEUS (Anliker, Floyd, Morf, Kai­
lath)* incorporated as a peripheral hardware device 
a two-dimensional double-Purkinje-image eye­
tracker (Cornsweet and Crane, 1973; revised by 
Crane and Steele, 1978). The system determines eye 
position with an accuracy estimated to have less 
than five minutes of arc error over a field of 20 x 20 
degrees in good subjects. 

4.1. Distributions offixatlons 

First we present data on two subjects, comparing 
the histogram of fixations to the mixture distribu-

* Anliker, J., Floyd, R., Morf, M. and Kailath, T. Biocybernetlc 
Factors in Human PerceptIon and Memory. Final report for the 
Advanced Research Projects Agency of the Department of De­
fense.ARPAOrderNumber 3177, July 1977. Stanford Univer­
Sity, Center for Systems Research. 



460 

tion given by Eqn. 1, with parameters cx, "1 and "2 to 
be estimated from the data. The scale on the ab­
scissa is measured in seconds, and the frequency of 
fIxations is shown on the ordinate. threshold 
for a recorded fIxation was 25 ms, so each histo­
gram is for fIxations of more than 25 ms. This 
amount should be added to each column of the 
histogram to get the total duration of a fIXation. 
Eqn. 1 was fitted to the 'delayed' histograms, 
those shown below without the added ms. 
methodological is being made explicit to 
make clear how an approximately exponential dis­
tribution was fitted to each histogram.) Since sac­
cades of about 5' of arc or more were detected and 
recore,ea.. the h • .,'tnn· .... ".,I'Il .. C()ntaln 
tions of short "',";,>-:lI't'.,,,,,, ... 

what are called ml!crosac:ca(leS, 
or so mInutes 

palrantleters in 
the 

which is the mean of the eXll0Illen'uaJ. 
tntmU.on. and O. which is one:~n3J.I 

du.tn,butlon is its 
estlmate:(i param-

eters mixture express this 
the data but are not able to fit it cmnplet1ely 

I 
8712 

7920 

7128 

6336 

5544 

4752 

3960 

3168 

2376 

1584 

792 

0 
0 25 50 75 100 12S 150 

Fig. 1. Histogram and fitted dlstnbuuon of fixation duratlons 
for one adult subject. 

1440 

1296 

1152 

1008 

25 so 75 100 125 150 

Fig. 2. HIstogram and fitted dlstnbut!on of fixatIon durations 
one chdd subject. 

de~V'latlOns. For present theoretical purposes, 

centration in the future. 
An Imlrne411a1te 
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TABLE 2 

Means of relative frequency data for the random-walk model with seven possible movements 

Subject Stay put Forward bktrckl 

lA .585 .214 .027 
IS .487 .187 .034 
2A .668 .172 .017 
2S .608 .119 .035 
3 .340 .108 .067 
4 .622 .094 .051 
5 .609 .048 .034 

ing 1712 fixations with a mean fixation of 473 ms. 
Assume now, as a simplification of Eqn. 1, that 
fixation durations are exponentially distributed. 
Then the probability of a micro saccade in the initial 
duration segment of a fixation can be equated to the 
probability of a fIXation duration of not more than 
50 ms. Using the mean of 473 ms as the mean of the 
exponential distribution, the probability of a mi­
crosaccade in the initial duration segment of 50 ms 
is approximately 0.05, and the rate observed, as­
suming independence and stationarity, was 0.048. 
(This comparison is only a qualitative one to show 
that the rate is comparable to that observed in arith­
metic. A more detailed analysis is not appropriate 
here.) The point is that this use of the exponential 
distribution, or for a more detailed analysis, Eqn. 1, 
supports Cunitz and Steinman's conclusion that a 
single process governs both microsaccades (to­
gether with very short fIXations) and larger saccades 
(with longer intersaccadic fixations). Such a single 
process is implied by the axioms given above for eye 
movements in arithmetic. The properties of ap­
proximately exponential distributions have not as 
yet been widely used in the theoretical analysis of 
fixations. 

4.2. Direction of sacca des 

Table 2, taken from Suppes et al. (1983), shows the 
means averaged over sessions of relative-frequency 
data for the random-walk model with seven possi-

bktrck2 bktrck3 Skip Other 

.008 .024 .057 .085 

.014 .019 .099 .161 

.005 .011 .036 .091 

.005 .014 .067 .152 

.022 .073 .030 .361 

.008 .029 .025 .170 

.007 .046 .010 .247 

ble movements. The first two lines of the table show 
the data for the first adult subject. The A refers to 
the results on addition exercises and the S to sub­
traction. Lines 3 and 4 of the table are defined 
similarly for the second adult subject. The three 
young subjects received mixed exercises. They are 
shown respectively as lines 5, 6 and 7 in the table. 
The S.D.s for all subjects and movement types are 
relatively small, the largest being 0.060. Over 70% 
of the S.D.s are less than 0.02. 

The data of Table 2 are quite stable across sub­
jects, in many respects to a surprising degree. For 
example, stay put is the dominant motion for all 
subjects with the exception of subject 3, and in the 
case of this subject the higher probability of the 
catchall movement other is only slightly higher. 
This unusually high percentage for other in the case 
of subject 3 indicates very poor following of the 
standard algorithms of addition and subtraction. 
The step backtrack2 has the minimum mean fre­
quency for all subjects. When that step is removed, 
backtrack3 for the adults and skip for the children 
are minimal. 

In contrast to the kinds of differences that have 
been observed for different regions of regard in 
reading, presumably corresponding primarily to 
cognitive characteristics of different words, in the 
case of arithmetic no striking quantitative dif­
ferences for means of average fixations were found 
to be associated with the seven different steps of the 
random walk. These data are presented in Table 3. 
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TABLE 3 

Means of average fixation duratIons for different steps In the random-walk model 

Subject Stay put Forward bktrckl bktrck2 bktrck3 Skip Other 

lA .288 .256 .253 .129 .257 .275 .212 
IS .318 .238 .289 .149 .302 .275 .247 
2A .288 .350 .177 .341 .181 .321 .158 
2S .253 .232 .234 .152 .166 .294 .169 
3 .246 .248 .304 .240 .295 .226 .252 
4 .148 .147 .197 .142 .153 .096 .128 
5 .145 .186 .156 .127 .200 .178 .160 

TABLE 4 

Mean correlatIons of succeSSIve fIXatiOn durauons 

Number of fixation durauons 
Number of 

Subject sessions Mean 

lA 11 4542 
IS 10 2398 
2A 12 6410 
2S 9 3371 
3 12 1309 
4 7 4075 
5 10 3119 

It is also to be noted that the range of mean average 
fixations to be found in Table 3 falls very much 
within the range ordinanly observed in fixations in 
reading. Here the range is from 127 ms to 350 ms: I 
emphasize again these are the ranges of means, not 
of individual observations. It can be seen from the 
histograms of Fig. 1 and 2 that there were individu­
al fixations with much longer durations, as would 
be expected under any reasonable the­
ory of fixation ....... , ...... " .... u .... 

4.3. Immediacy and eye~mmd assumptions 

In a number of publications on eye movements in 
reading~ and JuS! (for a summary 
see 1983) have -emphasized the importance two 
aSSuIIlptllons. The is the assump= 

Mean correlauon of 
S.D. successive fixauons 

655.9 -.0006 
143.5 -.0193 
882.7 .0326 
647.8 .0180 
111.2 .0472 
728.3 .1171 
272.0 .0871 

tion, which is that a reader tnes to interpret each 
word of a text immediately rather than waiting to 
interpret or process it after a number of words have 

perceived. This assumption is reflected di~ 
rectlyin the axioms FI-F3 on duration offuations. 
One way to test the immediacy assumption, 
is common to their analysis and to that given here 
for arithmetic, is to examine the correlation of suc= 
cessive fixation durations. examination 
data in this fashion does not settle all aspects of 
testing the immediacy assumption, but it is a test 
that should any strong effects of violation of 
immediacy. Data on from et 
ale (1983) are shown in Table 4, which shows the 
means and standard deviations of a numt)er 
tion for individual subjects 
across sessions. For each there are a very 



large number of fIxation durations in each session 
and therefore substantial data to analyse for the 
correlations of successive fixation durations. The 
mean auto correlations of lag one are shown in the 
fourth column of Table 4. The autocorrelation sta­
tistic can be written as follows, where dz represents 
the ith fixation duration, and d their average: 

The striking thing about the data in Table 4 is that 
the correlations are all quite small. There is really 
no evidence of the duration of one fixation affecting 
that of the next fIxation. In this respect, the data 
strongly support the immediacy assumption for 
arithmetic, for, given the very low autocorrelations 
oflag one, it is unlikely that there are other forms of 
temporal dependence in the data. 

Carpenter and Just's eye-mind assumption, the 
second one mentioned above, is that the reader 
continues to fIxate a word until all the cognitive 
processes initiated by receiving that word have 
been completed. In terms of the axioms stated 
above, the eye-mind assumption would be reflected 
for arithmetic in Axiom F2, which asserts that a 
fIxation lasts for the time required to execute some 
number of internal instructions. Assuming that dif­
ferent regions of regard in executing an algorithm 
should lead to different control instructions being 
executed, flXation duration should vary with the 
region of regard. This seems unlikely, because, as is 
already evident from the analysis given, we got rea­
sonably good fits to the histograms of fixation dura­
tions by assuming that the number of control in­
structions is no more than two (see Fig. 1 and 2). 
However, it is quite possible that certain structural 
features of the arithmetic problems, such as the 
region of regard where a carry is required in addi­
tion or a borrow in subtraction, would lead to a 
structurally determined variation in fixation dura­
tion. Such variation would be very much in the 
spirit of Carpenter and Just's eye-mind assumption 
for reading. Data and analysis bearing on such 
structural variations are taken from Suppes et ale 
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(1983). The fixation durations were regressed on 
the following variables, which are local variables in 
the terminology introduced at the beginning of the 
chapter: 

ROW, the row the fixation is in, 
COL, the column the flXation is in, 
LENGTH, the number of digits in the top row, 
ONOFF, an indicator in subtraction of whether a 
borrow was needed from the next column, and in 
addition of whether a carry was given to that 
column from the previous one. 

The regression equation was therefore 

y, = ao + at LENGTH, = a2ROWI + a3COLUMN
l 

+a40NOFFI 

The results of these regressions are shown in Table 5 
in the form of means of estimated regression coeffi­
cients. As can be seen from the size of the various 
coefficients, the regression on the structural vari­
ables accounts for only a relatively small part of the 
variation in fixation durations: the range of the 
square of multiple correlation is 0.0003 to 0.0912. 
So, significant effects of structural characteristics 
on fixatIon durations are not found, contrary to the 
results for reading. Unlike the immediacy assump­
tion, the eye-mind assumption does not contribute 
to our understanding of the processes involved in 
doing arithmetic. 

TABLE 5 

Means of estImated regression coefficients 

Subject Row Column Length OnofT 

lA .0296 .0133 -.0185 -.0350 
IS .0326 .0148 -.0214 .0300 
2A .0164 -.0188 .0162 .0316 
2S .0161 -.0152 .0177 .0437 
3 -.0090 .0150 -.0238 .0352 
4 -.0022 -.0046 -.0170 .0155 
5 .0168 -.0090 -.0160 .0220 
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4.4. Scanpath fit 

In the nonnative register-machine model the ran­
dom-walk motion in and subtraction 
should reduce to just two motions, namely, forward 
and stay put. Backtracking is evidence of memory 
decay which is excluded in the normative model, 
and other is indication of wandering attention. 
What is to be said about goodness of course, 
could easilyinclude as well, but that is 
not the issue. 

For the normative models of addition and sub­
traction, three measures of fit were tested 
for the random-walk model with the two mo .. 

(~UDOC~S et ai., 1983). 
measure, is constructed as 

IOUlOWS. A perfect was defined to 
top to bottom each column, with a IlX~lU(Jin 

the bottom a column sue-
nX.auon in the row of the column 

Imme:a.l~ltejly to the left. The sequence begins in the 
PO~'lt1on. In accordance with 

reg;lst1er-1ma,ChJme J..U.\./U,,",J., we denote the d.ulratllon 

'.lo'1'~I'!l",1"1V'!n one square. When this is not the case, we 
denote the time as The 
~n~IIVl;;ll;: given here is for addition. It is slightly 
dittenent for subtraction. The is then sim= 

of the time to the overall 
time, course that measure, as 
seen from Table 6, is somewhat because 
so much of the is spent in the put move-
ment. 

The second errs on the side 
this case 

square, were deleted. 
tnFntl~1·rl ll'lOtlOr.lS to all other con= 

the best and 
COInp'ute this 

anltb:me;t1c exerCIse we 

TABLE 6 

Means of measures of fit of the scanpaths to the feglsterG 

machme model 

Subject Fit-l Fit-2 Fit-3 

lA .819 .518 .874 
IS .703 .284 .772 
2A .878 .619 .833 
2S .759 .301 .728 
3 .462 .171 .708 
4 .721 .299 .701 
5 627 .165 .583 

mined how many fixation positions, say n, actually 
occurred in a Then two se~ 

quenees are defined. the sequence 1,. .,n, 
the sequence, and second, the sequence 

positions the re~;lster-m(llCnlne 
u ...... , ....... , ... without any staying-put mc)tu)n. 
relation of these two sequences 
rel:aUCJns are then across the eXf~rClses 

''H''''''''''',L. and, in the case adult sut)lec:ts. 
type addition or SUlcnr,aC110ll. 

Note that fit-3 is somewhat pe~;slIlms<tlc. 
natural to make monotonic transt'onm.a,tion on the 
sequence to allow for which 
were not included in the normative V'P><r.'1!Q11'p>V'~,m~~_ 

data for these three measures 
scanp~Lths to the model are 
in Table 6. The data are means from aV4eraglIllg over 
sessions for each subject. As su~tgeste:d. above, 
is too and too 1J~~loJI"&,&J/."'" 

The the two is espeCliil.UY 
which 

!ion of the actual the normative seQueJICe 
grid is perhaps the most am'llronnate 
the three measures, and the is re3LSonaltUY 
for all I do not want to suggest 

nec:ess,anJly the best. 
the 



5. Minimal control model of reading 

It does not take much reflection to realize that, in 
principle, models of reading must inevitably be 
more complicated than models for performing 
arithmetic algorithms. In arithmetic the algorithms 
are, in one obvious sense, self-contained, which 
means that the interpretation of perception beyond 
the recognition of symbols is minimal. Reading is 
quite the opposite. The meaning of lexical items 
and the way syntax and semantics are interlocked to 
put together the meaning of phrases, entire sen­
tences and passages of discourse introduce direct 
complications that do not exist in arithmetic. From 
a formal standpoint, the student can learn to do the 
algorithms of arithmetic, and his eye movements 
can be trained to perform accordingly, without any 
understanding of the concept of number being re­
quired. This is not at all the case for reading. Of 
course, as an experimental matter and perhaps oc­
casionally for applications in some highly spe­
cialized domains, individuals can be taught to read 
aloud the written text of a language they do not 
understand at all. But in ordinary reading, percep­
tual and cognitive aspects of the task are inextrica­
bly intertwined, and I shall not attempt to deal with 
each separately. In particular, there is no review 
here of the general literature on eye movements in 
perception. 

There is very considerable controversy as to the 
relation between eye movements and reading. Even 
direct phenomenological questions do not seem to 
be finally and decisively settled. In order to address 
some of the most important considerations, I begin 
by constructing a minimal control model which lets 
the process of reading influence eye movements in 
only a minimal way. Probably no one would be 
willing to accept this model as correct, but it con­
stitutes an interesting model from which to exam­
ine the way in which the context of reading text 
forces deviations from this minimal control model. 
The model is called one of minimal control because 
the control of eye movements introduced as part of 
the cognitive process of reading is minimal in 
character. It is assumed that most of the process is 
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an automatic low-level process, little disturbed by 
cognitive and linguistic aspects of reading. The two 
basic assumptions of the minimal control model 
are, first, that durations of fixations are not affected 
by stimulus context, that is, by the content of the 
reading text, and, second, the length of saccades is 
not influenced by text content, but only by the 
physical layout of the page. 

5.1. Axioms on duration o/fixatLOn 

AXIOMS FI-F4. As stated/or arithmetic. 

The important point of the axioms is that little 
variation in the distribution of durations is permit­
ted, only that based upon the number of internal 
instructions n = 1 or n = 2, which leads to the mean 
distribution (1). It is not clear that the mixture 
distribution as represented in Eqn. 1 will fit the 
distribution of fixation durations in reading as well 
as it did for arithmetic, where even there, as already 
noted, it can certainly be improved upon. One of 
the difficulties is the lack of studies of fits of the­
oretical distributions to durations of fixation in 
reading. Lacking such evidence, the present as­
sumptions provide an appropriate mathematically 
simple start. 

Some histograms shown in the literature, such as 
in Levy-Schoen and O'Regan (1979, p. 13), suggest 
that Eqn. 1 would not fit very well because the 
unimodal histogram at about 180 ms falls away 
rapidly for shorter fixation durations, contrary to 
the ones shown in Fig. 1 and 2 in this chapter. Some 
of this variation, however, may be an artifact of the 
way in which fixations are calibrated for short time 
intervals, and without a much more technical anal­
ysis than is appropriate here will not be examined 
with any care. (See the earlier remarks on microsac­
cades in connection with Fig. 1.) Other aspects of 
the distribution given by Levy-Schoen and O'Re- __ 
gan would fit fairly well, although the right-hand 
tail seems somewhat short. On the other hand, the 
distribution is based on a relatively small number of 
fIXations, namely 3,499, whereas those given in Fig. 
1 and 2 are based on a much larger number of 
observations. 
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The implications of the minimal control model 
for the theory of fixation duration need some fur­
ther emphasis. The model is stated in such a way 
that variations in duration are not due to variation 
in stimulus conditions, that is, variations in reading 
text, but are due simply to the probabilistic nature 
of the process. Assumptions of this kind have not 
been discussed very extensively eye moveg 

ment but to assume an exponential, or 
C011VQilutlon of two as the distribution 

dUlratllon is to make the process highly 
tic. Much of the literature appears to be 
based on the assumption that should not 
have this much probabilistic 'slack' in their varia· 
tion, the process should not be as random as 
reclUu~ea by an or convolution 
nential distributions. But such ques= 

are not discussed at all in the many exc:ewent 
and detailed in the volumes on eye move~ 
ments in edited (1983) or 
Gale and Johnson (1984), 

data rather than distritmtllon:al 

AXIOM D3.lfprocessing in the present region of 
regard is not complete and non-stimulus-supported 
memory has decayed. backtrack to the immediately 
preceding word or phrase. 

AXIOM D4. If the present region of regard also 
provides a perceptual image of the next word and the 
processmg of it has been completed. then skip over 

next word to the followmg one. 
AXIOM D5. lndependence-ofpath assumptzon 
same as for arithmetic. 

These axioms then give us something very "" ..... "'.1 ..... 

to what was examined anthmetic, namely, a ran­
dom walk consisting of four movements: tn'l"''!lI1'!:l11I''rI 

stay put, and skip. It will also be obvious 
in any real data that the catchall other needs 
to be added a fifth division 
backtrack into several can also be done here 

eX'lml.nlIl2 nl· .. "" ............. the backtracking is 
Imme:cil,lteJlv prec:ea:mg word or two words nre:ce{l­

occurs. 

ex.ample~ 

nvt)otJneS1S that re~ 

Ulrec:tlfJlfI and size of saccade are 
munm.a! model. It is to be 

is not in any true sense a minl~ 
strong minimal model would put a 

rml02LOlJ,ltV dis,trit)utlOn on the of sac~ 

mulated here. For PV11i1P'nf"P 

blank spaces 
involve readm.g, 
Hent ",~.,_ .. I ...... paltter'll n'''f!''CJ>l:n.I':ll"",,1'''!.1 n'lf'nni'!:llI"ilIIV 



6. Data support for minimal control model of 
reading 

6.1. Independence 

The axioms of the minimal control model embody, 
as in the case of arithmetic, some very strong as­
sumptions about independence and stationarity. 
First, consider independence. It is natural to ask 
whether the low correlations of successive fixation 
durations observed in arithmetic and reported in 
Table 4 are also found in reading. The bulk of the 
data seems to support this assumption of indepen­
dence of fixation duration from previous fixation 
durations. Correlations reported in the literature 
seem to be quite small. Good examples are An­
driessen and Devoogd (1973), Rayner and 
McConkie (1976) and Hogaboam (1983). 

6.2. Stationarity 

The evidence for stationarity of process seems to be 
quite positive, in the sense that, once adulthood is 
reached, reading behavior remains quite stable, but 
there are two riders to this conclusion. First, there is 
a developmental process which is not meant in any 
way to be covered by the axioms stated for the 
minimal modeL Second, there is the issue, not to be 
addressed at this point, of whether the type of text 
influences the parameters of the distributions and 
random walk assumed as part of the minimal 
model. The basic assumption of stationarity ex­
cludes such contextural effects, which are addressed 
below. 

6.3. Robustness 

There is one conclusion which seems to be generally 
agreed upon and which supports the robustness of 
the axioms of the minimal model. This is the con­
clusion that direct training of ocular activity does 
not have very much effect, in fact no more or per­
haps less than well-motivated reading practice 
alone (Tinker, 1958; Morton, 1966). 
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6.4. Random walk 

The basic axioms of the minimal control model 
concerned with the random walk incorporate 
effects of the reading context on the probability of 
forward, stay put, backtrack or skipping motions. 
The model is not compatible with probabilistic se­
quential dependencies. An example of such a se­
quential dependency would be that the probability 
that a forward motion is followed by a forward 
motion is greater than that a stay put motion is 
followed by a forward motion. It is to be noted that 
the nonexistence of such dependencies in the ran­
dom motion itself does not, of course, prove that 
the reading context itself will not have significant 
effects on the random walk, a matter already postu­
lated in the basic axioms. 

What I have not been able to find in the literature 
on reading is a summary of data for the random­
walk: motion corresponding to Table 2 given above 
for arithmetic. For example, I have not been able 
to determine any estimate of the miscellaneous 
category other for competent adult readers. 
Hogaboam's (1983) data do show that backtracking 
or regression beyond two words apparently occurs 
with quite low probability. 

6.5. Other tests needed 

The current literature on eye movements in reading 
has not been oriented toward the testing of overall 
models of the reading process. To evaluate the min­
imal control model we need, in addition to the 
random-walk analysis mentioned above, tests of 
independence of successive fixation durations of 
the sort shown in Table 4 for arithmetic, and tests of 
scanpath as shown in Table 6 for arithmetic. The 
point is that the thing I have found especially diffi­
cult to obtain from the literature on eye movements 
in reading is some idea of how good the fit is to 
various normative models. In particular, it has been 
especially difficult to get a sense of how many of the 
fIXations and thus saccadic movements are to be 
classified as other in the terminology used for aritha 

metic. What would be especially interesting would 
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be the data on wandering flxations on the part of 
good readers. Notice that the lowest percentage of 
other movements in the case of arithmetic was 
something of the order of 9% for the two adults 
doing addition exercises. In the case of subtraction, 
a notably more difficult task for everyone, the cate­
gory of other movements rose to above 15%. For the 
child subjects these percentages were higher. One 
might conjecture that reading is a more disciplined 
activity for m<?st people than arithmetic, one that is 
certainly engaged in more regularly as adults, and 
therefore we might expect that the category other 
should, for good readers with text of normal diffi­
culty, be below 5%. But it would be most desirable 
to have extensive data on this question. 

6.6. Status of global varzables 

In evaluating the fit of the minimal control model, 
it is necessary to distinguish global variables from 
local ones. Local variables such as features of indi= 
vidual words are considered in the next section. 
Only local variables affect the evaluation of fit. 
Global variables are determined by individual dif­
ferences in readers, individual differences in entIre 
texts, and individual differences in approach to the 
task, which can vary WIth a given subject from one 
occasion to another. Broadly speaking, it is these 
three different lands of global variables - those of 
reader, text and task - which do not affect the valid­
ity of the minimal control model for the following 
reason. We expect the parameters of the minimal 
control model to vary for each of these global varia­
tions. Typically, the length of fixation durations 
and, even more, length of saccades will vary directly 
with the skill of the reader. Early studies of eye 
movements tended primanly to look in fact at vari= 
ations caused by global variables (Woodworth, 
1938). More recently, good examples of depend­
ence of length of saccade on type of text are to be 

in Heller (1982). The differences in mean 
number of fixations per line, as a function of text, 
are not but are completely systematic in the 
mean. He also obtained (see his Table 1) variation 
in the number of fixations, depending upon the task 

instruction: silent reading for comprehension, In­
ternal speaking, reading in a low voice for com­
prehension, and oral reading. Similar results have, 
for example, been found by Levy-Schoen (1980). 
The Levy-Schoen results and also those of Heller 
show that Instructions to adjust reading speed have 
systematic effects in the intended direction. An­
other interesting effect of task instruction reported 
by Heller (1982) is that when subjects are instructed 
to look for typing errors a significantly greater num­
ber of corrective saccades followed the return 
sweep. A radically different sort of global variable is 
the language being read. Eye movements in reading 
English and Chinese are In many ways surprisingly 
similar (Sun e! al., 1985), but as yet only eye move­
ments in reading English, French or German have 
been studied in real detaIl. The changes in the minI­
mal model discussed below are probably in the right 
direction. even if not correct In detail, for reading 
many different languages. 

A quite different kind of global variable is gener­
ated by tasks such as solving word problems In 
mathematics or science. At least In the case of arith­
metic word problems, the data and analysis in de 
Corte and Verschaffel (1987) indicate the feasI= 
bility of beginning WIth the mInimal control model, 
even though the evidence of incomplete reading is 
much more extenSIve than in standard reading ex­
penments. As could be expected, incomplete read­
ing of the problems was a main cause of failure to 
find a correct solution. Greater deviatIOns from eye 
movements in standard reading are to be found in 
the studies by Groner and his associates of eye 
movement behaVIOr in multi-tenn series OnJD1emlS 

(Groner and Groner, 1982, 1983). 
This IS only a sample of the many different stud­

ies shOWIng the effects of global vanables on 
ing. In qualitative terms, none of the effects is enor­
mously surpnsing. It is important to establish them 
and also to have a sense of theIr quantItative magni­
tude. The existence of so many different significant 
global variables in no way directly invalidates the 
minimal control model because it is assumed in 
model that changes in the global variables 
mean different parameter values in the model. In 



this sense, the model makes fundamental assump­
tions about the qualitative character of eye move­
ments in reading. It is left to specification of the 
global variables to fix the numerical values of the 
various parameters. Of course, an important task 
for the investigation of global variables which I 
have not considered here is actually that of deter­
mining what is a sufficient list of global variables 
beyond which very little additional improvement 
in fit will be found. Although this is an important 
and significant problem, I have set it aside in order 
to tum to the more critical one of examining ways in 
which the minimal model fails owing to local vari­
ables that cannot in principle be taken account of in 
the model as formulated. 

7. Evidence against minimal control model of 
reading 

First, a demurrer about what is to come as evidence 
against the model needs to be made. Details of 
oculomotor characteristics that go beyond the spec­
ification of the model will be ignored. This does not 
mean that such characteristics are not important. 
For example, determination of the latency time for 
a saccadic movement is an important consideration 
in determining the correctness of the immediacy 
assumption of Just and Carpenter and others. The 
minimal control model is not sufficiently refined to 
take account of this latency period. Ballistic charac­
teristics of the saccadic eye movement are also ig­
nored, as is variation in saccadic size smaller than 
the length of a word. Such variables are ignored 
because my primary goal is to describe and test a 
normative model of saccadic eye movement that 
looks at the most important features of the cogni­
tive task. Thus, for example, in the conception of a 
random walk I have ignored the difference between 
forward movement along a line and the return 
sweep with a possible corrective saccade move­
ment, just as was also done in the case of arithmetic. 
This simplification helps to concentrate the analy­
sis of the kinds of saccadic patterns that should 
characterize good reading. 

The number of local variables relevant to testing 
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the minimal control model of reading is still enor­
mous. McConkie (1983) gives a table of more than 
thirty such local influences, as he calls them. Most 
of them would fall within what I have termed cogni­
tive variables. In spite of the large number of refer­
ences to experimental studies McConkie gives to 
document his list, it is still only a small sample of 
the many relevant experiments. For the model-the­
oretic orientation I have adopted here, I want to 
cluster local variables into certain main categories 
which raise various cognitive questions that are of 
importance in trying to improve on the minimal 
control model. I do not mean to suggest that the 
categories I consider here are necessarily the best 
ones, and certainly not the only ones, but they are 
ones that naturally arise in any discussion of read­
ing as a cognitive activity. 

As a preliminary step, it is natural to divide the 
consideration of local variables into two classes, 
those which affect duration of fixations and those 
which affect saccadic movements. 

7.1. Fixations 

I have divided the local variables affecting fixations 
into three broad classes, which I have identified as 
line, word, and grammatical variables, with it un­
derstood that the grammatical variables refer to 
grammatical features of a word in the context of its 
grammatical role or to a more global structure of a 
grammatical kind, for example, the end of clauses, 
end of sentences, distinctions between adverbs and 
verbs, etc. 

(i) Line variables. That there are variations in fix­
ation durations, with a special feature being that the 
first fixation on a line tends to be longer, has been 
known for some time and has also been recently 
confirmed (Woodworth, 1938; Rayner, 1977). A 
more recent study is that of Heller and MUller 
(1980), cited in Heller (1982). Heller and MUller 
give a histogram of the variation in fIXation times 
across the line. The greater length of fIXation at the 
beginning of the line is striking. What is also inter­
esting about their data is that when subjects were 
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asked to scan a random·order arrangement of the 
same words. thereby generating meaningless text, 
the variation in fuation time along the line was very 
much less. 

{to Word variables. The evidence on the IntJlUeJUCe 
of word features IS overwhelming in terms of the 
number of significant studies. But the exact assess-
ment effects in terms magnitUde is 
more There is no doubt that there are 
effects which can easily be demonstrated. For eXa 

ample, fixation are longer on shorter 
words (O'Regan, 1981). It is understood of course 
that there is more than one fixation on lon­
gerwords. 

A more complicated 
some variables which are relatively 
lated. These are the 
word, number ots;yHabJ.es, 
the word. In '1.,., ........... '" pIU011ca.tlOns, 

and their .... V.I.,u.,Ft'b,l ... ", 

rpo·rpl\l:~H"'!in on gaze duration which indi-
cates of number of syllables and 1"1I";:»1'1I11,,,,n(',{ 

Their concept of gaze, as discussed """'A ..... "' .. , 

similar to of regIon of But 
noted 

the correlation between gaze duration and tlxatIon 
duration should be in the sense that words 

gaze, and more than 
have individual that are 

110<"".,..,. .. ,,.. ""'t,,, ... , the of these vanous 

variables has been done in some detail by 
(1982, show that the of eye 

number of 
C011S110eJrea but also 

fiOllle:XJstlentand the contribution of word HeQu~:::n{:y 
is Hdecreased 2 to 3%". make the 
that this dominance of number of letters over the 
other makes a case for the recluc:t1Oln 

oe:rce:ptl11al ones. 

(iii) Grammatlcal varzables. One of the relatively 
clear results concerning the impact of grammatIcal 
function on fixations is that shon function words 
are often skipped. One of the better experiments in 
this area is certainly that of 09Regan (1979), in 
which the effect of the impact of the is separated 
from the impact of high-frequency three-letter 
verbs (are, had and was) and also lower-frequency 
verbs (ate, met and The relative rate of skip­
ping was significant at the 0.001 level, but, as might 
be expected, the effect was stronger in comparison 
with the low-frequency verbs. (It should be men-

that the O'Regan expenment was really con­
cerned WIth control of saccadic movement rather 
than fixation but the skipping data are also perti­
nent for affixatIOn.) The result concem-

function words to corre-
Sp()n{llngIY short content words has also been 

(~"''1''I'''''''''f,tp'l'' and Just (1983). 

grCmrlOea in some respects, that 
gnllmlmatlclll structure has an on fixation 

For a common 
would be that the duration on less treaDlent 
....... ",.,.ra. fonns of verbs would be dIfferent from that 
on active forms. More another land of 
hypothesis that 
structure wIll have an effect on fixatIOns. For exam-

their measure of gaze, Dee~Lucas et a1. 
" ........ """ .. ~ ... .." .... "" earlier work, on the 

slglnltllcaltlCe of an in gaze for the word 
in a sentence and the last word in a As 
usual, the fact that the gaze duration increases does 
not itself mean that fixauon duration 
creases. 

A natural is that when amipJtlOflC 

erence IS and un:imblg;uous, tlx~ltIcm 
time will be less than when It IS ................... i!!> ...... '-~ 

congruous. Kerr and Underwood (1 
this was true, but the results are not at all strong. For 
ex::tml:)1e, the duration first fixations for con~ 
gruous; pronouns was at a mean value 1 ms, for 
an::tblJgU()US pronouns 232 ms, and for incon~p.1l()US 

ones 261 ms. The small differences these 
cal results indicate the dlttlCUitleS 



a highly significant form, grammatical effects on 
fixation durations. As will be shown below, the evi­
dence is better for the impact of grammatical struc­
ture on saccadic movements than it is for its impact 
on fixation duration. 

7.2. Saccadic movements 

I have grouped local effects on saccadic length un­
der the same three categories of line~ word and 
grammatical variables. 

(i) Line variables. The obvious effect of position 
on the line on saccadic movement is the return 
sweep. I have ignored that in the minimal control 
model and will also in the revised model stated in 
the next section, but I emphasize that in any more 
complete model it must be taken into account. 
What is also important is to take particular account 
of small corrective movements following the return 
sweep. The rather complicated character of the data 
is well illustrated by Heller (1982), who found that 
the number of corrective saccades associated with 
easy, average and difficult text did not have a sim­
ple monotonic relation, that is, with more correc­
tive saccades when the text was more difficult, but 
depended on the physical length of the line, ranging 
from 7 cm through 11 cm to 15 cm. Again I empha­
size that it is not my purpose here to take account of 
corrective saccades in the models being considered. 

(ii) Word variables. O'Regan (1979) reports two 
effects on length of word. The saccadic movement 
is longer when a longer word lies to the right of the 
fixated word, that is, when enough information 
about the word to the right is given in peripheral 
vision to control the central tendency of the move­
ment to that word. A second related effect is that a 
longer movement occurs following a fixation on a 
longer word. The purpose of O'Regan's experiment 
was to reject the rhythmical scan hypothesis, that is, 
the hypothesis that saccadic movements follow a 
rhythm of movement independent of the character 
of text being read. O'Regan's results are significant 
but, as in the case of many local effects, it is not easy 
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to assess with precision their quantitative magni­
tude. For example, when the word fixated is short 
rather than long and the word in peripheral vision 
to the right is short, mean saccadic movement goes 
from slightly less than eight to slightly less than 
twelve letters, an increase of nearly 50%, but the 
significance level is only 0.05 because, presumably, 
of the variance in response, which is not reported. A 
stronger effect occurred when the word to the right 
in peripheral vision was long. In this case the medi­
an saccadic movement size in going from short to 
long fixated words was from about four letters to 
about nine, and the significance level is 0.001. 

Experimental variations of these effects have 
been studied by a number of investigators. For ex­
ample, saccade length decreases when, in the pe­
ripheral vision on the right, erroneous letters re­
place correct letters in words. A similar effect is 
observed when letters in peripheral vision are re­
placed by a grating. Relevant studies include those 
of McConkie and Rayner (1975), McConkie and 
Underwood (1981), O'Regan (1980), Rayner and 
Bertera (1979), Rayner et al. (1981) and Rayner and 
Pollatsek (1981). 

(iii) Grammatical variables. The expected dif­
ference between active and passive verb fonns has 
already been alluded to. Wanat (1976) showed that 
the number of regressive eye movements differed 
between active and passive sentences. The effects 
were stronger in oral than in silent reading but pre­
sent in both cases. A well-known study is that of 
Mehler et al. (1967), who tried to relate both move­
ment and fixation to surface syntactic structure, but 
general results, including theirs, have not been suc­
cessfully replicated or clearly established. For ex­
ample, in an attempted replication, O'Regan (1975) 
obtained quite different results. In addition, Com­
munale (1973) and Rayner (197 5b) found no dif­
ferences in eye-movement behavior in the immedi­
ate neighborhood of the main verb of a sentence, 
perhaps the most significant grammatical element 
of a sentence. 

The O'Regan (1979) results on the skipping of the 
must also be regarded as showing a grammatical 
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influence on saccadic length, for when a word is 
skipped the saccadic movement is, in general, lon­
ger than when it is not. Rayner (1975a) and O'Re­
gan (1980) show that the degree oflinguistic control 
on saccadic movement does not extend in any sig­
nificant way beyond six or seven letters to the right 

given fixation 
Without providing a detailed structural theory, 

Frazier (1983) shows that eye movement is affected 
by complex- structural features, for example, the 
number of regressions, as would be expected, is 
greater for garden-path sentences, that is, sentences 

which the reader is led down a certain path of 
analysis but then he is mistaken and must 
retreat and begin 

excellent point that purely lexical 
cOllsl(ler:aW)ns cannot account these kinds of 

coxlselqmmtJly any 
structural grall1unatic;a,P·,. ... i-..... ·,"" 

~t Revised CmUrll.lll model 

The eVIdence ...... ,., "'.",.,. .... agaInst the minimal control 
model a for a 
better one. This for reasons which 

I call the 

minimal control 
model model pre-

In on the charac-
teristics of stimulus context~ that the """"""rlI ...... " 

text. from moment to moment 
Imme:(l1:ate tp-:!l'tn".", .. ,,. of the Sec= 

ments in reading is written as if at bottom there 1S 

no probabilistic element: we just have to pursue a 
research program with sufficient vigor and compul­
sion to reach a point at which we will not have 
probabilistic distributions but will deter­
ministically account for essentially a hundred per­
cent of the variance in fIxations and saccadic move­
ments. In my own view this is a piece of fantasy. The 
phenomena are too complicated, and the move­
ments involved are too unstable ever to hope to 
have anything like a complete deterministic ac­
count. Not only now but a hundred years now. 
probability distributIons will be an important part 

best fundamental account of eye movements 
in Consequently, not only in the title 
of course, in revised probabilistic as-

enter in a way the TDPe 
model- a shared with minimal control 
model. 

A model is also SUi)Dc.rte:d 
dence not stressed earlier about 1F""!:lI111"~O 
"" .... "" ... '-"J!.~..., ..... in the case of artihmetic (e.g., Table 
n'!:U'In""II'U that between and 
movement palranleters are zero. 
and McConkie ( 1 showed that saccade size and 
fixation duration are not correlated. In 

............. ,0. .... ,,,, between suc;cef~snre 
between successive saccade 

movements, and between the size of the saccade 
and the fixation time. Sim-

nificant cOlTellat),oD.S, 
duction ot1tex'tuaJ, neux'ophy!nologllcal 
"~T'"II"lfi"I!P~ could still render the process de1:enmrns-

but my that we ever be success-
ful in factors to account for 
all sources been eXI)re:sse,o. 

The revised model takes into account the 
Val:1arHeS that have the effects on eye move-



ments. Variables with little or no effect are ignored. 
For example, it is my assessment that almost no 
studies show a significant text effect on fIXation 
durations. Most of the variables that affect fIXa­
tions, summarized in the previous section, have 
only relatively small effects. The only substantial 
effect is that of the monotonic decrease of fIXation 
duration as the eye moves from left to right along 
the line of reading text. This effect is taken account 
of in revision of the axioms. The relationship that 
Just and Carpenter (1980) show to number ofletters 
or number of syllables or frequency, which is pretty 
much reduced by Kliegl et ala (1983) to number of 
letters, is not really an effect on fixation duration 
but on the random-walk movement. With an in­
crease in number ofletters there is an increase in the 
probability of a stay put motion on a given word. 
Similarly, the fact of often skipping function words 
(O'Regan, 1979) and, therefore, having zero fIXa­
tions, is really again a matter of saccadic move­
ment. It is therefore the saccadic movements that 
are more dependent on text than fIXations. 

It seems to me that the summary given in the 
previous section leads to five features that need to 
be taken account of in the revised model. (i) The 
probability of a stay put motion increases with the 
number of letters in a word; (ii) a saccadic move­
ment is longer when a longer word is to the right; 
(iii) a saccadic movement is longer when the current 
fixation is on a longer word~ (iv) high-frequency 
function words have the highest probability of 
being skipped; (v) ambiguous or difficult grammati­
cal structures increase the number of regressive 
movements. 

8.1. Revised axioms on fixation duration 

AXIOM Fl. The execution time of each eye-con­
trol instruction monotonically decreases along the 
line of text, but is independent of task processing and 
the present word context. 

AXIOM F2. Eachfixation lastsfor the execution 
ofn internal instructions.forn -1.2, .... 

AXIOM F3. The execution timesfor then instruc­
tions executed during a given fixation are identically 
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distributed. 
AXIOM F4. In processing reading text, n = 1 or 

n-2. 

Note that the only change in the axioms for fIXation 
from those for the minimal control model is in 
axiom FI, which takes account of the change in 
duration of fIXation as the eye moves along the line 
of text. On the basis of the change in this axiom the 
distribution of fIXations as given in Eqn. 1 in sec­
tion 2 is replaced now by the following equation: 

f:(t) = ~ e-,lgl(X) + (I-a}l e-,lg2(X) (2) 
x gl(X) g~(x} 

where gl(X) and g2(X) are both monotonically in­
creasing functions of x, which measures position in 
the line of text. Note that the functions g,{x) are 
monotonically increasing because we want the 
mean of the distribution to be monotonically de­
creasing as the eye moves to the right in reading a 
line of text. It would, of course, be desirable in 
formulating the new axioms to give a specific pa­
rametric form to g,{x) and similarly for the other 
probabilistic axioms on saccadic movement to be 
considered below, but this seems unrealistic in view 
of the fact that the text context will vary too much to 
be able to pin down to specific parametric forms the 
various functions. Still, it would be useful to do this 
in some restricted cases. It is also obvious that Eqn. 
2 needs to be tested more directly by detailed fits of 
distributions of fIXation durations in the reading 
literature. 

I tum now to the revised axioms on saccadic 
movement, which change a good deal more than the 
axioms on fixation, as would be anticipated from 
the remarks at the beginning of this section. 

8.2. Revised axioms on saccades in reading 

AXIOM D 1. If processing of a given word is com­
plete, then move to the approximate center of the 
next word of text. 

AXIOM D2. If processing in a given region of 
regard is not complete, stay put on the same word. 

AXIOM D3. The probability of processing a word 
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in a szngle fixation monotonically decreases with 
increaszng number of letters in the word. 

AXIOM D4. If processing of the word in the re­
gion of regard cannot be completed, backtrack to the 
immediately preceding word or phrase. 

AXIOM D5. The probability of havmg to back-
- track monotonically increases with increasing ambi­
guity or difficulty of the grammatical structure in 
which the word in the present region of regard is 
embedded. 

AXIOM D6. If the present regIOn of regard also 
provides a perceptual image of the next word and the 
processzng of It has been completed, then skip over 
the next word to the followmg one. 

AXIOM D7. The probability of skipping over a 
word monotonically decreases with increasing 
length and, for words of the same length, is highest 
for frequently occurrIng function words. 

AXIOM D8. The various probabilities mentioned 
are zndependent of the path by which the current 
region of regard has been reached, and the length of 
the next saccade is mdependent of the current fixa­
tion duration or the prevIOUS length of saccade. 

It is worth reviewing where the various features 
mentioned at the beginning of this section are taken 
into account in the axioms. For example, Axiom D3 
takes into account the effect of the numberofletters 
in a word on the number of fixations (Kliegl et al., 
1983). The effect of word length on the length of the 
saccadic movement (O'Regan, 1979) is expressed in 
Axiom D 1. The greater distance is taken care of by 
the reference to the approximate center of the next 
word. It should be noted. however, that O'Regan et 
al. (1984) have shown that the saccadic movement 
is actually on average slightly to the left of the center 
of words having more than five letters. O'Regan 
calls this the convenient viewing position, justified 
in the case of English and French by the fact that the 
first letters of a word carry more information than 
its last letters (Boerse and Zwaan, 1966; Eriksen 
and Eriksen, 1974). The effect is not large, so it has 
not been explicitly included in the axioms. The 
relatively higher probability of skipping function 
words (O'Regan, 1979) is covered in Axiom D7, 

and the effects of grammatical structure (e.g., 
Frazier, 1983) are covered in Axiom D5. 

It seems to me that Axiom D5 is to be regarded as 
the most defective because it does not spell out the 
various kinds of ambiguous or difficult grammati­
cal structures. It would be desirable to replace Ax­
iom D 5 by a set of more specific axioms as greater 
agreement is reached on the effects of grammatical 
structure. I should -also mention that backtracking 
beyond the immediately preceding word or phrase 
is not covered in the axioms, because the data of 
Hogaboam (1983) and others show that almost all 
backtracking is for a short distance only. 

The monotonicity assumptions expressed in the 
various axioms are not surprising. Their presence is 
meant to reflect the fact that a significant effect of 
variables such as word length has been found. That 
the probabilities of different types of movement 
and length of movements satisfy strong indepen­
dence of path assumptions as represented in Axiom 
D8 is supported by experimental studies cited ear­
lier, e.g., Rayner and McConkie (1976), although 
still further tests would be desirable. 

It is quite obvious that the axioms can be im­
proved by reducing the level of abstraction and by 
introducing additional variables that affect sac­
cades. How much these additional variables WIll 
improve the account of reading is on present evi­
dence not clear. One issue that would be clarified by 
the introduction of additional variables is the issue 
of whether saccades are programmed only on the 
basis of present processing of a word, or whether 
they are preprogrammed. Saccades during perfor­
mance of simple tasks, e.g., fixating a sequence of 
dots, may be preprogrammed (Zingale and Kowler, 
1 987). A better understanding of saccadic program­
ming during reading is needed to settle this rather 
important cognitive issue, which at the present is 
still open. 

The TDPC model is also defective as a general 
model of reading, because it does not provide an 
explicit parsing mechanism and semantic analysis 
of the meaning of words, phrases and sentences, i.e., 
the model provides neither syntactic nor semantic 
parsing. In that sense a model which concentrates 



on eye movement as the TDPe model does is quite 
insufficient as a complete model of reading. The 
real scientific question, however, is whether the 
introduction of detailed mechanisms of syntactic 
and semantic parsing can be shown to be at all 
closely related to eye movements in reading. It is at 
least a reasonable conjecture that the relationship is 
rather weak. For example, it may not be possible at 
the level of different eye-movement data to dis .. 
tinguish possible parsing mechanisms, which re .. 
fleet different current theories of syntactic and se­
mantic parsing. It does seem possible that by exam­
ining eye movements for readers of texts in dif­
ferent languages some insights into grammatical 
parsing might be obtained. Although most of the 
main current varieties of grammars put forth by 
linguists are not really formulated with psychologi­
cal processing as a central concern, it would still be 
of interest to see whether eye movements in reading 
could shed light on the internal parsing that takes 
place, and the same is possibly even more true for 
semantic parsing and representation. For this pur­
pose, more psychologically and computationally re~ 
alistic parsing mechanisms will need to be de­
veloped. 

90Sunrlmary 

Three stochastic eye-movement models for arith­
metlc and reading performance have been pro­
posed, one for arithmetic and two for reading. Each 
model characterizes a real-time stochastic process 
in tenns of fixation durations and saccadic move­
ment, but only direction and length of saccades are 
considered, not acceleration or velocity. Aspects of 
the models that are emphasized, partly because of 
their general neglect in the literature, are the proba­
bility distribution of fixation durations and the ran­
dom walk of saccade directions. 

The distributions of fIXation duration are ap­
proximately exponential, but systematic deviations 
can be accounted in the models, even the 
fit to data 1S not perfect. In the case of the arithmetic 
algorithms of addition and the random 
walk of the normative model has only two pos,s1l:11e 
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moves. Data are also presented on backtracking, 
skipping and wandering eye movements, each of 
which has a significant relative frequency. 

The first reading model is called a minimal con­
trol model, because it does not take account of the 
effects of many local variables, e.g., word length, 
that have been extensively studied. The axioms on 
fixation duration for the minimal control model are 
the same as for the arithmetic model. Abstracting 
from the different arrangement of stimuli in arith­
metic algorithms and in linear text, the axioms on 
saccadic motion for the two models are also essen­
tially identical. 

The stochastic nature of both models is strongly 
supported by data on the independence of fIXation 
durations from previous fixation durations. Addi .. 
tional detailed evidence is presented for the arith­
meticmodeL 

To better account for a great variety of experi­
mental results concerning significant effects on eye 
movements in reading, a text-dependent proba= 
bilistic model of reading is introduced. Significant 
local effects fall into three classes. identified as line, 
word and grammatical variables. The revised ax= 
loms embody five features of text known to be Slg= 
nificant: (i) fixation duration depends on the num­
ber ofletters in a word; (ii) a saccade is longer when 
a longer word is to the right; (iii) a saccade is longer 
when the current fixation is on a longer word; (iv) 
high-freq!lency fixation words have the highest 
probability of being skipped; (v) ambiguous or diffi­
cult grammatical structures increase backtracking. 
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