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With such a large volume of material accessible from the World Wide Web, there is an
urgent need to increase our knowledge of factors in#uencing reading from screen. We
investigate the e!ects of two reading speeds (normal and fast) and di!erent line lengths on
comprehension, reading rate and scrolling patterns. Scrolling patterns are de"ned as the
way in which readers proceed through the text, pausing and scrolling. Comprehension
and reading rate are also examined in relation to scrolling patterns to attempt to identify
some characteristics of e!ective readers. We found a reduction in overall comprehension
when reading fast, but the type of information recalled was not dependent on speed.
A medium line length (55 characters per line) appears to support e!ective reading at
normal and fast speeds. This produced the highest level of comprehension and was also
read faster than short lines. Scrolling patterns associated with better comprehension
(more time in pauses and more individual scrolling movements) contrast with scrolling
patterns used by faster readers (less time in pauses between scrolling). Consequently,
e!ective readers can only be de"ned in relation to the aims of the reading task, which may
favour either speed or accuracy.
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1. Introduction

A signi"cant amount of reading is done at faster than normal speeds (Masson, 1982).
This observation, based on the "ndings of a questionnaire, refers to the processing of
printed texts. Subsequently, Muter and Maurutto (1991) extended the application to
reading from screens, discussing the importance of investigating skimming from screens
because of the widespread use of email, on-line abstracts, information retrieval, etc.
Skimming has been de"ned simply in terms of how a text is read, i.e. sampling parts of
a text whilst skipping other parts (Masson, 1985), and also related to the reading task, i.e.
moving rapidly through text to locate speci"c information or gain the gist (Robeck
& Wallace, 1990). The rapid development of the World Wide Web (WWW) has contrib-
uted to the increased volume of material that we can read from screen. Web pages, in
particular, are frequently skimmed, rather than read in detail (Horton, Taylor, Ignacio
& Hoft, 1996). The outcome of this type of reading has received some attention, but
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Walczyk, Kelly, Meche and Brand (1999) claim that &&few investigators have examined
experimentally the e!ect of time limitations on reading comprehension''.

A second area which requires investigation is the manner in which material is
displayed on screen. An observation by Muter (1996) that we do not know how to
optimize reading from screen is still true in relation to the layout of text. Although
a signi"cant volume of research has been conducted into the legibility of printed material
(e.g. Spencer, 1968), a more limited number of studies has looked at reading from screen
(reviewed by Dillon, 1992; Muter, 1996). As there are di!erences between reading from
screen and print in terms of the process and outcomes of reading, it is important to
extend the study of legibility on screen. There are few studies examining typographic
variables on relatively recent display technology.

This context provides the basis for the current study which considers the nature of
reading from screen. Can typographic factors or characteristics speci"cally associated
with reading from screen (e.g. scrolling) be identi"ed which a!ect reading rate and
comprehension? Does increasing our speed of reading di!erentially a!ect the type of
information we recall? What are the factors which in#uence how we scroll through text?

In an attempt to answer these questions, this study compares reading from screen at
normal and fast speeds and focuses on a speci"c typographic variable, line length, to
explore its e!ects on comprehension and reading rate. Comprehension is measured by
a range of question types which assess the nature of material recalled. Patterns of
scrolling movements are examined and we explore whether reading speed or line length
a!ect these patterns. We also consider what aspects of scrolling patterns or reader
characteristics might account for di!erences in reading rate and comprehension.

2. Related research

2.1. READING SPEED, READING RATE AND COMPREHENSION

The question of how comprehension is a!ected by changing the speed of reading was
addressed by Poulton (1958). This study established that the amount remembered,
a criterion of comprehension, increased signi"cantly when reported speed of reading
decreased from around 300 words/min to about 150 words/min. However, one of the
conclusions of traditional studies on reading print conducted by Tinker in the 1930s and
1940s (summarized in Tinker, 1963) was that the fast reader tends to comprehend better.

Reasons for the apparent contradiction have been identi"ed and explained by Carver
(1990). Both negative and positive correlations between reading rate and comprehension
have been reported as these are two di!erent types of correlations: between-individual
and within-individual. When an individual increases his or her reading rate, his or her
comprehension decreases (e.g. Poulton, 1958), which is a within-individual negative
correlation. However, people who naturally read fast also tend to demonstrate a high
level of comprehension (e.g. Jackson & McClelland, 1979), which is a between-individual
positive correlation.

A starting point for research into reading from screen has been comparisons with
print. The most common "nding is that reading from screen is slower than reading print
(e.g. Muter, Latremouille, Treurniet & Beam, 1982; Gould & Grischkowsky, 1984; Smith
& Savory, 1989). This suggests that reading from screen may be more di$cult, although
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the speci"c factors responsible seem to have been rather di$cult to identify (Gould, Alfaro,
Barnes, Finn, Grischkowsky & Minuto, 1987). An overall decrement in performance when
reading from screen compared with print was found by Belmore (1985). Comprehension
was worse and reading was slower in the screen condition. However, this result was
attributed to participants' lack of familiarity with computers and reading from screen.

When speed of reading has been increased, this has surprisingly resulted in better
comprehension when reading from screen than print (Muter & Maurutto, 1991). How-
ever, this result could be accounted for by a speed-accuracy trade-o!, as the rate of
reading print was signi"cantly faster than reading from screen. Dyson and Haselgrove
(2000) also found a trade-o! between reading rate and comprehension when readers were
trained to read from screen at a faster speed.

In contrast, Walczyk et al. (1999) have found that mild time pressure, encouraging
people to read slightly faster than normal from screen, can improve comprehension. The
improvement is explained in terms of increased &&mindfulness'', i.e. mild time pressure
increases motivation and e!ort. The relationship between reading rate and comprehen-
sion therefore appears to be dependent on the extent of reading acceleration. A small
increase in reading rate may not impair comprehension but at some point increased
reading speed appears to be at the expense of comprehension.

This discussion highlights the di!erence between natural variation in reading rate,
both within and between individuals, and an experimental manipulation that in#uences
reading speed. In some studies reading rate is a dependent variable, and in others an
independent variable (cf. Breznitz, 1997). In this study, both are included by treating
reading speed as an independent variable and reading rate as a dependent variable.

2.2. NATURE OF COMPREHENSION

Studies that have explored reading strategies when reading print have distinguished
between the recall of details, more general ideas, and higher order processes requiring
inferences (McConkie, Rayner & Wilson, 1973; Wagner & Sternberg, 1987). Johnson
(1970) and other authors (e.g. Brown & Smiley, 1977) have shown that the importance of
units of text is related to their recall. Main ideas may be judged as important and easy to
remember as they are interesting (Wade, Schraw, Buxton & Hayes, 1993).

A detailed study of skimming stories in print, in which the nature of comprehension
processes at di!erent reading speeds was examined, was included in the Masson (1982)
study. Although directed to skim for gist, participants were unsuccessful in retaining such
information as reading rate increased. Important and unimportant information was
equally likely to be skipped. Surface memory (i.e. recognition of speci"c wording of
statements) was also more accurate at a normal reading rate, compared to skimming.
A slightly di!erent result was found by Just and Carpenter (1987), although in this study
readers were not directed to read for particular information. Readers were asked to
change from a rate of around 250 words per minute to around 600 or 700 words per
minute. General comprehension or recall of the gist was not impaired, but recall of
speci"c details was. McConkie et al. (1973) reached a similar conclusion that reading
faster primarily reduces the amount of incidental information recalled.

The hypothesis that reading from screen at di!erent reading speeds may di!erentially
a!ect the type of information that is retained was tested by Dyson and Haselgrove (2000).
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Di!erences between question types were found at the normal reading speed with the best
comprehension scores from higher order questions requiring inferences. Questions which
required recall of the relative location of items within the text were particularly di$cult,
whatever the reading speed. However, there was no clear evidence from this study that
rapid reading impairs the comprehension and recall of some types of information over
other.

2.3. LINE LENGTH

Research into the relative legibility of di!erent line lengths in print has led to recommen-
dations that line lengths should not exceed about 70 characters per line (Spencer, 1968).
Legibility has generally been measured by reading rate, with only a check on comprehen-
sion (Tinker, 1963), but analyses of eye movements can also make a contribution.

Rayner and Pollatsek (1989) have interpreted the rather confusing results from studies
by Tinker and co-workers (summarized in Tinker, 1963) and come to a more speci"c
conclusion on line length. They deduce that Tinker's work identi"ed an optimal line
length of 52 characters per line. The explanation given for the legibility of this moderate
line length is that it is the outcome of a trade-o! between two opposing factors. If line
lengths are too long, the return sweeps to the beginning of the next line are di$cult. If the
lines are too short, readers cannot make use of much information in each "xation. Also,
eye movement studies have revealed that readers decrease their saccade length, make
more "xations, and increase "xation duration, when small windows are used. Therefore,
reading short line lengths seems to be particularly ine$cient.

Line length has also been found to a!ect reading rate on screen (Duchnicky & Kolers,
1983; Dyson & Kipping, 1998). Both studies, although using di!erent display technolo-
gies, found that longer line lengths (about 75 and 100 characters per line, respectively),
were read faster than very short lines. There may be less divergence between optimal line
lengths in print and on screen if we consider the visual angles at normal reading
distances. We tend to sit further away from the screen than from printed matter when
reading (Gould et al., 1987); therefore, a longer line length on screen may subtend
a similar visual angle to a moderate line length in print.

The e!ect of line length on reading rate may be dependent upon the overall reading
speed, as speeding up reading may result in di!erent patterns of eye movements. Masson
(1985) has reviewed research on the characteristics of naturally fast readers and found
that &&superreaders'' make fewer "xations. Although a distinction should be made
between naturally fast readers and readers who are requested to increase their natural
reading speed (see Section 2.1), normal readers' skimming has also been described in
terms of sampling parts of a text which implies fewer "xations. As line length may also
in#uence eye movements, an interaction between the two independent variables is
possible.

The studies exploring line length (Duchnicky & Kolers, 1983; Dyson & Kipping, 1998)
found no di!erences in comprehension but the same comprehension test was used in
both studies. This test was primarily a check on comprehension and was not designed to
detect di!erences in the recall of di!erent types of information. Therefore, there remains
the possibility that line length may a!ect certain types of comprehension which might be
revealed if a more sensitive test is used.
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Based on the existing evidence described above, it is possible that line length may have
a di!erent e!ect on reading rate compared with comprehension. Treating reading rate
and comprehension as separate dependent variables may demonstrate a speed-accuracy
trade-o!, but does not measure it. A combined measure of reading rate and comprehen-
sion has been used as an index of &&e!ective reading performance'' (Jackson & McClel-
land, 1979). These authors multiplied reading rate by the comprehension score to
produce their index. However, they do acknowledge that multiplication may not be the
optimal formula, as sacri"cing comprehension for very fast reading may exaggerate
reading ability. Previous research has not explored the e!ect of line length on a combined
measure of reading rate and comprehension.

2.4. SCROLLING PATTERNS

The mechanics of reading have been investigated by examining the way in which people
move through a document (Harri-Augstein, Smith & Thomas, 1982). Reading records
were obtained through the use of a machine with text typed on a cylindrical roll of paper.
Only two or three lines of text could be read at a time and readers controlled the rate at
which they moved through the document by operating a handle. This movement was
plotted on a graph. In principle, this method of presenting text is similar to current
methods of scrolling through text on screen, although with a very small window. The
analyses of &&characteristic reads'' (e.g. fairly rapid, more or less smooth, continuous read
from beginning to end) made by Harri-Augstein et al. suggested avenues to explore in
relation to scrolling patterns on screen.

Past research on the way readers move through a text on screen has mainly compared
scrolling and paging (e.g. Hansen & Haas, 1988; de Bruijn, de Mul & van Oostendorp,
1992; Piolat, Roussey & Thunin, 1997; Dyson & Kipping, 1997, 1998). For example,
Hansen and Haas (1988) and Piolat et al. (1997) identi"ed some disadvantages of
scrolling, compared with print or paged screen displays. Cues to the location of informa-
tion (e.g. near the top of the page) are lost when text is scrolled within a window.
However, scrolling is now commonly used when reading or skimming web pages. It is
di$cult to accommodate a paged format in browsers, as the amount of text per window
or &&page'' is not "xed. Scrolling has been examined in relation to the ergonomics of
di!erent input devices (Zhai & Smith, 1999) but the pattern of scrolling movements in
relation to reading outcomes has received little attention.

An exception to this is the study by de Bruijn et al. (1992), which included an
exploratory analysis of text manipulations. These were carried out to look at how people
read text on screens of di!erent sizes. Text manipulations were de"ned as near or far
jumps, based on cursor or page up/down movements. They found that more text
manipulations were used with a small screen and suggested that di$culties in integrating
information in this condition resulted in reading and scrolling line by line. There is
consequently a suggestion that the amount of text on screen, which can be manipulated
by varying line length, may in#uence scrolling patterns.

The analysis by de Bruijn et al. (1992) formed the basis for studies by Dyson and
co-workers, which have begun to examine scrolling patterns in relation to line length.
Documents with long line lengths require less scrolling as there are fewer lines. Readers
can therefore spend less time in scrolling movements which is likely to contribute to the
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faster reading rates at longer line lengths reported in Section 2.3. However, the time spent
in scrolling movements is not necessarily added to a constant time (i.e. the pauses
between scrolling movements). Data from Dyson and Kipping (1998) suggest that
participants read whilst scrolling at shorter line lengths and not with longer line lengths.
Readers therefore appear able to adjust their scrolling patterns according to the line
length they are reading.

Due to the limited number of studies incorporating scrolling patterns, their relation-
ships with other independent variables (reading speed) and dependent variables (reading
rate and comprehension) have not yet been pursued. Given the #exibility which readers
appear to have in adjusting their methods of scrolling according to circumstances, there
may be changes in scrolling patterns with faster reading speeds. Making long scrolling
movements appears to be a more e$cient way of scrolling as Dyson and Kipping (1998)
found that readers who made fewer discrete movements spent less time in scrolling.
Furthermore, the scrolling pattern adopted for particular line lengths may also be
in#uenced by reading speed.

With regard to reading rate and comprehension, questions remain as to
whether scrolling patterns (or other factors associated with readers) may account for
di!erences in these measures. Less frequent reading from screen may result in
slower reading, although this suggestion is based on a study conducted when partici-
pants were generally fairly unfamiliar with computers (Belmore, 1985). It is likely
that some scrolling patterns are more e$cient and may therefore increase reading rate,
but there is as yet no experimental evidence for this. If scrolling patterns are in#uenced
by both reading speed and line length, and di!erent scrolling patterns result in di!erent
reading rates, there may be an e!ect of line length on reading rate which depends on
overall reading speed.

There is a slightly stronger case for predicting that scrolling patterns may a!ect
comprehension. The way in which text is manipulated has been associated with a drain
on the cognitive resources required for comprehension (Waller, 1986). Speci"cally in
relation to scrolling, distraction may be caused by the mechanics of the movements
(Hansen & Haas, 1988; O'Hara & Sellen, 1997). This proposal is consistent with Dyson
and Haselgrove (2000) who found that the overall time spent pausing between scrolling
was the best predictor of comprehension. When reading at normal speed, the readers
with higher comprehension scores were those who spent more time pausing between
scrolling and made fast and frequent scrolling movements. This pattern is likely to
minimize the distraction from scrolling. A "nding from Poulton (1958) may also be
relevant when considering the relationship between pausing and scrolling. The context is
rather di!erent as Poulton controlled the presentation of text to his readers and new
letters appeared on the right and disappeared on the left. However, he found that
comprehension was better if there were breaks between reading where statements could
be memorized, as compared with steady reading.

2.5. RESEARCH QUESTIONS

The results of experimental work on reading print and reading from screen provide
a basis for the research questions in this study, but this work does not always provide
su$cient grounds for "rm predictions. Some of the questions are therefore exploratory in
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nature as new variables are investigated. In these circumstances, a number of possible
outcomes are discussed. The questions are grouped according to the three
dependent variables used in this study: comprehension, reading rate and scrolling
patterns. A manipulation of reading speed (independent variable) compares participants
reading faster than their normal reading speed with other participants reading at their
normal speed. Individual reading rates (dependent variable) are measured within these
two speeds.

2.5.1. Comprehension
(1) Does reading speed a!ect comprehension?

We expect less material will be recalled at the fast speed as this manipulation requires
readers to substantially increase their normal reading speeds.
(2) Does an individual's reading rate a!ect their comprehension?

In contrast to the above prediction, we expect those individual readers who read faster
(i.e. have a faster reading rate) to understand more.
(3) Does line length a!ect comprehension?

The e!ect of line length on comprehension is less certain as previous research has not
been able to detect di!erences in the amount of material recalled from documents of
di!erent line lengths. The only di!erences have been dependent on the individual's
reading rate. Using a more sensitive measure of comprehension may detect variation, but
the direction of these di!erences is di$cult to predict.

One outcome is that readers may vary their reading rate to maintain a relatively
constant level of comprehension across line lengths (i.e. speed-accuracy trade-o! ). An
alternative outcome is that a moderate line length may improve comprehension. This is
based on the account of problems in reading both short and long lines arising from eye
movement analyses. Such di$culties may detract readers from the comprehension
process. Another way in which readers may be detracted is through the mechanics of
scrolling. A further possible outcome is therefore the longer the line, the better the
comprehension as less time need be spent scrolling.
(4) Is some material recalled better than other?

We expect readers to have more di$culty in recalling detail than more general facts.
Questions which require recall of the location of material are predicted to be answered
the least well. Higher order questions requiring inferences are expected to be among the
easiest to answer.
(5) Does reading speed a!ect the type of material recalled?

Studies addressing this question have resulted in di!erent outcomes. However, based
on the di!erences that have been identi"ed, detailed information might be relatively
more disadvantaged when reading fast.

2.5.2. Reading rate.
(6) Does line length a!ect reading rate?

Previous experimental work leads to the prediction that longer lines will be read faster,
which may be partly attributable to spending less time in scrolling movements.
However, "ndings from the legibility of print would predict faster reading at medium line
lengths.
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(7) Does the e!ect of line length on reading rate depend on the overall reading speed?
The in#uence that overall reading speed might have on the e!ect of line length on

reading rate is uncertain. However, it is possible that skim reading is facilitated by some
line lengths and hindered by others, and this pattern may not be the same when reading
at a normal speed. When required to read at the fast speed, it may be easier to speed up
when there are fewer lines to scroll through at long line lengths. At normal reading
speeds, this di!erence between line lengths may be less pronounced.
(8) Does line length a!ect the combined measure of reading rate and comprehension?

This question explores the possibility of a speed-accuracy trade-o! by combining the
two measures, as recommended by Jackson and McClelland (1979). There is no direct
evidence from previous studies to provide the basis for predictions and these naturally
depend upon the outcome of the individual variables (i.e. research questions 3 and 6).
One possibility is a speed-accuracy trade-o! across line lengths resulting in no di!erences
in the combined measure [one of the outcomes proposed for research question (3)].
Alternatively, if eye movements are disrupted by some line lengths, this could a!ect both
measures and result in di!erences between line lengths in the combined measure.
This outcome could also be the result of scrolling patterns a!ecting both measures in a
similar way.

2.5.3. Scrolling patterns
(9) Does reading speed a!ect scrolling patterns?

As fast reading imposes time pressure, readers may need to modify their methods of
scrolling through documents. An obvious way to do this is to spend less time in pauses
between scrolling movements. Time spent in scrolling can also be reduced by limiting the
number of individual scrolling movements. If readers are aware of this outcome then one
strategy to help increase speed of reading would be to make fewer, longer scrolling
movements. However, time pressure may work against this strategy as more frequent,
shorter scrolling movements may give the impression of moving through the document
more rapidly and thereby speeding up the reading process.
(10) Does line length a!ect scrolling patterns?

Line length is likely to modify the process of scrolling to cater for the di!erent amounts
of text visible on screen at di!erent line lengths and/or to adjust for the number of lines
which must be scrolled through at di!erent line lengths. At shorter line lengths, less time
may be spent in pauses between scrolling movements, to compensate for longer scrolling
time. Scrolling movements may also be longer with short lines to bring up an equivalent
amount of new text as a shorter movement with longer lines.
(11) Does the e!ect of line length on scrolling patterns depend on reading speed?

One outcome is that fast reading has a consistent e!ect across line lengths, reducing
the time spent in pauses [research question (9)], i.e. no interaction. Alternatively, if both
time pressure and short line lengths serve to reduce the length of pauses, this may lead to
a #oor e!ect whereby pauses cannot be further shortened. This would result in a greater
di!erence between the time spent in pauses at normal and fast speeds for longer line
lengths than short lengths.

A similar pattern might also be found with scrolling movements. Reading speed may
have a consistent e!ect across line lengths, i.e. no interaction. However, an alternative
outcome is that a maximum length of scrolling movement is reached when reading short
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lines fast, resulting in a smaller di!erence between reading speeds in the length of
scrolling movements at 25 cpl compared with longer line lengths.
(12) What might account for di!erences in reading rates between readers?

Measures based on scrolling patterns are combined with personal characteristics to
assess their individual contributions. A possible outcome is that people who report that
they are less frequent readers of text on screen are slower readers. In relation to scrolling
patterns, obvious means of reducing reading times are to decrease the time spent in
pauses and/or scrolling time.
(13) What might account for di!erences in overall comprehension between readers?

Based on existing "ndings, the most likely factor to a!ect comprehension is the
amount of time spent in pauses. We would therefore expect readers who spend longer in
pauses to have better comprehension.

3. Method

3.1. PILOT WORK

Two pilot studies were carried out to establish an objective basis for devising comprehen-
sion questions which di!ered in terms of the nature of material requiring recall. These
are described in more detail in Dyson and Haselgrove (2000). The "rst pilot identi"ed
the most important &&units'' of documents, which provided a criterion for developing
questions that addressed the main issues, as opposed to details or incidental facts. The
second pilot tested the accuracy of these questions and made modi"cations where
appropriate.

3.2. EXPERIMENTAL DESIGN

The independent variables include one between and one within subject variable. Reading
speed with two levels, fast and normal, is a between subject variable and line length with
three levels measured in characters per line (cpl) is within subject.

The dependent variables are comprehension, reading rate and scrolling patterns.
Comprehension is measured by a set of multiple choice questions covering a range of
types of material and the questions are described in detail in Section 3.4. Reading rate is
computed as the number of words per second. Scrolling patterns are measured by the
time spent in pausing, time in scrolling, the length of the "rst pause and the number of
scrolling movements.

An initial practice trial was introduced at the beginning of the experiment, using
a document with a line length of 60 cpl. This practice familiarized participants with the
type of questions they would be asked and ensured they knew how to move through
documents and call up the next document. Each participant in either the fast or normal
reading speed group then read six documents. These were presented in three blocks of
two documents, each pair at the same line length. Two trials per line length were used as
this increases the reliability of the results whilst keeping the total length of the experiment
to a reasonable time. This design is summarized in Table 1. The pairing of line length
with documents and their order of presentation were counterbalanced as far as possible,
based on a Greco-Latin square design.



TABLE 1
Between and within subject variables

Between subject Reading speed Fast Normal

Within subject Line length (cpl) 60 25 55 100 60 25 55 100

Documents P 1 2 3 4 5 6 P 1 2 3 4 5 6

P"practice document.
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3.3. PARTICIPANTS

Thirty-six volunteers took part in the study. They were recruited locally through
advertisements within the University of Reading. Most participants were undergrad-
uates or postgraduate students at the University and were given a small remuneration for
their time.

Participants were randomly assigned to one of the two reading speeds. In the fast
speed group, 67% of participants were between 18 and 24 years old; in the normal speed
group, 78% were in this age band. The remainder in both groups were between 25 and
44. All reported using computers in some way: those using them for both leisure and
work comprised 39% of the fast speed group and 78% of the normal speed group;
those using computers just for work comprised 61% of the fast speed group and 17%
of the normal speed group; one person in the normal speed group reported using
computers only for leisure. On average, the group reading at the fast speed estimated that
they read less frequently, both print and screen, than the normal reading speed group,
but these di!erences were small. There was also a slightly larger range of responses from
the participants allocated to the fast reading speed group. We would not expect
di!erences of this size to a!ect comparisons between measures of performance at the
two speeds.

3.4. MATERIALS

A number of articles that were considered to be of general interest were selected from the
magazine National Geographic. (Permission was obtained to use these articles.) The
documents were edited to be approximately equal length (up to 1000 words) by deleting
text from the end, ensuring that the story line remained intact.

Six types of questions were identi"ed. Title questions (T) asked which of the alternative
titles best "t the text. Main idea questions (MI) covered one of the main themes in the
text. These two types aimed to require the reader to make inferences about what was
read, described by McConkie et al. (1973) as &&higher order'' questions. Structure ques-
tions (S) asked about the order of items within the text, i.e. what came before or after
a particular item. Main factual questions (MF) asked about relatively important aspects
of the text. Both structure and main factual questions therefore required the recall of
general ideas. Incidental questions (I) concerned details in the text and recognition
questions (R) asked whether the extract had appeared in the text. Both were looking for
the recall of speci"c details.
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The "rst "ve question types were written as multiple-choice questions, with three
alternative answers. Only one title, main idea and structure question could be written for
each document, as these tended to encompass the whole document. However, it was
possible to develop three main factual and three incidental questions for each text. In
each case, one of the incidental questions referred to a number in the document. The
recognition questions consisted of 10 short extracts, of which "ve were taken from the
text that had been read, and "ve from the same source material, but from a part that had
not been read. This ensured that the theme and writing style of the extracts were similar.
An example of each type of question is given in the appendix.

3.5. PROCEDURE

The monitor was placed on a stand and adjusted to a "xed height that was intended to
suit most people. Participants were able to choose where they sat in relation to the
monitor, whilst being able to reach the keyboard. The mouse was placed out of reach as
participants interacted solely via the keyboard, which was covered so as to reveal only
those keys that participants needed to use. These keys displayed the documents, scrolled
through the text and removed the text from the screen, when reading was complete.
Cursor keys were chosen as the means of moving through the document to provide
a simple means of interaction. We hoped that this would not require any practice to
coordinate the hand and screen action, and participants would be able to position text
accurately, i.e. not under or overshoot. Scrolling with a mouse, or similar device, requires
precise control of positioning and speed of movement to get text in the right place (Zhai
& Smith, 1999). Although the WIMP interface is extremely common, we wished to be
able to accommodate inexperienced computer users. As it turned out, none of the
participants were in this category. This method of interaction also enabled a precise
record of patterns of movement through the document.

The text was black and displayed in a window with a white background that was
positioned on the left of the screen. The remainder of the display, to the right of the
window, was light grey. The width of the window varied to accommodate di!erent line
lengths, with a margin of about 0.5 in on the right and left of the text. Items such as tool
bars, menu bars and scroll bars were removed from view. When participants pressed the
down arrow key, the cursor moved down line by line and the up arrow key moved back
up.

The text was displayed in Arial in 10 point with 12-point interlinear spacing. There
was an additional 12 points between paragraphs. This method of indicating new
paragraphs is typically found on web pages. The text was left aligned, with no justi"ca-
tion or hyphenation. Figure 1 illustrates the layout of the screen with a document of 55
characters per line (55 cpl). At 25 cpl, the documents extended over about 4.5 screens; at
55 cpl, 3 screens and at 100 cpl, about 1.7 screens.

In order that participants in the fast reading speed condition could achieve a faster
reading speed, which was relative to their normal speed, a period of training was
introduced at the beginning of the experiment. In this training stage, participants were
asked to read an initial document at their normal, comfortable reading speed. They were
then asked to speed up their reading and try to read the next document at twice this
speed, i.e. taking half as much time. Having read the second document, a message box



FIGURE 1. Example of screen layout with document of 55 cpl (50% actual size).
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indicated whether or not they had read twice as fast. If they had, they proceeded to the
testing stage of the experiment. If they had not read fast enough, they were given some
indication of how much faster they needed to go. They were then asked to read another
document. On each trial, a new document of approximately 500 words was used. This
prevented participants from using the familiarity of the text to read faster. No compre-
hension questions were included in this stage.

The procedure continued until the participant either reached the target speed or had
read eight documents. In the latter case, if the participant's reading time was no more
than 70% of their "rst reading time, they continued with the experiment. If they had not
been able to speed up their reading su$ciently, they did not take any further part in the
experiment. (This happened very rarely.)

A more liberal criterion of 70% rather than 50% was introduced at this stage in the
experiment as pilot work had indicated that a signi"cant number of people found it
di$cult to reach a rate twice as fast as normal reading speed. If we had retained the
criterion of twice normal reading speed, we would have selected a sample that might not
be representative of typical readers from this population. Our aim was not to identify
potential speed readers, but to attempt to simulate rapid or skim reading which would be
within peoples' natural capabilities. The target of 50% reading time set at the beginning
of the training was retained to encourage faster reading, which would provide a clearer
distinction between normal and fast reading.

Instructions to participants were to silently read a series of documents displayed on
screen. No indication was given as to how the document should be read, as we hoped to
discover which types of information are generally recalled at di!erent reading speeds and
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line lengths. When participants were ready to start reading a document they pressed a key
which displayed the document on screen and recorded the time they started. As they read
and moved through the document with the cursor up and down keys, the time of each
keystroke (and whether it was up or down) was recorded by the programs running the
experiments. Participants appeared to have no di$culty in using the cursor keys to scroll,
even though this may not have been their usual means of scrolling. Each participant's
record of keystrokes provided the raw data from which scrolling pattern descriptions were
derived. When they had read through to the end of a document, they pressed a second key
which resulted in a blank screen and the time was recorded. Participants were then given
a set of written questions on paper, which they needed to answer without referring back
to the document on screen. These included nine multiple choice questions about each
document (questions on the title, main idea and structure, three main factual questions
and three incidental questions) followed by 10 recognition questions. There were no time
limits on answering questions or any other part of the experiment.

4. Results

A method for selecting appropriate transforms proposed by Kirk (1995) was applied to
comprehension scores and reading rates. This method follows general rules based on
which transformation is most successful in a given situation. Angular transformations
have been applied to proportions of perfect performance, where there is a maximum limit
and the data are negatively skewed. An angular transformation is used to transform the
scores to a normal distribution, suitable for parametric statistics. Answers to the multiple
choice comprehension questions were therefore scored as a proportion of correct
responses and then transformed (2 arcsin A ) for statistical analysis. In contrast, when
times are recorded, the measure has a minimum limit, but no maximum and the data can
be positively skewed. Logarithmic transformations have been found to be useful in these
circumstances. Reading rates in words per second were transformed by log (words per
second#1).

4.1. COMPREHENSION

The recognition scores were adjusted to make comparisons across the question types.
This was necessary as chance level of performance for the multiple choice questions is
0.33 (as three alternatives were available), whereas chance is 0.5 for the recognition
questions. The adjustment standardized chance level at 0.33 for all questions, so that
scores became relative to their distance above or below chance. In calculating an overall
comprehension score, each score was weighted according to the number of questions of
that type. Following this adjustment and the angular transformation, chance is equal to
approximately 1.57 (n/2) and a perfect score is approximately 3.14 (n) for all question
types and for overall comprehension.

4.1.1. Reading speed and line length. A two-way analysis of variance on comprehension
scores, with reading speed as a between subject factor and line length as a within subject
factor, found a main e!ect of reading speed on overall comprehension (F(1,34)"22.98,
p(0.0001) with a drop in comprehension at the faster speed.



FIGURE 2. Mean comprehension scores across three line lengths when reading at normal and fast speed.
Normal reading speed, fast reading speed.
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The second factor in the ANOVA was also signi"cant producing a main e!ect of line
length on overall comprehension (F(2,68)"3.17, p(0.05). The data are illustrated in
Figure 2. The standard error bars on each data point give an indication of the variability
between subjects. SE

8
is the standard error of within subject comparisons. Post hoc

multiple comparisons using Newman}Keuls test showed that comprehension of 55 cpl
documents was signi"cantly better than 100 cpl documents (p(0.05). No other di!er-
ences between line lengths were statistically signi"cant. There was no interaction between
reading speed and line length.

4.1.2. Reading rate. A series of correlations was carried out to assess whether there was
any relationship between the time an individual spent in reading a document within each
reading speed and their comprehension (between individual correlation). At the fast
reading speed, with all line lengths combined, there was only one signi"cant negative
correlation between reading rate and incidental questions (Pearson correlation coe$c-
ient, R"!0.23, p(0.02). At the normal reading speed, there was a positive correlation
between reading rate and overall comprehension (R"0.21, p(0.03).

4.1.3. Nature of comprehension. A two-way ANOVA with reading speed (between sub-
ject) and question type (within subject) as factors found di!erences in comprehension
depending on question types (F(5,170)"7.12, p(0.0001). Comprehension scores for
each question type are shown in Figure 3. The standard error bars for title, main idea and
structure questions are larger as the data points are based on fewer questions. The data
are averaged across the two reading speeds as there is no interaction between speed and
question type. Using Newman}Keuls, structure questions were found to be signi"cantly
more di$cult than all other question types (p(0.05) and main factual questions were
answered better than recognition questions (p(0.05).



FIGURE 3. Mean comprehension scores according to question type. T title; MI Main idea; S structure; MF
main factual; I incidental; R recognition.
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4.2. READING RATE

The mean reading rate in words per second for the fast condition was 6.29 and 2.52 for
the normal reading condition (377 and 151 words/min).

4.2.1. Reading speed and line length. A two-way ANOVA on reading rate including
reading speed and line length as factors found the expected main e!ect of reading speed
(F(1,34)"56.06, p(0.0001), con"rming that participants in the fast reading condition
were reading faster, and there is a clear separation between the two speeds. There was
also a main e!ect of line length (F(2,68)"19.63, p(0.0001) and an interaction between
reading speed and line length (F(2,68)"7.18, p(0.002). The data are illustrated in
Figure 4. At the fast reading speed, documents of 55 and 100 cpl are read signi"cantly
faster than documents of 25 cpl. At the normal reading speed, 55 cpl documents are read
faster than 25 cpl documents. All di!erences are signi"cant at p(0.05 using New-
man}Keuls.

4.3. COMBINED COMPREHENSION AND READING RATE

A multivariate analysis of variance was used to consider the e!ects of speed and line
length on both reading rate and comprehension. This test takes into account possible
correlations between the two measures. Winer (1971) suggests that it can be considered
as a univariate test on optimally weighted composites of the individual variables. This
analysis was chosen in preference to the measure of e!ective reading used by Jackson and
McClelland (1979) which multiplies speed and comprehension. As these authors point
out, multiplication may exaggerate the reading ability of very fast readers. The experi-
mental manipulation in this study necessarily produced fast reading.



FIGURE 4. Mean reading rates across three line lengths when reading at normal and fast speed.
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4.3.1. Reading speed and line length. The two-way MANOVA included reading speed as
a between subject factor and line length as a within subject factor (as in the earlier
ANOVAs). This analysis found a main e!ect of speed, using Wilk's Lambda,
(F(2,33)"39.06, p(0.0001). There was also a main e!ect of line length (F(4,31)"9.54,
p(0.0001) and a weaker interaction between speed and line length (F(4,31)"3.33,
p(0.03). At each line length, there are signi"cant di!erences between performance at the
two speeds (F(6,29)"12.27, p(0.0001) in terms of both reading rate and comprehen-
sion. Similarly, at each speed, there are signi"cant di!erences between line lengths (Fast:
F(4,14)"5.83, p(0.006; Normal: F(4,14)"6.11, p(0.005). These results are in line
with the univariate analyses, which can be expected when correlations between depen-
dent variables are relatively weak.

4.4. SCROLLING PATTERNS

The record of keystrokes used to move through the documents was summarized in
a number of ways. When participants scrolled through the document, the time of each key
press was recorded and these were grouped into discrete scrolling movements with pauses
in between. A movement was de"ned as single or multiple key presses that were separated
from other key presses by at least 3 s. Any key presses that followed on from other presses
within 2 s were regarded as part of the single movement (cf. de Bruijn et al., 1992).
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Scrolling up or back tracking was not very common. In the fast condition, one
participant in particular accounted for most of the upward scrolling movements, which
were very few. Reading at a normal speed, there were more upward movements spread
across di!erent participants, but there was no obvious pattern across line lengths.
Therefore, in looking at scrolling patterns, both up and down movements have been
grouped together as both contribute to the time spent scrolling.

For each participant, the times spent in pauses and scrolling movements, the
number of scrolling movements, and the length of the "rst pause were recorded for
each line length. The "rst pause was included to see whether the time spent before
scrolling might be a characteristic of certain scrolling patterns. As the numbers of lines in
documents vary according to line length, some calculations took the number of lines into
account. This ensured that any conclusions based on comparisons of scrolling patterns
across line lengths would not be confounded by the di!erent amount of scrolling
required.

In relation to scrolling movements, the speed of scrolling was calculated by dividing
the number of lines in the document by the time spent in scrolling movements, resulting
in a number of lines per second. The size of scrolling movements or scrolling length, was
based on the number of lines in the document divided by the number of movements. The
frequency of scrolling comes from the number of movements divided by the time in
movement. The transformation applied to the above measures was selected by using
a second approach described by Kirk (1995). As the nature of the distribution of values
for these variables was unclear, it was not possible to follow general rules, as described at
the beginning of the results section. Instead, the procedure identi"es the transformation
which produces the smallest ratio between the largest and smallest range of scores
across treatments. This identi"ed the log transformation as the most appropriate to
apply to all three measures: speed of scrolling, size of scrolling movements and frequency
of scrolling.

The time spent in pausing was not adjusted in any way as the number of words in each
document remains constant across line length and none of the transformations proposed
by Kirk (1995) decreased the range of scores. The pause to scrolling ratio describes the
times in pauses divided by the time in movement per line. This variable therefore takes
account of the di!erent amount of scrolling required at the di!erent line lengths. Again,
no transformation was applied as these did not reduce the range of scores.

4.4.1. Reading speed and line length. Means and standard deviations for each reading
speed are provided in Tables 2 and 3, broken down into line lengths. Two-way analyses
of variance were computed for each of the "ve scrolling pattern variables summarized in
the tables. Speed was included as a between subject factor and line length as within
subject. Signi"cant main e!ects (p(0.05) are indicated by symbols in the two tables.
A - against the scrolling pattern variable in each table heading indicates a main e!ect of
speed on this variable. A ? within the table indicate that the line length is signi"cantly
di!erent to the other two line lengths.

4.4.1.1. Scrolling speed, scrolling length and scrolling frequency. There were no signi"-
cant e!ects in relation to speed of scrolling. However, there was a main e!ect of speed
on scrolling length (F(1,34)"4.25, p(0.05), with participants using shorter scrolling



TABLE 2
Means and standard deviations of scrolling pattern variables at fast speed

SS SL- SF PT- PS-

LL (cpl) Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D.

25 0.63 0.16 1.27 0.24 0.08 0.04 133.39 97.48 519.18 441.95
55 0.62 0.15 1.05 0.27 0.13 0.08 144.47 87.68 505.91 375.36

100 0.66 0.13 1.04 0.27 0.14 0.07 157.14? 89.68 581.84 372.39

- Indicates signi"cant main e!ect of speed.
? Indicates that line length is signi"cantly di!erent to the other two line lengths.
Note: LL, line length; SS, scrolling speed; SL, scrolling length; SF, scrolling frequency; PT, pause time; and

PS, pause to scrolling ratio.

TABLE 3
Means and standard deviations of scrolling pattern variables at normal speed

SS SL- SF PT- PS-

LL (cpl) Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D.

25 0.69 0.09 1.21 0.24 0.11 0.04 370.31 96.13 1471.25 469.23
55 0.70 0.10 1.26 0.30 0.10 0.07 371.78 93.47 1542.82 532.22

100 0.70 0.11 1.33 0.34 0.09 0.06 390.81? 104.33 1597.00 613.52

- Indicates signi"cant main e!ect of speed.
? Indicates that line length is signi"cantly di!erent to the other two line lengths.
Note: LL, line length; SS, scrolling speed; SL, scrolling length; SF, scrolling frequency; PT, pause time; and

PS, pause to scrolling ratio.
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movements when reading at the fast speed. There was also an interaction between speed
and line length on scrolling length (F(2,68)"9.35, p(0.001). Scrolling lengths are
similar in all line lengths at the normal reading speed. However when reading fast, longer
scrolling movements are used at 25 cpl. At this line length there is little di!erence in the
size of the scrolling movements at the two speeds. Whereas at 55 and 100 cpl participants
use longer scrolling movements when reading at a normal speed, compared with a fast
speed. There is also an interaction between speed and line length (F(2,68)"5.02,
p"0.01) on scrolling frequency. As with scrolling length, frequency of scrolling is similar
across line lengths at the normal speed, but when reading fast, scrolling is less frequent at
the short line length.

4.4.1.2. Pause time and pause to scrolling ratio. There is a main e!ect of speed on the
time spent in pauses (F(1,34)"59.38, p(0.001). Participants spend less time pausing
when required to read fast. There is also a main e!ect of line length (F(2,68)"5.15,
p"0.01). A follow-up test with Newman Keuls identi"es a signi"cant di!erence between
100 cpl and the two shorter line lengths, 25 and 55 cpl, (p(0.05), but no di!erence
between 25 and 55 cpl. Pauses are longer at the longer line length. When comparing the
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time spent pausing in relation to scrolling, there is a main e!ect of speed (F(1,34)"52.95,
p(0.001). At the fast speed, relatively less time is spent pausing compared with scrolling.
There are no signi"cant di!erences between line lengths, having taken into account the
amount of scrolling required (number of lines).

4.4.2. Reading rate and scrolling patterns. Multiple regressions were used to explore
whether di!erences in reading rate are associated with patterns of scrolling and par-
ticipants' age and reported reading behaviour. The measures used in relation to scrolling
patterns were time in pauses and movements, number of movements and length of the
"rst pause. It was unnecessary to use the measures above, which take into account the
number of lines in each document, as the statistics were calculated separately for each
line length. Fast and normal reading speeds were also treated separately.

The regression identi"es the combination of variables which produces the highest
adjusted R2 (adjusted for the number of variables in the model). Table 4 lists the variables
which account for di!erences in reading rate between individuals at the fast reading
speed, and Table 5 the normal reading speed. The variables are listed in decreasing order
of statistical signi"cance, and individual variables making a signi"cant contribution
(p(0.05) are marked with a -. The numbers in parentheses show the relative importance
of the variable e!ects when not a!ected by scales of measurement (standardized regres-
sion coe$cients).

4.4.3. Comprehension and scrolling patterns. Any relationships between scrolling pat-
terns, participants' characteristics and resulting comprehension scores were also investi-
gated with multiple regressions. Reading rate is included as an additional variable to
estimate its importance in relation to the other variables. Table 6 lists the variables
contributing to di!erences in overall comprehension between individuals at the fast
reading speed, and Table 7 lists the equivalent data for the normal reading speed.

5. Discussion

5.1. COMPREHENSION

Comprehension is better when reading at a normal speed, indicating a speed-accuracy
trade-o!, as found by Dyson and Haselgrove (2000). Our increase in reading speed is
TABLE 4
<ariables which account for di+erences in reading rate at fast reading speed

LL (cpl) R2 Variables in model

25 0.94 TP-(!0.98), TM-(!0.47), AGE-(0.11), NM(!0.08)
55 0.94 TP-(!0.96), TM-(!0.3), AGE-(0.09)

100 0.97 TP-(!0.86), NM-(!0.16), TM-(!0.13), AGE-(0.12), FP-(!0.11),
RDG(0.06), SRDG(!0.04)

Note: TP, time in pauses; TM, time in movements; NM, number of movements; FP, length of "rst pause;
AGE, age band (18}24 or 25}44); RDG, reported frequency of reading; and SRDG, reported frequency of
screen reading.



TABLE 5
<ariables which account for di+erences in reading rate at normal reading speed

LL (cpl) R2 Variables in model

25 0.98 TP-(!1.09), TM-(!0.23), FP-(0.12), NM-(0.17)
55 0.98 TP-(!1), TM-(!0.07), FP(0.05), RDG(0.04), NM(0.04),

100 0.97 TP-(!1), TM-(!0.1), FP(0.05)

Note: TP, time in pauses; TM, time in movements; NM, number of movements; FP, length of "rst pause;
RDG, reported frequency of reading.

TABLE 6
<ariables which account for di+erences in overall comprehension at fast reading speed

LL (cpl) R2 Variables in model

25 0.21 TP-(1.24), SRDG-(0.47), FP-(!0.64), RDG(0.3), RR(0.5)
55 0.12 TM-(0.42), TP(0.17)

100 0.47 NM-(0.6), TM(0.21), FP(0.17)

Note: RR, reading rate; TP, time in pauses; TM, time in movements; NM, number of movements; FP, length
of "rst pause; RDG, reported frequency of reading; and SRDG, reported frequency of screen reading.

TABLE 7
<ariables which account for di+erences in overall comprehension at normal reading speed

LL (cpl) R2 Variables in model

25 0.17 RR(1.41), FP(0.31), AGE(0.25), TP(1.14)
55 0.1 SRDG-(0.36), FP(0.18)

100 0.32 RR-(0.72), FP-(0.64), RDG-(!0.4), AGE(0.27), NM(0.27)

Note: RR, reading rate; TP, time in pauses; NM, number of movements; FP, length of "rst pause; AGE, age
band (18}24 or 25}44); RDG, reported frequency of reading; and SRDG, reported frequency of screen reading.
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likely to be greater than the &mild time pressure' that has been shown to improve
comprehension (Walczyk et al., 1999). Although the current study used a between group
design, the results appear to parallel the "nding that comprehension decreases when an
individual increases his or her reading rate (Poulton, 1958).

In contrast, faster readers within the normal reading speed group appear to recall
more at the normal reading speed. This between individual correlation has also been
reported elsewhere (e.g. Jackson & McClelland, 1979; Carver, 1990). However, correla-
tions between individual reading rates and comprehension are rather weak. There is an
indication of a slight speed-accuracy trade-o! at the fast reading speed, particularly in
relation to the recall of details (cf. Just & Carpenter, 1987). However, given the extent of
reading acceleration required for the fast condition, it is plausible that variations in
individual reading rates have relatively little additional e!ect on comprehension.

In this study, line length in#uences readers' comprehension with documents at 55 cpl,
the medium line length, producing better comprehension scores than the longest line
length (100 cpl). This result was not found in earlier studies of the e!ect of line length on
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comprehension (Duchnicky & Kolers, 1983; Dyson & Kipping, 1998), but the di!erence
may be accounted for by the more elaborate test of comprehension. Requiring partici-
pants to recall details and make inferences is likely to have produced a more sensitive
measure of comprehension that is able to detect di!erences in levels of comprehension.

The explanation for better comprehension at 55 cpl than 100 cpl may be tied in with
the nature of eye movements and the potential problem of locating the beginning of
a line, following a return sweep at long line lengths. Although we would expect this factor
to have a more direct e!ect on reading rate, interruptions to reading may conceivably
disrupt concentration and hence impair comprehension. The reported ine$ciency of eye
movements at very short lines does not translate into lower comprehension, but may
a!ect reading rate.

Di!erences between question types were similar to the earlier study (Dyson & Hasel-
grove, 2000). The questions relating to the structure or order of items within the texts
were the most di$cult questions to answer. Readers were unable to locate speci"c
content (e.g. ideas, events) in relation to other information. It is possible that the scrolling
display contributed to the di$culty in answering these questions. Cues to location that
are available in print, or in paged screen displays (e.g. near the top of the page) are lost
when text is scrolled within a window (see Piolat et al., 1997).

Main factual questions that relate to the more important units of the text were
answered more easily than those requiring the recall of speci"c details (recognition
questions). This di!erence was demonstrated by Wagner and Sternberg (1987), who
found that questions on the gist and main ideas were answered more accurately than
questions on detail and those requiring analysis. Although answered reasonably well,
questions requiring inferences were not signi"cantly better than other types in this study,
as they were in Dyson and Haselgrove (2000).

Performance across di!erent question types and reading speeds did con"rm the
"nding of Dyson and Haselgrove (2000) that the type of information recalled is not
dependent on reading speed. Signi"cantly increasing reading speed a!ected all types of
information. However, at the fast reading speed, faster readers were poorer at recalling
incidental material, which was also found in the McConkie et al. (1973) study. Partici-
pants' familiarity with the range of questions they were required to answer may have
contributed to this consistency. Knowing what types of questions they would be asked,
they may have tried to maximize their chances of being able to answer all of them,
whatever the reading speed. Practice trials introduced the nature of questions used in the
experiment and subsequent trials during the course of the experiment would have
reinforced this pattern of questioning.

5.2. READING RATE

The reading rates measured in this study are slower than the equivalent rates in Dyson
and Haselgrove (2000). However, the previous study di!ered by using a within subject
design and only one line length (60 cpl), which would have introduced less uncertainty.
McConkie et al. (1973) found that uncertainty in relation to question type slowed down
reading. Line length may have a similar e!ect.

This experiment replicates the "nding of Dyson and Kipping (1998) that documents
presented in a narrow column (25 cpl) are read slower than longer line lengths. However,
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unlike the earlier study, increasing line length from 55 to 100 cpl does not improve
reading rate. The e!ect of line length on reading rate is also dependent on the overall
reading speed. Particularly long lines (100 cpl) are only read faster than the short lines
when already reading at a fast speed. Across both speeds, 55 cpl documents are read the
fastest.

With a short line length, more time is necessarily spent in scrolling as the document is
longer. Also, readers may not be able to make use of much information in each "xation
and may decrease their saccade length (Rayner & Pollatsek, 1989). This would slow
down reading. The advantage of long lines only at the fast speed may indicate that this
format facilitates skim reading, along with 55 cpl, but is not an advantage when reading
at a normal speed. This may simply be explained by the mechanics of scrolling, i.e. less
action required, which are accentuated at a fast speed. Alternatively, the advantage of
long lines may be in displaying more information at a time. If readers are not concerned
with reading every word, this format allows for easier skimming. However, this can be at
the expense of comprehension.

5.3. COMBINED COMPREHENSION AND READING RATE

The multivariate analysis con"rms that the di!erences in comprehension at varying line
lengths are not cancelled out by di!erences in reading rate (i.e. speed-accuracy trade-o! ).
When the two measures are combined, line length is still a signi"cant factor.

5.4. SCROLLING PATTERNS

The consistency in scrolling speed across reading speeds is interesting, as a possible
means of increasing reading speed would be to scroll faster. At fast reading speeds
participants are generally making smaller scrolling movements which Dyson and Kip-
ping (1998) found corresponded with increased time in movement. As participants were
not under time pressure in the earlier study, this could account for the di!erence. In the
current study, the urgency imposed by the requirement to read faster than normal may
have prompted the smaller movements. These results suggest that either participants
cannot increase their scrolling speeds or do not know how to do so, or they do not
consider this an e!ective strategy for reading faster. If participants read whilst scrolling,
increasing the scrolling speed could be counter productive. The means by which partici-
pants increase their reading speed appears to be by reducing the time they spend pausing
between movements. This is reinforced by the reduction in the ratio of pausing to
scrolling at fast speeds.

Line length in#uences the time spent in pauses, with the longest pauses at the longest
line length. Participants may feel they can allocate more time as they need not spend as
much time in scrolling. Alternatively, this format may require more time to read.

The e!ect of reading speed on the size and frequency of scrolling movements is
dependent upon line length. Although overall participants are making smaller move-
ments when reading fast, with short line lengths at this speed they are making slightly
larger and less frequent scrolling movements, similar to the patterns found across all line
lengths at normal reading speed. This similarity does not appear to be due to a ceiling
e!ect whereby a maximum length is reached as faster reading did not generally produce
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longer scrolling movements. Instead, it is likely that characteristics of the short line
length are relevant. This line length requires more scrolling to get to the bottom of the
document. Small movements will reveal relatively little new text and would therefore be
an ine$cient strategy for increasing speed of reading. Participants' reading rates at both
speeds are slower at this line length. As mentioned above, this may be partly attributable
to the increase in time required for scrolling.

5.4.1. Reading rate and scrolling patterns. The time spent in pausing between scrolling
movements is clearly the main determinant of reading rate. Those participants who read
faster spent less time in pauses. The time spent in scrolling movements is generally the
next most important variable, with those spending less time scrolling reading faster.
Although the age of participants appears to be relevant when reading fast, this result is
based on a limited range of ages and a small sample.

5.4.2. Comprehension and scrolling patterns. Identifying the variables that contribute to
individuals' comprehension scores is much more di$cult than identifying reading rate
predictors. The adjusted R2 values from multiple regressions are much lower than those
for reading rate, so less of the variability in comprehension is accounted for by these
variables. R2 values are higher at the fast reading speed suggesting that the pattern of
reading and participants' reported reading behaviour may have greater relevance when
under time pressure. These values are also larger for documents at 100 cpl, again
indicating that the way in which the document is read has a greater e!ect at this extreme.

At the fast reading speed, the variables accounting for di!erences in comprehension
between individuals vary across line lengths. However, as R2 values also di!er the more
signi"cant "ndings are selected for discussion. When reading the narrow column,
participants who spent longer in pauses, although with a shorter initial pause, had better
comprehension scores. De Bruijn et al. (1992) suggested that attending to local informa-
tion for longer could help with integrating information on a small screen. Overall time
spent pausing also produced better comprehension scores in the previous study by
Dyson and Haselgrove (2000). However, this approach may be at the expense of reading
rate, as those who spent longer in pauses have a slower reading rate. With long line
lengths, the method of scrolling is particularly relevant. Higher comprehension is found
amongst people who read with a greater number of individual scrolling movements.
Again, this scrolling pattern is ine$cient in terms of increasing reading speed.

If we assume that readers are not reading whilst scrolling, the bene"t of longer pauses
at short line lengths comes from longer time to read, i.e. individuals are trading speed for
accuracy. At long line lengths, the size of the chunk of text available for reading is
potentially much larger. Hence, breaking up the reading process by more frequent
scrolling movements, without reading, may allow time for consolidation (cf. Poulton,
1958). Also by scrolling more frequently the extent of individual movements can be
reduced, which may make it easier for readers to re-locate their position in the text. This
may be particularly helpful with long line lengths as less vertical movement may ease the
di$culty of locating the appropriate line when reading quickly. There may therefore be
less distraction to the process of reading from the mechanics of the movements (Hansen
& Haas, 1988; O'Hara & Sellen, 1997). This latter explanation would also apply if readers
were continuing to read whilst scrolling, as moving the document by smaller amounts
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should make it easier to maintain their position in the text. At shorter line lengths, this
pattern of reading may not be such an e!ective strategy. It would result in much more
time spent reading whilst the text is scrolled, whereas the time in pauses is a better
predictor of comprehension at short line lengths.

When reading at a normal speed, only the longest line length provides reasonably
consistent data. At 100 cpl the importance of reading rate as a predictor of comprehen-
sion con"rms the "nding that faster readers recall more information. Although a longer
initial pause is also correlated with better comprehension, other aspects of the scrolling
pattern, i.e. scrolling movements, seem less relevant. This contrasts with reading 100 cpl
documents at a fast rate where the method of scrolling is important. The speed appears to
be accentuating the importance of how text is scrolled. How the document is navigated
therefore appears to be critical when it is more di$cult to recall information, i.e. when
reading at a fast speed and when documents have long lines.

6. General discussion and conclusions

By reading almost twice as fast as normal we increase the volume of material we get
through on screen but acquire a less complete account of a document. Faster readers
reading at their normal speed, can recall more than slower readers, but this does not
mean that encouraging someone to read faster will improve their comprehension.

In circumstances where readers know they will be asked a range of question types,
faster reading does not adversely a!ect recall of particular types of information. How-
ever, at both normal and fast speeds, more general information is recalled better than
speci"c detail. In particular, the order or position of items within the document is very
poorly recalled.

The e!ects of line length on both comprehension and reading rate may be explained in
terms of the mechanics of reading (eye movements), mechanics of scrolling and consoli-
dation of what is read. Both very short and very long line lengths can slow down reading
through disrupting the normal pattern of eye movements. Reading short line lengths
places greater demands on scrolling time, but with long lines the time spent in scrolling
may enable consolidation of what has been read.

A line length of 55 cpl appears to support e!ective reading in terms of both rate
and comprehension. However, as the line lengths used in this study were spread across
a wide range, there may be a more optimal setting than this. By varying the range and
extremes of line lengths in future research, it may be possible to more precisely identify an
optimal format and to explore the relative contributions of mechanical and cognitive
factors.

When reading under more di$cult circumstances (e.g. time pressure or extreme line
lengths), the way in which the document is read appears to have more in#uence on
comprehension than when reading normally. Readers increase their reading rate by
reducing time between scrolling and also modifying the nature of their scrolling move-
ments. The e!ectiveness of this strategy in maximizing comprehension may be dependent
upon the extent to which people read during scrolling. This issue emerged within the
discussion of scrolling patterns and is further developed below. However, as this study
did not speci"cally set out to identify when reading takes place in relation to navigation,
no conclusions are drawn.
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One indication that participants may read during scrolling is the trade-o! between
pause time and scrolling time (longer pauses at 100 cpl). If people are not reading whilst
scrolling, they are spending a lot less time reading the shorter line lengths. If this were the
case, we might expect poorer comprehension at 25 and 55 cpl, which was not found.

The consolidation explanation assumes that readers are not reading during scrolling.
This explanation was introduced to explain the advantage of frequent scrolling move-
ments at long line lengths. There is some evidence that reading may take place whilst
scrolling at shorter line lengths, and not with longer line lengths (Dyson & Kipping,
1998).

Perhaps not surprisingly, there is no simple description of an e!ective reader. There
appears to be a di!erence between methods of scrolling and pausing that are exhibited by
faster readers and those who have good comprehension scores. Fast readers, at both
normal and fast speeds, spend less time pausing between fewer scrolling movements.
However at fast speeds, better comprehension is found amongst readers who spend
longer in pauses (25 cpl) or use more scrolling movements (100 cpl). A de"nition of
e!ective reading therefore needs to di!erentiate between faster reading and more accu-
rate recall of what is read. The nature of individual reading tasks may determine which is
more important.

Further research can usefully explore the e!ects of manipulating scrolling patterns to
determine whether changing individuals' patterns of pausing and scrolling can a!ect
comprehension. The current results suggest that such experiments should also include
factors that may increase reading di$culty.

With these data we should be in a better position to inform the design of future
interfaces for reading from screen. Digital genres are just starting to emerge (Dillon
& Gushrowski, 2000), but they may not have "xed formats unlike printed documents (e.g.
newspapers). Indeed, web browsers, by enabling us to manipulate the size of windows,
discourage the emergence of conventional forms which might include line length. This
#exibility a!orded by current browsers also makes it di$cult to control presentation so
that readers might bene"t from the results of this research. Currently, this control is
available through style sheets, so that informed web page designers/authors will be able to
de"ne formats that may be more e!ective for certain types of reading. However, a question
remains as to whether we should constrain our readers, which may return us to the
in#exibility of print, or continue to exploit the #exibility inherent in the medium.

This research was supported by a grant from Microsoft Corporation.
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Appendix: example of each type of question used to test
comprehension

¹itle
Which of the following titles best "ts the text?
(a) Monaco's wealth and wealthy
(b) The racing and royalty of Monaco
(c) People and possessions in the principality of Monaco

Main idea
According to the author, what is Monaco dedicated to?
(a) The principle of fabulous excess
(b) Strength and the continuity of the monarchy
(c) Motor sport

Structure
Who does the author interview just before the description of Monaco's size (2.5 mile long
strip), location and population?
(a) Prince Rainier III
(b) A British banker
(c) The Countess

Incidental
How long have the Grimaldis been in Monaco?
(a) Since 1940
(b) Since the 13th century
(c) Since the 19th century

Main factual
What ritual was described by the British banker?
(a) Showing o! wealth to one another
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(b) Watching the Grand Prix
(c) Going to a nightclub

Incidental
What is the author taught to say in French?
(a) Corks for the ears
(b) I like jewels
(c) He's loaded

Recognition
Please indicate with a tick or cross whether or not each of the following appeared in the
text you read:
h One evening at dusk a full golden moon rose over the Mediterranean
h The cars hurled past the belle eH poque buildings at the Place du Casinop
h In Monaco no one does anything by half measures
h Foreigners make up more than 80 percent of Monaco's o$cial population of 30,000
h A decent one bedroom apartment starts at $600,000
h To explain any natural hierarchy, it is necessary "rst to lay out the habitat
h I sipped my drink, and faces began to materialize out of the darkness
h But no one goes to Monaco to be unseen
h They keep an apartment for tax purposes but actually live elsewhere
h The box seats high up at the corners of the amphitheater belong to Monaco's elite
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