
1 Introduction
A popular paradigm for the investigation of visual attention has been the spatial
pre-cueing paradigm (Posner et al 1980). Here a target is presented at one of two (or
more) possible locations whilst the subject fixates at a central marker. In advance of
the target, a c̀ue' to one of these locations is presented. This pre-cue can be either
valid (the target occurs at the location suggested by the cue) or invalid (the target
occurs at another location). Responses on valid trials are typically faster than on
invalid trials, which we term the c̀ue validity' effect.

The spatial pre-cueing paradigm has been examined in many populations. It has
been applied to normal ageing (Nissen and Corkin 1985; Tellinghuisen et al 1996),
development in childhood (Enns and Brodeur 1989), Alzheimer's disease (Parasuraman
et al 1992), Parkinson's disease (eg Bennett et al 1995), schizophrenia (Maruff and
Pantelis 1999; Willey et al, submitted), brain damage in humans (Posner et al 1984; Rafal
and Robertson 1995), and experimental brain lesions in non-human primates (Posner and
Raichle 1997). In many of these conditions attentional processes appear to be disrupted.
As an example of such research we shall examine the finding that reaction times to
invalid trials are disproportionately slowed compared with neutral or valid trials in
older subjects (Nissen and Corkin 1985).

The finding of such attentional deficits leaves open the question what causes this
change. The task faced by the participant on each trial can be conceptualised as having
two stages. First, the participants must move their attention to the target, and, second,
they must process the target. The mechanisms involved in the first stage have been
well explored. They have been broken down into three components involved in disen-
gaging attention from its current location (thought to involve the posterior parietal
cortex), moving attention to a new location (thought to involve the superior colliculus),
and engaging it at the new location (thought to involve the pulvinaröfor a review see
Posner and Petersen 1990). Deficits in processing at this stage could indeed cause
the pattern of results described above for old age. For example, if the participants had
problems disengaging their attention, this would indeed lead to a disproportionate
slowing for invalid trials (Posner et al 1984). The second stage involves extracting
information from the target once attention has been engaged. Relatively little research
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has been carried out to examine this stage. However, deficits in the rate of extracting
information could also produce the disproportionate loss for invalid trials. If attention
is regarded as a resource that is unevenly split between the two possible target loca-
tions (Downing 1988; LaBerge and Brown 1989; Bundesen 1990; Bonnel et al 1992),
then information is extracted more rapidly from the cued than the uncued location. If,
in old age, the overall amount of resources is diminished, and the same amount of
resources is still allocated to the valid location, then there will be less resources at the
invalid location, and hence a disproportionate loss for targets at this location. Hence
cueing effects could occur owing to changes in the `move' stage, or in the `process' stage.

Target luminance has been used as a tool to examine whereabouts cueing effects
occur. Using additive factors logic, Hughes (1984) argued that, if luminance and cue
validity interact, they must share a common stage of processing. As luminance or
contrast (1) modulates the response of neurons early in visual processing, this would in
turn suggest an èarly' site for the effects of cue validity. Hughes found no such interaction
and thus argued that cue validity did not share a common stage of processing with
contrast, which in turn argues for a `late' site for the effects of cueing. Subsequently,
Hawkins et al (1988) noted that Hughes had blocked the trials for the low-contrast
and high-contrast targets separately. This allowed subjects the possibility of differing
strategies for the two types of target. Hawkins et al therefore interleaved their targets of
high and low contrast and now found an interaction between contrast and cue validity.
However, it should also be noted that a further study in which target contrast was also
manipulated and trials were interleaved did not reveal any interaction (Tellinghuisen
et al 1996). Hence at this point it is unclear whether contrast does interact with cue
validity. It should also be noted that in these three previous studies of the effects of target
contrast upon cue validity central cues were used that were predictive of the target's
location. This type of cue is normally termed an endogenous cue (Theeuwes 1994). It is
often contrasted with a cue that automatically attracts attention to itself even though
it is not predictive of target locationöan exogenous cue. It appears that these two
cues may have independent effects (Riggio and Kirsner 1997) and may use somewhat
independent brain areas (Corbetta et al 1993). Thus the present study is the first in
which the effects of target contrast for purely exogenous cueing have been examined.

If cue validity does interact with the contrast of the target, does this imply an
èarly' site for attention? It is clear that contrast has an effect on the early stages of
visual processing (Shapley 1986), but that the effects of target contrast propagate well
into the visual system (Sclar et al 1990). Hence changes in contrast could affect both
the `move' stage and the `process' stage of the cueing task. For example, reduction in
target contrast would mean that targets occurring at the invalid location may be less
able to summon attention to their location and hence a greater cueing effect would
occur. Likewise, reduced contrast would mean that the stimulus would have to be
processed longer in order to extract the necessary information for the decision process.
Thus, by itself, contrast does not give much insight into the site at which attentional
effects occur, as both stages would predict an interaction (thus making the negative
results discussed above somewhat surprising).

In this paper we had therefore two aims. First, given the ambiguous pattern of
results so far reported (Hughes 1984; Hawkins et al 1988; Tellinghuisen et al 1996), to
re-examine the effects of target contrast upon cueing effects. We predict that as target
contrast is reduced (i) reaction times (RTs) will increase, and (ii) the cue effect (invalid
RT^ valid RT) will increase. Second, we attempt to further localise the site of cueing

(1) The term luminance has generally been used in most of this literature. However, in vision sci-
ence it is common to distinguish between the luminance (the overall light level that governs the
state of adaptation) and the contrast of the target. We are interested in target contrast irrespective
of luminance and therefore use contrast even for those studies that may have confounded the two.
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effects by manipulating the task difficulty independently of target contrast (see figure 1).
The task of our participants was to identify which of two targets had been presented. The
targets were a single line at some particular orientation, and task difficulty could be
altered by varying the angle between the two possible targets (see figure 1). Such a
manipulation should not affect the `move' stage of attention (as the manipulation does
not alter the salience of the target) but does alter the amount of information the
observer must extract in order to identify the target (the `process' stage). Therefore, if
cueing effects occur at the `process' stage, the manipulation of task difficulty should
interact with cue validity. If no such effects occur, this would point to target contrast
having its effects (if they exist) at the `move' stage.

Valid trial Invalid trial

Experiment 1 Experiment 2

High contrast Easy discrimination

Low contrast Hard discrimination

1000
m
s

150
m
s

1000
m
s

150
m
s

Figure 1. Upper part: the sequence of events for a valid and for an invalid trial. Lower part:
a schematic example of the stimuli used in experiment 1 and in experiment 2.
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2 Experiment 1: Effect of target contrast
In this experiment the tilt of the target line from vertical was large, making the
discrimination task easy; however, the targets could appear at high or low contrast.
Purely exogenous cueing (Theeuwes 1994) was achieved by having a cue occurring at a
peripheral location that was not predictive of the location of the forthcoming target.
A cue ^ target lead time of 150 ms was chosen to help optimise the exogenous compo-
nent of attention (Mu« ller and Rabbit 1989).

2.1 Methods and materials
2.1.1 Participants. Fifty participants (twelve males, thirty-eight females) were drawn from
undergraduates at Cardiff University. The ages ranged from 18 to 46 years, with a mean
age of 20.2 years. All were na|« ve as to the aims of the experiment and had not partici-
pated in similar experiments beforehand. No formal tests were made of visual acuity,
but participants wore corrective lenses if they required them for reading. All volun-
teered for the experiment and were not paid for their time.

2.1.2 Apparatus. All stimuli were generated off-line with a graphics package (MacDraw
Pro) and were displayed on the monitor (26 cm620 cm) of a Mac LC computer.
Stimulus presentations and reaction time recording were all controlled by this com-
puter by means of the SuperLab software. The observer was seated with the eyes
57 cm from the screen in a dimly lit room. The head was not restrained. Eye move-
ments and fixation were monitored via a camera (VISTA NCD 380 monocamera)
mounted on top of the presentation screen, 57 cm from the eyes. The signal was sent
to a TV monitor for visual inspection by the experimenter. No automated detection
procedures were used.

2.1.3 Stimuli. The screen background level was a uniform white of luminance 50 cd mÿ2.
The cues consisted of four small squares that defined a larger square. The small
squares had a side of 0.5 deg and defined a larger square of side 3.0 deg. This
larger square was centred 7.5 deg horizontally from the fixation cross (two 0.75 deg
lines). The cue elements were just the outline of the small squares. The lines that made
up these outlines had a luminance of 2 cd mÿ2. The targets were lines of length
1.2 deg and width 0.2 deg, and were dark relative to the background. The high-contrast
targets had a luminance of 2 cd mÿ2 (Weber contrast � dL=L � 48=50 � 0:96), whereas
the low-contrast targets had a luminance of 40 cd mÿ2 (Weber contrast � dL=L �
10=50 � 0:20). The contrasts used were chosen after pilot experiments that confirmed
that these contrasts produced a strong effect on reaction times whilst still being visible
to the participants.

The targets were tilted at either �458 or ÿ458. All targets were presented centred
7.5 deg horizontally displaced from the fixation point.

2.1.4 Procedure. The participants received a verbal description of the task to be
performed. They were given explicit and correct information about the validity of the
cues, and were asked to react to the presentation of the target as quickly as possible
whist keeping errors to a minimum. The need for strict fixation was emphasised. The
participants were then given a short practice session until they fully understood the
task and were also capable of holding constant fixation. During this time, the eye
movements of the participants were carefully watched by the experimenter to ensure
that fixation was indeed being held on the fixation point. If the participants' eyes
moved from the fixation point, the participants were told of this and reminded of the
need for steady fixation. In practice, all participants had little trouble in maintaining
fixation. The main experiment was then run.
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For all conditions, each trial commenced with the presentation of the fixation point.
After 1000 ms, the cue was presented (see figure 1) upon an otherwise blank (mean
luminance) screen. After a further period of 150 ms, the test stimulus was presented.
The consistent timings between these events could lead to expectancy effects; however,
the use of a choice-discrimination RT mitigates against this problem, as there can be
no expectancy as to which button will have to be pressed. Furthermore, any expectancy
effects of target onset will be the same under all cueing and target conditions.

The observer made a two-option forced-choice response via a key press whether
the target was tilted clockwise or anticlockwise. The participants pressed the `5 ' key
for anticlockwise targets or the `4' key for clockwise targets. They did so using the first
and index finger of their preferred hand. The response caused all stimuli to be removed
leaving only the background luminance. The reaction time and response were recorded
on the computer for later analysis. The next trial commenced 0.5 s after this response.

One of four possible targets was presented on each trial, consisting of clockwise
or anticlockwise tilt at either high or low contrast. Trials of various cue position, target
position, and target contrast were all randomly interleaved within a block of trials so
that each of these factors was unpredictable from trial to trial. There were a total of
160 trials in each block. Thus each RT for each participant is based on approximately
40 trials. Each block took approximately 6 ^ 7 min. Valid trials are those in which
the target location was on the same side as the cue, invalid trials are those on
which the target was presented on the opposite side to the cue. Note that the cue is not
predictive of the location of the targetöit is therefore a purely exogenous cue. It is also
not predictive of the response required.

2.1.5 Design and data analysis. Reaction times (RTs) from each trial were collated so
as to form four conditions consisting of two levels of cue ^ target validity (valid versus
invalid) and two levels of target contrast (high versus low).

We used a choice-discrimination RT task rather than a simple RT task for the
following reasons. First, simple RT tasks require that catch trials are also included to
ensure that responding is due to the detection of the target rather than anticipating
its presence. Second, it is believed (Sagi and Julesz 1985) that the discrimination of a
target may require more attentional resources than the mere detection of its presence.
This predicts a greater cueing effect for the choice-discrimination RT task than the
simple RT task, allowing a more sensitive test of the experimental manipulations used
in the present experiments. In previous experiments we have confirmed this expectancy
(Brawn and Snowden 2000; Willey et al, submitted). Third, in experiment 2 we aimed
to manipulate the difficulty of this discrimination.

After visual examination of the overall RT data, we decided to treat RTs greater
than 1500 ms or less than 300 ms as outliersöboth were eliminated from the analysis.
In both experiments, less than 1% of trials were eliminated on the slow criterion and
less than 2% on the fast criterion. The small number of these meant that no further
analysis was possible. Trials on which the participant made an error were also removed
and analysed separately. Any participant who exhibited over 30% errors in any condition
was excluded from any further analysis. Owing to the skewed nature of RTs the median
RT was calculated for each condition and for each participant. A visual inspection of
the frequency versus RT plots showed the data for each condition to approximate the
normal distribution without any major variations in variance. Therefore the data were
analysed by using parametric statistics.

2.2 Results
One participant was excluded owing to excessive errors. The mean RTs are shown in
figure 2. ANOVA showed a main effect of target contrast (F1 48 � 232:55, p 5 0:0001)
and of cue validity (F1 48 � 112:86, p 5 0:0001). These main effects were modified by
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a significant interaction between the two (F1 48 � 39:57, p 5 0:0001). The interaction
is due to a far greater effect of cue validity for the low-contrast targets (157 ms) than
for the high-contrast targets (58 ms).

A similar analysis of the error rates (see inserts in figure 2) showed a main effect of
target contrast (F1 48 � 20:03, p 5 0:0001) and of cue validity (F1 48 � 23:04, p 5 0:0001),
but no interaction between the two (F 5 1).

Hence a greater effect of exogenous spatial cueing as a function of decreasing target
contrast was obtained.

3 Experiment 2: Effect of discrimination difficulty
In this experiment, all targets were of high contrast, but the tilt of the line from
vertical could be small (making the discrimination difficult) or large (see figure 1).

3.1 Methods
All methods were identical to those in experiment 1, save that the targets could be
tilted either at �458 (easy) or at �108 (hard). These orientations were chosen after
extensive pilot experiments. The 908 discrimination is the easiest available, whilst the
208 one produces a strong effect on RTs whilst still producing a level of errors that we
found acceptable. We also found in the pilot studies that the manipulation in contrast
(experiment 1) and this level of manipulation of task difficulty produced overall RTs
that were similar, making comparisons between the two experiments more plausible.
All targets had high contrast. Once again the task of the participant was to say whether
the target was tilted clockwise or anticlockwise from the vertical.

The participants were the same as in experiment 1. Indeed, this experiment was
performed in the same session as experiment 1. The order of experiments was randomised
from participant to participant. Again, visual inspection of the data suggested that
they approximated a normal distribution for each condition without any gross change
in variance.

3.2 Results
Four participants were excluded owing to excessive errors. The mean RTs are shown
in figure 3. ANOVA showed a main effect of task difficulty (F1 45 � 220:19, p 5 0:0001)
and of cue validity (F1 45 � 102:14, p 5 0:0001). These main effects were modified by a
significant interaction between the two (F1 45 � 7:92, p � 0:0072). The interaction is
due to a somewhat larger effect of cue validity for the difficult discrimination (74 ms)
than for the easy discrimination (54 ms).
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Figure 2. Mean reaction time as a
function of cue validity for both high-
contrast and low-contrast targets. The
numbers next to each symbol are the
percentage of errors for each trial type.
Error bars represent �1 standard error
of the mean.
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A similar analysis of the error rates (see inserts in figure 2) showed a main effect of
task difficulty (F1 45 � 60:03, p 5 0:0001) and of cue validity (F1 45 � 8:45, p � 0:0056),
but no interaction between the two (F 5 1).

Hence we find a slightly greater effect of exogenous spatial cueing as the task faced
by the subject becomes more difficult.

4 Comparison of experiments 1 and 2
We wished to make some simple comparisons between experiments 1 and 2 to ensure
that the manipulations of target contrast and task difficulty produced similar changes
in RT, and to compare how this manipulation affected the size of the cueing effect.
To this end a 3-way ANOVA was performed with cue (valid versus invalid), task level
(high versus lowötranslating to high versus low contrast for experiment 1 and easy
versus hard for experiment 2), and experiment (1 � target contrast versus 2 � task
difficulty). The first two factors were within-subjects variables. The last was treated as
a between-subjects variable because of the exclusion of some participants owing to
excessive errors. A similar analysis treating this as a within-subjects variable and
excluding any participant who had excessive errors on any particular condition in
either experiment produced highly similar results.

For brevity, we present only the crucial comparisons. First, there was no overall
difference in RT between experiments 1 (544 ms) and 2 (557 ms) (F 5 1), nor was
there any interaction between the experiments and level manipulation (F1 93 � 1:40
p 4 0.1). Thus the manipulations in the two experiments appear to have had similar
effects on overall RTs as was desired. Second, we wished to examine if the target-
contrast manipulation (experiment 1) had a greater effect on the cueing effect than had
the task-difficulty manipulation (experiment 2). This would be seen by a significant
3-way interaction between cue, task level, and experiment. This was indeed significant
(F1 93 � 19:80 p 5 0:0001). We conclude that the two manipulations had similar overall
effects on RTs, but the size of the cueing effect was increased more by the manipula-
tion of target contrast (99 ms) than by task difficulty (20 ms).

5 General discussion
In two experiments we found that changes in target contrast produced large changes
in the size of the cueing effect for a purely exogenous cue, whilst changes in the
difficulty of the task produced only small changes in the cueing effect.
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Our first aim was to contribute to the literature whether luminance or contrast of
the target affects the cueing effect, given the contradictory pattern of results reported
previously. We obtained a strong interaction such that the cueing effect approximately
trebled when we compared low-contrast versus high-contrast targets. The negative
results of Hughes (1984) have been explained by the blocking of trials that may have
allowed different strategies for the different targets (Hawkins et al 1988). However,
this criticism does not apply to the study of Tellinghuisen et al (1996), as they inter-
leaved the high-contrast and low-contrast targets, yet did not find an interaction.
Thus at this moment the negative results, particularly those of Tellinghuisen et al
(1996), are contradictory to the ones reported here. The only obvious difference
between their experiment and our own is that Tellinghuisen et al used an endogenous
cue (one that is symbolic with respect to the likely location of the forthcoming target)
whereas we used an exogenous cue (one which attracts attention to its own location
but gives no indication where the target will appear). Clearly further studies are needed
to investigate this issue.

Where might the effects of target contrast upon the cueing effect reside? We have
argued that contrast should affect both the movement of attention and the processing
of a target; hence an interaction of contrast and cue does not reveal which of these
processes is responsible for the cueing effect. To examine this issue we manipulated
the similarity between possible targets that the participant must discriminate. Such a
change should not alter the `salience' of the target against its background and therefore
should not interact with the signal to move attention on the invalid trials. Thus any
interaction with this manipulation should be due to the processing stage. Our results
did show a significant interaction, though the effect is small. It is important to note
that these effects of target contrast and task difficulty both altered the overall RTs by
approximately the same amount. Hence one cannot explain the difference in the cueing
effects by what one might expect from a mere slowing of RTs.

It has been shown that an observer's expectancy of the target's properties can
moderate the capture of attention (Folk et al 1992; Gibson and Kelsey 1998). Could
such `higher-level' processes account for the results we present? This seems most
unlikely. Crucially within each experiment the two target levels (contrast in experi-
ment 1 and difficulty in experiment 2) were interleaved within a block of trials. Hence
the observer has the same expectancy about the target for both low and high levels of
contrast. Thus differences in expectancy can not be used to explain the difference in
the validity effect as a function of contrast.

Taken together, the results from the two experiments suggest that target contrast
has its major effect upon validity effects at an early stage of processing (Johannes et al
1995), and is consistent with a reduced ability of the target to attract attention to itself
for further processing. As such, it is important that future research takes into account
target salience, and how factors such as old age, disease, etc might alter target salience,
before we can make conclusions about attentional mechanisms.
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