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Summary. When two vertical rods move through a horizontal window in close succession, the Tandem Effect can
be observed. It consists of a spatial illusion (distance between the rods looking smaller than it actually is) and a
temporal illusion (under certain conditions both rods are
seen simultaneously in the window, though the first rod has
left the window before the second rod enters it). We report
six experiments that explored the distance-reduction illusion and tested an attentional model of the effect. It assumes that attention is initially focused on the first rod and
then shifted to the second, when it enters the window. The
percept of the pair of rods is integrated from the first rod' s
position at the beginning, and the second rod's position at
the end, of the focus shift. Consequently their subjective
distance will be smaller than their physical distance by the
distance that they travel during the focus shift. Experiments 1 and 2 established the Tandem Effect as an empirical phenomenon and showed that its size depends on stimulus parameters such as window size and movement speed.
Experiments 3-5 tested specific predictions from the attentional model. Experiment 6 examined a further illusion, the
Fr6hlich Effect, and showed that it can be subsumed under
the model. The experiments produced some unexpected
effects and some predictions from the model were only
partly confirmed. It is shown that the main findings can be
combined into two quantitative functions that describe the
course of focusing. One implication is that visual attention
does not "move" from one object to another; rather all
attention shifts originate in the fovea. We discuss several
alternative interpretations of our data and show that they
are less satisfactory than the attentional model.

Introduction
The effect that we describe and analyze in this paper
belongs to a class of phenomena, sometimes called reducOffprint requests to." either author

tion phenomena, that have been known for more than a
century. The first author to report one variant was Z611ner
(1862). He presented figures moving behind a vertical slit
a few millimeters in width and observed what he called
"anorthoskopische Zerrbilder" (anorthoscopic distorted
pictures): Although only a small vertical section of the
figure is uncovered at any time as the figure is in motion
behind the slit, the observer sees a complete figure, with all
its parts being simultaneously visible. However, the figure
appears to be compressed; i.e., its phenomenal length is
reduced in the direction of movement. Some years later,
Vierordt (1868) discussed these phenomena in his monograph on the time sense. Among the modem authors who
have contributed to their study are Casco and Morgan
(1984), Haber and Nathanson (1968), McCloskey and
Watkins (1978), Morgan, Findlay, and Watt (1982), Parks
(1965), Rock, Halper, DiVita, and Wheeler (1987), and
Shimojo and Richards (1986).
The Tandem Effect
The method that we use in the experiments to be reported
demonstrates a particular kind of reduction effect, first
described by Kolbert and M~isseler (1981). The stimulus
display consists of a pair of vertical rods travelling through
a horizontal window at equal speed. If the stimulus distance (d) is larger than the width of the window (w), then
the first rod will have physically left the window before the
second rod enters. Nevertheless, the observer sees two rods
travelling simultaneously through the window in tandem.
Since this is the phenomenally most striking observation,
we have termed the effect Tandem Effect (Kolbert & Milsseler, 1981; Kolbert, Mfisseler, & Neumann, 1982).
The Tandem Effect encompasses two related aspects.
First, the rods are seen as being simultaneously in the
window, although this is physically not the case (the simultaneity effect). Seeing the two rods as travelling simultaneously through the window, even though d exceeds window width, implies that their perceived distance (subjective stimulus distance, d') is smaller than perceived win-
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dow width (which we can assume to be undistorted) and
hence smaller than d. Thus, the simultaneity effect is a
qualitative indicator of a distance-reduction effect. However, the reduction of d' in relation to d is not restricted to
the conditions under which the simultaneity effect can be
observed. There are two limiting cases where there is no
simultaneity effect: first, i f d is smaller than window width,
then the two rods are objectively in the window together
for a certain period of time. Given the above definition,
there can be no simultaneity effect under these conditions
(although it is possible, but difficult to test, that there are
moments at when one rod is in the window, while the
observer actually sees two rods); second, the simultaneity
effect breaks down when d is much larger than window
width.

An attentional interpretation
Distance-reduction effects have been explained within
different theoretical frameworks (see the General Discussion). Our approach is based on attentional considerations.
Its basic idea is simple. Visual attention has so far been
mainly studied with stationary displays. However, the
empirical properties of visual attention that have been revealed by these studies (for reviews see Allport, 1989;
Neumann, 1990; van der Heijden, 1992) should be equally
applicable to situations in which stimuli are in motion. If
we analyze the situation in which the Tandem Effect occurs in terms of attention shifts, then it can be shown that
the reduction phenomenon falls off as a natural consequence of the well-known properties of visual attention.
The first relevant finding is that locating a stimulus
requires focal attention to be directed to it (e.g., Butler &
Currie, 1986; Styles & Allport, 1986; for an overview see
van der Heijden, 1992). For the distance between two
moving rods to be judged, both have to be located. Since
the rods travel through the window in succession, attention
has to be focused on them successively. This implies that
subjects in a Tandem Effect experiment have to shift their
attention from the first to the second rod in order to estimate their distance.
Second, a shift of attention can be elicited by the appearance of a stimulus in the retinal periphery (e.g.,
Jonides, 1981; Miller, 1989; Mtiller & Rabbitt, 1989;
Neumann, 1979; Theeuwes, 1991). This implies that the
attention shift from the first to the second rod can be
initiated by the second rod when it enters the window.
Third, an attention shift takes time (e.g., Mfiller & Findlay, 1988; Sperling & Reeves, 1980; Tsal, 1983). Since
the stimuli in the Tandem Effect display are in motion, this
implies that, after elicition of the attention shift, the second
rod will have moved a certain distance before the focus of
attention reaches it.
If we assume that the second rod is perceived at the
position it has attained when the focus shift reaches it, then
the Tandem Effect will necessarily follow. The perceived
position of the first rod is determined by its physical position at the beginning of the focus shift. The perceived
position of the second rod is determined by its physical
position at the end of the focus shift. Hence the perceived

distance between them will be smaller than their physical
distance by the distance the second rod has covered during
the focus shift.
This explanation of the Tandem Effect is attractive for
several reasons. One is its parsimony. In contrast to other
explanations of reduction phenomena that recur, e.g., to a
hypothetical Psychological Moment (e.g., Ansbacher,
1944) or to the Theory of Relativity (e.g., Caelli, Hoffman
& Lindman, 1978), it does not require any new principles
or constructs. It simply extends to the case of moving
stimuli what is known about visual attention in stationary
displays.
Further, this explanation relates two fields of research,
motion perception and visual attention, which have so far
been explored without much mutual contact. Not only does
this offer a new perspective on distortions in motion perception. It is also potentially fruitful for the study of visual
attention. As we shall show, an analysis of the Tandem
Effect in attentional terms permits us to test several hypotheses about visual attention.
Finally, the attentional approach to the Tandem Effect is
attractive because it relates the effect to a broader class of
phenomena, e.g., metacontrast masking (Neumann, 1979,
1982; Neumann & Mtisseler, 1990a,b). The reason for this
generality is that our explanation applies to a broad class of
stimulus arrangements. A stimulus triggers a shift of attention, but is somehow modified as the shift is executed.
What one perceives is not the state of the stimulus when it
elicited the attention shift, but its state when the shift of
attention reaches it. In the case of the Tandem Effect, the
modification consists in the movement to a different position in space. In the case of metacontrast, the modification
consists in the test stimulus being replaced by the mask.
We report six experiments that demonstrate the Tandem
Effect and test the attentional explanation. Experiment 1
establishes the effect as an empirical phenomenon. Experiment 2 examines systematically how three stimulus variables affect the size of the Tandem Effect. Experiments 3-6
are aimed at more specific predictions from the model.

Experiment 1
Experiment 1 was performed in order to establish formally
the existence of the Tandem Effect with its two components, the simultaneity effect and the distance-reduction
effect. A second aim was to control for certain possible
artifacts that could have contaminated the subsequent experiments.1

MeNod
Apparatus and stimuli. Stimuli were presented on a monochrome computer monitor. There were two continuously visible white windows in the
center of the monitor: the stimulus window, 29 m m high and between 20
and 80 m m wide, depending on conditions (see below), and a marker

1 Experiment 1 was actually performed after Experiments 2-6. For convenience, we report it as the first experiment.
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window 19 mm below it, 5 mm high and 160 mm wide. The stimuli were
two black squares, each 5 mm wide and 5 mm high, that travelled through
the stimulus window from right to left at an equal distance from its upper
and lower edges. The marker window contained a thin vertical line, 0.3
mm in width, which the subject could move horizontally by moving a
computer mouse. Viewing distance was 400 ram.

Procedure. Subjects were tested individually. A trial started with a brief
signal tone which told the subject to look at the midpoint of the monitor
and maintain fixation there; 300 ms after the tone, the leading square
entered the window at its right edge, followed by the trailing square after
a variable interval (see below). Each trial consisted of three such passages of the squares, separated by intervals of 1 s. The three presentations
were identical, and subjects were informed of this fact. After the third
passage, a longer signal tone sounded which told the subjects to start
responding. Their first task was to judge simultaneity or successiveness
by pressing either the left or the right button of the mouse. The instruction was to respond "simultaneous" if the squares, or parts of them, had
been simultaneously in the window during a passage, and "successive" if
not. Pressing a mouse button caused the vertical line to appear at the left
edge of the marker window. This told the subjects to start the second task,
estimating the distance between the squares. They were instructed to shift
the line by moving the mouse until its distance from the left edge
matched the distance between the squares. (In pilot research it had been
observed that the subjects' usual strategy for assessing the distance
between the stimuli was to determine the trailing square's distance from
the left edge of the window at the moment when the leading stimulus left
the window. The adjustment task was chosen because it closely matches
this strategy.) When the adjustment was completed, the subjects pressed
both mouse buttons, and the marker's position was automatically recorded. The next trial started after an interval of 2 s.
There were two different instructions in the distance-setting task.
One group of subjects were told to adjust the outer distance between the
squares (the distance between the left edge of the leading square and the
right edge of the trailing square). The other group adjusted the inner
distance (that between the right edge of the leading square and the left
edge of the trailing square). Before data recording began, five practice
trials were performed.

Design. The four experimental factors were window width (w), stimulus
distance (d), movement speed (v), and instruction. Instructions were
varied between subjects; the other three factors were within-subject
factors; w was 20, 50, or 80 ram, d was 30, 60, or 90 ram, measured in
terms of outer distances; v was 29.6, 39.8, and 50.1 ° per second, corresponding to 207, 279, or 350 mm per second. Each of the 27 combinations of these conditions was presented three times. The resulting 81
trials were arranged in a random order, different for each subject. Statistical analysis was based on the arithmetic means from the three identical
trials in each condition.

Subjects and instruction. Fifteen students took part in the experiment; 10
were randomly assigned to the inner-distance condition, and 5 to the
outer-distance condition. The following applies to the subjects in this and
all subsequent experiments: subjects were recruited on a voluntary basis;
all had normal or fully corrected visual acuity; they were naive as to the
purpose of the experiment; in particular, they were unaware of the

Table 1. Percentage of simultaneity judgments for trials in which the
squares were actually together in the window (d < w), for trials in which
the first square had just left the window when the second square entered
(inner d = w), and for trials in which the first square had disappeared from
the window for a longer period of time, before the second square came
into it (d > w, here 20/60, 20/90, and 50/90).
Movement speed

d< w

inner d = w

d>w

29.6°/s
39,8°/s
50.1°/s

96.3
98.5
100.0

59.3
78.5
82.2

11.9
13.3
20.0

Average

98.3

73.3

15.1

Tandem Effect or of any other reduction phenomena. The instruction
required the subjects to "set the marker such that its distance from the left
hand edge of the marker window equals the distance between the outer
(inner) edges of the squares." It was emphasized that "we want to find out
how large the distance looks to you, not what you believe the actual
physical distance is." (Similarly, subjects in the subsequent experiments
were not informed about the apparatus.)

Results and discussion
We shall first consider the simultaneity task, then the distance-estimation task, and finally the relationship between
the data from the two tasks.

The simultaneity task. Since this task was identical for both
groups of subjects, data from all 15 subjects were combined. Table 1 presents the mean percentage of "simultaneous" judgments separately for the following two
classes of conditions:
(1) Physically simultaneous: the squares are actually
together in the window for a longer or shorter period of
time (i.e., the conditions d < w, here w/d = 50/30, 80/30,
and 80/60).
(2) Not physically simultaneous: this encompasses two
conditions. Either the leading square has just left the window when the trailing square enters (inner d = w, here
20/30, 50/60, and 80/90), or the leading square has disappeared from the window for a longer period of time, before
the trailing square come into it (d > w, here 20/60, 20/90,
and 50/90).
Table 1 shows that, not surprisingly, subjects judged
physically simultaneous stimuli to be simultaneous in most
cases (98.3%). However, the same response was also
chosen in almost three-quarters (73.3%) of the trials in
which the leading square had just left the window before
the trailing square came into it. Even when a longer period
of time passed physically, the squares appeared to be
simultaneous in 15.1% of the judgements. This is a clear
demonstration of the simultaneity effect.
The distance-estimation task. The results from this task are
shown in Figure 1. The most important finding is that the
distance between the squares is almost uniformly underestimated, i.e., judged distance (d') is set smaller than
physical distance (d). There are two cases where this illusion disappears or is slightly reversed: (a) if d is small (30
ram) and w is much larger (50 or 80 nun); (b) if w is large
(80 ram) and v is low (29.6 ° per second). These deviations
occur both when the inner and when the outer distances
have to be judged. They mark the limits of the Tandem
Effect. We have described the effect as occurring if two
stimuli move through a window. If there is no window, or
if there is no movement, then there should be no Tandem
Effect. What the limiting cases in Figure 1 indicate is that
the same is also true if there is too slow movement and/or
if the window is too large in relation to the distance between the squares.
Figure 1 shows a highly regular set of data. A mixed
four-way ANOVA corroborates this impression. All factors had significant main effects. Subjects who had to
estimate the outer distance set the marker at a larger d' than
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Fig. l. Subjective inter-stimulus distance (d') as a function of movement
speed (abscissa), window width (w, curve parameter), and inter-stimulus
distance (d, panels). The upper three panels show the data from subjects
who had to judge the outer distance between the squares, while data in the
lower panel are from these who had to judge the inner distance. Since
square width was 5 ram, an inner distance of X mm corresponds to an
outer distance of X + 10 ram. The straight horizontal lines show the
physical distance that was to be judged. Data points below the horizontal
lines indicate a distance-reduction effect.

those who had to adjust the inner distance, F(1,13) = 5.19,
p < .05, MSe = 369.58; d' became smaller as v was increased, F(2,26) = 66.67, p < .001, MSe -- 10.53, and as w
was reduced, F(2,26) = 732.98, p < .001, MSe = 37.26, and
d' increased as a positive function of d, F(2,26) = 311.55, p
< .001, MSe = 88.77. The instruction interacted only with d,
with the instruction effect becoming smaller as d increased.
One possible interpretation of this is that the difference
between the inner and the outer distances becomes perceptually less salient as the absolute distance between the
squares increases.
Further, all interactions between d, w and v were significant. However, all interactions taken together accounted
for only 6.3% of the variance within subjects, as compared
to 74.0% accounted for by the three main effects (estimations based on c02; see Hays, 1974, pp. 487 ff). Since the
only purpose of the present experiment was to establish the
Tandem Effect as an empirical phenomenon, we shall not
at this stage try to interpret these findings in detail. We
return to them when discussing the subsequent experiments, in which all of them were replicated and extended.

The relationship between simultaneity judgment and distance estimation. We have argued that the simultaneity
effect derives from the distance-reduction effect. There are
two reasons for this assumption. First, if subjects judge the
two stimuli to be simultaneously in the window, then this
logically implies that they perceive their distance d' as

being smaller than window width w. If d is larger than w,
then this perception must be based on an illusory reduction
of d' as compared to d. Second, pilot studies indicated that
a distance reduction can also be observed under conditions
in which there is no simultaneity effect. Altogether, this led
us to conclude that distance reduction is the basic effect
and that the simultaneity effect is a secondary consequence
that occurs under appropriate conditions.
The assumption that the simultaneity effect is a secondary consequence of a distance reduction leads to a straightforward prediction. If the squares are judged to be simultaneous, then d' should be estimated to be smaller than w.
However, the reverse relationship does not necessarily
hold. This is because the relationship d' < w is a necessary,
but not a sufficient, condition for a "simultaneity" judgment. If the period of time during which the squares are
together in the window is too short, then this brief moment
of simultaneity may go unnoticed, resulting in a "successive" judgment.
This prediction can be tested by consideration of the
data from individual trials. If our analysis is correct, then
the judgment "simultaneous" should be restricted to trials
in which d' was set smaller than w, whereas d's that are
smaller than w need not necessarily be accompanied by the
judgment "simultaneous". The data provide a striking confirmation of this prediction: Of the overall 756 "simultaneity" judgments, 749 (99.1%) were accompanied by a d'
smaller than w. By contrast, there was a considerable proportion of"successive" judgments on trials in which d' was
estimated to be smaller than w (160 out of 909, or 17.6%).
To summarize, the experiment has established the
simultaneity effect and the distance-reduction effect as two
aspects of the Tandem Effect. Besides having demonstrated that the Tandem Effect exists as an empirical phenomenon, the findings from this experiment have several
methodological implications for the subsequent experiments.
First, we have found evidence that the simultaneity
effect depends on the distance-reduction effect, but not
vice versa. Since a distance estimation contains more information than a simultaneity/successiveness judgment does
(measurement on a ratio scale vs. a nominal scale), d' is the
preferable operationalization of the Tandem Effect. Accordingly, we shall use d' as the dependent variable in all
subsequent experiments. In the rest of this paper, we shall
use "Tandem Effect" and "distance-reduction effect" interchangeably.
Second, all three within-subjects factors were randomized in this experiment. For technical reasons, d had to
be blocked in the experiments that follow. Given the results
from the present experiment, we can be sure that the Tandem Effect which we expect to obtain in the subsequent
experiments is not an artifact of blocking.
Third, we used a marker window 160 mm wide. The
purpose of using this extra-large marker window was to
give subjects ample space to set d' as large as they might
wish. In following experiments, we use a marker window
of the same size as that of the largest stimulus window (80
mm in most cases). As suggested by pilot research, this
facilitates the subject's task of reproducing in the marker
window the stimulus arrangement that is perceived in the
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stimulus window. On the basis of the present results, we
can be sure that the distance reduction we expect to find in
this and the subsequent experiments cannot be attributed to
any restriction imposed by the size of the marker field.
Fourth, we obtained the Tandem Effect with both instructions. Moreover, the instruction to estimate the outer
distance led to significantly larger estimations than the
instruction to reproduce the inner distance. Taken together,
these findings clearly indicate that the subjects were able to
understand both tasks adequately and to respond accordingly. It is important to have ensured this, because in the
following experiment we ask subjects to estimate the outer
distance between a pair of rods. If they actually judged the
size of the gap between the rods (the inner distance),
whereas we suppose their judgment to refer to the outer
distance, then reduction-effect-like data could have been
produced as an artifact.
In Experiment 2 a larger number of subjects was used
and a mechanical apparatus permitting a more precise control of stimulus parameters and a much larger range of
variation of movement speeds than the computer display.
The main aim of Experiment 2 was to replicate the results
of Experiment 1 under these improved conditions in order
to obtain a reliable data base for the subsequent, more
detailed analyses. As in Experiment 1, three variables were
systematically investigated: stimulus distance (d), window
width (w), and movement speed (v).

Experiment 2
Method
Apparatus. Stimuli were generated by rear-projecting the shadows of
moving rods onto a vertical projection surface. The apparatus (for a
detailed description see Mtisseler, 1987) consisted of a modified slide
projector (model Leitz 200553) which constantly emitted a beam of
white light, and a rotating horizontal disc (circumference of 160 ram).
Two metal rods could be mounted at different positions at the circumference of the disc in such a way that they passed through the slide channel
during each rotation; d could be manipulated by varying the distance
between these metal rods. The movement speed of the shadow projections of the rods (which were in focus and produced a strong contrast)
could be changed by adjustment of the disc's speed of rotation. 2 The
screen was covered by a black mask in which the stimulus window was
cut at eye level. The height of the window was 40 mm. Various window
widths could be installed by means of different masks. The shadow
projections of the rods, moving across the window from right to left,
were 8 mm wide. A marker window, 80 mm wide and 40 mm high, was
placed 40 mm below the stimulus window. The marker window contained a thin vertical metal wire, 1 mm in diameter, which the subject
could move horizontally by turning a knob. The window's luminance
was approximately 115.0 cd/m 2. The rest of the room was dimly lit. The
subject's head rested on a chin-rest at a distance of 200 mm from the
projection screen.

was pointed out that this included the possibility of positioning the
marker outside of the marker window, i.e., to the right of its right edge.
After a few practice trials, and after it had been ascertained that subjects
had understood the instruction, they were asked to put on headphones.
During the experiment white noise was presented over the headphones to
mask all sounds from the apparatus. As in Experiment 1, a trial started
with a brief signal tone, which told the subjects to look at the midpoint of
the window and maintain fixation there. Approximately 1.25 s after the
signal, the pair of rods moved across the window. Each trial consisted of
a series of three identical presentations. After the third presentation, a
longer signal tone sounded which told the subjects to start adjusting the
metal wire. When the adjustment was completed, the marker's position
was recorded by the experimenter. The next trial started after an interval
of approximately 7 s.

Design. As in Experiment 1, the three experimental factors were d, the
outer distance between the rods (36, 66, and 96 ram); w, window width
(20, 50, and 80 ram); and v, movement speed (55.6, 99.0, 141.4, 183.8,
and 226.2 ° per second, corresponding to 200, 350, 500, 650, and 800 mm
per second). All 45 combinations of these three factors were presented to
all subjects. The 45 trials were partitioned into three blocks of trials; d
was held constant during a block. The 15 combinations of window
widths and movement speeds within a block were presented in a random
order, different for each subject. The sequence of blocks was randomized
across subjects.

Subjects. There were 16 female and 14 male psychology students who
took part in the experiment. Their mean age was 23.2 years.

Results and discussion

Figure 2 shows the results. The data from the outer-distance condition in Experiment 1 are included in the figure
for comparison. The two sets of data match very well in
spite of the differences in method and the different ranges
of movement velocities.
A 3 x 3 x 5 ANOVA with repeated measurements replicated all the effects found in Experiment 1. All main effects and all interactions were highly significant. As in
Experiment 1, all interactions taken together accounted for
only a small proportion (about 5.6% of the total variance,
as compared to the 73.0% accounted for by the main effects). The directions of the main effects were identical to
those in Experiment 1. As movement speed (v) increased,
d' became progressively smaller, F(4,116) = 169.04,
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Fig. 2. Subjective inter-stimulus distance (d') as a function of movement
speed (abscissa), inter-stimulus distance (d, curve parameter), and window width (w, panels) (Experiments 1 and 2).
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p < .001, MSe = 80.79. Reducing window width (w) also
led to a decrease in d', F(2,58) = 253.94, p < .001, MSe =
160.07. Third, d' increased as a function of physical distance, d, F(2,58) = 180.61,p < .001, MSe = 282.19.
The main effects of v and w on d' mean that the distance-reduction effect increases as a positive function of v
and as a negative function of w. A similar conclusion
cannot, however, be drawn from the main effect of d,
because such an effect is to be expected for the simple
reason that perceived distance is likely to be correlated
with physical distance. To examine whether d also influences the size of the distance-reduction effect, an additional three-way ANOVA was run, for which the absolute
values of d' were converted into relative scores (d'/d). If
the main effect of d simply reflects the correlation between
d and d', then it should disappear in this analysis. It did not,
F(2,58) = 97.35, p < .001, MSe = 7.01. This proves that the
size of the Tandem Effect does increase as a function of d.
The data shown in Figure 2 can be analyzed at two
levels. First, the figure shows what appears to be an orderly
set of quantitative relationships. If the attentional model is
valid, then some simple, basic relationships should be hidden behind this family of empirical functions. We shall
present an analysis at this level in the General Discussion.
Second, Experiments 1 and 2 have produced some clearcut qualitative results. The size of the Tandem Effect increases as the distance between the stimuli becomes greater, their movement speed faster, and window width
smaller. As a first interpretative step, we may ask whether
these three effects are in agreement with the attentional
model.
According to the model, d' is smaller than d because the
phenomenal representation of the pair of rods is integrated
on the basis of the first rod's position at the beginning of
the focus shift and the second rod's position at the end of
the focus shift. Hence d' is smaller than d by the distance
dfs that the second rod has travelled during the focus shift.
In other words, all manipulations that increase this distance
dfs will lead to a larger Tandem Effect. This offers a clue to
two of the three main effects:
First, all other factors being equal, dfs will be proportional to the rods' movement speed. Thus, the positive
relationship between v and the size of the Tandem Effect
follows directly from the model. Second, at a given movement speed the distance dfs will increase linearly with the
duration of the focus shift. Assuming that (a) the amplitude
of the focus shift depends positively on d, and (b) the
duration of the focus shift depends positively on its amplitude, it follows that dfs will be positively related to d.
Hence the size of the Tandem Effect should increase as a
function of d, which is also in accordance with the data.
(Note that neither assumption (a) nor assumption (b) is a
logical consequence of the attentional model as such. Both
are, however, plausible assumptions to start with, based on
the notion that an attention shift is similar to the movement
of a spotlight [e.g., Remington & Pierce, 1984; Tsal, 1983;
see Eriksen & Murphy, 1987, for a critical review]. The
validity of these assumptions will be empirically examined
in conjunction with Experiment 6.)
Thus, two of the three main effects found in the experiments are in line with t]he attentional model. By contrast,

the effect of the third factor, window width, is not predicted
by the model. However, it can be incorporated if one makes
certain ad-hoc assumptions. Consider the case in which the
first rod leaves the window before the second enters. There
are two interesting problems when d exceeds window
width. First, how can the distance between the rods be
determined at all if the first rod has already left the window
when the second rod enters? Second, what is the attentional
state during the time when neither of the rods is in the
window? What happens to the focusing process in this
situation?
As to the first question, it seems that an observer can
only judge d' if there is some internal representation of the
distance between the rods, even if they are never in the
window simultaneously. One way of making available
such an internal representation would be by extrapolation
of the first rod's trajectory after it has left the window. The
distance between the rods would then be given by the
position of an invisible (virtual) representation of the first
rod and the position of the visible second rod.
Regarding the second question, it seems that, in principle, one of three things might occur after the first rod has
disappeared from the window and before the second rod
enters (excluding implausible possibilities such as a temporary shift of attention away from the stimulus display).
First, a focus shift in the direction of the second rod
might be started, although it has not yet entered the window. Instead of the appearance of the new object of attention, it would in this case be the loss of the previous object
of attention that triggers the focus shift. Such a projected
rather than an attracted shift of attention might be based on
the expectation that the second rod will enter the window
after the first has disappeared.
Second, the focusing process might stop at the location
where the first rod has disappeared, remaining there until
the second rod appears. The loss of its original object could
put visual attention into something like a waiting state until
the next focus shift is triggered by the appearance of a new
target.
The third possibility is that the first rod continues to be
focused, although it is now behind the masking screen, i.e.,
what is attended to is a virtual representation of the moving
rod. In this case attention would continue to be shifted in
the direction of the rod's movement. As was mentioned
earlier, there is much evidence that an object's position can
only be assessed if attention is focused onto it. If this is the
case, then a virtual representation of the first rod can only
be used for distance estimation if attention continues to
follow its trajectory. The third hypothesis is thus in line
with current research on visual attention. This is one reason
why we favor it over the alternative hypotheses. The second reason is that it offers a plausible explanation of the
effect of window width on d'.
This explanation is based on the assumption that the
extrapolation of the rod' s trajectory after it has disappeared
from the window is less than perfect because the movement of attention slows down when the object attended to
is no longer physically present. In this case, the position of
the first rod would be located closer to the second rod than
it actually is, thus producing an increase in the size of the
Tandem Effect. This could explain the effect of window
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width. All other factors being equal, the probability and
duration of the situation that attention is directed at a virtual representation of the rod will depend inversely on the
width of the window. Hence the smaller the window, the
larger this extra increase in the size of the T a n d e m Effect
will be.
The double assumption that (a) attention will continue
to be directed to a representation of the first rod, even after
it has left the window, as long as the second rod has not yet
appeared, and (b) the displacement of this virtual representation lags behind the physical rod' s actual speed o f movement m a y explain the effect o f w i n d o w width on the
amount o f the T a n d e m Effect. This is a post-hoc explanation. There is, however, a straightforward w a y o f testing it.
It is based on the consideration that, according to this
hypothesis, it is not w i n d o w width as such that influences
the size of the T a n d e m Effect. If our interpretation is correct, the T a n d e m Effect increases as a negative function o f
window width only because o f the effect that w i n d o w
width has on the time during which attention follows the
first rod's virtual representation. If we could decouple
these two factors, i.e., manipulate window width without
changing this time variable, then the effect o f window
width on the size of the T a n d e m Effect should be
abolished. This prediction was tested in Experiment 3.

Experiment 3
Our explanation implies that the critical aspect o f w i n d o w
width is the influence it has on the interval between the
disappearance of the first rod and the appearance o f the
second rod (call it the critical interval). The problem, then,
is to vary window width in such a w a y that the variation has
no effect on the critical interval. This cannot easily be
achieved with a single window. Consider, however, a twow i n d o w display, as shown in Figure 3. The first rod travels
through the upper window, while the second rod travels
through the lower window. 3 Suppose that we keep the
right-hand edge of both windows fixed and manipulate
w i n d o w width by displacing the left-hand edge of either
the upper or the lower window.
If we manipulate the width of the upper window, the
effect on the critical interval will be the same as in the
previous experiments. The farther the left-hand edge of the
w i n d o w is m o v e d to the right, the earlier will the first rod
disappear. Since the m o m e n t when the second rod appears
remains unchanged, this will increase the critical interval.
Things are different, however, if we manipulate the lower
w i n d o w ' s width. This will have no effect on the m o m e n t
when the first rod disappears. Nor will it influence the
m o m e n t when the second rod appears, since the position of
the right-hand edge o f the lower window remains the same.
Hence both the beginning and the end of the critical interval will remain unaffected.
Thus, manipulation o f the lower w i n d o w ' s width provides us with the crucial condition for testing our hypothe3 In a previous experiment we have shown that the Tandem Effect is not
abolished by this change in the experimental device (Kolbert et al., 1982,
Experiment 3).
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Fig. 3. Stimulus display used in Experiment 3. The first rod travels
through the upper window, while the second rod travels through the
lower window. Both rods move from right to left, as indicated by the
arrows. Dashed lines show three alternative positions of the left-hand
edge of each window. Reducing the width of the upper window by
displacing its left-hand edge to the right increases the interval between
the disappearance of the first rod and the appearance of the second rod
(critical interval). By contrast, reducing the width of the lower window in
the same way leaves the critical interval unchanged.

sis. It causes a change in window width that is decoupled
from a corresponding change in the duration o f the critical
interval. If the hypothesis is correct, then this change in the
width of the lower window should not affect the size of the
T a n d e m Effect. The corresponding change in the width o f
the upper w i n d o w should have the effect seen in Experiments 1 and 2.

Me~od
Apparatus and stimuli. The rods moved through two stimulus windows,
each 25 mm high and maximally 60 mm wide and placed 20 mm apart in
vertical alignment (Figure 3). The first rod was presented in the upper
window, while the second rod appeared in the lower window. A fixation
point was placed in the middle between the two windows. The inner
distance between the rods was set at a constant 60 mm. With a rod width
of 8 ram, this corresponded to an outer distance of 76 mm. The distance
between the projection surface and the observer's eyes was approximately 350 mm.
Window width was adjusted with sliding devices by means of which
the left-hand edges of both the upper and the lower windows could be set
separately. The marker window (100 mm wide and 25 mm high) was
placed underneath the two stimulus windows. In all other respects the
experimental set-up was identical to that used in Experiment 2.
Design. For half of the subjects, the upper window was kept constant,
while the lower window' s width was varied. For the other half the reverse
was the case. The width of the window that remained constant was 60
mm. The variable window was 5, 10, 20, 30, 45, or 60 mm wide. Two
movement speeds were employed (81.8 and 130.9° per second, corresponding to 500 and 800 mm per second). Thus the design was a
2 x 6 x 2 mixed design, with repeated measurements on the factors Window width and Movement speed, and independent measurements on the
factor Upper/Lower window.
Procedure. The subjects were randomly assigned to one of the two
groups. The conditions were presented in random order, different for
each subject. The measurement procedure, using the method of adjustment, was the same as in Experiment 2. The only difference was that
subjects were asked to adjust the inner rather than the outer distance
between the rods. Each subject had three trials in each of the 12 conditions. They made their adjustments after observing three successive
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presentations. The means of these scores were entered into the statistical
analysis.

Subjects. There were 5 female and 15 male students taking part in the
experiment. Their mean age was 25.1 years.

Results and discussion

As can be seen from Figure 4, d' increased as a function of
window width when the upper window was varied. No
such effect occurred with variation of the lower window.
The ANOVA confirmed a highly significant Groups x
Window-width interaction, F(5,90) = 18.09, p < .001, MSe
= 29.97. The only other strong effect was that of Movement speed, F(1,18) = 39.66,p < .001, MSe = 56.55, which
did not interact with any of the other factors. The main
effects of Window width, F(5,90) = 3.33, p < .05, MSe =
29.97 and Groups, F(1,18) = 7.39, p < .05, MSe 795.73,
were marginally significant. No other effect approached
significance.
These results strongly support the suggested explanation of the effect of window width. The almost perfect
convergence of the data from the two groups at 60-ram
window width, where conditions actually did not differ
between groups, indicates that d' can be reliably judged,
even if the two rods travel through different windows.
Moreover, the effect of movement speed on the size of the
Tandem Effect found in Experiments 1 and 2 has been
replicated. The monotonic increase in the size of the Tandem Effect as a function of window width, if the upper
window is varied, is also in accordance with the previous
data. The fact that this effect disappeared when the width
of the lower window was varied can thus not be explained
by any difference in procedure between the two experiments. It clearly indicates that it is not window width as
such that influences d' in the manner that was found in
Experiments 1 and 2. Rather, d' is reduced if, through a
reduction in window width, the critical interval is increased.
The main goal of Experiment 4 was to provide further
qualitative support for the attentional model. Both rationale
=

and method were similar to those of Experiment 3. The
rationale was to create a situation in which the attentional
model predicts a qualitative change in the pattern of results.
The method was once again the usage of two separate
windows, one for each of the rods. By varying the spatial
position of these windows in relation to each other, one can
create a situation in which the second rod does not appear
behind the first rod, but in front of it.
According to the attentional model, the consequence
should be that the movement of the second rod and the
attention shift towards it are no longer in opposite directions, "meeting" at some point. Instead, they follow the
same direction, and the attention shift has to "catch up"
with the seconds rod's movement. A reversal of the Tandem Effect (expansion instead of distance reduction)
should be the consequence.

Experiment 4
The display used in Experiment 4 was similar to that of
Experiment 3 (Figure 5). The main difference was that the
width of both windows was identical and remained the
same throughout the experiment. The critical variable was
the position of the upper window in relation to the lower
window. By this variation we expected to manipulate the
direction of the assumed focus shift from the first to the
second rod. The condition in which the upper window is
shifted to the left by an amount larger than d is crucial for
our hypothesis. The consequence is that the second (the
trailing) rod will enter its window (the lower one) before
the first (the leading) rod enters its (upper) window. In
other words, the temporal order in which the rods become
visible in their respective windows will be the reverse of
their spatial order.
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Fig. 4, Subjective inter-stimulus distance (d') as a function of window
width (abscissa), movement speed (panels), and whether the width of the
upper or lower window was varied (curve parameter) (Experiment 3).

Fig. 5. Stimulus display used in Experiments 4 and 5. The upper two
windows are stimulus windows, the lower is the marker window. Subjects fixate point FP. The width of both stimulus windows is 100 ram.
Rods move from right to left, as indicated by the arrows, with the first
(leading) rod in the upper and the second (trailing) rod in the middle
window. The middle window's position is constant, while the upper
window is shifted to the left by 0, 25, 50, or 75 mm in different experimental conditions. In conditions where the amount of the shift exceeds d,
the second (traifing) rod enters the middle window before the first (leading) rod enters the upper window. The order of appearance is thus the
reverse of the spatial order of the rods (all values in ram).
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What will be the course of focusing in this experimental
set-up, according to the attentional model? After the trailing rod has entered the lower window, attention will be
shifted to it and then follow it. When the leading rod
appears in the upper window, it triggers an attention shift.
The leading rod moves while this shift is under way. According to the general assumption of the attentional model,
d' will be determined by the trailing rod's position at the
beginning of the focus shift and the leading rod' s position
at the end of the focus shift. Since the rods now move in the
direction of the focus shift rather than in the opposite
direction, d' will comprise their physical distance (d) plus
the space that the leading rod covers during the focus shift.
Consequently, the Tandem Effect will be reversed - the
distance between the rods will now be overestimated. Like
the original reduction effect, and for the same reason, this
expansion effect will increase with movement speed.
One potential difficulty with testing these predictions is
that by the shifting of the window's positions in relation to
each other, the complete horizontal extension of the display (measured from the left-hand edge of the upper window to the right-hand edge of the lower window) will be
enlarged. This could have an effect similar to an increase in
the width of a single window, i.e., a reduction of the Tandem Effect. To control for this potentially disturbing effect,
a control condition was employed. In this condition two
identical, vertically aligned windows were used, whose
width was identical to the largest distance from the lefthand edge of the upper window to the right-hand edge of
the lower window in the experimental conditions. Thus any
effect due to the horizontal extension of the complete display could be separated from the effect of shifting one
window's position in relation to that of the other.

Method
Apparatus and stimuli. The experimental set-up was basically the same
as in Experiment 3. Both windows were 25 mm high and 100 mm wide.
Their vertical distance was again 20 mm. The inner distance between the
rods was 42 mm, correspondingto an outer distance of 58 mm and to a
distance of 50 mm between the two leading edges. In all other respects
the apparatus was identical to that used in Experiment 3.

Design. The upper window was shifted by 0, 25, 50, or 75 mm to the left
in relation to the lower window.In the 0 and 25 mm positions, the leading
upper rod entered its windowbefore the trailing lower rod. In the 50-ram
position, both rods entered their respective windows simultaneously. In
the 75-mmposition, the trailing rod entered the lower windowbefore the
leading rod entered its upper window. This was the conditionfor which a
reversal of the Tandem Effect was predicted. In the control condition,
both windows were 175 mm wide. Movement speeds were 32.7, 81.8,
and 130.9° per second (corresponding to 200, 500, and 800 mm per
second). The design thus comprised 5 window positions (including the
control condition) and 3 movementspeeds.

Procedure. The experiment was divided into two parts. The first part
consisted of the experimental trials, while the secondpart contained the
control trials. Within each part all conditions were presented in random
order, each condition comprising three trials. The means of these three
measurements were entered into the ANOVA. In all other respects the
procedure was the same as in Experiment 3.

Subjects. There were 12 female and 6 male students with a mean age of
26.8 years.
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Fig. 6. Subjective inter-stimulus distance (d') as a function of movement
speed (abscissa) and amount of shift of the upper window (curve parameter). The horizontal line indicates the objective inter-stimulus distance
(d). The dashed line shows data from the control conditionwith window
widths equalling 175 mm (Experiment 4).

Results and discussion
The A N O V A revealed significant main effects of both
factors as well as a significant interaction: Window position, F(4,68) = 18.63, p < .001, MSe = 71.77; Movement
speed: F(2,34) = 16.06, p < .001, MSe = 87.72; interaction,
F(8,136) = 7.65, p < .001, MSe = 23.54. As can be seen
from Figure 6, the effect of window position as well as its
interaction with movement speed are in the predicted directions. The usual reduction effect is present when the leading rod appears before, or simultaneously with, the trailing
rod (window positions 0, 25, and 50 ram). This effect is
reversed into an expansion effect when the leading rod
appears after the trailing rod (window position 75 mm).
Both effects are enhanced as movement speed increases.
Figure 6 further indicates that we were correct in suspecting that a shift in the relative positions of the windows
might have an effect comparable to that of an increase in
window width. However, the critical result from the 75mm condition cannot be reduced to this effect. The control
condition still shows a substantial reduction effect, whereas an expansion effect appears in the 75-mm condition.
While the results are thus in good qualitative agreement
with the predictions, they leave something to be desired
from a quantitative point of view. According to the attentional model, d' in the standard situation equals d minus the
distance covered by the second rod during the focus shift.
In the situation in which an expansion effect should occur
d' equals d plus this same distance. All other factors being
equal, this distance will be proportional to movement
speed. Hence movement speed should have about the same
effect on the size of the expansion effect in the 75-ram
condition and on the size of the reduction effect in the
25-ram condition. As Figure 6 shows, this is not the case.
The effect of movement speed on the expansion effect is
very small and seems to be restricted to the highest speed
used in the experiment.
A possible interpretation of this discrepancy occurred to
us when we inspected the data from individual subjects. It
turned out that only 10 subjects exhibited the predicted
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expansion effect at 75 mm, whereas 7 subjects showed a
reduction effect even in this condition. One subject did not
show either effect clearly. In both groups of subjects, the
respective speed effects were quite pronounced, but since
they went in opposite directions, they largely canceled each
other out in the averaged data. Of course such a qualitative
post-hoc analysis of individual data must be made with
great caution. The differences between individual subjects
might simply reflect statistical variability. On the other
hand, it is possible that they are based on a difference in
strategy.
There is one possible strategic difference that could well
account for the differences between the individual data in
the 75 mm condition. Here the first event is that the trailing
rod appears in the lower window and starts traveling
through it. Next the leading rod enters the upper window
and begins crossing it. This is followed by the trailing rod
leaving the lower window. Finally, the leading rod moves
out of the upper window. When deriving the prediction of
an expansion effect under these stimulus conditions, we
assumed that the course of focusing was from trailing rod
to leading rod. While this focus shift is in progress, the
leading rod moves a certain distance. This should result in
an expansion effect.
However, this is not the only possible attentional
strategy. Alternatively, a subject might first ignore the
trailing rod and instead attend to the upper window, where
the leading rod will appear. When it enters the window,
attention is shifted towards the trailing rod in the lower
window. The movement direction of the rod will in this
case be opposite to the direction of the focus shift, producing the usual reduction effect instead of the predicted expansion effect.
Both of these are plausible attentional strategies, since
in both cases attention is initially focused on the first rod
and then shifted to the second rod. The difference lies in the
definition of "first" and "second." The first strategy defines
"first" and "second" in terms of order of appearance. The
second strategy defines them in spatial terms.
This account of the individual differences in the 75
ram-condition is worth testing not only in order to clarify
the results from this condition, but also because it allows a
further evaluation of the attentional model. If the subjects
in Experiment 4 spontaneously chose one of these two
strategies, then it should be possible to induce either of
these strategies via an appropriate instruction. If the Tandem Effect can be reversed under identical stimulus conditions by variation of the instruction with respect to shifts of
attention, then this wilt be additional evidence in favor of
our attentional account of the effect.

ever, it is unclear to what extent the attention shifts that
presumably take place in this type of situation are consciously represented and can hence be directly influenced
by the instruction. Distinguishing between strategies does
not necessarily imply that these are explicitly intended by
the subject (cf. Neumann, 1984). We therefore employed
two different variants of the adjustment task that required
different shifts of attention without explicitly asking for
them.
In the first condition (fixation right above = FRA) subjects were asked to fixate a small red dot at the fight-hand
edge of the upper window and wait for a rod to enter this
window. Their task was to determine the position of the
other rod (that in the lower window) at the moment when
this occurred, while continuing to fixate the dot. Thus,
attention was first directed to the leading rod and had then
to be shifted to the trailing rod in a direction opposite to the
rod's direction of movement. This should produce the
usual reduction effect. In the second condition (fixation left
below = FLB) subjects were asked to fixate a small green
dot on the left-hand edge of the lower window and wait
until the rod that was moving through this window left it.
The task was to determine the position of the other rod (in
the upper window) at the moment when this event took
place, again while maintaining fixation. This task required
a focus shift from the trailing to the leading rod, hence a
shift in the rod' s direction of movement. This should lead
to an expansion. Both the expansion and the reduction
effects should increase with movement speed. Hence the
main prediction for the experiment was an interaction between instructions and movement speed.

Method
Apparatus and stimuli. The apparatus and the stimulus display were
identical to those used in the 75-ram conditionof Experiment4.
Design. The design was a 2 x 3 repeated measurements design with 2
Instruction conditions and 3 Movement speeds (32.7, 81.1, and 130.9°
per second; correspondingto 200, 500, and 800 mm per second). Half of
the subjects were first tested under the FRA instructionand then under
the FLB instruction.This sequencewas reversedfor the other half of the
subjects.
Procedure. Instructionswere given beforeeach block.Within each block
the three speed conditionswere presented in random order, determined
independentlyfor each subject.All furtherdetails of the experimentwere
identical to those of Experiment4.
Subjects. There were 12 male and 18 femalesubjects who took part in the
experiment.Their mean age was 24.9 years.

Experiment 5
Results and discussion
The purpose of Experiment 5 was to test the suggested
interpretation of the data from the 75-ram condition by
replicating this condition with one alteration. While in
Experiment 4 subjects had been free to choose their attentional strategy, the course of focusing was manipulated in
Experiment 5. One way of doing this could have been to
instruct subjects directly how to shift their attention. How-

As was predicted, there was a significant interaction between Instructions and Movement speed, F(2,58) = 7.12,
p < .01, MSe = 70.01. In addition, there were marginally
significant main effects of both variables: Instructions,
F(1,29) = 5.33, p < .05, MSe = 295.73; Movement speed,
F(2,58) = 3.74, p < .05, MSe = 77.39).

256

55

50

E

~s

b

~

FLB

~

4O

Effect can be combined with the data from Experiment 2 to
reconstruct quantitatively the course of focusing during an
experimental trial. For these reasons the next experiment
investigated the Fr6hlich Effect under the same conditions
under which the Tandem Effect was assessed in Experiment 2.
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Fig. 7. Subjective inter-stimulus distance (d') as a function of movement
speed and instruction (FLB = fixate left below; FRA = fixate right
above). The horizontal line indicates the objective inter-stimulus distance
(d) (Experiment 5).

These results are plotted in Figure 7. The expected
increase in the size of the expansion effect as a function of
movement speed is clearly present in condition FLB, for
which it was predicted. As was expected, this expansion
effect is completely abolished in condition FRA.
Thus, a mere change in attentional strategy can turn the
original reduction effect into an expansion effect. This
makes it likely that the between-subjects differences seen
in Experiment 4 had indeed been due to different strategies.
These results provide additional support to the attentional
model. They strongly suggest that the Tandem Effect depends on the direction in which attention is shifted between
the rods, and not merely on objective stimulus factors.
There is, however, one unexpected aspect of these data.
The reduction effect in condition FRA is small, even almost disappearing at the largest movement speed, where it
should be most pronounced according to the model. This is
at variance with the corresponding findings from Experiments 1-3 as well as from the 0-, 25-, and 50-ram conditions of Experiment 4, where clear-cut reduction effects
were uniformly present. One possible reason is that in the
FRA condition of the present experiment subjects were
required to decide at which moment the leading rod entered
the upper window. As has long been known (Fr6hlich,
1923, 1929), there is a systematic error when observers are
asked to judge the entrance of a stimulus into a window.
Typically the stimulus is first noticed not at the edge, but at
some later position within the window. This Fr6hlich Effect could have distorted the distance estimations in condition FRA.
While it may have disturbed the data in this condition which is, however, not critical for the hypothesis under test
- the Fr6hlich Effect deserves closer scrutiny in its own
right. There are three reasons for including it in the present
investigation. First, the attentional model as applied to the
Tandem Effect provides an explanation of the Fr6hlich
Effect. Indeed, this effect is directly predicted by the model. Second, the FrOhlich Effect can be used for further
testing of some of the assumptions that we have so far
made. Third, measurements of the size of the Fr6hlich

A simple variant of the Tandem Effect experiment would
consist in just one rod moving through the window. Our
attentional explanation of the Tandem Effect can be easily
extended to this variant.
When the rod enters the window, it initiates a focus shift
towards it. While this shift is under way, the rod moves into
the window. The first conscious (i.e., explicitly reportable)
representation of the rod will be available at the end of the
focus shift. Hence the rod will first be perceived not as it
enters the window, but at some later position. This is the
Fr6hlich Effect.
If two rods travel through the window in succession,
both will be subject to a Fr6hlich Effect, which is of particular interest in the case of the second rod, because it can be
used for further testing of several assumptions that we have
so far made:
First, if attention is initially focused on the first rod and
shifted to the second rod upon the latter's entry into the
window, then the size of the Fr6hlich Effect will be given
by the distance that the second rod has travelled from its
entry until the moment when the attention shift is
completed. This distance depends on the rod's movement
speed. The attentional model predicts therefore that the
Fr6hlich Effect will increase as a function of movement
speed.
Second, this distance is determined by the duration of
the focus shift. According to our working hypothesis, the
duration of a focus shift varies positively with its amplitude. Hence the Fr6hlich Effect should be the larger, the
farther away the starting point of the focus shift is from the
fight-hand edge of the window. We have so far assumed
that the attention shift starts from the focused position of
the first rod. If this assumption is correct, then the extent of
the focus shift should increase as a function of d.
Finally, we have interpreted the effect of window width
on the size of the Tandem Effect by postulating that the
virtual position of the first rod after it has left the window
lags systematically behind its real position. All other factors being equal, the amount of this deviation increases as
window width becomes smaller (see the Discussion of
Experiment 2). Assuming that the attention shift starts
from the first rod's focused position, this effect will reduce
the amplitude of the focus shift towards the second rod, and
hence its duration. Consequently, the size of the Fr6hlich
Effect will be positively related to window width.
Experiment 6 was a replication of Experiment 2 with
the alteration that instead of estimating d', subjects were
asked to estimate the position at which the second rod first
became visible in the window.
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Method
Apparatus and design. The apparatus and conditions were the same as in
Experiment 2.

Procedure. Subjects were informed that a rod that enters a window may
first be perceived at some distance away from the edge of the window,
and that the aim of the experiment was to measure the size of this illusion.
No information about the experimental variables and their possible effects was given. As in Experiment 2, subjects were told to fixate the
center of the window when a sound announced the beginning of a trial.
When the first rod appeared, they were first to follow it with their
attention and then try to determine where the right-hand edge of the
second rod was located when they first noticed that it was there. After the
trial they had to set the marker at a position exactly below this point.
Unlike that in Experiment 2, the pre-trial position of the marker was at
the right-hand, rather than the left-hand, edge of the marker window. In
all other respects the procedure was identical to that in Experiment 2.

Subjects. There were 9 male and 11 female students, aged between 18
and 35 years, who served as subjects.

Results and discussion
The results are shown in Figure 8. There were pronounced
effects both of Movement speed, F(4,76) = 10.17, p < .001,
MSe = 5 9 . 5 0 , and of Window width, F(2,38) = 135.95, p <
.001, MSe -- 167.64. As can be seen from Figure 8, both
effects went in the predicted directions. By contrast, contrary to our expectations, there was no effect of d, F(2,38)
= .84, NS, MSe = 100.67. The interaction between Movement speed and Window width, F(8,152) = 3.55, p < .05,
MSe = 44.50, and the three-way interaction, F(16,304) =
2.26, p < .05, MSe = 21.39, were only marginally significant, accounting for only a small percentage of the total
variance.
The finding that the Frrhlich Effect increased as a function of movement speed provides additional evidence in
favor of the attentional model. Whatever the assumptions
about the time course of the focus shift, the model predicts
that the Frrhlich Effect should be a function of the distance
the second rod travels during the focus shift, hence of
movement speed.
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Fig. 8. Amount of Fr/Jhlich Effect as a function of movement speed
(abscissa), inter-rod distance (d, curve parameter), and window width
(panels) (Experiment 6).

As to these further assumptions, they are clearly not
fully supported by the data. If (a) the duration of the focus
shift is a function of its amplitude, and (b) the focus shift
starts at the position of the first rod, then the duration of the
focus shift should increase with d. The longer the duration
of the focus shift, the farther can the second rod move into
the window before attention is focused on it. This predicts
an increase in the size of the Frrhlich Effect as a function
of d, which is not in accordance with the data.
There are several ways of accounting for this unexpected result. One is that subjects simply did not follow the
instruction to attend to the first rod. However, for this
explanation to be valid it would have to account for the
complete absence of any trend towards an effect of d, F <
1.0, implying that the subjects did not even show a tendency to follow the instruction in this respect. This is extremely unlikely in view of (a) the reliable and orderly
results from the present series of experiments, which indicate that the subjects acted as cooperative observers, together with (b) the well-established ability of subjects to
allocate their visual attention spatially according to instructions (e.g., Posner, 1980; Tassinari, Aglioti, Chclazzi,
Marzi, & Berlucchi, 1987).
If the lack of an effect of d on the observed size of the
FrOhlich Effect cannot be explained away in this manner,
then at least one of the assumptions (a) and (b) listed above
must be incorrect. Either the focus shift was time-invariant
(its duration did not depend on its amplitude); or it was
position-invariant (it always started at the same position
rather than at the first rod's focused position); or it was
both time-invariant and position-invariant.
The time-invariance assumption is compatible with
findings and arguments (e.g., Eriksen & Murphy, 1987;
Remington & Pierce, 1984) that have challenged the original idea of a constant-speed spotlight-like movement of
attention through visual space. If the attention shift towards
the second rod starts from the focused position of the first
rod, but is time-invariant (i.e., its speed is inversely related
to its amplitude), then the rod's movement speed should
still influence the Frrhlich Effect (because it determines
how far the second rod moves during the attention shift).
The distance between the rods, however, should not (because this period will be the same for all values of d). This
is exactly what we have found.
By contrast, the position-invariance hypothesis may initially appear rather implausible. The idea that the focus
shift starts from the first rod's focused position seems
almost self-evident. But the intuitive plausibility of this
assumption may be deceptive. Its appeal depends entirely
on the literal validity of the spotlight metaphor, a metaphor
that seemed natural when modern research into visual attention began (e.g., Neumann, 1980; Posner & Cohen,
1984; Tsal, 1983), but that has more recently come under
critical scrutiny (e.g.. Banks & Krajicek, 1990; Chastain,
1991; Driver & Baylis, 1989; Eriksen & Murphy, 1987;
Eriksen & St. James, 1986; Neumann, 1990; Reinitz, 1990;
Shepherd & Mtiller, 1989; Stoffer, 1988; Yantis, 1988).
To illustrate that the position-invariance hypothesis
draws its seeming plausibility only from the spotlight
metaphor, let us contrast it with a different metaphor: a
robot exploring its environment tactually by jerking out a
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tongue-like device that makes contact with a desired object. This device is retracted before being jerked out into a
new direction. In this metaphor, the starting point of the
focus shift would not be the position occupied previously,
but some common null position. If we assume that retracting the device takes a fixed amount of time, then the
shift to the new location will be position-invariant- i.e., the
required time will not depend on the device's preceding
position. However, it may still depend on the new position.
For example, computing the movement and/or executing it
may take more or less time, depending on the desired
goal's location and distance in relation to the null position
(cf. Koch & Ullman, 1985).
In visual attention, a likely candidate for the null position under such a model would be the fovea centralis. It
should not be forgotten that under ecological conditions i.e., when the eyes are allowed to move freely - central
(overt) selection and peripheral (covert) selection are
closely related (see, e.g., Rayner, 1984). One particularly
interesting hypothesis about their functional relationship
has been suggested by Wolff (1984; see also Posner &
Cohen, 1984). Wolff assumes that while foveation and
attentional focusing normally coincide, they become decoupled prior to a saccade. The function of this is that by
shifting attention to a position outside the fovea, the system
defines the next saccade's target position. According to
this assumption, there is a continuous interplay between
attention and foveation. Attention is directed to the
foveated region, then shifted to a peripheral position, and
finally (after the execution of the saccade) retracted to the
fovea. This would render the position-invariance hypothesis at least as functionally plausible as the time-invariance
hypothesis.
Unlike the time-invariance hypothesis, and like our
original working model, this hypothesis is compatible with
the idea that the time needed for an attention shift depends
on its amplitude. However, this amplitude will not be influenced by the first rod's position at the time when the
focus shift starts. Rather, it will depend on the distance
between the null position (the fovea) and the position of the
second rod. This distance is independent of d. Hence this
hypothesis is in line with the finding that d does not influence the size of the Fr6hlich Effect. Like the time-invariance hypothesis, it predicts, of course, that the effect will
increase as a function of the rod' s movement speed.
It seems, then, that both hypotheses are functionally
plausible, and that both are compatible with the two findings that we have so far discussed, the effect of movement
speed and the lack of an effect of d. Which of them is
preferable will therefore depend on how well they can
explain the other relevant findings. The following results
have to be accounted for: first, while d did not affect the
size of the Fr6hlich Effect in the present Experiment, it had
a strong effect on the Tandem Effect in Experiment 2;
second, in the present experiment, the Fr6hlich Effect increased as the window became larger. In Experiments 2
and 3, the Tandem Effect had shown the opposite influence
of window width.
These previous findings were in line with our original
assumption that the focus shift starts from the position of
the first rod, and that its duration depends on its amplitude.

Since at least one of these assumptions has turned out to be
incorrect, we need to re-evaluate them in the light of the
two hypotheses now under consideration.
As to the effect of d, there is a simple and straightforward alternative to our original interpretation. It relates the
effect of d to the effect of window width (w). Experiment 3
has provided support for the hypothesis that the effect of w
on the Tandem Effect is due to a virtual representation of
the first rod that continues to be focused after the rod itself
has left the window, but whose movement lags behind the
real rod's movement. We have argued in the discussion of
Experiment 2 that this should produce an underestimation
of the distance between the rods, the amount of which will
depend on the duration of the critical interval (the time
during which attention is focused on the virtual representation of the first rod before the focus shift is initiated). In the
discussion we considered only one way of manipulating
the critical interval, viz., by changing window width.
However, the same effect can be produced by manipulating d. There will be some critical interval greater than
zero whenever d exceeds w. The larger the difference between d and w, the larger this critical interval will be.
Hence the critical interval can be increased not only by
reducing window width, but also by increasing d. These are
equivalent manipulations because the decisive factor is the
relationship between these two parameters. Consequently
our interpretation of the effect of window width can be
directly extended to the effect of d, without the assumption
that the focus shift towards the second rod starts from the
position of the first rod and/or that its duration depends on
its amplitude.
In this alternative interpretation, the effect of d in Experiment 2 becomes compatible with both hypotheses. Fortunately, the other finding in need of reinterpretation discriminates between them. Contrary to its effect on the size
of the Tandem Effect, window size is positively related to
the Fr6hlich Effect. When we predicted this relationship,
we assumed that it would occur because window width
influences the starting position of the focus shift, hence its
amplitude, and hence its duration. We have now had to
abandon this idea. Our prediction was correct, but the
underlying hypothesis was not.
The time-invariance hypothesis seems hardly to be able
to account for this finding either. If the attention shift has a
fixed duration, then the only factor to influence the Fr6hlich Effect should be the distance the second rod travels
during this constant period - i.e., the only relevant experimental variable should be the rods' movement speed.
In contrast, the position-invariance hypothesis has no
difficulties with this result. Suppose that the fovea is the
null position from which all attention shifts start, and that
the shift's duration is time-dependent. Then the time
needed for attention to reach a given position in retinal
space will be an increasing function of that point' s retinal
eccentricity. When the observer fixates the center of the
window (as our subjects did), increasing window width has
the effect of moving the window' s edges to more eccentric
positions. This will increase the amplitude of the focus
shift and its duration, which should enhance the Fr6hlich
Effect.
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It seems, then, that the position-invariance hypothesis is
best compatible with the data. Combining it with our previous assumptions, as far as they have been supported by
the data, leads to the following provisional account o f the
course o f events in the T a n d e m Effect situation.
Attention is initially focused on the center o f the window. W h e n the first rod enters the w i n d o w there is a focus
shift to it. Then attention follows the first rod. If the first
rod leaves the w i n d o w before the second rod has appeared,
focusing continues to follow its trajectory, but at an insufficient speed. The longer this continues, the more the focus
o f attention, directed at a virtual representation of the first
rod, lags behind the r e d ' s real position. W h e n the second
rod enters the window, attention is disengaged f r o m the
first rod, and its last spatial position is stored. A focus shift
towards the second rod takes place, originating at the
fovea, with its duration a positive function of its amplitude.
While this focus shift is under way, the second rod continues to m o v e into t]he window. It is first consciously
perceived at the position it has attained when the focus shift
is completed (the Fr6hlich Effect). The two rods are integrated into a c o m m o n spatial representation that encompasses the position o f the first rod when attention was
disengaged from it and the position o f the second rod when
the focus shift reached it. This produces the T a n d e m Effect.

General discussion
This account o f the course of events in the T a n d e m Effect
situation has been based on the qualitative findings f r o m
the six experiments. To a c c o m m o d a t e these findings, we
had to m o d i f y the original version o f the attentional model
- i.e., the explanations were partially post hoc. This is a
weakness o f our interpretation which renders it desirable to
find additional supportive evidence. W e shall now present
further arguments in favor of the attentional model. First,
we give a quantitative analysis o f part o f the data. Second,
we discuss four possible alternative explanations o f the
T a n d e m Effect.

A reconstruction of the course offocusing
A quantitative analysis o f our data is potentially fruitful for
two reasons. First, we can check whether empirical parameter values are in a plausible order o f magnitude, e.g.,
whether the speed o f attention shifting that we compute
from our data corresponds to other estimates f r o m the
literature. Second, we can test whether the attentional model provides an internally consistent quantitative description
of the data.
This test is possible because the attentional model assumes that the course o f events during an experimental trial
is basically the same for all combinations o f m o v e m e n t
speed, w i n d o w width, and inter-rod distance. Further, this
same course o f events determines both the size o f the
T a n d e m Effect and the size o f the Fr6hlich Effect. Hence,
a general space-time function should exist, accounting for
the findings from these different tasks and conditions.
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Fig. 9. Schematic time-space diagram showing the assumed course of
events when two rods travel through one window in succession. The
thick vertical lines mark the window's edges. The thick diagonal lines
represent the movement of the rods. The assumed course of constant
focusing (attention following one rod's trajectory) is symbolized by the
broken lines. Constant focusing of the first rod continues after the latter
has left the window, but the virtual position at which attention is focused
lags progressively behind the rod's actual physical movement. This is
indicated by an upward bend in the broken line. The appearance of the
second rod causes a focus shift which starts at the fovea and is directed
towards the second rod (dotted line). The thin lines are subsidiary lines
needed for computations; d' = distance between the first rod's focused
position at beginning of focus shift and second rod's position at end of
focus shift; f = distance between the right-hand edge of the window and
the second rod's position at the end of the focus shift (equals amount of
Fr6hiich Effect); w = window width, sF = amplitude of focus shift; tF =
duration of focus shift; sc = distance of focus of attention from left-hand
window edge during constant focusing; tc = time lag between focus of
attention and physical position of rod. See Appendix for definitions of tl
and t2 and further explanations.
The assumptions upon which our explanation is based
are the same as those previously used to explain metacontrast masking ("Weather Station Model"4, Neumann, 1982;
N e u m a n n & Mtisseler, 1990a,b; see also Neumann, 1990).
The basic assumption is that the presentation o f a visual
stimulus triggers two kinds o f processes that take place
simultaneously: coding processes and attentional processes. Coding processes encompass all operations that
serve to create an internal code of the stimulus, e.g., computing its contour, its color, size, or location. An attentional
process is initiated by the transient response to the appearance of the stimulus and consists in a shift of the focus o f
attention to the stimulus, i.e., towards its approximate5
location. Only after this focus shift has been completed will
the result o f the coding processes be phenomenally represented (i.e., be available for an explicit report from the
subject).
4 The name "Weather Station Model" derives from an analogy that
illustrates the basic idea of the attentional model. An operator in a
weather station has to monitor various instruments and note any change
in the displayed values. To make sure that no change is missed, a signal
sounds whenever a change occurs. The operator then turns to the instrument to read off the new value. It may happen, however, that an additional change occurs before the operator has reached the display. In this case,
the operator will read off the result of this second change and remain
unaware of the first change.
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It is further assumed that the result of the coding
processes is the environment,6 and that this updating has a
short latency as compared to the time required for attentional processes. Hence it is possible that the spatial map
changes while the focus shift is still under way. Since only
the state of the spatial map at the end of the focus shift is
phenomenally available, changes of the stimulus that occur
during the focus shift will go unnoticed.
A focus shift should be distinguished from another type
of movement of attention. Once attention has been shifted
to an object or event, it will dwell there for a certain time,
following the event or the object if it changes. We shall call
this constant focusing. It is assumed that during constant
focusing the focus of attention is normally identical to the
position of the object or event attended to.
The course of events that we postulate on the basis of
these assumptions is depicted in Figure 9 for one (arbitrarily selected) combination of one of the window widths
(w), one of the stimuli distances (d) and one of the movement speeds (v). In this example, d is larger than w. Note
that space is plotted on the abscissa and time on the ordinate. Hence the steeper a curve, the slower the movement it
represents. The two thick vertical lines symbolize the
edges of the window. The thick slanted lines depict the two
rods. At the first moment in time shown in the diagram, the
first rod (symbolized by the lower thick slanted line) has
already traveled well into the window. Subsequently it
leaves the window (the lower slanted thick line crosses the
left vertical thick line). Next the second rod enters (the
upper slanted thick line crosses the right vertical thick line)
and travels through the window.
In addition to these physical events, the diagram shows
the assumed course of attentional focusing (broken and
dotted lines). (Note that possible constant delays - e.g.,
between the end of constant focusing and the start of the
focus shift - which we cannot measure, are not shown in
the figure.) While the first rod travels through the window,
attention is locked unto it (constant focusing, lower broken
line). After the first rod has left the window, constant
focusing continues to be directed to its virtual representation, but at a decelerating speed. Therefore, the broken line
bends upward. The constant focusing of the first rod is
suppressed after the appearance of the second rod, which
triggers a focus shift that originates in the fovea (dotted
lines). The focus shift meets the second rod (the dotted line

s Shifting attention to a stimulus implies at least some knowledge of its
location before the start of the shift (see Wolff, 1977). However, this
knowledge need not be perfect. In order to start shifting attention towards
a stimulus, coarse knowledge about its position might be sufficient. More
precise information could be added during the shift, or zeroing in at the
target could be accomplished by corrective shifts similar to corrective
saccades. The attentional model as applied to the Tandem Effect assumes
that an attention shift can attain its target even if the latter moves during
the shift. This requires some degree of flexibility in adjusting the shift
after it has begun.
6 The functional characteristics of this representation (e.g., whether it is
unitary or consists of separate maps; whether it is two-dimensional or has
the characteristics of Marr's 2 1/2-D-sketch, as suggested, e.g., by Downing and Pinker, 1985) can be left unspecified in our present context. All
that has to be assumed is that the arrangement of the codes is topological
and hence can serve as the basis for spatial shifts of attention.

touches the thick slanted line), and constant focusing of the
second rod begins (upper broken line). The thin lines are
subsidiary lines which will be explained in the Appendix,
as will be the symbols other than w, d, d' andf. The latter
have the same meaning as previously.
The broken and dotted lines refer to hypothetical internal events. However, these hypothetical events can be put
into operational terms. This requires the following steps
and assumptions.
1. Figure 9 can be interpreted as a geometrical scheme.
Points in this scheme can be determined by standard
geometrical calculations if the required quantities are
known.
2. Consider points A and B in Figure 9. A is the endpoint of the constant focusing of the first rod; B is the
endpoint of the focus shift towards the second rod. We can
calculate the coordinates of A and B on the basis of a given
set of experimental parameters (inter-rod distance, window
width, and movement speed) in conjunction with the
values for the Tandem Effect and the Frthlich Effect that
were found for this particular set of parameters. Together
with the assumption that the attention shift originates in the
fovea, these given quantities determine points A and B
unequivocally (see Appendix for details).
3. One single such calculation will, of course, always
produce some solution, i.e., some set of coordinate values
for A and B. Hence this cannot yet be the test of our model.
However, different stimulus parameters and their corresponding empirical data will produce different values of A
and B. According to our model, all these points A should
fall onto one and the same function (the constant focusing
function), and likewise all points B should fall onto one
and the same function (the focus-shifting function). In
other words, the constant focusing function may be defined
as the geometrical locus of all points A, and the focus-shifting function may be defined as the geometrical locus of all
points B. This is so, according to the model, because the
course of constant focusing is always the same, up to the
point when constant focusing is suppressed by the appearance of the second rod. Similarly, the course of the focus
shift is always the same, up to the point when attention
meets the second rod. The ensemble of the endpoints of
constant focusing describes the constant focusing function,
and the ensemble of the endpoints of the focus shift describes the focus-shifting function.
This provides a straightforward test of the attentionshifting model, based on the data from Experiments 2 and
6. These experiments were performed under identical conditions. There were the same 45 parameter combinations (5
movement speeds x 3 window widths x 3 inter-rod distances) in both experiments, yielding 45 independent observed values for the Tandem Effect (Experiment 2) and
for the Fr6hlich Effect (Experiment 6). The model claims
that this complete set of data can be reduced to two functions, one for constant focusing and the other for the focus
shift.
More specifically, two weak and two strong predictions
can be derived. The weak predictions state that both the
constant focusing function and the focus-shifting function
are smooth, monotonic functions. These predictions are
essential for the model. In addition, we have assumed that
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Fig. 10. Empirical time-space diagram tbr constant focusing of the first
rod; sc is the spatial position to which the focus of attention is directedat
time tc (see Appendix for computationaldetails). The left-hand edge of
the window is arbitrarily assigned the value sc = 0. The zero point of
dimension tc is the temporal position of the rod. Data are from all
combinations of movement speed (v), window width (w), and inter-stimulus distance (d) studiedin Experiments2 and 6.

Fig. 11. Empirical time-space diagram for the focus shift to the second
rod. The duration of the focus shift (re) is plotted against its amplitude
(sF) for all combinationsof movement speed (v), window width (w), and
inter-stimulus distance (d) studiedin Experiments2 and 6 (see Appendix
for computationaldetails). The only free parameteris the starting point of
the focus shift, which is assumed to be the fovea. Every data point
represents the end-pointof a focus shift.

the constant focusing function is negatively accelerated
and that the focus shift proceeds at a constant speed. Refutation of these two stronger predictions, however, would
not be fatal to the general explanation.
The points A were computed from Experiments 2 and 6,
as explained in the Appendix. Figure 10 shows the resulting empirical constant focusing function. As in Figure 9,
time is plotted against space. The zero point of the spatial
dimension is the left-hand edge of the window. The zero
point of the time dimension is the temporal position of the
physical stimulus, i.e., the first rod. In terms of Figure 9,
this can be visualized as the vertical distance between the
lower broken line (the time course of the physical stimulus)
and the lower straight thick line (the time course of constant focusing).
As can be seen from Figure 10, all data points come
close to falling onto a single curve, which can be approximated by a power function. The best-fitting power function
yielded a Pearson correlation coefficient of r = -.805.
Three main conclusions can be drawn from this result.
First, our model has been successful in reducing the data
from the different conditions of the two experiments to a
common time-space function. Second, this function extends beyond the left-hand edge of the window, indicating
that constant focusing does follow a virtual representation
of the first rod if there is a positive interval between its
disappearance and the appearance of the second rod. Third,
as predicted, the function shows a deceleration in the speed
of this atteutional movement beyond the left-hand edge of
the window. In fact, the empirical function in Figure 10
exhibits a remarkable resemblance to the hypothetical
function in Figure 9. Thus, both the weak and the strong
predictions with regard to the constant focusing function
have been confirmed.
One unexpected aspect of Figure 10 concerns the course
of focusing before the first rod' s leaving the window. As is
depicted in Figure 9, we had expected it to run parallel to
the rod's physical movement. Instead the deceleration already starts in this part of the curve. What is more, the

curve even includes negative delays. Fortunately, there is a
simple interpretation of the latter finding. We have unrealistically assumed that the focus shift to the second rod
starts at the very moment when that rod enters the window.
There must, however, be some time during which the second rod is registered, the signal for an attention shift produced, and the attention shift programmed (Fischer, 1986;
Posner, Walker, Friedrich & Rafal, 1984; Reeves, 1986;
Sperling & Reeves, 1980; Tsal, 1983). We have no means
of estimating the resulting time delay from our data, and
therefore had to neglect it. The negative tc values in Figure
10 are abolished if the curve is shifted upwards by about 60
ms. This can be regarded as a lower estimate of the latency
of the focus shift.
Although this value is considerably below the several
hundred ms estimated by Sperling and Reeves (1980), it is
in a realistic order of magnitude. There is considerable
evidence (Mtiller & Findlay, 1988; Mtiller & Rabbitt,
1989; Theeuwes, 1991; Warner, Juola, & Koshino, 1990;
Yantis & Jonides, 1990) that a simple peripheral stimulus
summons attention much faster than the latency of an attention shift caused by a symbolic cue, as in the Sperling
and Reeves (1980) study. For example, Mtiller and Findlay
(1988) reported that an attention shift to a peripheral cue at
4 ° eccentricity took about 100 ms. Assuming a movement
speed of about 80 ° per second (see below), the pure movement would take about 50 ms, with about 50 ms left for the
latency of the attention shift. This corresponds well with
our estimate of 60 ms.
The deceleration of the time-space function before the
rod's leaving the window is interesting as an empirical
finding, but does not present a theoretical problem. It implies that perceived speed lags behind physical speed even
before the stimulus disappears from the window. One possible interpretation of this is the adaptation of motion detectors in the visual system. This would agree with results
from Runeson (1974, 1975), who also found that the perceived speed of a stimulus moving at a constant physical
speed decreases as a function of exposure duration.
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We next turn to the focus-shifting function (the dotted
line in Figure 9). Figure 11 shows the time course of the
focus shift (see Appendix for computational details). The
data can be approximated by the linear function tF = 1.50 +
3.30 sr (ms/ram), which yields a Pearson correlation
coefficient of r = .822. The slope of the function corresponds to a speed of the focus shift of approximately 85.6 °
per second.
Thus, the data support both the weak and the strong
predictions about the time course of the focus shift: (a)
there is a common focus-shift function for all experimental
conditions, and (b) it is approximately linear.
The first, clear-cut implication of finding (a) is that the
attention shift is not time-invariant. The time required to
shift attention is monotonically related to the amplitude of
the attention shift. Further, with the possible exception of
v,7 this relationship is roughly the same for all examined
combinations of window width, movement speed, and
inter-rod distance. This suggests that the temporal properties of the focus shift are essentially independent of these
factors. It seems that, at least for the conditions that we
have examined, the time required for shifting attention is
more strongly determined by the intrinsic constraints imposed by the attentional system than by stimulus factors.
As finding (b) indicates, one of the basic properties of
the focus shift seems to be that its duration is roughly
proportional to its amplitude. One way of interpreting this
is that attention "travels at a constant velocity," as suggested, e.g., by Tsal (1983), on the basis of findings obtained by a completely different experimental method (measurement of vocal-response latencies with spatial precuing). Our data seem to confirm Tsal's results. Even the
estimated speed of the shift (125 o per second in Tsal's
experiments, 86 ° per second according to our calculations)
is in the same order of magnitude.
However, a linear relationship between amplitude and
duration does not necessarily imply movement at a constant speed. For example, it might be that all attention shifts
take the same time to execute, but their latency is a function
of their amplitude. Furthermore, attention shifts from the
fovea to the retinal periphery necessarily confound the
amplitude of the shift with the retinal eccentricity of the
shift's target (see van der Heijden, 1992, p. 116). Given
these uncertainties and the limited scope of our data, it
would be premature to interpret our estimated value of 86 °
per second as an empirical constant of the attentional system. Other tasks and/or other visual displays may well
yield different values.
Notwithstanding these open questions, our reconstruction of the course of focusing has added further support to
our attentional approach. Both the general framework and
the additional assumptions we have made in order to explain particular findings from the experiments are in accord
with the quantitative findings. However, other interpreta7 Figure 11 also suggests that the duration of the focus shift is generally
longer for the lower movement speeds than for the higher ones. Possibly,
motion detectors in the peripheral retina play their part in triggering the
attention shifts. The strength of their response may have been reduced in
lower movement speeds and thus produced greater latencies of the focus
shifts. Nevertheless, the slope of the data remains.

tions might be equally able to account for the results. So far
we have not considered alternative approaches that do not
relate the Tandem Effect to shifts of visual attention. In the
next section we discuss the major alternatives.

Alternative accounts of the Tandem Effect
Reduction phenomena with moving visual stimuli have not
usually been related to shifts of visual attention. There have
been four main alternative approaches. The first has assumed that eye movements play a critical role; the second
has related the length distortion to a misperception of
speed; the third has been based on the notion of a psychological moment; and the fourth interpretation has made use
of concepts from the theory of relativity to explain the
effect.

Eye movements. With the traditional slit display, the most
impressive illusion is that a whole figure is seen, even
though only a small vertical slice of the stimulus is exposed
through the slit at each moment. One traditional account of
this, already discussed by Ztllner (1862), is what has later
been called "retinal painting" (Haber & Nathanson, 1968;
see, e.g., Anstis & Atkinson, 1967; Helmholtz, 1910; Morgan et al., 1982). The basic idea of this interpretation is that
the target's movement triggers pursuit eye movements, as
a result of which successive parts of the moving figure are
"painted" on adjacent rather than on identical retinal locations. Thus, the transformation of time into space already
occurs at the sensory periphery. If one assumes that the eye
movements are slower than the target's movement speed,
then the successive "slices" will overlap to some degree,
producing a reduction effect.
There has been some argument, summarized by Rock et
al. (1987), about the adequacy of this interpretation as an
explanation of the results from the slit display. We need not
go into this debate because the empirical situation is quite
clear with respect to the Tandem Effect. In one of our
previous experiments (reported in Kolbert et al., 1982) we
carefully monitored eye movements while measuring the
Tandem Effect. The Tandem Effect occurred irrespective
of whether subjects fixated the middle of the window or
executed a pursuit eye movement. Thus, this interpretation
can be ruled out for our data.

Misperception of speed. Rock et al. (1987) suggested that
the reduction effect found with the slit display is due to an
underestimation of the target's movement speed. Assuming the validity of the equation s = vt for the corresponding
subjective variables (but see Mashhour, 1964; Algom &
Cohen-Raz, 1984, 1987), any underestimation of speed
should yield a corresponding underestimation of length.
Rock et al. (1987) argue that an underestimation of speed is
not implausible, because under the viewing conditions of
the slit display the figure's vertical displacement provides
only poor information about the actual speed of the stimulus.
This latter argument does not hold for the Tandem Effect, where the rods' movement is discernible without impairment. Yet the general idea may still be applied to the
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Tandem Effect, if one assumes that movement speed is
systematically underestimated for some other reason, perhaps in relation to window width. There is, however, an
empirical problem with such an extension of Rock et al.' s
(1987) suggestion. It has long been known that perceived
speed decreases as a function of window width (Brown,
1931a,b; Gehrke & Lau, 1923; Smith & Sherlock, 1957).
This would predict that the Tandem Effect is smaller for
small window sizes than for larger windows, which is
exactly the opposite of the actual empirical finding. We
had initially (Kolbert et al., 1982) also favored a similar
interpretation, as did Rock et al. (1987). We did an experiment (Mtisseler, 1987, Experiment 3), in which perceived
speed was directly measured under the same conditions in
which the Tandem Effect can be observed. Perceived speed
was scaled by the method of magnitude estimation. There
was a highly significant effect of window width, with
perceived speed actually increasing as the window was
made smaller. Hence this interpretation is clearly inappropriate for the Tandem Effect.

1980). If d is some distance in system A, and if there is
some system B that moves at a constant speed, v, relative to
A, then d will be reduced to d' if observed from B. This
reduction is due to the limit velocity between the systems,
the velocity of light c in the physical world. Caelli et al.,
(1978) have suggested directly applying the Lorentz transformation by substituting c by c* the corresponding limit
velocity of transmission in the visual system. One of the
underlying assumptions is that c'is a constant. We checked
this assumption by computing c* from our distance data
(Experiment 2); c* varied from 61.0 to 294.9 ° per second,
depending on movement speed (see Mfisseler, 1987, pp.
49). This result is damaging for a direct application of the
Lorentz transformation to our data, although other aspects
of the theory of relativity analogy as such may still deserve
further exploration (see Mtisseler, 1987).

The Psychological Moment. The basic idea of the "psychological-moment" interpretations was suggested more than
a century ago by Vierordt (1868), on the basis of his
experimental investigations of Z611ner's slit displays. One
of Z611ner's discoveries was that figures moving behind a
vertical slit look compressed in the direction of movement.
Vierordt' s explanation of this effect was that the perceived
width of the stimulus is proportional to the "number of
impressions" it provides during its passage through the
window, with each impression having a fixed duration. The
faster the stimulus moves, the fewer impressions it will
generate, and the more compressed it will consequently
look (see Ansbacher, 1944, for a similar explanation).
Apart from the failure of the discrete-moment hypothesis to pass a crucial test in Allport's (1968) ingenious
experiment, this explanation is not applicable to the Tandem Effect, because there is no slit that could determine the
spatial extent of an "impression." Moreover, calculating
the duration of a moment from the data of Experiment 2
according to Ansbacher's (1944) formula results in estimated moment durations that are far from constant, ranging from 15 ms to 300 ms for different combinations of
movement speed, inter-rod distance, and window width
(Kolbert et al., 1987).

The phenomenon that this study has been concerned with,
the Tandem Effect, consists in a reduction of the distance
perceived between two rods that are traveling through a
window. We have explained this effect by means of an
attentional model. It assumed that upon registration of the
second rod, the focus of attention is shifted from the position of the first rod to the second rod's position. The
distance perceived between the rods is assumed to be determined by the first rod's position at the beginning of this
focus shift and the second rod's position at its end. Since
the second rod moves during the focus shift, the distance
perceived between the rods will be equal to their objective
distance minus the distance the second rod travels during
the focus shift.
The more general assumption behind this interpretation
is that a change in visual stimulation triggers two kinds of
processes, fast coding processes that update an internal
spatial map, and slow attentional processes required for
conscious perception. The parts of the spatial map on
which attention is focused in succession are integrated into
a common, simultaneous representation. Owing to the
slowness of attentional processes in comparison with
coding processes, a given state of this integrated representation may reflect non-simultaneous states of the internal
map. This will be the case whenever the internal map
undergoes a change during a focus shift. In the Tandem
Effect, this change consists in the displacement of the
second rod.
This account has been supported by our results in several ways. It correctly predicts that the reduction effect will
turn into an expansion effect if the direction of the attention
shift is reversed by an appropriate arrangement of the stimulus display (Experiment 4) and via the instruction (Experiment 5). It further predicts the Fr6hlich Effect (Experiment 6). We have varied window width, inter-rod distance
and movement speed in identical ways when measuring the
Tandem Effect (Experiment 2) and the Fr/Shlich Effect
(Experiment 6). The data from these two experiments
could be combined to reconstruct the spatiotemporal
course of focusing.

The Theory of Relativity approach. The last approach to
reduction phenomena that we shall examine has a more
recent origin. It is based on an analogy between the perception of moving stimuli and the spatiotemporal relationships
between two physical systems that are in motion in relation
to each other. As has been argued by Caelli and co-workers
(Caelli, 1981; Caelli et al., 1978) and by Dr6sler (1979),
there is a formal similarity between these two situations
which makes it possible to apply the special theory of
relativity (Einstein, 1905) to reduction phenomena. This is
an interesting analogy because the special theory of relativity predicts a length contraction if one system moves at
constant velocity in relation to the other.
The contraction is one of the effects described by the
so-called "Lorentz transformation" (see, e.g., Angel,

Conclusions
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This reconstruction strongly confirmed the basic theory.
The data from all conditions of both experiments could be
described by two underlying focusing functions, with the
focus of attention first following the first rod's itinerary
(constant focusing) and then being displaced towards the
second rod (focus shift). However, the course of both of
these focusing functions was not exactly as we had initially
expected. The data of Experiment 2, confirmed by Experiments 3 and 6, indicated that constant focusing is not
always locked to the physical stimulus. It seems that it
follows the first rod's virtual representation even after the
physical stimulus has disappeared from the window. This
does not contradict the original model, but it was not predicted by it. Second, the data from Experiment 6 suggested
that the focus shift does not start from the focused position
of the first rod. This was contrary to our original assumption. The reconstruction of the course of focusing confirmed the revised view that all focus shifts start from some
common null position, and that this null position is the
fovea centralis.
This latter result has shed doubt on the usefulness of the
spotlight metaphor. Indeed, the simple spotlight metaphor
has come under attack in recent years (Driver & Baylis,
1989; Eriksen & Murphy, 1987; Eriksen & St. James,
1986; Kwak, Dagenbach, & Egeth, 1991; Reinitz, 1990;
Sagi & Julesz, 1985; Shepherd & Mtiller, 1989; Yantis,
1988). This metaphor implies several assumptions about
the functional properties of a shift of attention (e.g., that the
focus of attention has a fixed size which does not change
during a shift; that the shift starts from the previously
focused position; that the attentional focus moves at a
constant speed; and that the locations through which it
passes also receive attention). Only one of these assumptions has been confirmed by our data, viz., that the duration
of the attention shift is a roughly linear function of its
amplitude. One - the assumption about the starting point has been disconfirmed. With respect to the others, no conclusion can be drawn from our data.
Even the finding that the duration of the focus shift
increases as a function of distance from the fovea does not
necessarily require the assumption of a spotlight-like
movement of attention. Peripheral stimuli may take longer
to trigger an attention shift than less peripheral stimuli,
and/or it may take more time to compute the attention shift
the more peripherally its target is located. These are matters for further investigation. They are, however, not critical for the present approach to the Tandem Effect.
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Appendix
In Figure 9 the thick straight lines symbolize the physical
parameters of the stimulus display, while the broken and
dotted lines represent the assumed spatiotemporal course
of the constant focusing of the rods (broken lines) and of
the focus shift from the first to the second rod (dotted line).
We reconstruct the course of these movements of attention
by calculating the positions of points A and B for the 45
different parameter combinations used in Experiments 2
and 6.

As can be seen from Figure 9,
d' + f = sc + w; hence
sc = (d' + ~ -w
where sc is the spatial position of the focus of attention, d'
is perceived inter-rod distance, f i s the size of the Frthlich
Effect, and w is window width. To conform to the convention of assigning a negative sign to values left of the origin
of coordinates, we interchange signs, getting
sc = w - ( d ' + ~

To calculate tc, we express it in terms of two other time
parameters, tl and t2; tl is the time between the moment
when the first rod leaves the window and the moment when
the second rod enters; t2 is the time that a rod needs to
travel the distance sc. As can be seen from Figure 9,
tc = tl + t2

tl and t2 can be calculated by means of the equation t = s/v.
The velocity v is in both case the rods' movement speed.
The distance associated with tl is d -w, the difference
between inter-rod distance and window width. The distance associated with t2 is sc. Hence we get
tc = (d - w ) / v + sc/v

Substituting equation (1) yields
tc = (d - d ' -f)/v

focusing, we have to compute the coordinates of point A in
Figure 9. To simplify calculations, we define the spatial
position of the focus of attention sc (the abscissa value of
point A) as its distance from the left-hand edge of the
window, and its temporal position tc (the corresponding
ordinate value) as its time-lag behind the physical position
of the rod. Geometrically, the latter corresponds to the
distance from the time-space function that describes the
movement of the physical stimulus.

(2)

The resulting data are shown in Figure 10. The power
function was obtained by a linear function being fitted to
the logarithmically transformed data. To avoid negative
values 50 was added to all data before the logarithmic
transformation.
F o c u s shift. To reconstruct the course of the focus shift to

the second rod, we must determine the coordinates of point
B in Figure 9 for all parameter combinations in Experiments 2 and 6. If the fovea is defined as the origin, these
coordinates are given by sF and tF in Figure 9. The value of
sF can be directly read from the figure:
SF = w / 2 - f

Constant focusing. To reconstruct the course of constant

(1)

(3)

tF can be calculated from v and f The slope of the upper
thick line in Figure 9 represents the rods' movement speed
and equals 1/v. Hence, as can be seen from Figure 9,
tF/f = 1/v, or
tF = f / v

(4)

The data shown in Figure 11 were determined from formulas (3) and (4). They can be satisfactorily approximated by
a linear function.

