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p<0.01).

A similar two-way ANOVA conducted on the y-directional fractal dimension of time series of eye movements for (i)
one or two targets revealed only a significant main effect of figure (form) (F(2,12)=25.584, p<0.01). A figure (form)
by range of display  interaction  was not significant. A similar two-way ANOVA conducted on the  y-directional
fractal dimension of time series of eye movements for (ii) four or five targets revealed only a significant main effect
of figure (form) (F(2,12)=11.129,  p<0.01). A figure (form) by range of display interaction  was not significant. A
similar two-way ANOVA conducted on the y-directional fractal dimension of time series of eye movements for (iii)
seven or eight targets detected only a significant main effect of figure (form) (F(2,12)=20.504,  p<0.01). A figure
(form) by range of display interaction was also significant (F(4,24)=4.024, p<0.05).

Search Task 2

The search time is plotted as a function of  LC (50, 100, 150, and 200bits) in Figure 15. The fractal dimension of
time series of  x-directional eye movement is compared among  LC (50, 100, 150, and 200bits) in Figure 16. The
fractal dimension of time series of y-directional eye movement is compared among LC in Figure 17.
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Figure 15. Search time as a function of LC.
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Figure 16. Fractal dimension of x-direction eye movement as a function of LC.
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Figure 17. Fractal dimension of y-direction eye movement as a function of LC.

A one-way (LC) ANOVA conducted on the search time revealed a significant main effect of LC (F(3,21)=23.177,
p<0.01). As a result of a similar one-way ANOVA carried out on the x-directional fractal dimension of time series
of  eye movements,  a  significant  main effect  of  LC was detected  (F(3,21)=12.441,  p<0.01).  A similar  one-way
ANOVA carried out on the y-directional fractal dimension of time series of eye movements detected a significant
main effect of LC (F(3,21)=28.284, p<0.01).

DISCUSSION

Search Task 1

As shown in Figures 6, 9, and 12, the search time, as a whole, increased from the target 7 to the target 3, and from
the target 3 to the target 8. The visual angle also affected the search time, and the search time tended to increase with
the increase of the visual angle subtended by the display. It must be noted that the search time of the target 7 did not
differ between the middle range and the wide range of visual angle when the number of targets was 7 or 8. Both the
ease of discrimination and the number of targets must relax the effect of display range on the search time. The result
must mean that the difficulty of search (detection) of the target increased according to the following order: 7, 3, and
8.

As shown in Figures 7, 10, and 13, the fractal dimension of time series of x-directional eye movements tended to be
lower  when the  target  7  was used,  and  when the  middle-range display  was used.  With the  increase  of  search
difficulty, the eye movements for the search activities must get more complicated, and led to the higher x-directional
fractal dimension. The fractal dimension of time series of  y-directional eye movements in Figures 8, 11, and 14
showed similar tendencies. Although Fairbanks and Taylor (2011) proposed a method for measuring the scaling
properties  of  temporal  and  spatial  patterns  of  eye  movements,  and  calculated  the  fractal  dimension  for  eye
movements when viewing a variety of images, they did not systematically show how the search difficulty affected
the fractal dimension like the experiment (search task 1, and search task 2) in this study. 

For both x- and y-directional eye movements, it tended that the scaling property represented by the fractal dimension
increased with the increase of difficulty of a search task. In such a way, it has been demonstrated that the fractal
dimension provided us with some useful information and insight into human’s eye movement characteristics.

Search Task 2

As shown in Figure 15, the search time increased with the increase of task difficulty expressed by layout complexity
LC. In accordance with this tendency, the x- and y-directional fractal dimensions increased with the increase of LC.
As a result of exploring the relationship between the search time and the fractal dimension, it was also clarified that
these two indices were not so strongly related. This result further supports the findings in the search task1.
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General Discussion

As mentioned above, it was clarified that the search time, the x-directional fractal dimension, and the y-directional
fractal dimension tended to increase with the increase of search task difficulty such as the figure (form) of number to
be searched for and the display range of a whole search matrix. Therefore, it was investigated how the search time
was related to the x- and y-directional fractal dimension. An example of the results (relationship between search time
and x-directional fractal dimension for (i) one or two targets) is shown in Figure 18. The result that the search time
and the fractal dimension were not so strongly correlated (r2=0.404) must mean that the fractal dimension is variable
based on different mechanism from the search time. The two fractal dimensions were strongly correlated (see Figure
18(b)  (r2=0.789)).  The  variation  behind  the  fractal  dimension  must  be  different  from that  of  the  search  time.
Therefore,  the  fractal  dimension must  be  one of  the  important  indices  to  get  further  insight  into human’s  eye
movement.  

Future research should examine the scaling properties of more practical visual activities such as Web search and
conjunction search in order to generalize the scaling properties in eye movements. Future research should also apply
chaotic analysis (Murata and Iwase, 1998, Murata and Iwase, 2001, Iwase and Murata, 2002 and Iwase and Murata,
2004) to a variety of eye movement data, and explore how chaotic properties change with the change of parameters
related to search difficulty.
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(a)  r2=0.404

1

1.05

1.1

1.15

1.2

1.25

1.3

1.35

1.4

1 1.05 1.1 1.15 1.2 1.25 1.3 1.35 1.4

Fractal dimension (x -axis)

F
ra

ct
al

 d
im

en
si

on
 (y

-a
xi

s)

(b)  r2=0.789

Figure 18. Relationships (a)  between the search time and the  x-directional  fractal  dimension,  and
relationship (b) between the x-directional and the y-directional fractal dimensions when the number of
search targets is 1 or 2.
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CONCLUSIONS

In both search tasks, it tended that the search time increased with the increase in task difficulty such as the display
range, the form (figure) of numbers to be searched for, and the layout complexity. As a result of calculating the x-
and  y-directional fractal dimension for the time series of eye movement coordinates, for both x- and  y-directional
eye movements, it tended that the scaling property represented by the fractal dimension increased with the increase
of the difficulty of a search task. The fractal dimension also tended to be smaller for the narrow display than for the
wide display. As the search time and the  x- and  y-directional fractal dimensions were not so strongly related, the
search time and the fractal dimension must be independently contributing to the variation of search time and the
mechanism underlying a variety of search activities.
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