
 

 

 

 

 

FRACTALS IN PUPILLARY OSCILLATION PATTERNS: FROM GRAY IMAGES 

 

TO JACKSON POLLOCK PAINTINGS 

 

 

BY 

 

 

PAUL EUGENE MOON 

 

A Thesis Submitted to the Graduate Faculty of 

 
WAKE FOREST UNIVERSITY GRADUATE SCHOOL OF ARTS AND SCIENCES 

 

in Partial Fulfillment of the Requirements 

 

for the Degree of 

 

MASTER OF ARTS 

 

Psychology 

 

May 2013 

 

Winston-Salem, North Carolina 

 

 

Approved By: 

 

James A. Schirillo, Ph.D., Advisor 

 

Terry D. Blumenthal, Ph.D., Chair 

 

Dale Dagenbach, Ph.D. 

 

Sarah G. Raynor, Ph.D. 

 

 

  



ii 

 

ACKNOWLEDGMENTS 

 

 

 I would like to thank my advisor, Jim Schirillo, for his patience and guidance 

throughout my two years at Wake Forest University. His support, instruction, and 

enthusiasm in guiding me in the development of my skills and knowledge of the field of 

perceptual research has been invaluable in the advancement my ability to conduct sound 

research. His ability to decipher my 90 mile per hour streams of consciousness and teach 

me how to slow down and effectively verbally convey my research in a coherent manner 

is a feat in and of itself and one that will benefit me in the future, not only in the field of 

research but generally. 

 I would also like to acknowledge the members of my committee, Terry 

Blumenthal, Dale Dagenbach, and Sarah Raynor for their critiques of my work and their 

input into directions I should take my project. I am extremely grateful for Wake Forest 

University itself for funding my education and the faculty and staff of the psychology 

department for their patience and support (and jars of candy in the main office). 

 Additionally, I extend a thank you to Jeff Muday. His expertise in programming 

and willingness to take time out of his busy schedule to develop programs to aid in the 

implementation and analysis of my studies was immeasurably helpful.  

 I would like to thank my fellow graduate students. The support and camaraderie 

we demonstrated towards each other throughout this program has been incredible. I know 

I have made several life-long friends in this program. Help! 

 Lastly, I want to thank my family and friends whose love and support has molded 

me into the person I am now. Without the relationships I have forged throughout my life I 

would certainly not be in the position I am in now. Go Deacs and Go Dawgs! 



iii 

 

TABLE OF CONTENTS 

 

 

Page 

LIST OF FIGURES ............................................................................................................ v 

ABSTRACT ...................................................................................................................... vii 

INTRODUCTION .............................................................................................................. 1 

Fractal patterns ................................................................................................................ 1 

Fractals in nature ............................................................................................................. 3 

Jackson Pollock’s natural fractals ................................................................................... 6 

STUDY 1 ............................................................................................................................ 9 

Methods....................................................................................................................... 9 

Materials and apparatus .............................................................................................. 9 

RESULTS ......................................................................................................................... 11 

Correlational analysis.................................................................................................... 14 

DISCUSSION ................................................................................................................... 16 

STUDY 2 .......................................................................................................................... 20 

Methods......................................................................................................................... 20 

Participants ................................................................................................................ 20 

Methods..................................................................................................................... 20 

Materials and apparatus ............................................................................................ 21 

Stimuli ....................................................................................................................... 21 



iv 

 

Image types ........................................................................................................... 22 

Image complexity.................................................................................................. 24 

RESULTS ......................................................................................................................... 25 

Main analysis ................................................................................................................ 25 

Post-hoc analysis ........................................................................................................... 33 

DISCUSSION ................................................................................................................... 43 

Post-hoc discussion ....................................................................................................... 49 

GENERAL DISCUSSION ............................................................................................... 54 

CONCLUSIONS, LIMITATIONS, AND FUTURE DIRECTIONS ............................... 58 

REFERENCES ................................................................................................................. 62 

CURRICULUM VITA ..................................................................................................... 64 

 

 

 

 

 

 

 

 



v 

 

 LIST OF FIGURES 

 

  

Page 

 

Figure 1: Temporal fractals. ................................................................................................ 3 

Figure 2: Mathematical fractals. ......................................................................................... 4 

Figure 3: Raw data study 1 ............................................................................................... 12 

Figure 4: Analyzed data study 1 ....................................................................................... 13 

Figure 5: Correlation: Pupil size by pupil D and R
2
 ......................................................... 14 

Figure 6: Correlation: Image D by pupil D ....................................................................... 15 

Figure 7: Raw data study 2 ............................................................................................... 26 

Figure 8: Analyzed data study 2 ....................................................................................... 27 

Table 1: Contrasts of R2 by image type                                                                             29 

Table 2: Contrasts of ratings of pleasantness by image complexity                                  29 

Figure 9: Histogram: Pupil D by image complexity ......................................................... 30 

Figure 10: Histogram: R
2
 by image complexity ............................................................... 30 

Figure 11: Correlation: Pupil size by pupil D and R
2
 ......................................................  31 

Figure 12: Correlation: Ratings of pleasantness by pupil D ............................................. 32 

Figure 13: Correlation: Ratings of pleasantness by pupil size .......................................... 32 

Figure 14: Histogram: Pupil D low versus high D paticipants ......................................... 33 

Figure 15: Histogram: R
2
 low versus high D participants ................................................ 34 

Figure 16: Histogram: Pupil D by image complexity, high D participants ...................... 35 

Figure 17: Histogram: R
2
 by image complexity, high D participants............................... 36 

Figure 18: Histogram: Ratings of pleasantnes low versus high D participants ................ 37 

Figure 19: Histogram: Pupil size low versus high D participants .................................... 38 



vi 

 

Figure 20: Correlation: Pupil D by time of day low D participants.................................. 38 

Figure 21: Correlation: Pupil D by time of day high D participants ................................ 39 

Figure 22: Correlation: Pupil D by R
2
 low D participants ................................................ 39 

Figure 23: Correlation: Pupil D by R
2
 high D participants ............................................... 40 

Figure 24: Correlation: Pupil D by pupil size low D participants .................................... 40 

Figure 25: Correlation: Pupil D by pupil size high D participants ................................... 41 

Figure 26: Correlation: Pupil size by trial low D participants .......................................... 41 

Figure 27: Correlation: Pupil size by trial high D participants ......................................... 42 

 

 

  



vii 

 

Paul Eugene Moon 

FRACTALS IN PUPILLARY OSCILLATION PATTERNS: FROM GRAY IMAGES 

TO JACKSON POLLOCK PAINTINGS 

Thesis under the direction of James A. Schirillo, Ph.D., Professor of Psychology. 

Previous research has discovered fractal patterns in many natural structures and 

physiological processes such as mountains, trees, clouds, coast lines, heart rate 

variability, lung structure, and even the structure of the brain itself (Goldberger, 

Amaral, Hausdorff, Ivanov, Peng, & Stanley, 2002; Kiselev, Hahn, & Auer, 2003; 

Mandelbrot, 1982). Fractals are structures which are self-similar at varying 

magnification and can be either statistical (meaning they are not identical when 

magnification varies but are self-similar by some statistical measure) or 

mathematical (the structure remains identical as magnification varies) (Fairbanks 

& Taylor, 2011). The fractal nature of these structures and processes is important 

due to the efficiency gained by a fractal system compared to a random system as 

each step in magnification is similar to the previous. We present evidence from 

two studies suggesting that the pupil oscillates in a fractal pattern regardless of 

stimulus. We suggest that this effect is physiological in nature and is not an 

artifact of scanning patterns. Properties of images may augment the fractal 

properties of the oscillation pattern but only to a certain degree. 
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INTRODUCTION 

Fractal Patterns 

 Benoit Mendelbrot, a French mathematician, is credited with the discovery of 

fractal patterns (Mendelbrot, 1982). Fractals are structures which exhibit self-similarly 

repeating patterns at finer magnification. That is, as magnification is varied the structure 

of the image remains constant. Fractals vary in their dimension value (D) which describes 

the relative contributions of fine versus coarse scale repetition of the pattern such that 

higher D fractals demonstrate more fine scale repetition. A D of one is a single straight 

line (one dimensional) and a D of two will completely fill the space of a two dimensional 

plane, while fractals lie between one and two dimensions. A D of less than one is not 

fractal, and a D of greater than two is also not fractal as they do not fall between one and 

two dimensions. A pattern must have a D value of at least one but less than two to be 

considered a fractal pattern. For example, a painting which contains paint across the 

entire canvas will demonstrate a D value of two; however it is not a fractal pattern. 

 Box counting is a common procedure for measuring whether or not a structure is 

fractal. In essence, the procedure involves superimposing a grid over the image and 

counting all of the boxes which contain a part of the structure. N indicates the number of 

boxes counted. The boxes in the grid are then reduced by a predetermined amount and the 

process is repeated. L indicates the size of the boxes and can be thought of as the 

magnification factor. This process is repeated over many magnifications (Fairbanks & 

Taylor, 2011). A regression is then run between the two variables and if the log-log 

relationship is linear with a slope between one and two then the pattern or structure is 

determined to be a fractal. That is if, as the boxes decrease in size (i.e., as magnification 
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becomes finer) the number of boxes containing the pattern or structure increases at a 

power-law rate then the pattern remains constant at finer and finer magnification. The 

slope of the regression quantifies the D value and its R
2
 quantifies the strength of the 

fractal relationship (i.e., as R
2 

increases the structure is more similar under finer 

magnification) (Fairbanks & Taylor, 2011).  

Fractals can be either statistical or mathematical (Fairbanks & Taylor, 2011). 

Statistical fractals are common in natural processes and natural structures. These fractals 

are not perfectly self-repeating at finer magnification but are statistically self-similar over 

finer magnification of several orders of magnitude. That is, these fractals are only self-

similar over a certain range. At too great or fine a magnification the pattern is no longer 

fractal. Statistical fractals may not appear self-similar to the naked eye, and the box 

counting procedure must be utilized to determine if the pattern is statistically self-similar 

under varied magnification (Fairbanks & Taylor, 2011). By contrast, mathematical 

fractals contain exact copies of themselves at every magnification; true mathematical 

fractals are not found in nature. These fractals are normally described theoretically and 

visualized using computer programs (Fairbanks & Taylor, 2011). A mathematical fractal 

is presented in Figure 1 below (left side). Each step is an increase in magnification and 

the perfect self-similarity of the pattern is apparent. The right hand time series is 

statistically fractal. Each step in magnification is statistically similar to the previous. 

Fractals can be either spatial or temporal (Fairbanks & Taylor, 2011). Spatial 

fractals are fractal patterns found in physical structures such as trees or clouds whereas 

temporal fractals are fractals found in time series or time traces such as heart rate over 

time. To show that a time series is fractal one statistically examines a segment of a longer 
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series to show that the segment follows the same pattern as the larger pattern (Figure 1, 

right-hand images). In our studies we examined pupil size over time. 

 

Figure 1: An example of a mathematically self-repeating, temporal fractal (left) as 

well as a statistically self-similar temporal fractal (right). The fractals our research 

will examine are akin to the statistical temporal fractal on the right. 

Fractals in Nature 

Recent studies have found fractal structures in many natural and physiological 

processes. For example, healthy heart beats vary in a fractal pattern (i.e., the heart rate 

fluctuates over time in a fractal pattern) (Goldberger, Amaral, Hausdorff, Ivanov, Peng, 

& Stanley, 2002), eye movements (saccades) have been shown to trace out fractal 

patterns (Taylor, Spehar, Van Donkelaar, & Hagerhall, 2011), cat retinal ganglion cells 
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are fractal structures (Caserta, Stanley, Eldred, Daccord, Hausman, & Nittmann, 1990) 

and even trees, mountains, and clouds have been found to be fractal structures 

(Mendelbrot, 1982). Research has not investigated whether pupil diameter fluctuates over 

time in a fractal manner while viewing mathematically fractal images, non-

mathematically fractal images or non-fractal images. Fractal patterns may underlie 

healthy physiology as the fractal pattern of heart rate variation and walking gaits break 

down with age and disease (Goldberger et al., 2002). Thus, the current research sets out 

to further the line of investigation into fractal processes which underlie healthy and 

potentially unhealthy physiological processes. 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 2: Two computer-generated black and white fractal images. The left image 

has superimposed eye gaze trajectory of a participant (red lines, From Taylor, et al., 

2011), while the right image shows eye fixation data (blue circles. Larger circles 

indicate longer fixation times). Previous research investigating these saccade 

patterns has found that they are statistically fractal patterns. Due to the statistically 

fractal nature of the patterns their self-similarity may not be apparent. However, 

box counting analysis reveals that they are, in fact, statistically self-similar under 

finer magnification (Taylor et al., 2011). The right image is data from the current 

study. Both fractal images were generated by Taylor et al. (2011). 

Evidence that pupil size may fluctuate over time comes from Taylor et al.’s 

(2011) fractal saccade research which shows that as the eye scans a fractal image it does 

so in a fractal pattern as seen in Figure 2 (left). As the eye scans an image the amount of 
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black to white space projected onto the retina will change over time leading to retinal 

stimulation, therefore if the eye scans in a fractal manner the variation in pigment 

projected onto the retina may vary in a fractal pattern as well leading to fractal pupillary 

light reflex (PLR) patterns. This hypothesis requires that the amount of time retinal 

stimulation takes to alter pupil size be shorter than a cycle of self-similarity in the 

pupillary oscillation patterns. It is also possible that a fractal pupillary oscillation pattern 

may be due to the general nature of healthy physiology, akin to the healthy heart beat 

literature. It may be that many systems in the body operate with fractal patterns because 

there are benefits to a fractal system as opposed to a random system. For example, 

saccadic eye movements made while viewing fractal images induce fractal patterns and 

are not random. This might allow for the eye to cover more area than if the motions were 

completely random (Taylor et al., 2011). That is, as a person scans an image from a 

smaller scale to a larger scale they reapply a similar pattern to scan the image rather than 

generating new patterns at each scale. Our studies first investigated whether the pupil 

oscillates in a fractal manner and then whether this pattern was due to internal processes 

(similar to the heart beat literature) or whether temporally fractal stimulation of the retina 

led to fractal oscillations.  

Other examples of fractal systems include the lung system (which maximizes 

oxygen transfer) (Mendelbrot, 1982) and nerves (such as the structure of cat retinal 

neurons and the structure of the brain cortex itself) (Caserta et al., 1990; Kiselev et al., 

2003) where the fractal structure facilitates connections with neighboring neurons. These 

examples are all structural fractals, but temporal fractals also have useful properties as 

well – the auditory system has been show to demonstrate fractal neuronal firing patterns, 
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possibly to synchronize with fractal patterns in natural sounds (Lowen & Teich, 2005; 

Teich, 1992). Fractal patterns may be observed in pupillary oscillation data, either via 

scanning patterns or natural physiological processes. Fractals have been found in gazing 

patterns and in retinal ganglion cells, yet pupil oscillation patterns have not been 

investigated.  

Jackson Pollock’s Natural Fractals 

 Recent research by Taylor (2006) revealed that the abstract painter Jackson 

Pollock generated statistically spatial fractals in many of his drip paintings. According to 

Taylor (2006) Jackson Pollock went so far as to create multifractal paintings as he 

perfected his painting process. His process involved two types of paint application; drip 

and levy flight, both with their own unique D value (DD and DL, respectively). The levy 

flight painting style was used to create the large “island” type features in Pollock’s 

paintings as well as to connect these islands. Levy flight typically demonstrated a coarser 

fractal dimension of the two. The levy flight painting was used to mimic nature. The drip 

painting style was used by Pollock to control the chaotic nature of his images to allow 

him to seamlessly shift between a chaotic and ordered image. The drip painting style 

produced fractal patterns under finer magnification. Pollock’s paintings contain areas of 

canvas with no paint and lie between one and two dimensions (Taylor, 2006).  

Taylor’s investigation also revealed that Pollock’s paintings mimicked the fractal 

patterns found in nature. Typically natural fractals have mid-range D values, around D of 

1.3 to 1.5 (Taylor, 2006). During Jackson Pollock’s life he steadily increased the 

complexity of his paintings. His earlier paintings demonstrated very low D fractal 

patterns with some dipping to just above a D of 1.1, whereas later in his career he created 

such complex paintings that the D value reached nearly 1.9 (Taylor, Guzman, Martin, 
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Hall, Micolich, Jonas, Fairbanks, & Marlow, 2007). In his “classics” era, in which he 

produced the majority of his most well received paintings, Pollock created fractal 

paintings around D of 1.7. While these paintings are not within the “universal D” range 

of 1.3 to 1.5, they are close to the complexity of the universal D range. Jackson Pollock 

paintings produced during his “transitional” era, which preceded his “classics”, were his 

most complex, another example of Pollock fine tuning his painting style to mimic nature 

(Taylor et al., 2007). In fact, while painting Unititled, which originally demonstrated a 

fractal complexity of 1.89, he completely swept the paint from the glass canvas and 

started the painting over, presumably due to the over complexity of the painting (Taylor 

et al., 2007).  

Due to Pollock’s ability to mimic natural fractal patterns we are interested in 

investigating whether or not his abstract paintings will induce fractal pupillary oscillation 

patterns. In nature a foraging albatross searches for food using a fractal search pattern. 

That is, as an albatross investigates its surrounding territory it will begin with a small 

search pattern and then apply this pattern to a larger area and then a larger area still. The 

albatross will repeat this pattern until it finds food (Fairbanks & Taylor, 2011). The 

human eye utilizes a similar technique while scanning fractal images. Interestingly, the D 

values of the scanning patterns were independent of the D value of the image viewed. 

Scanning patterns were roughly D 1.5 regardless of the complexity of the image (Taylor 

et al., 2011).  

Current Studies 

Our studies investigated a two-fold question; do pupils constrict and dilate over 

time in a fractal manner and if so, is this effect dependent on properties of the image? 

Pupil size over time will be interrupted to an extent due to blinks. Study 1 was designed 
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to elicit pupillary fractal oscillation patterns under ideal circumstances. We assumed the 

most likely stimuli to produce this effect would be perfectly self-similar, mathematical 

fractal images because scanning patterns for fractal images have been shown to 

demonstrate fractal characteristics. Study 2 set out to answer the question of whether the 

fractal pupillary oscillation phenomenon would hold up in the absence of perfectly self-

repeating, mathematical fractal images. This is an important question because in nature 

perfect mathematical fractals do not occur. Presenting participants with several different 

types of images, some fractal, some non-fractal, will help in determining the source of the 

effect. The pupil may oscillate in a fractal manner in response to temporally fractal 

stimulation of the retina via fractal scanning patterns if cycles of repetition within 

pupillary oscillation are longer than the time it takes for the pupil to react to retinal 

stimulation. Pupil size and saccades are controlled by separate systems within the visual 

system. However, saccades may beget fractal oscillation patterns because patterns 

saccades lead to alterations in stimulation of the pupil over time. Given Fairbanks and 

Taylor’s (2011) discovery that saccadic patterns are fractal while viewing fractal images 

the retina may receive temporally fractal stimulation and therefore produce a fractal 

oscillation output for fractal images. If this is the case pupil D values and R
2
 values while 

participants view non-fractal images may not produce fractal oscillation patterns. On the 

other hand, if the eye naturally oscillates in a fractal manner fractal oscillation patterns 

should be observed in response to all type of stimuli, whether they are fractal or not. 
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STUDY 1 

Methods 

Participants. All procedures were approved by the Institutional Review Board of 

Wake Forest University and were performed in accordance with the ethical standards laid 

down in the 1964 Declaration of Helsinki. Thirty-nine undergraduate participants were 

recruited from the undergraduate research pool at Wake Forest University. Participants 

participated for optional credit for an introductory psychology course. Thirty participants’ 

data were analyzed and are reported below. Seven initial participants were not analyzed 

due to poor camera calibration. One participant’s data were removed due to excessively 

large pupil size (i.e., > 10 mm) and another participant’s data were removed due to 

irregular camera readings.  Five of the reported participants were male and 25 were 

female. The average age of the participants reported was 18.6 years. 

Methods. Nine computer-generated black and white fractal images and their 

negatives (eighteen total images; 16.6
o
 X 16.6

o
) were presented in a random order for 60 

seconds each. These images ranged from D values of 1.1 to 1.9 by steps of 0.1. 

Participants placed their head on a stable head rest attached to a table at a predetermined 

distance from the monitor (58 cm). Prior to presentation of the stimuli an EyeLink 

camera was calibrated for each participant to ensure accurate measurement. This 

calibration was then validated for each participant before the stimuli were presented. 

Upon completion of the experiment participants were debriefed and were given credit for 

their participation in the study. 

Materials and apparatus. Pupil size was collected using an Eyelink 1000 

infrared camera which recorded monocular pupil size (left-eye), eye movement, fixation 

duration, as well as other ocular movements at 1,000 Hertz. The reason our research 
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requires such a rapid sampling period is to allow for magnification of the data over 

several orders of magnitude for the fractal analysis. In order to examine patterns within 

pupil size over time across varied magnification we needed to have sufficient data points 

to magnify the pattern to very small scales. 

Blinks were removed from the data via an excel program before the box counting 

analysis. This was done by taking out the zero scores (i.e., those representing a closed eye 

– so no information) and all the data points 100 msec before and after each set of zeros. 

Partial blinks were removed manually via examining the data to locate near but not 

complete occlusion of the pupil and repeating the above process (i.e., removing 100 msec 

before and after the blink). Then the remaining time series was stitched together (i.e., the 

deleted section of the data was removed from the series and the remaining data was 

connected from the beginning of the blink to the end of the blink). There are inherent 

problems with removing the blinks this way, but it is a better method than using 

interpolation because it does not add arbitrary data points to the series. However, 

stitching the data together in this fashion treats the data as though it is one continuous 

time series when in fact the time series has sections missing. Blinks make it impossible to 

resolve this issue in any other more meaningful way given current technology. Removing 

the blinks also resulted in time series of different lengths (which may be observed in Fig. 

3). The overall length of each time series was heavily dependent on the number of blinks 

per sixty second period, with more blinks leading to shorter series. Box counting analysis 

was carried out via a MatLab program developed at the University of Oregon by Matt 

Fairbanks. 
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RESULTS 

Analyses were conducted in two waves. First, we tested whether or not the pupil 

oscillation patterns were statistical temporal fractals despite removed blink data via the 

MatLab box counting procedure. Following the main analysis of the oscillation patterns 

we ran several correlations to examine which variables affect the complexity of the 

fractal patterns and the strength of the fractal relationship along with other correlations. 

Main Analysis 

The box counting procedure revealed a fractal oscillation pattern for every image 

viewed by all 30 participants analyzed. Fractal pupillary oscillations were observed for 

all 540 fractal images. The average pupil fractal complexity was D = 1.209 (S.D. = 0.05) 

and the average fractal relationship strength was R
2 

= .9994 (S.D. = 0.0004). The R
2
 data 

should be examined cautiously however, as not every trace consisted of the same number 

of data points. In general the closer the relationship is to a perfect R
2
 of 1 the more self-

similar the trace is under varied magnification. Figure 3 is raw data from the highest and 

lowest pupil D trials and Figure 4 is the same data analyzed via box counting. Note that 

the lower D trace has much larger and more distinct peaks and valleys whereas the higher 

D trace demonstrates much more fine changes in pupil size over time. The cut-off points 

at which the traces are no longer fractal are designated by the two vertical lines in Figure 

4. Both high D and low D fractals were anchored in the fine end of the scale which can be 

observed in Figure 4 by the higher concentration of data points on the right side of the 

scale. However the high D traces demonstrated more fine scale self-similarity than the 

low D traces and demonstrated self-similarity over a greater range. The slope of the 

regression line quantifies the relative contributions of fine versus coarse scale self-

similarity (i.e., D). The steeper the regression line the further the data will fall in the fine 
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end of the scale (i.e., if the regression line is steeper more boxes, Log N, will be counted 

in the fine end of the scale, Log L). To the naked eye Figure 3 shows no signs of self-

similarity for either trace. This is due to the statistically fractal nature of natural and 

physiological processes. These processes are not identical at different magnifications and 

are not self-similar to infinity. However, at different magnifications the characteristics of 

the series do repeat statistically (Figure 4). 

 

  

Figure 3: Pupil size in millimeters by time in milliseconds for two different 

participants for one trial. The above image is of the single lowest pupil D across all 

trials and the below image is of the single highest pupil D across all trials. Note that 

the traces are of different length. This is caused by differences in blink rate. The 

length of each time series was dependent on the number of blinks. 
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Figure 4: Analyzed box counting of two sets of data from Figure 3, respectively. The 

linear relationship between box size, (L) and number of boxes counted (N), indicates 

that this relationship is fractal. Log L is the total length of the data series divided by 

each instance of the number of boxes counted. As magnification becomes finer, the 

number of boxes counted increases at a constant rate. That is the structure remains 

constant. The blue symbols are the entire data series, while the regression was done 

on only the overlapping red data points.  The red data points correspond to the 

range at which the pattern remains fractal and are designated by the two vertical 

lines. Above and below these points the box counting will not recognize the fractal 

nature of the pattern as the boxes will be either too large or too small. Note that the 

X axis is negative. This is required to produce a positive D value or slope. 
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Correlational Analysis 

Significant negative correlations were found across all trials and participants 

between average pupil size and pupil D, r = -.453, p = .001, and average pupil size and 

R
2
, r = -.299, p = .001 (Fig. 5). 

 

Figure 5: Scatterplot of pupil size in millimeters by pupil D and R
2
. The data 

revealed a significant negative relationship of pupil size and pupil D (top) as well as 

a significant negative relationship between pupil size and R
2
(bottom).  
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There was no significant relationship between image D and pupil D, r = 

.016, p = .719 (Fig. 6).  

 

Figure 6: A scatterplot demonstrating the lack of a relationship between the fractal 

density of the image and the fractal density of the pupillary oscillation pattern. 
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DISCUSSION 

Our main analysis supported our hypotheses with regards to fractal patterns in 

pupillary dilations. First, oscillation patterns while viewing fractal images were fractal. 

The fractal patterns were very strong with an average R
2 

of .9994. Second, these fractal 

patterns were relatively constant across stimuli and did not fluctuate in relation to the 

complexity of the images viewed. 

Taken together, these findings provide further evidence of fractals in natural 

processes. Since these patterns were so strong across all 30 participants, as evidenced by 

R
2
, it may be the case that the underlying physiological process of pupillary oscillations 

is fractal regardless of the pattern of retinal stimulation. This would further implicate the 

importance of fractal patterns in healthy physiology as research on healthy hearts has 

shown a breakdown of this fractal pattern with age and disease such as heart failure 

(Goldberger et al., 2002). It is possible that, similar to heart rate variation, fractal 

pupillary oscillation patterns break down once the pupil loses fracticality of its oscillation 

patterns. 

The correlational evidence demonstrated a negative relationship between average 

pupil size and pupil oscillation complexity and fractal pattern strength. This may 

implicate the autonomic nervous system’s parasympathetic branch in these fractal 

patterns as parasympathetic nervous system activation correlates with pupillary 

constriction (Milton, 2003). However, it is also possible that the resulting fractal patterns 

may be driven by inhibition of the sympathetic nervous system. The two systems work in 

tandem and an increase in one leads to a decrease in the other. We speculate that the 

parasympathetic nervous system drives the patterns observed as previous research on 
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pupillary dilation patterns has implicated the parasympathetic nervous system’s 

importance in these patterns (Steinhauer, Siegle, Condray, & Pless, 2004). 

Pupillary constriction is controlled by the parasympathetic nervous system via the 

Edinger-Westphal complex. These signals travel from the Edinger-Westphal complex 

down the third cranial nerve to the ciliary ganglion cells of the eye, and then to the 

pupillary sphincter muscle. Pupillary dilation is triggered by inhibition of the Edinger-

Westphal nucleus (Milton, 2003). Research has suggested that the parasympathetic 

nervous system is far more involved in pupillary oscillation patterns as when the 

parasympathetic system has been inhibited the pupil does not constrict in reaction to light 

(Steinhauer et al., 2004). Coupled with the fact that pupil size decreases with 

parasympathetic activation our results suggest that the parasympathetic branch of the 

autonomic nervous system drives the complexity and strength of these fractal patterns up.  

Previous research has suggested that abnormally slow pupillary oscillations due to 

pathological alterations in acetylcholine may be the result of parasympathetic nervous 

system dysfunction (Martyn & Ewing, 1986). Pupillary constriction is activated by the 

parasympathetic nervous system in response to increases in acetylcholine (Bear, Connors, 

& Paradiso, 2001); therefore examining patterns within alterations of pupil size overtime 

may predict neurological disorders. In a recent study abnormal pupillary light reflex 

(PLR) (i.e., the pupil’s natural reaction to constrict in the presence of illumination or 

dilate in the absence of illumination) may be predictive of Alzheimer’s disease (AD), as 

AD patients showed significant differences in redilation and constriction patterns 

compared to healthy patients and patients on AD medication (Fotiou, Fountoulakis, 

Tsolaki, Goulas, & Palikaras, 2000). Non-medicated AD patients showed reduced latency 
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periods of the PLR as well as a limited range of constriction compared to healthy patients 

and AD patients on medication. This again may implicate the parasympathetic nervous 

system dysfunction with disease as the parasympathetic branch is responsible for 

pupillary constriction. Moreover, heart rate patterns tend to become abnormal and non-

fractal with disease and correlate with heart failure risk, which in turn correlates with 

autonomic nervous system abnormalities (Goldberger et al., 2002). 

It may be that certain types of ocular disease are related to parasympathetic 

dysfunction. It may also be true that cardiovascular disease correlates with autonomic 

nervous system dysfunction, which in turn predicts a breakdown in the fractal nature of 

pupillary oscillations. Age and disease may play a role in the breakdown of fractal 

patterns as well. It is unclear, however, if non-fractal pupillary oscillation patterns relate 

to any sort of disease. Future research should aim to determine whether or not ocular 

fractal patterns are found in the elderly or those with ocular diseases. 

The lack of any relationship between image D and pupil D is surprising (Fig. 6). 

Previous research has typically found a relationship between the fractal complexity of the 

stimulus and the physiological response. Taylor et al.’s (2011) work may help to shed 

light onto why there was no apparent relationship between the fractal characteristics of 

the images and the physiological response observed. In their investigation they 

discovered that eye movement patterns while viewing statistical fractal paintings 

remained constant at roughly D of 1.5 regardless of the fractal complexity of the painting 

viewed. It is possible that our participants’ saccade patterns remained constant across 

images which may have led to a consistent temporal stimulation pattern of the retina and 

in turn constant fractal pupillary light reflex output. Because study 1 contained only 
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mathematically fractal images it remained unclear whether this effect was stimulus driven 

(i.e., the temporal change in black to white space projected onto the retina causing a 

temporally fractal pupillary light reflex) or if this pattern resulted from natural 

physiological processes. Certain components within the auditory system, such as the 

auditory nerve, the cochlear nucleus, and the lateral superior olivary complex have been 

shown to display fractal neuronal firing patterns in cats (Lowen & Teich, 2005; Teich, 

1992). Study 2 set out to differentiate between these two possible scenarios. Using 

multiple different types of images (Jackson Pollock’s statistically fractal paintings, 

distorted versions of his paintings, gray images, and nonfractal images from the 

environment) we measured pupil size over time. If the effect is entirely stimulus driven 

differences in image fracticality should result in systematic differences in pupillary 

fractal patterns and possibly non-fractal oscillation patterns. 
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STUDY 2 

Methods 

Participants. All procedures were approved by the Institutional Review Board 

of Wake Forest University and performed in accordance with the ethical standards laid 

down in the 1964 Declaration of Helsinki. Thirty-nine undergraduate participants who 

did not participate in study 1 were recruited from the undergraduate research pool at 

Wake Forest University. Six participants’ data were discarded from analysis due to poor 

instrument calibration. Participants participated for optional credit for an introductory 

psychology course. Nine participants were male and 24 were female. Average age was 

18.8 years old. 

Methods. Twenty images (16.6
o
 X 16.6

o
) were presented to participants for 60 

seconds each. Order was randomized between image complexity groups and within 

complexity groups. Complexity groups were selected to match four Jackson Pollock 

paintings by complexity as well as amount of black to white space in the image (i.e., 

luminosity). Images types consisted of four computer generated mathematically fractal 

images from study 1, four images of statistically fractal Jackson Pollock paintings, four 

non-fractal distorted Pollock images, four images of non-fractal, man-made 

environmental structures, and four uniform gray images with the same average amount of 

black and white space as the Pollock images. Following the presentation of each stimulus 

participants rated each image’s pleasantness on a scale of one (least pleasant) to five 

(most pleasant). Each participant placed their head on a stable head rest which was 

attached to a table at a predetermined distance from the monitor (58 cm). Prior to 

presentation of the stimuli an EyeLink 1000 camera was calibrated for each participant to 

ensure accurate measurement. This calibration was then validated for each participant 
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before presentation of the stimuli. Upon completion of the experiment participants were 

debriefed and given credit for their participation in the study. 

Materials and apparatus. Pupil size was collected using an Eyelink 1000 

infrared camera which recorded monocular pupil size (left-eye), eye movement, fixation 

duration, as well as other ocular movements at 1,000 Hertz. The reason our research 

requires such a rapid sampling period is to allow for magnification of the data over 

several orders of magnitude for the fractal analysis. 

Blinks were removed from the data via an excel program before the box counting 

analysis. Blinks were removed by the program by taking out the zero scores (i.e., those 

representing a closed eye – so no information) and all the data points 100 msec before 

and after each set of zeroes. Partial blinks were removed manually by locating the lowest 

point of the blink and removing 100 data points before and after this point. Then the 

remaining time series were stitched together (i.e., the deleted sections of the data were 

removed from the series and the remaining data were connected from the beginning of 

the blink to the end of the blink).  There are inherent problems with removing the blinks 

this way, but it is a better method than using interpolation because removing the blinks 

does not add arbitrary data points to the series. Stitching the data together in this fashion 

treats the data as though it is one continuous time series when in fact the time series has 

sections missing. However, blinks make it impossible to resolve this issue in any other 

meaningful way given current technology. 

As in Study 1, box counting analysis was carried out via a MatLab program 

developed at the University of Oregon by Matt Fairbanks. 

Stimuli. Several different types of stimuli were utilized in study 2. 
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 Image types. Image types used were images of Jackson Pollock paintings, 

distorted versions of these images, gray images, mathematical fractals, and non-fractal 

environmental images. 

Computer generated fractal images were used as a means of replicating the 

results of study 1. Four images from study 1 were chosen on the basis of their D value. 

The D values of the mathematical fractals were 1.1, 1.5, 1.7, and 1.9. We attempted to 

match the complexity of these images with the four Pollock D values. 

 Jackson Pollock black and white painting images were used as a means of testing 

whether or not a statistical fractal is sufficient to elicit a fractal pupillary oscillation 

pattern. Jackson Pollock paintings are ideal for this study due to their similarity with the 

fractals seen in nature (Taylor et al., 2011). Four Pollock paintings which have been 

analyzed by Taylor et al. (2011) to determine their D values were used in this study. 

These images have been deconstructed to consist of only the drip layer, DD or the levy 

flight layer, DL. This is important due to the multifractal nature of Jackson Pollock 

paintings, as the computer generated fractal images contain only one fractal dimension. 

The D values of the Jackson Pollock painting images were 1.12, 1.45, 1.66, and 1.89. 

 Distorted Jackson Pollock black and white painting images were used to test 

whether or not a non-fractal image is sufficient to elicit a fractal pupillary oscillation 

pattern. This is a control condition. We used distorted Pollock paintings to maintain an 

equal amount of black and white space as the fractal Pollock paintings but at the same 

time compromise the underlying fractal pattern. Equal amounts of black to white space is 

important in that if the stimuli differ in the amount of black and white space participants’ 

pupils will be larger or smaller on average (i.e., if the fractal image contains more white 
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space than the non-fractal image it is paired with, participant’s pupils will be 

systematically smaller while viewing the fractal image). Given the results from our study 

1 this could systematically alter the pupil oscillation D values. These images contained a 

D value similar to the Jackson Pollock paintings, however the self-similarity of the 

images was compromised. 

 Non-fractal environmental images were included as a means of investigating 

whether or not the everyday, but non-fractal, environment elicits fractal pupillary 

oscillation patterns. We used images of man-made structures to avoid including natural 

fractals in our images. We also matched these images as close as possible to the 

luminosity of the undistorted and distorted Jackson Pollock paintings. This was done by 

matching a gray-scale histogram of a Pollock to that of an environmental image in 

Photoshop.  These images coupled with the distorted Pollock images helped to determine 

the mechanism behind the fractal pupillary oscillation patterns. Research has discovered 

that saccades trace out fractal patterns while viewing fractal images (Taylor et al., 2011), 

and if fractal saccadic movements are indeed responsible for the fractal pupillary 

oscillation patterns, then non-fractal images should not induce fractal oscillation patterns. 

These images contained a D value of at least two since at all scales boxes would have 

contained pieces of the patterns within the images. 

 Uniform gray images were included to investigate whether or not the pupil simply 

oscillates in a fractal manner regardless of the content of the image. This is another 

control condition.  These images are the average of the black to white space of the 

Jackson Pollock paintings. Since there was no pattern for participants to view the ratio of 

black to white space projected onto the retina remained constant as participants viewed 
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these images. A fractal pupillary oscillation pattern elicited from these images would 

provide evidence in support of the assumption that the pupil oscillates in a fractal manner 

regardless of the stimulus viewed. These images demonstrated a D value of less than one 

as there was no pattern at any scale for the box counting procedure to analyze. 

Image Complexity. Images were grouped by their relation to the fractal 

complexity and luminosity of the Jackson Pollock paintings included in the study. These 

groups allowed us to measure how the complexity of different types of images alter pupil 

D and R
2
. Mathematical fractals were paired by the D value in relation to the Pollock 

painting. Gray images were the average amount of black to white space contained within 

the image. These were generated via the image editing program Photoshop. The distorted 

Pollocks were also generated in Photoshop. The distortion filter “wave” was added to the 

image, compromising the fractal pattern within the image. Environmental images were 

matched via a luminosity histogram in Photoshop. This histogram displays the relative 

amount of black, gray, and white space in the image. We found environmental images via 

Google and matched their histogram to that of the Pollock paintings. Altogether, four 

groups were generated, each with one image from the five image types listed above. The 

four groups contained nearly the entire range of D values. Jackson Pollock’s Untitled 

1945 contained a fractal D of 1.12, Pollock’s Number 14 contained a fractal D of 1.45, 

Pollock’s Number 32 contained a fractal D of 1.66, and Pollock’s Untitled on glass 

contained a D of 1.89. Mathematical fractal images D values of 1.1, 1.5, 1.7, and 1.9, 

respectively. The environmental images were of the George Washington Bridge, a small 

windmill, an apartment building with several windows, and a picture of London, 

respectively. 
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RESULTS 

As in Study 1, analyses were conducted in two waves. First, we tested whether or 

not the pupil oscillation patterns were statistical temporal fractals via a MatLab box 

counting procedure. Following the main analysis of the oscillation patterns we ran several 

correlations and mean difference tests to examine which variables affected the 

complexity of the fractal patterns and the strength of the fractal relationships along with 

other tests. We also ran several post-hoc analyses following a median split between-

groups analyses of the data. The data was split on our dependent variable pupil D 

between low and high pupil D participants. 

Main analysis 

Every image trial produced a fractal pupillary oscillation pattern. Across all 

participants and all trials a total of 660 fractal pupillary oscillations were observed. The 

average pupil fractal complexity was D = 1.269 (S.D. = 0.069) and the average fractal 

relationship strength was R
2  

= .9994 (S.D. = 0.00035). The R
2
 must be interpreted with a 

caveat as the traces were not all the same length. However, generally the closer the 

relationship is to a perfectly linear relationship on the log-log plot the closer the trace is 

to perfect self-similarity.  

D values were quite low and still lower than the complexity of fractals seen in 

nature which typically demonstrate a fractal complexity around a D of 1.5 (Taylor et al., 

2011). The highest and lowest traces of D are presented below along with their fractal 

box counting analysis output (Figs. 7 & 8, respectively). Note that the lower D trace has 

much larger and more distinct peaks and valleys whereas the higher D trace demonstrates 

much more fine changes in pupil size over time.  



26 

 

 

Figure 7: Time traces of both the lowest (above) and highest (below) D trials from 

study 2. Note the difference in length of the trace. This is a product of removing the 

blinks from the data as the length of the trace was dependent on the number of 

blinks per trial. 
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Figure 8: Examples of the same data from Figure 7 post box counting analysis. Red 

dots correspond to range over which the trace remains fractal. The cut offs are 

designated via the black vertical lines, beyond these lines the trace is no longer 

fractal. Note that the highest D trial remains in line at the more negative, coarser 

end of the scale. This is evidenced by the deviation of the red dots at the more 

negative end of the scale for the lowest D trial but not for the highest D trial. 
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Mean Difference and Correlational Analyses 

 A 4 x 5 repeated measures analysis of variance (ANOVA) revealed a significant 

effect of image type on pupil D, F(4, 128) = 3.261, p = .014 as well as a significant effect 

of image complexity on pupil D, F(3, 96) = 3.536, p = .018 (Fig. 9). Contrasts of image 

type revealed significant differences between undistorted Pollock images, t(32) = 2.193, p 

= .029 and distorted Pollock images and environmental images, t(32) = 2.944, p = .01 

such that distorted and undistorted Pollock images produced higher D values. Contrasts 

of image complexity revealed a significant difference between images grouped with a 

mid-range complexity Pollock image and highly complex Pollock image, t(32) = 3.164,  

p = .020 such that mid-range complexity images produced significantly elevated D values 

(Fig. 9). 

A 4 x 5 repeated measures ANOVA revealed a significant overall effect of image 

type on R
2
, F(4, 128) = 10.074, p = .001 (Fig. 10) and no effect of image complexity on 

R
2
, F(3, 96) = 1.470, p = .228. Contrasts revealed significant differences between gray 

images and all other types and a significant contrast between undistorted Pollock images 

and mathematical fractals (Table 1).   

A 4 x 5 repeated measures ANOVA revealed significant overall effects of image 

type, F(4, 128) = 36.819, p = .001 and complexity, F(3, 96) = 4.247, p = .007 on ratings 

pleasantness. Contrasts of ratings by image complexity revealed that images paired with a 

low D Pollock image were rated significantly more pleasant than images matched with a 

high D Pollock image, t(32) = 3.488, p = .009. Contrasts of ratings by image types 

revealed that gray images were rated significantly less pleasant than all other types, and 

environmental images were rated as significantly more pleasant than all other types, 
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while Pollocks, distorted Pollocks, and mathematical fractals were not rated significantly 

more or less pleasant than one another (Table 2). All comparisons were subject to the 

Bonferroni correction for significance. This correction involves dividing the level of 

significance by the number of contrasts run in order to reduce the likelihood of finding 

spurious effects for a large number of statistical tests.  

Image Type t Statistic Significance 

Pollocks & Grays 5.508 .001 

Pollocks & Distorted .733 1.000 

Pollocks & Mathematical 3.256 .023 

Pollocks & Environmental 1.053 .834 

Grays & Distorted Pollocks -3.843 .006 

Grays & Mathematical Fractals -3.715 .004 

Grays & Environmentals -3.475 .011 

Distorted Pollocks & Mathematical Fracals 1.688 1.000 

Distorted Pollocks & Environmentals .591 1.000 

Mathematical Fractals & Environmentals -1.239 1.000 

 

Table 1: Constrasts of mean differences of R
2
 for different image types. A negative t 

score indicates that the second image elicited higher R
2
 values. 

 

Image type t Statistic Significance 

Pollocks & Grays 5.097 .000 

Pollocks & Distorted Pollocks .837 1.000 

Pollocks & Mathematical Fractals 2.180 .367 

Pollocks & Environmentals -5.635 .000 

Grays & Distorted Pollocks -4.735 .000 

Grays & Mathematical Fractals -5.000 .000 

Grays & Environmentals -11.652 .000 

Distorted Pollocks & Mathematical Fractals 1.683 1.000 

Distorted Pollocks & Environmentals  -5.630 .000 

Mathematical Fractals & Environmentals  -8.269 .000 

 

Table 2: Contrasts of the mean differences of image ratings by image types. Two 

contrasts were nonsignificant following the Bonferroni correction: Pollock & 

distorted Pollocks, and distorted Pollocks & mathematical fractals. A negative t 

statistic indicates that the second image type listed was rated more pleasant. 
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Figure 9: A histogram of the effect of image complexity on pupil D. Image 

complexity D1.5 produced significantly higher D values than image complexity D1.9.  

Error bars equal S.E.M with between-subjects variance removed to emphasize 

within-subjects effects (Cousineau, 2005). This is an estimation of within-subject 

standard error. 

 

 

Figure 10: A histogram of the mean differences in R
2
 values between gray images 

and all other image types as well as a significant difference between undistorted 

Pollocks and mathematical fractals. Error bars equal S.E.M. with between-subjects 

variance removed to emphasize within-subjects effects. This is an estimation of 

within-subject standard error. 
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A significant negative correlation was found between pupil size and pupil D,        

r = -.607, p = .001 (Fig. 11, top). This shows that, as in Study 1, as pupil size decreased 

fractal complexity of the oscillation patterns increased. A significant negative correlation 

was also found between pupil size and R
2
 , r = -.491, p = .001 (Fig. 11, bottom). As pupil 

size decreased the strength of the fractal relationship increased. 

 
 

 

Figure 11: Pupil size by pupil D (top) and R
2
 values (bottom). Again there is a 

strong relationship between pupil size, pupil oscillation pattern complexity (D) and 

the strength of the fractal relationship. 
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There was a significant correlation between pupil D and rating of image 

pleasantness, r = .161, p = .001 (Fig. 12). 

 

Figure 12: The positive correlation between Pupil D by ratings of pleasantness of the 

image. 

There was a significant negative correlation between pupil size and ratings of 

pleasantness, r = -.097, p = .012 (Fig. 13). 

 

Figure 13: The negative correlation between pupil size and ratings of pleasantness of 

the images. 
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To check for participant fatigue for the duration of the study we ran a pair-

wise t-test comparing the average pupil size of participants during the first half of the 

study versus the second, t(32) = 5.304, p = 001. A correlation of pupil size by 

chronological trial also revealed a significant negative relationship between the two 

variables, r = -.176, p = .001. The fatigue effect was not found for pupil D or R
2
. 

Post-hoc Analysis 

 A manipulation check of the median split of pupil D revealed a significant 

difference between participants low (N = 16) and high (N = 17) on our measure of pupil 

D, t(31) = -7.379, p = .001 (Fig. 14). For low D participants the average D value was D = 

1.216 whereas for the high D participants the average D value was D = 1.320. There was 

also a significant difference between R
2
 values between the low and high D groups, t(31) 

= -3.068, p =.004 (Fig. 15). The average R
2
 value for low D participants was R

2
 = .9993 

while the average R
2
 value for the high D participants was R

2
 = .9995.  

 

Figure 14: A histogram of the mean difference in pupil D between high and low D 

participants. 
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Figure 15: A histogram of the mean difference in R2 between high and low D 

participants. 

 A 2 x 4 x 5 mixed design ANOVA for pupil D revealed a significant interaction 

between high versus low D participants for image type, F(4, 124) = 4.037, p = .004 but 

no interaction for image complexity, F(3, 93) = 1.471, p = .227. 

A 4 x 5 repeated measures ANOVA of image type and image complexity on pupil 

D demonstrated no effect of image type, F(4, 60) = 1.380, p = .252 or image complexity, 

F(3, 45) = 1.074, p = .370 for low D participants. Significant effects were found of image 

type, F(4, 64) = 5.972, p = .001 and image complexity, F(3, 48) = 4.200, p = .010 on 

pupil D for high D participants. Comparisons of image type revealed that environmental 

images elicited significantly less complex oscillation patterns than all other types. 

Comparisons of pupil D by image complexity revealed a significant difference between 

the images grouped by a Pollock with a mid-range D (D of roughly 1.5) and the images 

grouped by a Pollock with an extremely high D (D of roughly 1.9), t(16) = 3.415, p = 

.021 for high D participants only (Fig. 16). No significant comparisons of image 

complexity or type on pupil D were observed for low D participants. Repeated measures 
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ANOVAs revealed no significant effect of image type or complexity on pupil size for low 

D participants, F(4, 60) = 1.356, p = .260, and F(3, 45) = .489, p = .692. For high D 

participants a significant effect was found for image type on pupil size, F(4, 64) = 2.755, 

p = .035, and a marginally significant effect for image complexity on pupil size, F(3, 48) 

= 2.374, p = .082. Contrasts of the effect of image type on pupil size revealed that pupil 

size was significantly reduced for mathematical fractals compared to environmental 

images, t(16) = -4.935, p =.001. 

 

Figure 16: A histogram of pupil D by image complexity for high D participants. The 

difference between average pupil D during trials of images in the D1.5 

complexityand the D1.9 complexity is significant. Error bars equal S.E.M. with 

between subjects-variance removed to emphasize the within-subjects effects for high 

D participants. This is an estimation of within-subject standard error. 

 A 2 x 4 x 5 mixed model ANOVA revealed no significant interaction for R
2
 by 

low versus high D participants for image type, F(4, 124) = 1.843, p = .125 or complexity, 

F(3, 93) = .757, p = .521.  

A 4 x 5 repeated measures ANOVA revealed a significant effect of image type on 

R
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differences between Pollock images and gray images, t(15) = 4.116, p = .011, as well as 

mathematical fractals, t(15) = 3.800, p = .017. Image complexity demonstrated no effect 

on R
2
, F(3,45) = .868, p = .465 for low D participants. An effect of image type on R

2
 was 

found for participants with high pupil D values, F(4, 64) = 9.023, p = .001. Comparisons 

revealed significant differences of the effect of gray images and undistorted Pollock 

paintings t(16) = -4.747, p = .002, distorted Pollock paintings t(16) = -3.674, p = .021 and 

mathematical fractals, t(16) = -3.421, p = .035 on R
2
. The mean R

2
 difference was not 

significantly different between gray images and environmental images (Fig. 17). A 

repeated measures ANOVA revealed a no effect of image complexity on R
2
, F(3, 48) = 

2.091, p = .114 for high D participants. All post-hoc comparisons were subject to a 

Bonferroni correction for significance.  

 

Figure 17: A histogram of R
2
 values by image type for high D participants. The gray 

images resulted in significantly lower R
2
 values for all other types except 

environmental images. Error bars equal S.E.M. with between subjects-variance 

removed to emphasize the within-subjects effects for high D participants. This is an 

estimation of within-subject standard error. 
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High D participants rated images as marginally more pleasing than low D 

participants, t(31) = -1.970, p = .058 (Fig. 18). Low D participants demonstrated 

significantly larger pupils than high D participants, t(31) = 3.370, p = .002 (Fig. 19). 

Low and high pupil D participants differed in how the time of day affected pupil 

D. For participants with low D values there was a negative correlation between time of 

day and pupil D, r = -.363, p = .001 (Fig. 20). Participants with high D values 

demonstrated a positive correlation between time of day and pupil D, r = .255, p = .001 

(Fig. 21). Pupil size did not systematically fluctuate with time of day. 

For low D participants, pupil D and R
2
 were significantly correlated, r = .722, p = 

.001 (Fig. 22). This effect was not present for high D participants (Fig. 23). 

 

Figure 18: A histogram of the mean difference in ratings of pleasantness between 

high and low D participants. 
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Figure 19: A histogram of the mean difference in pupil size between high and low D 

participants. 

 

Figure 20: Pupil D by time of day for low D participants only. As time of day 

increased, pupil size decreased. 
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Figure 21: Pupil D by time of day for high D participants only. As time of day 

increased, pupil D increases. 

 

Figure 22: The correlation between pupil D and R
2
 values for low D participants. 

This effect was not present for high D participants. 
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Figure 23: The correlation between pupil D and R
2
 for high D participants 

As with the overall data set, both low and high D participants demonstrated a 

negative relationship between pupil D and pupil size, r = -.554, p = .001 (Fig. 24) and r = 

-.186, p = .001 (Fig. 25). 

 

Figure 24: The negative correlation between pupil D and pupil size for low D 

participants. 
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Figure 25: The negative correlation between pupil D and pupil size for high D 

participants. 

Low and high D participants demonstrated a fatigue effect via a pair-wise t-tests 

comparing pupil size from the first half of experimental sessions to the second, t(15) = 

3.884, p = .001, and t(16) = 7.191, p = .001 as well as correlations of pupil size by 

chronological trial, r = -.293, p = .001, and r = -.145, p = .009 (Fig. 26 & 27). Neither 

measure of fatigue demonstrated an effect on pupil D for low or high D participants. 

 

Figure 26: The correlation between pupil size and trial for low D participants. 
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Figure 27: The correlation between pupil size and trial for high D participant 
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DISCUSSION 

The main analysis of study 2 further generalized our findings from study 1. First, 

all trials produced fractal pupillary oscillation patterns. Second, the fractal patterns were 

relatively simple compared to most other natural fractals. Lastly, and unique to study 2, 

properties of the image altered the fractal properties of the oscillation patterns to a degree 

in a systematic way. 

Because the stimuli in study 1 were all perfectly self-similar mathematical fractals 

it was impossible to determine if the oscillation patterns were a result of temporally 

fractal stimulation of the retina or if the visual system itself functions with fractal patterns 

regardless of input. The mathematical fractals in study 2 replicated the results of study 1. 

The statistically fractal Jackson Pollock painting images demonstrated that a perfectly 

self-similar fractal is not required to obtain fractal pupillary oscillation patterns. The 

distorted Pollock images, which controlled for the amount of black to white pigment of 

the undistorted Pollock images while compromising the fractal properties of the images, 

resulted in fractal oscillation patterns which confirmed that a fractal image may not be 

required to produce fractal pupillary oscillation patterns. Environmental images of man-

made structures indicated that non-fractal, everyday scenes are sufficient to produce 

fractal oscillation patterns. Lastly, and most striking, even in the complete absence of any 

changes in black to white space (i.e., gray images) the pupil oscillates in a fractal manner 

suggesting that the patterns observed are inherent. 

These finding suggest that the effect is not a result of fractal saccadic scanning 

patterns or temporally fractal stimulation of the retina and that these fractal patterns are 

physiological in their origin. Based on the results of study 1 we hypothesized that the 
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effect may be driven by the parasympathetic nervous system; however, this theory is only 

partially supported when considering our correlate with fatigue. While pupil size and 

pupil D were significantly and negatively correlated in study 2, pupil size reduced 

significantly over the course of experimental sessions whereas pupil D and R
2
 did not. In 

light of these findings we suggest that the effect is mainly neurological as neural firing in 

the auditory system has been shown to be fractal as well (Lowen & Teich, 2005; Teich, 

1992). Teich argues that the auditory systems fires with fractal patterns in order to 

synchronize with the fractal auditory input it receives from the natural environment. We 

argue that the visual system operates with fractal patterns regardless of stimulation from 

the environment; however, oscillation patterns may shift slightly to synchronize with 

patterns in the environment as both pupil D and R
2
 demonstrated systematic variation 

with image type and image complexity. 

The significant effects of image type and complexity on pupil R
2
 and pupil D 

suggest that, while the stimuli do not appear to cause pupillary oscillation patterns to 

become non-fractal, they may alter the properties of the oscillation patterns to a degree in 

a systematic manner. These effects also suggest that different properties of the image 

impact different properties of fractal oscillation patterns. First, it appears that some 

amount of contrast may be needed to enhance the fracticality of the pupillary oscillation 

patterns. Gray images may produce default fractal pupillary oscillation patterns, whereas 

other images which contain contrast augment the fractal patterns of the pupil to be more 

self-similar under magnification. It is unclear exactly how contrast achieves this. 

Scanning patterns may play a role. Adding contrast may simply increase stimulation of 

the retina regardless of scanning patterns, which in turn may lead to stronger fractal 
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patterns. It is important to keep in mind that even though R
2
 was reduced for gray images, 

R
2
 was still very high across all image types. We do not argue that the properties of the 

image elicit fractal oscillation patterns. We suggest that specific properties within images 

augment the specific properties of the fractal oscillations to an extent. 

Second, images paired with a mid-range complexity Pollock image appear to 

drive up the complexity of the oscillation patterns. This effect was observed in both the 

overall analysis and the high D participants. Taylor et al. (2011) presented evidence that 

natural scenes display fractal patterns of roughly 1.5, and that these mid-range fractals 

were typically rated as more appealing than lower or higher complexity images. Our 

second study adds an intriguing parallel to this research. Mid-range complexity images, 

via either eliciting certain saccadic scanning patterns or some physiological process, elicit 

significantly more complex fractal patterns than extremely complex patterns. However, it 

is difficult to determine the mechanism behind this increase in pupil D for mid-range 

images. Pupil size was not predicted by image complexity or type so an autonomic 

nervous system answer is not supported. Saccadic scanning patterns may alter the 

oscillation patterns in some way; however Taylor et al. (2011) found no systematic 

differences in the complexity of saccadic scanning patterns across a variety of fractal 

complexities. With the exception of the gray image, images paired with the extremely 

complex Pollock images contained only black and white space, whereas images paired 

with a mid-range complexity Pollock image contained black, white, and gray space. 

Containing only black and white pigment may have led to more coarse (i.e., lower D) 

than fine changes in pupil size. However, if this difference was the driving factor behind 

this effect we would expect mathematical fractals to demonstrate significantly lower D 
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values than other image types because all mathematical fractals contained only black and 

white pigment. Therefore, the mechanism behind this effect remains elusive. However it 

falls in line with previous research which suggests that mid-range fractal patterns are 

somehow systematically different than fractal pattern which are more or less complex. 

Taken together, these findings suggest that the visual system may synchronize 

with the properties of the environment once the underlying fractal patterns has been 

established akin to the auditory system (Lowen & Teich, 2005; Teich, 1992). The visual 

system appears to achieve this via two distinct criteria: contrast within the image and 

complexity of the patterns within the image. Once the baseline pupillary oscillation 

pattern is established it appears that pupil D can be altered via image complexity while R
2
 

can be altered via contrast if the cycle time of a fractal oscillation is longer than the 

amount of time stimulation of the retina takes to result in alterations of pupil size. The 

baseline fractal patterns may stem from fractal neuronal firing in the sections of the 

oculomotor nerve which send signals to the muscles of the iris to constrict in a fractal 

manner but not necessarily the entire nerve. It may also be possible that the Edinger-

Wesphal (EW) nucleus fires with fractal patterns or that conduction of this signal from 

the EW nucleus to the iris causes the signal to become fractal. Further research should 

investigate which of these possible scenarios is responsible for the observed effect as the 

degradation of fractal patterns in heart rate variability have been show to predict adverse 

physiological outcomes and this may be the case for pupillary oscillations as well.  

The significant correlation between pupil D and R
2
 is not surprising. Lower D 

fractals are self-similar over a more limited range than higher D fractals. This leads to 

more deviation from a perfectly linear relationship and lower R
2
 values on the log-log 
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plot for lower D fractals. This can be seen in Figure 8. The lower D regression line begins 

to become nonlinear before the higher D regression line, leading to a lower R
2
 value. 

The negative correlation between pleasantness ratings and pupil size is both 

interesting and counterintuitive. Typically, the more arousing a stimulus is the larger the 

pupil tends to be, a very basic sympathetic nervous system response. A recent study may 

help to shed some light on what might be happening here. During trials in which 

participants were instructed to remember novel stimuli pupil size was significantly 

reduced. Pupil size was also reduced during retrieval trials if participants subjectively 

rated the image as novel regardless of whether or not the image had been presented 

before (Naber, Frassle, Rutishauser, & Einhauser, 2013). Participants may not be familiar 

with our images, or not familiar with the Jackson Pollock paintings. Jackson Pollock’s 

paintings have been praised critically. The effect of reduced pupil size for higher ratings 

may stem from a combination of both of these observations. First, because the images 

were most likely novel to participants pupil size was reduced. Second, considering the 

effect of image type on ratings, because Jackson Pollock’s paintings are so well received 

participants may have rated them as more pleasant than gray images and similar to 

distorted Pollock images and mathematical fractals. The environmental images were 

rated significantly more pleasant than all other types of images and consisted of two 

famous structures (the George Washington Bridge and London’s Big Ben) as well as two 

generic structures (a small windmill and an apartment complex with several windows). 

The famous structures were most likely not novel to participants. However they were also 

most likely not viewed on a regular basis by participants as the study took place in North 



48 

 

Carolina so to a certain extent they were new to participants, which may have led to 

reduced pupil size and higher ratings.  

The correlation between pupil D and ratings of pleasantness is also interesting in 

that it shows a potential physiological effect of pupil D on pleasantness ratings. A similar 

correlation was not found in study 1. In essence, finer oscillations of pupil size (i.e., 

higher pupil D values) predicted rating an image as more pleasant. A recent study 

suggested that emotional arousal predicts the degree of change in pupil size, regardless of 

whether the image is rated as pleasant or unpleasant (Bradley, Miccoli, Escrig, & Lang, 

2008). However, based on the results of our study participants demonstrated finer 

oscillation patterns and smaller pupil size for more pleasant images. It is possible that the 

differences in our effects are from stimulus selection. Often studies of pupil size and 

pleasantness utilize images containing people, or extremely pleasant versus unpleasant 

images. In our study the images most likely did not trigger strong emotional reactions as 

they are more neutral in content. The images included in the current study were also 

intentionally selected to contain very few or no representations of people in order to 

avoid strong physiological reactions. They were also not especially arousing as they were 

all gray scaled images of either abstract paintings, man-made structures, or nothing at all. 

The effect may also stem from the time frame under which pupil size was observed. 

Bradley et al.’s (2008) investigation recorded pupil size for six seconds, whereas we 

recorded pupil size for 60 seconds. Over longer periods of time ratings of pleasantness 

may predict different physiological changes than in the short term. The case may be that 

over longer time periods, pleasant images activate the parasympathetic nervous system 

leading to smaller pupils and finer pupillary oscillation patterns. This is supported by the 
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negative relationship between pupil size and ratings of pleasantness. High pupil D may 

predict a low arousal, content state. 

The effects of image type on pupil D and image complexity on pleasantness 

ratings are unclear. For the effect of image type on pupil D, undistorted and distorted 

Pollock images produced more complex fractal oscillation patterns than environmental 

images. For the effect of image complexity on ratings, images grouped with a low 

complexity Pollock image were rated significantly more pleasant than images paired with 

an extremely complex Pollock image. Generally, mid-range fractal patterns are rated as 

the most appealing (Taylor et al., 2011). Our data suggest that images grouped with a low 

complexity fractal image are more pleasing than very complex images. It is possible that 

because many of the images within the very complex group contained only black and 

white pigment this was off putting to participants. However, the mathematical fractal 

image type, which also contained only black and white pigment, were only rated 

significantly less pleasant than environmental images which implies that containing only 

black to white pigment does not significantly reduce pleasantness ratings as the other 

image types were rated as less pleasant than environmental images as well. Also unclear 

is why undistorted Pollock images produced significantly higher R
2
 values than 

mathematical fractals. 

Post-hoc Discussion 

 As with all post-hoc tests, these analyses must be interpreted with caution. We 

had no a-priori hypothesis to guide our decision to split the data. The median split was 

arbitrary given there was no clear split point in the data. Because of this, we have 

increased the likelihood of finding spurious effects. However, we believe the results of 

this analysis merit discussion as they added clues to potential physiological correlates of 
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pupil D and suggest that there may be underlying differences between high D participants 

and low D participants. Pupil D was strongly correlated with pupil size throughout 

studies 1 and 2. Pupil size is correlated with a host of other physiological effects via the 

autonomic nervous system. Therefore, we believe an investigation into differences 

between the two groups was merited.  

 While the pupil D divide was arbitrary (i.e., the lowest 16 participants were the 

low pupil D group and the highest 17 participants were the high pupil D group) there was 

a significant difference between low D versus high D participants for D value as 

evidenced by our manipulation check. Other effects were significantly different based on 

low versus high D participants such as pupil size and R
2
. However, three nonsignificant 

interactions of the effects of image type and complexity suggest the effects of image type 

and complexity were not dependent of low versus high D values. This makes supporting 

a distinction between the two groups difficult to support. However, the significant 

interaction of image type by pupil D based on low versus high D participants suggests 

that to a degree alterations of pupil D are dependent on having a low or high D value.  

 There was a significant effect of image type on pupil D for high D participants. 

Comparisons revealed significantly reduced pupil D values for environmental images 

compared to all other image types. There was also a significant effect of image 

complexity on pupil D for the high D group. Comparisons revealed that images grouped 

with a mid-range complexity fractal produced more complex pupillary oscillation 

patterns than the highest complexity images. R
2
 was also predicted by image type. 

Similar to the entire data set gray images produced significantly lower R
2
 values than 

Pollock images, distorted Pollock images, and mathematical fractals. However, unlike the 
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overall analysis environmental images did not elicit significantly higher R
2
 values than 

gray images. The lack of this effect may stem from relative amounts of contrast. Most of 

the environmental images contained large areas of no contrast (i.e., sections of sky) 

whereas the other image types contained nearly pervasive contrast.  

 It may also be possible that the D and R
2
 effects are a result of underlying 

differences in image scanning behavior between low and high D participants. If the shifts 

in D and R
2
 are generated by changes in temporal stimulation of the retina high D 

participants may scan images in a systematically different fashion than low D 

participants. This hypothesis is dependent on the cycle time of a fractal within the 

pupillary oscillations such that the cycle time of a self-similar oscillation would need to 

be longer than the time it takes for the iris to respond to light to allow the pupil relay the 

signal afferently from the retina to the Edinger Wesphal nucleus, and efferently back to 

the muscles of the iris. 

 The differential effect of time of day on pupil D is complex. For low D 

participants pupil D was negatively related to time of day. This effect was reversed for 

high D participants. It is possible that the effect is driven by differential circadian cycles 

of participants. Circadian cycles are controlled by several internal “clock” systems. The 

main clock is the suprachiasmatic nucleus (SCN). The SCN is triggered by input from the 

retina, which sends signals to SCN once the retina is stimulated by light. Once active, the 

SCN alters hormone levels throughout the body, such as cortisol, the “stress hormone” 

(Baird, Coogen, Siddiqui, Donev, & Thome, 2012). Cortisol alters pupil size (Bear et al., 

2001). Differences in brain wave frequencies throughout the day may also affect pupil D. 

Over the course of the day brain wave frequencies shift between alpha (conscious but low 
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levels of cognitive activity, correlated with parasympathetic activation and reduced pupil 

size) and beta waves (high frequency waves associated with higher levels of cognitive 

activity and increased pupil size) (Bear et al.,  2001). It is possible that high D 

participants demonstrate more alpha frequency waves than low D participants due to 

differential circadian cycles which may systematically alter pupillary oscillation patterns. 

However, this argument becomes difficult to support when considering the lack of a 

relationship between pupil size and time of day. We would expect that pupil size should 

be negatively related to time of day if the difference in time of day were great enough to 

measure differences in circadian cycles. Overall pupil size and patterns within pupillary 

oscillations may predict slightly different underlying physiological changes. 

 The correlation between pupil D and R
2
 for low D participants but not for high D 

participants may be due to a ceiling effect. The higher the D value of a fractal 

relationship on the log-log plot the more closely it will follow a perfectly linear 

relationship because the trace demonstrates self-similarity over a greater portion of the 

scale (Fig. 8). The lack of an effect for high D participants may simply be because all of 

the R
2
 values were near a perfect relationship of 1, whereas the R

2
 values for the low D 

group had a much wider range. 

 The mechanism behind the effect of image type on pupil D for high D participants 

is not apparent from our data. Both the overall data set and the high D participants 

showed effects of environmental images on pupil D which implicates non-fractal 

environmental images in some way, possibly by increases in sympathetic activation. The 

effect of image type on R
2
 for low D participants may implicate the importance of 

statistical fractals in altering properties of pupillary oscillation patterns. R
2
 was 
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significantly increased for undistorted Pollock images compared to gray images and 

mathematical fractals.  

 Altogether the differences between low and high D participants point to a possible 

distinction between the two groups. Time of day affected the groups differentially and 

may have resulted from differences in circadian cycles via hormone levels or brain wave 

frequencies. Overall, the autonomic nervous system appears have some input into many 

of the effects observed because pupil size and pupil D and R
2
 were strongly linked for the 

majority of our results. However this cannot be the entire story as pupil size and pupil D 

differed from one another on multiple occasions. Further research designed specifically to 

measure the effects of low versus high D participants should provide more definitive 

answers. 

 It is important to reemphasize that these effects were all observed via post-hoc 

analyses which increased the likelihood of finding spurious results. However, the 

differences observed merit discussion and further consideration. 
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GENERAL DISCUSSION 

 Across two studies our results present strong evidence in support of a mostly 

physiologically driven effect of fractal pupillary oscillation patterns while participants 

viewed several different types of images ranging in complexity and fractal properties. 

Previous research has identified fractal patterns in healthy physiological processes as well 

as in nature (Goldberger et al., 2002; Mandelbrot, 1982) but no study had applied such 

techniques to determine whether or not pupillary oscillation patterns demonstrate fractal 

relationships. Taylor et al. (2011) discovered fractal saccadic patterns while participants 

viewed fractal images. Caserta et al. (1990) found that the structure of cat retinal ganglion 

cells demonstrate self-similarity at different magnifications. These findings demonstrate 

that some aspects of the visual system demonstrate fractal patterns. Study 1 answered the 

basic question of whether or not fractal patterns could be observed in pupillary oscillation 

patterns under ideal circumstances (i.e., while participants viewed mathematically fractal 

images). Despite presenting fractal images of varying complexity the oscillation patterns 

observed remained relatively constant across trials. The main predictor of pupil D and R
2
 

in study 1 was pupil size, leading us to conclude that the effect was physiological in 

nature and driven by the autonomic nervous system. However, the stimuli used in study 1 

did not allow us to make many assumptions as to whether or not the effect was a result of 

physiology alone or if saccadic scanning patterns led to temporally fractal stimulation of 

the retina. 

 Study 2 set out to address the unanswered assumptions from study 1. Results 

generally supported the findings from study 1 but added crucial information in the 

development of our understanding of the fractal pupillary oscillation process. Participants 



55 

 

viewed several different types of images in Study 2. Not all of the images contained 

fractal patterns. The pupil oscillated in a fractal manner across statistically fractal Jackson 

Pollock painting images, distorted Pollock images, gray images, computer generated 

mathematical fractal images, and non-fractal environmental. This finding did not support 

the hypothesis that scanning patterns elicited the fractal oscillation patterns observed. 

Had this been the case, non-fractal images should not have produced fractal oscillation 

patterns. However, properties of images altered properties of the oscillation patterns to a 

degree. 

The fact that fractal oscillation patterns were observed for gray images but to a 

lesser degree when compared to all other image types suggests that gray images may 

produce a baseline fractal oscillatory pattern and adding contrast optimizes pupillary 

oscillation patterns. Also intriguing is that images paired with a mid-range statistically 

fractal image produced more complex oscillation patterns than images paired with an 

extremely complex statistically fractal image. This draws an interesting parallel with 

research which has found mid-range fractals to be the most common in nature (Taylor et 

al, 2011). It seems as though the fractal properties of oscillation patterns (i.e., pupil D and 

R
2
) may be altered differentially by specific properties of the image. This may be the 

visual systems’ attempt at synchronizing with visual stimuli in the environment once the 

fractal pattern has been established. Adding contrast increases fracticality while images 

matched with mid-range fractals produce more complex oscillation patterns. However, 

the benefit for synchronizing this way is not apparent from our data. Scanning patterns 

may be involved in both effects, however exactly how they shift the properties of the 

oscillation patterns merits further investigation.  
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A parasympathetic solution is only a partial solution in that fatigue was observed 

for pupil size but was not observed for pupil D or R
2
. If the oscillation patterns observed 

resulted exclusively from the input from autonomic nervous system pupil D and R
2
 

should fluctuate systematically with fatigue as well. Post hoc analyses suggest that there 

may be some underlying differences between participants low versus high on pupil D 

value as effects not seen in low D participants were present for those high in pupil D as 

well as the overall data set. Individual differences in circadian cycles may have led to 

differential pupil D by time of day patterns for low versus high D participants. Pupil size 

was also significantly lower for high D participants than it was for low D participants. 

It is striking that no trial produced a non-fractal pupillary oscillation pattern. We 

argue that this is because the effect is primarily physiological in nature and would require 

some sort of severe physiological disorder which disrupts healthy functioning throughout 

the body to produce non-fractal pupillary oscillation patterns. Acetylcholine (ACh) 

triggers pupillary constriction once the parasympathetic nervous system has been 

activated. ACh is also the major neurotransmitter involved with skeletal muscle 

constriction (Bear et al., 2001). Abnormal fractal pupillary oscillations may predict 

deficiencies of ACh in the body and in turn skeletal muscle disorders. We believe to 

observe non-fractal oscillation patterns a person would demonstrate irregular neuronal 

firing patterns or possibly vision loss. 

Overall, the results of both studies clearly demonstrate fractal pupillary oscillation 

patterns while participants viewed static images. The effect was not driven by properties 

of the images; however certain properties of the images (i.e., contrast or complexity) 

systematically altered the fracticality and complexity of the pupillary oscillation patterns. 
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The majority of our evidence implicates a possible autonomic nervous system effect, 

however if this were the only system at play the fatigue effect should have been observed 

in pupil D and R
2
 as well as pupil size. A combination of fractal neuronal firing and 

autonomic nervous system input appears to be the best solution to this quandary with 

image properties playing a role in altering the fractal properties of the oscillations.  

  



58 

 

CONCLUSIONS, LIMITATIONS, AND FUTURE DIRECTIONS 
 

 

In conclusion, we suggest that the pupil oscillates in a fractal manner regardless of 

the content of the image projected onto the retina. Through two studies we have 

presented considerable evidence in support of a physiological hypothesis behind fractal 

pupillary oscillation patterns, not a stimulus driven hypothesis. We propose that the effect 

is physiological in nature because no stimulus elicited a non-fractal oscillation pattern.  

Contrast and complexity of the images systematically altered specific properties of the 

oscillation patterns to an extent, but the underlying pattern across all types of images 

resulted in a fractal pupillary oscillation pattern. We believe that in the absence of 

contrast the pupil will oscillate at a baseline fractal pattern and adding contrast will drive 

the strength of the pattern up. We also posit that mid-range complexity images drive up 

the complexity of pupillary oscillations compared to extremely complex images. We 

believe the autonomic nervous system plays a role in the complexity of these patterns; 

however the entirety of the underlying mechanisms is unclear from our data. 

We suggest that it may be appropriate to make a distinction between people low 

and high on pupil D. Because of the direction of the differences observed we propose that 

pupil D may be an index of circadian cycles with changes in hormone levels throughout 

the day or shifts in relative alpha and beta brain waves as possible predictors of shifts in 

pupil oscillation patterns. The median-split analyses must be interpreted with caution as 

they were post-hoc and we had no a priori hypothesis to split the data. 

Blinks were a limitation in both studies and resulted in shorter time-series lengths 

between trials and disjointed time-series. Participants in study 2 were asked to limit 

blinks as much as possible, however blinks remained prevalent. We interpret our data set 
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with caution because we did stitch-together pupil oscillatory data with blinks removed. 

This was done to insure we had close to one minute of total data from which to extract 

our fractal time-series. This method was seen as cleaner than trying to interpolate pupil 

size during the blink which is sometimes done in pupillography because removing blinks 

does not add arbitrary data to the series. While this stitching does distort the continuity of 

the time-series, because the blinks presumably occured at random intervals any resulting 

distortions are non-systematic. Moreover, blink time compared to total view time of the 

images was small, thus keeping the continuity distortions to a minimum. 

Future studies might employ more measures of physiology. An 

electroencephalogram (EEG) would have allowed us to measure other indices of 

autonomic nervous system activity which we could have been able to compare with our 

measures of the fractal properties of the oscillation patterns. An EEG is a device which 

measures physiological effects such as ion flow via electrodes placed on the skin and 

scalp. It would have allowed us to directly measure brain wave frequency in the low and 

high D participants. An EEG will help future studies in determining how other underlying 

physiological processes fluctuate with pupillary oscillation patterns. It will also help in 

providing evidence for or against a distinction between low and high pupil D people. 

 Another interesting direction this research may be taken is into a patient 

population. If fractal pupillary oscillation patterns are strongly linked to physiology they 

may be absent in populations of neurological disorder patients. Abnormal neural firing 

may lead to less fractal or even non-fractal pupillary oscillation patterns. Neurological 

diseases such as Alzheimer’s Disease have been shown to alter pupil dilation and 

constriction patterns (Fotiou et al, 2000). Another patient population worth considering 
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for future research is a population of patients with very poor vision or a blind population. 

If irregular pupillary oscillations are induced by images lacking contrast, then patients 

suffering from vision loss may demonstrate irregular pupil oscillation patterns. Vision 

loss does not result in a complete lack of pupillary dilation and constriction. Even eyes 

which lack rods and cones dilate in response to light via specialized retinal ganglion cells 

which work to set circadian cycles with ambient light (Milton, 2003). 

Gray images showed the greatest alterations of R
2
 of all stimuli in our studies. We 

speculate that some amount of contrast may be required to gain optimal fracticality in 

pupillary oscillations. However, it was impossible to completely remove contrast from 

the entirety of participants’ field of view. The border of the screen was black, the camera 

underneath the screen was also black, and the wall behind the screen was white. 

Participants’ peripheral vision presumably received information from these areas so each 

participant’s field of view was not entirely void of black to white contrast. A future study 

utilizing a ganzfeld apparatus would allow researchers to test pupil size fluctuations in 

the complete absence of black to white contrast. A ganzfeld is a dome which participants 

place their heads inside. It can also be a small white plastic ball (similar to a ping-pong 

ball) cut in half which participants then place on both eyes. A light is then shined on the 

outside of this dome leaving the internal environment completely gray. This would 

remove peripheral black to white contrast from the participant’s field of view. 

Unfortunately, because a camera would still be required inside the dome some amount of 

contrast would still be present. However, if technology allows it, this environment may 

be best suited for observing the least fractal pupillary patterns in a healthy population.  
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To measure the effect of contrast on pupillary oscillation patterns a study might 

measure the temporal shifts in the amount of black to white space which falls on the 

retina. Cameras used in studies of gazing patterns collect data such as the eye’s fixation 

durations and scanning patterns. A future study may employ these data to determine if the 

changes in black to white space introduced to the retina are indeed temporally fractal. To 

do so, a four square grid may be utilized. This grid should contain two black and two 

white squares. Participants could then freely scan the pattern. This would allow future 

researchers to isolate the pattern in its most simple form. 

To investigate how complexity of the image alters complexity of oscillation 

patterns, a study may investigate saccadic scanning patterns across a range of image 

complexity. While Taylor et al. (2011) did not find differences in scanning pattern in 

relation to the complexity of images, they only used fractal images. Utilizing several 

different types of images, as we did in our research, may result in differential scanning 

patterns for images of varying complexity. An electrooculogram (EOG) may be used to 

determine if eye movements over time are fractal. An EOG measures eye movements via 

electrodes above and below the eye. The eye itself is a dipole (i.e., it has a positive and a 

negative pole) and the electrodes measure ocular movements via relative charge from 

either the positive or negative pole. A readout of eye movements and focal point overtime 

should allow researchers to determine if scanning patterns are indeed sensitive to image 

complexity. 
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