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Abstract

Directionality is known to be an important dimension in human perception and
classification of visual textures. Through a series of psychophysical experiments, this
thesis investigates further the perception of directionality in textured surfaces, and uses
the results to propose a measurement model for the perceived directionality of random-

phase surfaces.

Height maps of textured surfaces were rendered and animated in real-time with
controlled illumination. Observers’ judgements of the directionality of surfaces were
obtained by direct-ratio estimation, and either the method of pair-wise comparisons or
the method of constant stimuli. The responses were used to derive a perceptual scale of
directionality (perceived directionality) that could be related to physical properties of

the surfaces.

The thesis first investigates the relationships between each of two existing
computational measures of directionality (Tamura’s variance and Davis’ variance) and
human perception of directionality. This was done by using height maps captured from
real surfaces, which were then manipulated to vary the computational measures of their
directionality. From the psychophysical experiment, it was found that these two
measures do not fully account for human perception of directionality, which must
therefore be influenced by other properties of the textures.

In order to investigate more fully the factors determining perceived directionality,
synthetic random-phase surfaces defined by a mathematical model were used in the
subsequent experiments. It was found that three properties of the magnitude spectrum of
such surfaces significantly affect human perception of their directionality: angular
variance (o2), RMS roughness (&) and central radial frequency (f,). After determining
these effects, the thesis proposes a measurement model of perceived directionality,

which predicts human perception of directionality of a random-phase surface.
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Chapter 1

Introduction

This thesis develops a measurement model of perceived directionality of textured
surfaces. Section 1.1 describes importance of perceptual studies of textured surfaces.
The motivation and goals of this thesis are explained in section 1.2. The scope and
limitation of the work are described in section 1.3. The main contributions and the
organisation of the thesis are mentioned in section 1.4 and section 1.5 respectively.

1.1 Background

Texture is an important visual cue that human uses to analyse surfaces. The
performance of surface evaluation applications in context of a specific task depends on
how well texture algorithms match human visual system. Human often uses terms like
roughness, directionality, coarseness etc. to describe and differentiate textured surfaces.
For applications such as automated perception based classification and retrieval of
surfaces, many researchers have proposed computational approaches either to measure
visual characteristics directly or to obtain set of features in order to classify surfaces the

way human would classify it.

Tamura et al. (1978) were the first who highlighted importance of human perception in
texture evaluation applications. They proposed computational measurements of visual
characteristics based on spatial variation of surfaces and conducted psychophysical
experiments to correlate those measurements with human perception. Amadasun and
King (1989) used Neighbourhood Gray-Tone Difference Matrix (NGTDM) to measure
the visual characteristics computationally and evaluated those measurements against
human perception. Abbadeni (Abbadeni, 2000; Abbadeni et al., 2000) proposed auto-

covariance based perceptual texture features corresponding to human perception.

Psychophysical research has shown that human analyse images according to spatial

frequencies and orientations of surfaces (Campbell and Robson, 1968). Therefore,

1



Fourier domain based approaches are also widely in use for the classification and

segmentation of surfaces.

Many of such Fourier based approaches used FRF (filter-rectify-filter) models which
are inspired by frequency channel models in human visual cortex. FRF models are also
known as back pocket model in vision science as they have been routinely used in
classification and segmentation task (Landy and Orug, 2002). Usually, Gabor filter
tuned in both orientation and frequency has been used as the first filter in the FRF
models for the classification and segmentation of images (Landy and Bergen, 1991,
Randen and Husoy, 1999; Bovik et al. 1987; Palm and Lehman, 2002). The rectification
is used to transform negative amplitudes into corresponding positive amplitudes and
smoothing responses from the first filter. Either lower frequency band pass filter (Landy
and Orug, 2002; Dakin et al., 1999) or averaging filter (Randen and Husoy, 1999; Bovik
et al., 1990) is often used as the second filter. Texture segmentation using Gabor filters
has also shown a strong correlation with actual human segmentation (Reed and
Wechsler, 1990).

Another approach for the classification of surfaces using Fourier domain is to divide
Fourier spectrum into rings (frequency information) and wedges (orientation
information) and to use the total energy into regions created by rings and wedges as
texture features (Weszka et al., 1976). In general, there are numbers of studies showing
the importance of spatial frequency and orientation of surfaces in human visual system.

In summary, surfaces textures have been studied psychophysically and mathematically
to improve the performance of automated perception based applications of surface

textures.

1.2 Motivation and Goal

The studies described above have shown importance of different factors that could be
possibly affecting human perception of visual characteristics but they were carried out
by selecting surfaces from databases like Broadtz (1966) and hence it is not clear how
these measurement or textural features would perform evaluation task if different
datasets is used. To the author’s knowledge, none of the studies proposed specifically

measurement models of visual characteristics (apart from measurement model of
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roughness proposed by Padilla (2008)) describing perceptual estimation of visual

characteristics.

Furthermore, researchers have found it difficult to show a reliable match between such
computational measures and human perception of surface characteristics. Hence, the
strategy of this thesis is to study how humans perceive one particular visual
characteristic of textured surfaces. There are many visual characteristics of surfaces,
including directionality, which numbers of studies (Tamura et al., 1978; Rao and Lohse,
1993b; Liu and Picard, 1996; Abbadeni et al., 2000; Abbadeni, 2000) have shown to be
important in human perception of textured surfaces. Therefore, in this thesis human
perception of directionality will be investigated. Human perception of directionality of
directional surfaces will be described by the term perceived directionality in this thesis.
The main goal of this thesis is to develop a measurement model of perceived
directionality of uni-directional surfaces which will predict human perception of

directionality of a given surface.

1.3 Scope of the Work

Synthetic uni-directional surfaces defined in frequency domain will be used to
investigate human perception of directionality. To generate surfaces of varying
directionality, distributions of frequency components in the magnitude spectrum will be
varied and frequency components will have random phase spectrum. The final results
will represent those surfaces only. Phase-rich surfaces will also be used in a small study
chapter 3. However, no investigation will be carried out to find out how the information
within phase spectra is related to human perception of directionality. Thus we will focus

purely on the effects of 1% and 2" order statistics.

1.4 Original Contributions
The contributions of this thesis are as follows:

1. It identifies the relevance of existing computational measures to human

perception of directionality in chapter 3.



2. It reveals the effects of parameters that define distribution of the frequency
components, on observers’ perception of directionality in chapter 4 and chapter
5.

3. The main contribution of this thesis is to propose a measurement model of
perceived directionality. This model, given a height map of a random-phase
surface, will predict how directional an average human observer would consider

that surface to be.

1.5 Organisation of this Thesis

The organisation of this thesis is as follows. In chapter 2, first, reader is introduced to
directional surfaces to make them familiar with the kind of directional surfaces used in
this thesis. Then, different methods of investigating human perception of visual
characteristics are reviewed to determine a suitable approach for the perceptual
investigation of directionality. It also reviews existing methods used to measure
directionality mathematically, and suggests two for further investigation.

In chapter 3, relevance of these two computational measurements to human perception
Is tested using sets of directional surfaces. Photometric stereo is used to obtain surface
height maps of real samples of textured surfaces. A shrinking technique (Watson, 1988)
is used to create sets of directional surfaces having different directionality. It also
explains how stimuli will be presented throughout this thesis and describes tools used

for the psychophysical experiments.

In chapters 4 and 5, the effects of different magnitude spectrum parameters are
investigated. Synthetic directional surfaces are used to control each parameter

independently.

In chapter 6, the measurement model of perceived directionality is proposed based on
the observed effects of parameters on perceived directionality. Chapter 7 summarizes
the conclusions of this thesis and suggests future work to extend the model.



Chapter 2
A Methodology for I nvestigating Human Per ception of Directionality

Previously, with the exception of a few studies on human perception of roughness (Ho
et al., 2006, 2007; Padilla et al., 2008) perceptual investigations of different visual
characteristics of textures, including directionality, have been carried out using images
from de facto data sets such as the Brodatz album (1966). However, the illumination
conditions used to capture these images are unknown and Chantler (1995) has shown
that common computational features are significantly affected when the illumination
direction changes (Chantler, 1994b, 1995)

Therefore the objective of this chapter is to determine a suitable approach for the
investigation of human perception of directionality without any illumination bias. It also
introduces directional surfaces and, later, reviews existing methods of measuring

directionality.

The organisation of this chapter is as follows. Section 2.1 gives an introduction to
directional surfaces and describes directional surfaces which will be considered in this
thesis. Section 2.2 reviews perceptual investigations of surfaces’ visual characteristics
and suggests an appropriate methodology. Section 2.3 explains how surface height data
can be obtained using photometric stereo. Section 2.4 reviews existing methods of
measuring the directionality of surfaces. We then describe the two, widely used,
computational measures which will be tested in chapter 3 to see if they match human

perception.

2.1 Typesof Directional Surfaces

In this thesis, directional surfaces are categorised based on the number of dominant
directions of surface. The scope of this thesis is limited to uni-directional surfaces (see

Figure 2-1). Examples of surfaces with no directionality or with more than one



dominant direction are shown in Figure 2-2, and such surfaces will not be discussed

further in this thesis.

From Figure 2-1, it can be noticed that these two uni-directional surfaces have different
amount of directionality. This thesis will investigate how humans judge the amount of
directionality.

Figure 2-1: Example of uni-directional surfaces with varying directionality

No dominant direction More than one dominant directions

Figure 2-2: Example of surfaces having no or more than one dominant directions

2.2 Review of Perceptual Investigations of Visual Characteristics

The objective of this section is to determine an appropriate methodology for the
investigation of human perception of directionality. Therefore it reviews how perceptual
investigations of different visual characteristics carried out in the past.
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Early methods for image classification and retrieval used features measured either from
spatial or structural information (Haralick et al., 1973) or from the Fourier domain
(Weszka et al., 1976; Bajcsy, 1972). In these methods, two textured surfaces were
compared by matching the complete set of features. These studies did not investigate
the human perception of visual characteristics of textured surfaces but some of the
features were later used to obtain computational measurements of perceived
characteristics (Battiato, 2002).

In man-aided approach, human decides criteria for the comparison of textured surfaces.
Therefore, it is necessary to define set of features that are appropriate to human
perception. Tamura et al. (1978) investigated the match between human perception of
six basic visual characteristics and corresponding computational measures. These visual
characteristics were named as coarseness, contrast, directionality, line-likeness,
regularity and roughness. To identify how well the computational measurements
describe corresponding visual characteristics, they conducted psychophysical
experiments in which 48 human observers made pair-wise comparison of 16 images
from the Brodatz album (1966). The observers selected a texture from each pair
according to six visual characteristics i.e. coarser, more directional, high in contrast,
more line-like, more regular and rougher. Perceptual scale for each stimulus was
obtained and ranking of textures were compared with the computational ranking to
judge the discrepancy between human judgements and computational measurements.
The main conclusion was that there was a high correlation between human judgements
and computational measurements of coarseness, directionality and contrast, while the
correlation for the other three characteristic was not very good. The computational
method to measure directionality using Tamura’s method is discussed later in this

chapter.

Similarly, Amadasun and King (1989) gave conceptual definitions and computational
measures of five visual characteristics: coarseness, contrast, busyness, complexity and
texture strength. They evaluated human ranking and computation ranking of images
from Brodatz album (1966) and found very high correspondence between them.

Many others (Liu and Picard, 1996; Wu et al., 1999; Payne et al., 1999; Payne, 2000;
Abbadeni, 2000; Abbadeni et al., 2000; Payne and Stonham, 2001; Battiato et al., 2003;
Fujii et al., 2003) followed similar procedures and compared human judgements of

predefined visual characteristics, including directionality, with the corresponding
7



computational measures to show the relevance of suggested computational measures to
human perception. In these studies, human perception of directionality was studied by
comparing the perceptual ranking of textured surfaces with computational ranking of
directionality and no relationship between the computational measures of directionality

and human perception of directionality was obtained.

Another approach used in the perceptual investigation of textured surfaces was to
identify the perceptual space of textured surfaces which includes visual characteristics
important to human perception, instead of selecting visual characteristics without
knowing their significance to human perception as done by the researchers reviewed

above.

Rao and Lohse (1993a, 1993b) indentified the perceptual dimensions of textured
surfaces that are relevant to human perception. They used free-sorting tasks and multi-
dimensional scaling (MDS) and found that the most significant orthogonal dimensions
of textured surfaces were, repetitive vs. non-repetitive; high contrast and non-
directional vs. low contrast and directional; granular, coarse and low complexity vs.
non-granular, fine and high complexity.

Heaps and Handle (1999) conducted a similar experiment and concluded that textured
surfaces cannot be arranged into perceptual space because human perception of visual
characteristics is context dependent. Long and Leow (2001) found four dimensions of
textured surfaces using similar procedure. However, they didn’t name the dimensions.
Instead, they compared the perceptual space with the computational space. Harvey and
Gervais (1981) and Gurnsey and Fleet (2001) also used the MDS to correlate
computational and perceptual texture spaces. As this thesis is concerned with one
dimension of perceptual texture space, the techniques of free-sorting tasks and MDS

will not be used in this thesis.

The methodology, used by researchers who investigated human perception of
predefined visual characteristics by comparing human judgements of visual
characteristics with the corresponding computational measures, can be used to develop

the measurement model.

This methodology involves four steps: selection of textured surfaces, defining a

computational measure of a visual characteristic, conducting psychophysical



experiments with human observers and mapping of psychophysical data on to

computational measurements.

The perceptual investigations of directionality, and other visual characteristics,
reviewed so far have a common limitation. They used single still images of two-
dimensional textured surfaces from databases like the Brodatz album (1966) for the
psychophysical experiments and computational measurements. The illumination and
viewpoint conditions of these images are unknown. There are various studies which
show how illumination and viewpoint conditions affect human perception of visual

characteristics.

The appearance of textured surfaces changes with the change in illumination position
(Chantler, 1994b, 1995) (see Figure 2-3) and hence performance of classification is
adversely affected (Chantler, 1994b; McGunnigle, 1998). Koenderink et al. (2003) used
a set of images that Dana et al. (1999) obtained under 200 different illumination and
viewing directions and demonstrated that humans can judge the illumination azimuth

direction from a two-dimensional image of a textured surface.

Illuminated from left Illuminated from top

Figure 2-3: Effect of illumination direction on appearance of surface

Belhumeur et al. (1999) showed that the images of 3D objects have an inherent
ambiguity about the depth information, known as bas-relief ambiguity. This effect is
shown in Figure 2-4 where the same cylinder is illuminated from different positions and

viewed from a fixed position. It can be noted that the cylinder on right appears taller
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than the cylinder on left. Using synthetic surfaces, Ho et al. (2006, 2007) showed that
both illumination and viewpoint significantly affect perception of roughness. These
results confirm the necessity for controlled illumination and view point conditions for

the set of textured surfaces undergoing psychophysical investigation.

Furthermore, computational features of textured surfaces vary significantly with the
change in illumination azimuth angle (Chantler et al., 1994a). Therefore, the
computational measures obtained from the images of textured surfaces are influenced
by illumination direction and may not represent the surfaces’ intrinsic physical
characteristics.

Figure 2-4: Example of bas-relief ambiguity

These effects of illumination and viewpoint on human perception and computational

measurement suggest the following:

e Perceptual investigation needs to be carried out using textured surfaces
illuminated under controlled lighting conditions
e The investigation should use computational measures that are independent of

illumination.

This is possible by obtaining surface height maps (relief information) of real sample of
textured surfaces. A surface height map provides information about surface topology
and does not have any illumination information. Thus computational measures obtained
from surface height map do not have any illumination bias. Furthermore, these surface
height maps can be rendered under specified illumination conditions to provide

controlled and consistent illumination condition during psychophysical experiments.

Surface relief information can be obtained by using binocular stereo (Barnard and
Fischler, 1982; Dhond and Aggarwal, 1989), shape from shading (Horn, 1975, 1986;
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Horn and Brooks, 1989) or photometric stereo (Woodham, 1980). It is beyond the scope
of this thesis to discuss all of these methods. Photometric stereo will be used in this
thesis and will be explained later as it is cheap, easy to implement and has been used
extensively in the Texture lab (McGunnigle, 1998; Dong and Chantler, 2005; Emrith,
2008).

Surface height map can be illuminated under specified conditions to solve the problems
associated with previous studies. Padilla (2008) developed a novel methodology to
investigate perceived characteristics of textured surfaces. He rendered and animated
surface height maps in real time to simulate wobbling the surface under a fixed
illumination source. This eliminates the problems associated with illumination and view
point ambiguity and depth perception when perceiving visual characteristics of textured

surfaces.

Thus surface height maps obtained using photometric stereo and Padilla’s method of
presenting surfaces to human observers can be utilized for the perceptual investigation
of directionality under controlled and consistent illumination conditions. The detailed
study of photometric stereo and Padilla’s method of presenting stimuli in 3D is beyond
the scope of this thesis. However, photometric stereo and Padilla’s method are

explained, briefly, in section 2.3 and section 3.3.1 respectively.

In summary, the investigation of perceived directionality will be carried out using
surface height maps which will be rendered and animated under controlled and
consistent illumination conditions. The computational directionality will be obtained
directly from the surface height maps and finally the measurements of human
perception of directionality obtained from the psychophysical experiments will be
mapped on to the computational measurement to identify the relevance of these
measurements to human perception. The next section gives a brief introduction to

photometric stereo which will be used to obtain the surface height maps.

2.3 Photometric Stereo: A Tool to Obtain Surface Height Map

This section gives a brief summary of photometric stereo and the process of obtaining a
surface height map. Photometric stereo uses the reflectance models (such as Lambertian
model, named after its founder J. H. Lambert in 1760, Phong’s model (Phong, 1975),
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Blinn’s model (Blinn, 1977), Cook’s model (Cook and Torrance, 1982)) and images of
surfaces illuminated from different directions with constant viewing direction for
estimating surface derivatives and albedo. Reflectance models describe the intensity and
spatial distribution of light reflected from the object for a given light source and view
point. It is assumed that the light sources are point sources and the surfaces are
Lambertian. The geometry of the set up is shown in Figure 2-5. In this thesis, surface
height maps will be obtained by capturing four images as shown in Figure 2-5. The

surface plane is xy-plane which is perpendicular to the camera axis (z-axis).

Camera

Light Source ! W\
'}\#{ ! S «\x]s/
#;.r’ \L;‘:\‘Jff ¢ ’:';J:S“
0= e
lh yd

Figure 2-5: Geometry of photometric stereo

To obtain surface characteristics at a given point on the surface, the surface unit normal
vector is calculated from the captured images. The magnitude of surface normal at a
given point gives the albedo image i.e. colour information and the direction of surface
normal gives the bump map i.e. surface derivatives along x-axis and y-axis. The height
map of surface such as shown in Figure 2-6 can be obtained by integration of the

surface derivatives in the Fourier domain.
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Figure 2-6: Surface height map

2.4 Computational Measurements of Directionality

Various computational measures have been proposed to represent human perception of
directionality. However, it is not clear whether these computational measures actually
represent human perception. Therefore, investigation is required to identify the
relevance of these computational measures to human perception. However, it is not
possible to investigate the relevance of all measures to human perception. Therefore,
this section reviews different measures of directionality and selects two for further

investigation.

Liu and Picard (1996, 1999) used 2D Wold decompositions which decompose an image
pattern into three mutually orthogonal components named as periodicity, directionality
and randomness. Wold decomposition theorem (named after its founder Herman Wold
(1938, 1954)) allows to forecast any stationary process by using weighted average of
past forecast errors. (Liu and Picard, 1996, 1999) decomposed image patterns by
extracting Fourier spectral peaks supported by point-like and line-like regions to obtain
features (named as Wold features) related to periodicity, directionality and randomness.
However, no direct method for the measurement of directionality was suggested.
Instead, an algorithm based on the grey-level Hough transform was suggested for

identification of directional surfaces. A multi-resolution simultaneous auto-regressive
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(MRSAR) process was used to obtain the set of features that was then used for
similarity based retrieval. Even though the Wold model offered perceptually satisfying
results when used in image retrieval systems, the set of features were not studied further
to derive the measures of directionality as they were intended to detect evanescent

components such as straight lines within an image.

Lee and Chen (2005) proposed MPEG 7 texture descriptors to characterise textures’
regularity, directionality and coarseness. The Hough transform was used to extract two
dominant directions of surfaces. Earlier, Wu (Wu et al., 1999) suggested perceptual
browsing components for perceptual characterisation of texture in terms of texture
directionality and coarseness. However, these descriptors measure the direction rather

than directionality and so they are not investigated in this thesis.

Abbadeni (2000) and Abbadeni et al. (2000) proposed a new method of measuring
directionality using the auto-covariance function. They estimated two parameters:
dominant orientation (i.e. dominant direction) and degree of directionality (i.e. amount
of directionality). The second was based on a number of pixels having dominant
orientation. However the variance about dominant orientation has not been considered

and so this work will not be considered further here.

Lepisto et al. (2002, 2003) used another method for the retrieval of rock texture images
and non-homogenous textures based on directionality. They used directional histogram
to identify the directionality. The directional histogram was obtained using two different
methods - directional filtering and the Hough Transform (Duda and Hart, 1972). For the
first method they used a set of eight different line masks for eight directions and their
projections on the image, to estimate directionality. In the second method, the Hough
Transform was used to detect directions occurring in image. Again they used eight
direction bins to detect edges in eight directions. These approaches will not be used to
estimate dominant direction and directionality for two reasons: the significance of these
approaches was tested only for a specific class of textured surface and distributions of
only eight directions were obtained which may be insufficient for the other class of

textured surfaces.

Kourosh and Hamid (2005) have used the radon transform to estimate texture direction.
The radon transform has a very large variation along the direction of texture. Therefore,

variance of the radon transform gives an estimate of texture direction. However, this
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approach was intended for rotation invariant feature calculation and it has never been
studied in context with human perception and therefore it will not be investigated
further in this thesis.

Tamura et al. (1978) defined directionality as “the measure of directions of the grey
values within the image.” He used the histogram of local edge probabilities against their
directional angle to estimate the overall directionality. A histogram was obtained by
counting number of pixels (points) in surface having the same directional angle. The
directional feature of Tamura has been used for image retrieval in the QBIC system
(Flickner et al., 1995; Niblack et al., 1993). The Photobook system (Pentland et al.,
1996), a set of interactive tools for browsing and searching images, also implements
Tamura’s feature to provide perceptually significant results. Therefore, it is possible that
this measurement may represent human perception of directionality. So it was decided
to investigate the directionality measure given by Tamura. The measurement method is
described later in this section.

Apart from spatial domain methods, Fourier techniques are also widely used to extract
information about directionality of textured surfaces. The directionality of textured
surfaces is preserved in the magnitude spectrum (Bajcsy, 1972; Weszka et al., 1976) as

shown in Figure 2-7.

In order to extract features, the magnitude or power spectrum is converted from
Cartesian co-ordinate system (u, v) to Polar co-ordinate system (f, 8) and divided into
rings and wedges (Bajcsy, 1972; Weszka et al., 1976) as shown in Figure 2-8. The
parameters u and v are horizontal and vertical frequency respectively. In this thesis, f
and 6 are called radial frequency and angular frequency respectively as they are polar
co-ordinates of 2D Fourier transform, elsewhere in the literature they are called radius

and angle respectively.

The directional features are computed from different wedges as shown in Equation

(2-1), where W;; is the energy feature for wedge shaped region between 6; and 6; and

M(f, 0) is the magnitude of the Discrete Fourier transform of the input height function.

0
Wy = z M(f, 6) (2-1)
0;
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Figure 2-8: Ring and wedge shaped regions of 2D Fourier domain
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Davis (1981) suggested a new method based on the polarogram, which can be used to
estimate directionality. The polarogram is obtained from the polar representation of

magnitude spectrum by summing along each value of 6 as given by Equation (2-2).

f=fmax
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Figure 2-9: Effect of rotation of surface height map on polarogram

As seen previously, directional information in magnitude spectrum is sensitive to
surface rotation i.e. magnitude spectrum rotates if surface is rotated. Therefore the
wedge features, obtained using Equation (2-1), do not remain constant. However, the
polarogram obtained using Equation (2-2) is shifted with the surface rotation as shown

in Figure 2-9, statistics such as second moment remain unaffected. Apart from this
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shift, the small differences in the two polarograms, shown in Figure 2-9 are due to

interpolation, used to estimate the polarogram from discrete magnitude spectrum.

As Fourier based techniques are extensively used for surface related applications, it is
interesting to test relevance of the measures of directionality obtained from the Fourier
domain using Davis’ method against human perception.

Thus, the two computational directionalities obtained using Tamura’s and Davis’
methods will be tested in the next chapter to identify if they match human perception.
As both methods produce directional histograms, computational directionality is
obtained by calculating their variance. The measures obtained using Tamura’s method
and Davis’ method will be called Tamura's variance (o) and Davis variance (c3)
respectively. For estimation of these variances, mean value i.e. dominant direction will
be estimated with reference to the positive x-direction. The detailed descriptions of the
computation of directionality using both methods are given below.

2.4.1 Measuring Tamura’s Variance

a. The horizontal (A;) and vertical (A,) gradient at each pixel is estimated by
convolving an input surface height map (s) with the following horizontal (h;s)

and vertical (vqf) partial derivative estimators respectively.

-1 0 1
hgg=1-1 0 1 (2-3)
-1 0 1
1 1 1
vdf = 0 0 0 (2_4)
-1 -1 -1
Ap= convolution (s, hgs) (2-5)
A,= convolution (s, vgy) (2-6)
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b. The magnitude (|A|) and angle (@) of the gradient are calculated using Equations
(2-7) and (2-8) respectively. The angle (0° < @ < 180°) is measured counter

clockwise so horizontal direction becomes zero.

_ 184l + 18,

2-7
A > (2-7)
A
_ -1 v 0 -
@ = tan <_An) + 90 (2-8)

c. The directional histogram (d},) is obtained by quantizing @ and counting number
of points with |A| greater than threshold ¢, as shown in Equation (2-9). Ny (k) is
number of points where (2k —1)m/2n, < @ < (2k + 1)m/2n;, and |A] is
greater than t,. n;, is number of quantizing levels for @ and k varies from 0 to
n, - 1. The purpose of threshold is to prevent use of unreliable edge points.
However, as it is difficult to define threshold for different surfaces, threshold is
kept at zero in this thesis. Also n,, is kept equal to 180. Figure 2-10 shows the

surface and corresponding directional histogram obtained using this method.

No (k)
dp(k) = mf———— -
S NAG &9

d. The location of sharp peak in the directional histogram gives dominant direction
(04) and sharpness of peak gives measure of directionality. The dominant
direction (i.e. mean value) is measured as shown in Equation (2-10). The
measure of directionality, Tamura's variance, is calculated using Equation
(2-112).

$=179
0u= ), ®dn®) (2-10)
=179
oF= ). @00 d:®) (-11)
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Figure 2-10: Surface and Tamura’s variance

2.4.2 Measuring Davis Variance

a. An input surface (s) is multiplied with a 2D Hanning window to remove
artefacts related to discontinuities at boundaries. The Fourier transform of
resultant surface is obtained.

b. The magnitude spectrum is used to extract the polarogram. As this spectrum is
discrete, bi-cubic interpolation is used to estimate magnitude of frequency
components at intermediate values of radial and angular frequencies.

c. The polarogram is obtained from interpolated values and is given once again in
equation (2-12) for convenience. f,,., IS the maximum radial frequency present
in magnitude spectrum. 6 varies from 0 to 179. In Figure 2-11, the surface and

corresponding polarogram are shown.

Z}]:z];max M(f, 9)
LM(f,0)

re) = (2-12)

d. Similar to Tamura’s method, the dominant direction (@,) and the measure of
directionality (Davis variance, o2) are calculated using Equations (2-13) and
(2-14) respectively. As magnitude spectrum tends to lie in direction
perpendicular to direction of surface, dominant direction and directionality is

obtained by shifting the polarogram by 90°.
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Ou = Ze=179(9 +90) T(6 + 90) (2-13)

6=0

6=179
0% = z (6 +90 — @)% T'(6 + 90) (2-14)
6=0
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Figure 2-11: Surface and Davis variance

2.5 Summary

The beginning of this chapter introduced different types of directional surfaces specified
by number of dominant directions. Surfaces having only one dominant direction, named
uni-directional surfaces, will be considered and multi-directional surfaces will not be.

This chapter then reviewed methodologies previously used to investigate human
perception of visual characteristics of surfaces. It found that human perception of
directionality had been investigated using still images of surfaces whose illumination
conditions and viewpoints were unknown. At the same time, many results show that

illumination conditions and view point affect appearance of surfaces and hence human
perception.

Therefore it was decided to investigate human perception of directionality using the

following method. The surface height maps will be obtained using photometric stereo.
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As surface height maps do not have any illumination information, computational
directionality will be obtained from surface height map. During psychophysical
experiment, observers will be presented with surface height map, rendered and animated
under controlled and consistent illumination conditions as described in Padilla’s
methodology. This eliminates problems related to illumination and viewpoint
conditions. Finally, the psychophysical measurements obtained will be mapped on to
computational directionality to determine the relation between human perception and

computational directionality.

To take the first step towards investigation, this chapter briefly describes how
photometric stereo can be used to obtain surface height maps and then reviews different
measures of computational directionality. It was found that among many different
methods of measuring directionality, Tamura’s and Davis’ methods are widely used and
therefore, these two methods were described fully. The next chapter will investigate
relevance of these measures to human perception under controlled and consistent

illumination and viewpoint conditions.
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Chapter 3

Human Perception and Computational Directionality of Surfaces

As discussed in chapter 2, the relationship between the two computational
directionalities (Davis’ variance (g3) and Tamura’s variance (gZ)) and human
perception has not been investigated independently of illumination conditions.
Therefore the goal of this chapter is to investigate if there is any correspondence
between human perception of directionality and these two computational directionalities

under controlled illumination.

To achieve the goal of this chapter, consistency of computational directionality and
human perception will be tested across six different sets of surfaces. Each set will be
comprised of five surfaces which will be obtained by shrinking (Watson, 1988) a
surface height map in one direction. It is assumed that this will generate surfaces those
are both visually different and have different values of computational directionality,
making it possible to establish relationship between computational directionality and
human perception of directionality. The shrinking method is chosen because it is simple
and it is not possible to obtain sets of surfaces by controlling computational
directionality directly. Two computational directionalities, o5 and &, will be measured
from the shrunken height maps. The surface height maps will be rendered and animated
under the same illumination conditions during psychophysical experiment to obtain the
perceptual measurements. The perceptual measurement of directionality will be a
numeric value assigned to each surface using a psychophysical scaling method. A
numeric value will be called perceived directionality and denoted as p . Statistical
significance tests will be carried out to find out if either of the two computational

directionalities is consistent with perceived directionality.

The chapter is organized as follows: Section 3.1 describes how sets of surface height

maps were generated. In section 3.2, the two computational directionalities are

calculated and reported. Section 3.3 describes the way psychophysical experiments were

conducted to obtain the perceived directionality of surfaces, and reports how perceived

directionality varies with the two computational directionalities. In section 3.4, results
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of the statistical significance test are reported and discussed. The chapter concludes with

a summary in section 3.5.

3.1 Producing Stimuli of Varying Directionality

To find out if either of the two computational directionalities represents human
perception of directionality, consistency of mathematical relationship between the two
computational directionalities and perceived directionality across different sets of
surfaces will be tested. To establish this relationship, each set of surfaces is required to
have visually different surfaces with different values of computational directionalities.
The method of obtaining a set of surface height maps is discussed in the next sub-

section.

3.1.1 Method of Manipulation of Directional Surfaces

As discussed in chapter 2, the surface height map can be obtained from real samples of
textured surfaces using photometric stereo. To obtain the six sets of surfaces mentioned
earlier, six surface height maps were obtained using photometric stereo and each of
these six height maps were manipulated to generate visually different and realistic

looking directional surfaces.

It was observed that when frequency components were distributed in many directions,
the values of Davis’s variance and Tamura’s variance were high compared to when
frequency components were dominant in one direction. This can be observed from the

directional histograms shown in Figure 3-1.

Therefore if the distribution of frequency components is changed e.g. to make it wider
in one direction or conversely concentrated in one direction, then its physical
appearance and values of the two computational directionalities can be changed. This
can easily be achieved by either expansion or shrinking of a surface in one (either

horizontal or vertical) direction as shown in Figure 3-2.
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Figure 3-1: Effect of distribution of frequency components on the computational

directionality.

Expansion and shrinking of a surface are performed in the frequency domain using a
simple sub-ideal algorithm suggested by Watson (1988). Expansion is simply achieved
by padding a number of zeros above the Nyquist frequency of an input surface and
shrinking is achieved by discarding the high frequencies of an input surface that cannot
be represented in the shrunk surface. These processes are briefly explained here for

convenience.
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Example of shrinking of surface

Original surface

Example of expansion of a surface

Original surface
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Figure 3-2: Examples of expansion and shrinking of surface height map.

The surface which is to be expanded or shrunk is called an input surface and denoted
as s;(x,y). The corresponding discrete Fourier transform (DFT) is denoted as S;(u, v).
Similarly, the expanded or shrunk surface is called an output surface and denoted
as s, (x,y). The corresponding DFT is denoted as S, (u, v). For simplicity, the methods
are explained in one-dimension (with one row of a surface) that can easily be applied to
two-dimensions as the DFT of a 2D surface can be obtained by taking a 1D DFT of
each row (or column) followed by a 1D DFT of each column (or row).
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A row of an input surface s;(x,y) is treated as a 1D sequence of discrete data and
denoted as s;,-(x). A 1D DFT in the x-direction is performed with horizontal frequency
(u), a 1D DFT of an input row s;,.(x) is denoted as S;,-(u). Similarly, an output row and

its DFT is denoted as s,,-(y) and S,,-(u) respectively.

A row of an input surface with length N (even) is shrunk to a row of output surface with

length N, (even, N, < N ) by taking inverse DFT of S,,.(u) given by Equation (3-1).

Sor(u)

Sor(u) = 0, u= _(Ns/z)

(N/Ns)Siy (), u= —(Ns/2)+1,..,(Ns/2) =1
3-1)

A row of an input surface with length N (even) is expanded to a row of output surface
with length N, (even, N, > N ) by taking inverse DFT of S,,.(u) given by Equation
(3-2).

Sor(w) = (N/N)Siy(w), u= —=(N/2)+1,..,(N/2) - 1
(3-2)
SOT(u) =0, u= —(Ne/Z),,—(N/Z)&(N/Z),,(Ne/Z)—l

The factors (N/Ny) and (N/N,) are termed as shrinking factor (s¢) and expansion factor
(ef) respectively. The Nyquist frequencies are discarded during expansion and shrinking
as suggested by Watson (1988) in his simpler sub-ideal algorithm for shrinking and
expansion. The two dimensional version of these techniques, used to generate
directional surfaces, is shown graphically in Figure 3-3. This is achieved by applying
Equations (3-1) and (3-2) to each row (or column) of a 2D representation of frequency
spectra. MATLAB codes of expansion and shrinking methods are given in Appendix 3-
A. These techniques are used in the next subsection to obtain different sets of directional

stimuli.
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2D Fourier domain and frequency indices
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Figure 3-3: shrinking and expansion of surface in the frequency domain
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3.1.2 Sets of Directional Stimuli

Six surface height maps, having a wide distribution of frequency components, were
obtained using photometric stereo. Each of these height maps was then manipulated as
shown in Figure 3-4 to obtain five surfaces for each of six sets making a total of 30 test

surfaces.
Shrunken .
Height M
— Height Map ———p> ?igzxslza b
s, = 8/1 4096x512  cropping
Shrunken
Height M
— Height Map _> esllngSIZap
s; = 8/2 4096x1024  cropping
Shrunken :
Height M
——p > Height Map —————3> e5311g2x512a '
s =8/3 4096x1536  cropping
Original Expanded Shrunken .
) X . Height Map
Height Map Height Map —p Height Map ———— 512x512
2592x3888 4096x4096 s; = 8/4 4096x2048  cropping X
Shrunken .
|, Height Map Height Map
s;=8/5 4096x2560  cropping S12x512

Figure 3-4: Illustration of steps to obtain surface height maps

The complete process of obtaining five surfaces from a height map is as follows: The
size of an original height map was 2592x3888. To obtain five visually different
surfaces, an original height map was first expanded to the size of 4096x4096. This
height map was then shrunken in a horizontal direction by a factor of 8/5, 8/4, 8/3, 8/2
and 8/1 to create five new surfaces (see Figure 3-5). After shrinking, a 512x512 sized
surface was cropped randomly from each shrunk surface height map. These 512x512
sized height maps were then low pass filtered to attenuate high frequencies to remove
aliasing effects due to shrinking. The surfaces’ average height (the arithmetic mean of a
surface height map) was made equal to zero which was then adjusted to 2.5 cm (height
of the stimuli stand) during rendering process (See section 3.3.1) to display all surfaces
at the same height. Also, standard deviation of surface height maps was made equal to
0.02 cm. The surfaces from one set with final rendering in 3D (See section 3.3.1) are

shown in Figure 3-5. The other surfaces are shown in Appendix 3-B.
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3.2 Obtaining Computational Directionality

The directional histograms and corresponding computational directionalities were
obtained using Davis and Tamura’s methods. The directional histograms for one set of
surfaces are shown in Figure 3-6. The Davis’ variance and Tamura’s variance of all
surfaces in all sets are plotted in Figure 3-7. Computational directionalities of surfaces
with the same shrinking factor are plotted together and it can be seen that each set has
different computational directionalities. It can be also noted that the surfaces with the
same shrinking factor do not have same values of computational directionality. This is
due to the fact that original surfaces of different sets had different distributions of

frequency components.

——shrink factor = 8/5 shrink factor = 8/4 —— shrink factor = 8/3
shrink factor = 8/2 —— shrink factor = 8/1

Directional histogram using Davis’ method

0.05 H

0.04

0.03

)

r

0.02

0.01

Directional histogram using Tamura’s method
0.06

0.05

Figure 3-6: Directional histograms of the surfaces from set 1
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Figure 3-7: Computational directionality of surfaces from different sets

3.3 Psychophysical Experiment

In this section, the perceptual measurement of surfaces, produced in section 3.1, will be
obtained by conducting a psychophysical experiment under controlled and consistent
illumination conditions to avoid illumination biases in human responses as discussed in
chapter 2. To achieve this, section 3.3.1 explains Padilla’s (2008) method, section 3.3.2
describes the psychophysical method and scaling method used to assign a numeric
values, perceived directionality, to surfaces, section 3.3.3 describes tools and
arrangements for psychophysical experiment and finally section 3.3.4 reports how
perceived directionalities of surfaces were obtained using the methodology described in

this section.

3.3.1 Padilla’s Surface Presentation Method

As stated in chapter 2, to overcome limitations due to illumination and viewpoint
ambiguities during the perceptual investigation of directionality, surfaces will be
rendered and animated in 3D as proposed by Padilla (Padilla, 2008). This is briefly
described in this section and for complete explanation, the reader is requested to refer
PhD thesis of Padilla (2008).
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To cover all radial frequencies necessary for human visual acuity (0.1 to 30 cycles per
degree) as specified by Campbell and Robson (1968), the sizes of surfaces are kept to
512x512 (13.056 cm on the display screen) and presented on a small display screen with
high resolution (1200x1600 with a pixel size of 0.255 mm) at a fixed viewing distance
of 88 c¢cm as it was employed by Padilla (2008) in the investigation of perceived
roughness. The radial frequencies in this thesis will be described in cycles per degree
(cpd) instead of cycles per image width (cpi) as the experiments will have a fixed
viewing distance (see section 3.3.3). The conversion from cpi to cpd is explained in

section 3.3.3.

To render the surfaces in 3D, the following definition of the Lambertian model with a

constant illumination comprising of a single point source was used.

Ligmpert = kq - max(0, [ - ng) (3-3)

In Equation (3-3), k, is the percentage of reflected diffuse light, [ is the light vector
and ng is the normalised surface normal vector. The surface unit normal vector is given
by Equation (3-4), where p, and g, are the partial derivatives of surface in the x-

direction and y-direction respectively.

Px Ay 1
[+ 00+ (@) {1+ @07+ (@) 1400+ ()’

ng =

(3-4)

The partial derivatives of surfaces are calculated in frequency domain and transformed
into spatial domain in order to preserve the high frequency data. MATLAB code to
calculate the partial derivatives is given Appendix 3-C. Cast shadows are calculated
using shadow mapping technique given in PhD thesis of Padilla (2008). The surfaces
are rendered on the circular stimuli stand of height 2.5 cm as shown in Figure 3-8 to
avoid any biasing effect at the edges of surfaces. The surfaces are animated to enhance
depth perception and to perform a pre-defined wobble (motion of a surface as described
in PhD thesis of Padilla (2008)). Padilla captured this motion from observers evaluating
perceptual characteristics of surfaces displayed using the real-time graphics in a free-

play mode.
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Figure 3-8: The surfaces rendered in 3D on 2.5 cm stimuli stand using Padilla’s surface
presentation method

3.3.2 Psychophysical experiment and scaling method

Psychophysical experiment and scaling methods are used to measure sensory attributes
of physical stimulus such as perceived directionality of surfaces. Among many different
psychophysical methods (Pelli and Farell, 1995; Gescheider, 1997; Ehrenstein et al.,
1999) and scaling methods ((Torgerson, 1958; Maloney and Yang, 2003; Irtel, 2005),
the method of pair-wise comparisons and direct ratio estimation (Torgerson, 1958)
were used to measure perceived directionality of surfaces from six sets. These methods
produce interval scales that provide relative difference between perceptual magnitudes

of a sensory attribute.

The method of adjustment and magnitude/ratio production methods are not candidate
method because of the difficulty of varying directionality in real-time. The method of
limits is time consuming and a large number of surfaces would be required for each set
of surfaces. Probability based methods such as maximum likelihood difference scaling
(Maloney and Yang, 2003) are also time consuming and demand a large number of
surfaces. The disadvantage of the pair-wise comparisons method is that number of pairs
increases considerably as number of stimuli increases. However, number of pairs of
surfaces for experiment in this chapter is low.
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An alternative to the method of pair-wise comparisons is the method of constant stimuli.
In the latter, one stimulus, known as standard stimulus, is kept fixed and the other
stimuli, known as comparison stimuli, are compared to standard stimulus, while in the
method of pair-wise comparisons, each stimulus is compared to all other stimuli.
Therefore, the method of pair-wise comparison can produce more reliable results
compared to the method of constant stimuli, while the method of constant stimuli is

suitable when number of stimuli is large.

Next, the method of deriving a perceptual scale of a sensory attribute using pair-wise
comparisons of stimuli and the direct ratio estimation method is described. Observers
provide a ratio of sensory magnitudes of stimuli i and j, (called the sense-ratio s,.(i, j))
for each stimuli pair (i, j) presented. The perceptual scale of stimuls i is obtained by
taking a geometric mean of sense-ratios of stimulus i with all other stimuli j (see
Equation (3-5)).

1/t

Ps (l) = Sr(i'j) (3'5)

~.
Il
o~

-
1]
-

To reduce number of pairs to be presented, it is assumed that the sense-ratio of stimulus
with itself is equal to one (s, (i, i) = 1) and the sense-ratio of stimulus i and stimulus j is
equal to one divided by the sense-ratio of stimulus j and stimulus i (s.(i,j) =
1/s,(j, 1)). Hence no stimulus is paired with itself and two stimuli are paired only once
to obtain either s,.(i, j) or s,.(j, i). Thus for t stimuli, C(¢t,2) = t!/((2D(t — 2)!) pairs
are presented. C(t,2) is number of combinations of any 2 stimuli from t stimuli without

repetitions and t! is the factorial of ¢t.

3.3.3 Tools Used for the Experiment

This section explains how experiments were conducted using calibrated tools under an

environment free of all possible distractions.

The surfaces were presented with a black background and experiments were conducted
in a dark room to avoid distractions. Two TFT screens (NEC MultiSync LCD2090UXi)
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with a resolution of 1200x1600 and 0.255mm square pixels were used at a display

distance of 88 cm from the observer to provide an angular resolution of approximately

30 cycles per degree at the retina. The screens were calibrated to a linear gamma and

had a maximum luminance of 120cd/m®>. The Gretag-Macbeth Eye-One Pro

spectrometer was used to calibrate screens. For this viewing distance, the conversion

formulae between radial frequency in cpd and radial frequency in cpi is given by

Equation (3-6). The geometry from which Equation (3-6) is derived is shown in Figure

3-9 along with the mathematical steps.

f(epd) = (60/512) f (cpi) (3-6)

40.84 cm = 1600 pixels

v

= 1200 pixels

30.63 cm

13.056 cm = 512
pixels

Stimuli

Screen

<
88 cm

N N
O

Observer’s location

Mathematical steps for conversion

formulae given in Equation (3-6)

1. tan (g) — 13.056/2
2 88

2. a=8.5101degree =
512 pixels
3. 1ldegree = 60 pixels
4. 1image width =
512 pixels
5. ldegree =
60/512 image width

Figure 3-9: The geometry of the experimental set up and derivation of conversion

formulae between cpi and cpd

To render the surfaces, OpenGL 2.0 was used and the interface was programmed by

Padilla (Padilla, 2008) in C++. This interface was modified to record responses from an
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observer. The observers were provided with a normal keyboard and used arrow and

numeric keys to answer the questions asked.

MATLAB was used to obtain surface height maps and surface normal vectors.
MATLAB was also used to process responses from the observers. The DEVIL image
library was used to incorporate surface height map generated using MATLAB into the
rendering program. Two NVIDIA cards (GeForce 8800 GT) and Intel processor (Core 2
Quad CPU Q6600 @ 2.4 GHz) with 3GB RAM were used.

3.3.4. Perceived Directionality

In this section, changes in perceived directionality are compared with changes in the

two computational directionalities.

The perceived directionality of each manipulated surface was obtained using the direct
ratio estimation method described previously. Four naive observers with normal or
corrected to normal vision were asked to compare the two surfaces displayed side by

side, and to answer the following two questions:

1. Which of these two surfaces is more directional?

2. How many times (>1) is that surface more directional than the other?

The surfaces were animated as explained earlier. The observers did not know how the
surfaces had been produced. They were instructed to use their own scale of ratios,
without any minimum and maximum being specified except that the minimum had to be
greater than 1. To make a task easier and to make observers familiar with surfaces, trial
pairs were shown to observers before starting an experiment. During an experiment,
each surface from a given set was compared with all the other surfaces from the same
set. As we wish to compare the relationship between computational directionality and
perceptual measurement of directionality across different sets of stimuli, the pairs from
all six sets were presented in one single experiment, to ensure that perceptual ratio

scales of subjects remained same across different sets.

As each set contained 5 surfaces, a total of 10 surface pairs were possible without
repetitions of surfaces. Since there were six sets, there were a total of 60 (10 times 6)

37



pairs of surfaces. Each pair was presented twice to the observers. To reduce any bias in
the sequence of pairs, their order was randomised. The position (left or right) of each
surface in a pair was also randomised. Observers were instructed to key in the response
for a given pair within 20 seconds, but they were not prevented from taking more time if
they found it difficult to choose a suitable response. After 20 seconds the animation was
stopped to give a notice to an observer that 20 seconds was over and that they should

provide a response and proceed.

The order of surfaces and corresponding responses given by observers are given in
Appendix 3-D. The process of obtaining perceived directionality of these surfaces is

given below.

As observers were allowed to use different ranges of values for their responses, the
responses of all observers were normalised between common minimum and maximum
values (denoted as Ry min and Ryqx respectively). These values can be chosen
arbitrarily (Ry min > 1) as the purpose is only to derive observers’ responses within the
same range of values. Here Ry uin and Ry 4, Were obtained from minimum and
maximum responses of all observers respectively as shown by Equation (3-7) and (3-8)

respectively.

N YN,

RN,min = H(Ru,min)i (3-7)

i=1
RN,max = H(Ru,max)i (3-8)

In Equations (3-7) and (3-8), N, is number of observers, Ry min and Ry pmqy are the
minimum and maximum values of non-normalised responses of each observer. The
observers’ responses were then normalised using Equation (3-9) where R, and Ry, are

non-normalised and normalised responses of the given observer respectively.
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RN _ RU - RU,min

RU,max - RU,min

(RN,max - RN,min) + RN,min

(3-9)
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Figure 3-10: The relationship between perceived directionality (o) and logarithm of

computational directionality. The error bars represent the standard errors of mean.

After normalisation, the response ratios for different sets were separated. As each pair

from set was repeated twice, the ratio of perceived directionality of the two surfaces was

obtained by taking geometric mean of the two. From these ratios, the observers’

perceived directionality (p,) was obtained as explained in section 3.3.2. As the

perceptual scale of directionality (see Figure 3-10) is an interval scale, the perceived

directionality of a surface, called a mean perceived directionality (p), was obtained by

taking arithmetic mean of observers’ perceived directionality values. These values are

given in Appendix 3-E. Figure 3-10 shows change in perceived directionality with
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change in the logarithm of Davis’s variance (log (¢3)) and the logarithm of Tamura’s

variance (log (7)) for two of the six sets. Appendix 3-F shows the plots for remaining

sets.
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Figure 3-11: Linear regression on log(p) when plotted against the logarithm of

Several functions were used to establish the relationship between p and computational
directionalities (63 and o). A decaying exponential relationship was found between p
and the logarithm of the two computational directionality, o5 and o#. Therefore a

linear regression was applied to log (p) and the logarithm of the best fit values pg;,

was obtained. The slopes (m, and my) and constants (C, and C;) of the linear

regression associated with the variances o3 and o7 are given in Table 3-1 and Table

3-2 respectively. A linear fit to log (p) for the two computational directionalities is
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shown in Figure 3-11 for set 1 and

remaining sets.

set 4. Appendix 3-G

shows the plots for the

Set 1 Set 2 Set 3 Set 4 Set5 Set 6

Cp 10.21 10.53 9.80 9.06 5.70 8.43
my -1.473 -1.496 -1.410 -1.302 -0.813 -1.218
R2-Stat 0.993 0.995 0.980 0.989 0.954 0.985

Table 3-1: Regression results when observing the relationship with ¢

Set 1 Set 2 Set 3 Set 4 Set5 Set 6

Cr 8.457 8.293 8.045 8.398 4.698 7.753
mr -1.229 -1.202 -1.189 -1.221 -0.686 -1.145
R2-Stat 0.995 0.998 0.986 0.996 0.959 0.996

Table 3-2: Regression results when observing the relationship with o2

It can be seen from regression results given in Table 3-1 and Table 3-2, that relationship
between perceived directionality and two computational directionalities are not identical
for each set. In order to determine whether the differences are significant, a two-way
repeated measure analysis of variance (ANOVA) is performed in the next section. If the
differences are not significant then the relationship can be used as a measurement model
of perceived directionality otherwise it cannot. The information about the repeated
measure ANOVA and its terminology used in this thesis can be found in a book written
by Field (2005).

3.4 Statistical Significance test

3.4.1 Analysis

For repeated measure analysis, perceived directionality was considered as the dependent
variable. As the objective is to find whether the differences in relationship between

perceived directionality and computational directionality across sets are significant,
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computational directionality (o5 and o2 ) and set of surfaces were considered as the

independent variables.

The repeated measure analysis requires independent variables to have the same
quantitative or categorical value across the observers and the other independent
variable. The measure of directionality is a quantitative value and its value must be
same across different sets. However, because the shrinking process, used to generate
stimuli within each set, does not control these measures directly, they are not the same
within each set. As a result, observers’ perceived directionality (p,) could not be
obtained at the same levels of Davis’s variance and Tamura’s variance across different

sets.

This problem was addressed by sampling from the functions fitted to each observer’s
perceived directionality. A linear regression was performed on log(p,) and the results
for all observers and for all sets are given in Appendix 3-H. The perceived directionality
was then obtained at six levels of measure of directionality (log (¢3) and log (¢2) =6,

6.3, 6.6, 6.9, 7.2, 7.5) using regression results.

The results of ANOVA are given in Table 3-3, which shows effects of log (¢3) and
stimulus set on perceived directionality. As Mauchly’s test indicates that the assumption
of sphericity is violated, the significance values were corrected using Greenhouse —
Geisser and shown in Table 3-3. It can be seen that both independent variables have
significant effects (p < 0.05) on perceived directionality. There is also a significant

effect (p < 0.05) of the interaction between independent variables.

A similar analysis was performed to test effects of log (2) and set of surfaces, and the
results are shown in Table 3-4. Again it can be seen that both variables have a
significant effect (p < 0.05) on perception of directionality, and that an interaction term

has also a significant effect (p < 0.05).

Assumption of sphericity F - Statistics Sig. Value (p)
log (03) Greenhouse-Geisser 951.253 <0.001
Set Greenhouse-Geisser 49.315 <0.001
(log (o5)) (Set) Greenhouse-Geisser 39.485 0.001

Table 3-3: Tests of within-subjects effects: log(c2) and set of surfaces
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Assumption of sphericity F - Statistics Sig. Value (p)
log (02) Greenhouse-Geisser 1016.691 <0.001
Set Greenhouse-Geisser 92.591 <0.001
(log (a?)) (Set) Greenhouse-Geisser 39.482 0.001

Table 3-4: Tests of within-subjects effects log(a2) and set of surfaces

The results of ANOVA show that both computational directionalities have significant
effects on observers’ perception of directionality. However, in both cases, stimulus set
has also a significant effect on perceived directionality, and so the relationship between
perceived directionality and two computational directionalities is not consistent across

the different sets of surfaces.

3.4.2 Discussion

The results of an experiment imply that other variables, differing between the types of
surfaces, must also be affecting human perception of directionality. There are many
physical parameters that can affect appearance of a surface and hence affect perception
of surfaces, and it is difficult to say which parameters are affecting the perception of
directionality of surfaces. However, in this chapter, it was observed that a surface with a
concentrated distribution of frequency components in one direction is perceived as a

more directional than a surface with a wider distribution of frequency components.

Hence it can be said that physical parameters representing the distribution of frequency
components in magnitude spectrum are very important when perceiving the
directionality of a surface. The surfaces for a psychophysical experiment were obtained
by shrinking a surface in horizontal direction, which changes both angular and radial
location of frequency components in the magnitude spectrum. As the distribution of
angular and radial frequency components were changed together, it is not clear how this
information was used by observers when perceiving the directionality of surfaces.
Therefore controlled changes in the distribution of frequency components need to be
investigated to find out what matters when perceiving the directionality of surface

texture.
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Surface in the frequency domain is described by both magnitude spectrum and phase
spectrum, where magnitude spectrum specifies amplitude of sinusoids and phase
spectrum specifies position of those sinusoids. These sinusoids are superimposed to
give a surface in the spatial domain. As phase spectrum specifies relative positions of
sinusoids, the appearance of surface is significantly affected by phase spectrum
particularly when surfaces are structured (Clarke, 1992; Kovesi, 1999). Therefore it is

possible that phase spectrum is also affecting the perception of directionality.

The surfaces used in a psychophysical experiment had equal standard deviation of
height which is a mathematical measure of the RMS roughness, &, (Padilla et al., 2008;
Padilla, 2008). The RMS roughness is given by Equation (3-11) , where s(x,y) is
surface height at point (x,y) and ug is mean height of a surface given by Equation
(3-10). As zero RMS roughness produces a planar surface, associated surface
characteristics disappear and therefore this term also could be playing an important role

in the perception of directionality.

x=a x=b

ho= Y Y sGy) (3-10)

x=1y=1

x=a x=b

S= |2 > Y (s003) — o) (3-11)

x=1y=1

The separate and combined effects of the frequency distributions in magnitude
spectrum, the phase spectrum and the RMS roughness need to be investigated to find
out which of them are related to perception of directionality and in which combination
they affect perception of directionality. The surfaces used for a psychophysical
experiment in this chapter are not suitable for an independent investigation, as phase
spectrum, distributions of angular and radial frequency components were not changed

independently.

The parameters can be regulated independently if synthetic surfaces defined by a
mathematical model are used. The next chapter discusses how independent effects of

parameters possibly affecting perception of directionality will be investigated using
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synthetic surfaces. The effect of distribution of angular frequency components and RMS

roughness on the perception of directionality is also investigated in the next chapter.

3.5 Summary

In this chapter, a psychophysical investigation was carried out to determine if there is
any relationship between perceived directionality and two computational directionalities
(63 and ¢2). For this, six sets of five directional height maps were created from height
maps obtained from real surfaces. These height maps were rendered and animated in 3D
under the same illumination conditions to give observers an impression of real surfaces

and to avoid any bias due to different illumination conditions.
The following conclusions were obtained from the psychophysical investigation.

1. Davis’ variance (o) and Tamura’s variance (oZ) both have significant

correlation with the perception of directionality.

2. The relationship between perceived directionality and two computational

directionalities is not consistent across different sets of stimuli.

Therefore the chapter concludes that further investigation using synthetic stimuli is
required to observe the independent and combined effects of the following variables,

which possibly affect perception of directionality.

1. The parameters describing distribution of angular frequency components.
2. The parameters describing distribution of radial frequency components.
3. The phase spectrum.

4. The RMS roughness.
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Chapter 4
Psychophysical Investigation using Synthetic Surfaces: Effects of

Angular Distribution of Frequency Components and RMS roughness

As discussed in chapter 3, manipulation of height maps obtained from real surfaces
does not allow good control of either magnitude spectrum or phase spectrum, and so the
effects of these properties on the perception of a surface directionality cannot be
established. An alternative approach is to create synthetic surfaces defined by
mathematical models with parameters that can be varied independently in order to

investigate their perceptual effects.

Therefore, this chapter proposes how the investigation using synthetic surfaces will be
carried out and reports the effects on perceived directionality due to variation in

distribution of angular frequency components and RMS roughness of synthetic surfaces.

The chapter is organised as follows: In section 4.1, the criteria for a mathematical model
of synthetic directional surfaces suitable for testing the effects of physical parameters,
discussed in chapter 3, on perception are proposed. This section also describes how the
investigation will be carried out in this and subsequent chapters. Section 4.2 discusses
synthesis of directional random-phase surfaces and section 4.3 investigates the effects of
random phase, angular variance (¢2) and RMS roughness (§) individually on the
perception of directionality. The effect of varying both angular variance and RMS
roughness is then investigated.

4.1 Criteria for Psychophysical Investigation using Synthetic Directional Surfaces

Surfaces generated using a parametric model allow us to observe change in the
appearance of a surface due to change in the values of its parameters. To carry out such

investigations, the following criteria will be considered for a surface model.
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1. As discussed in chapter 3, the distributions of angular and radial frequency
components in magnitude spectrum, phase spectrum and RMS roughness may
affect perception of directionality. Therefore, the separate and combined effects
of these terms on perception of directionality need to be observed. In the first
case, each parameter is varied while holding the other constant and in the second
case, all are varied together in one experiment. To achieve this, a mathematical
model of the surfaces must be defined in such way that each of the terms

mentioned above can be regulated independently of the other terms.

2. The main goal of this thesis is to develop a psychophysically based
measurement model of perceived directionality. To use this model in an
application such as automated retrieval of surfaces, it must be possible to

estimate the parameters of a surface model from an unknown surface.

3. Different kinds of surfaces are seen in the real world. They can be natural (e.g.
rock surfaces, sand waves, wooden surfaces etc.) or man-made (e.g. wall papers,
carpets etc.). In this thesis, natural surfaces means they are not made by human
as described in MONAT (Measurement of Naturalness) project at National
Physical Laboratory (Goodman et al., 2008). The mathematical model can be
defined to generate surfaces which look like either natural or man-made
surfaces. In this thesis, synthetic surfaces will have random phase spectrum
which produces natural looking surfaces. In practice, a limit must be placed on
the range of possible magnitude spectra in order to ensure that the appearance of

surfaces look like natural surfaces i.e. naturalistic.

The mathematical model of surfaces can be specified either using spatial domain
descriptions (Mandelbrot, 1982; Saupe, 1988) or frequency domain descriptions (Kube
and Pentland, 1988; Mulvaney et al., 1989; Ogilvy, 1991; McGunnigle, 1998; Wu,
2003). However:

1. Spatial domain descriptions of surfaces are often based on texton placement
rules. The structural information in these kinds of surfaces contains phase
information (Clarke, 1992; McGunnigle, 1998; Kovesi, 1999). Hence these
surfaces are good candidates for investigating phase spectra effects. However
these kinds of surfaces are not suitable for investigating the effects of angular
and radial frequency distributions because the placement rules do not give
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control over distributions of angular and radial frequency components

independently.

2. In frequency domain methods, magnitude and phase spectra must be described
and combined to generate frequency spectra. These frequency spectra are inverse
Fourier transformed to generate surfaces. However phase spectrum is a very
complex term and is difficult to describe and control directly. Hence phase
spectra are often simply randomised. As random phase spectra generate
unstructured surfaces (such as rock surfaces) and such surfaces have little or no
information in their phase spectra (Clarke, 1992), these surfaces are not suitable

for investigating the effect of phase spectra.

It is beyond the scope of this thesis to identify and investigate how information in phase
spectrum of a surface is related to the perception of directionality. Therefore frequency

domain methods with random phase spectra will be considered throughout this thesis.

Surfaces based on the following kind of frequency domain description are suitable for
the investigation of separate and combined effects of distributions of angular and radial
frequency components and RMS roughness:

)
M(£,0) = D(H D) (5-) @)

Pi(f,8) = Random Numbers (4-2)

Where f and 6 are the polar co-ordinates of 2D frequency and specify radial and
angular frequency respectively. They are given below in terms of Cartesian co-ordinates

of 2D frequency space, u and v.

f=+Ju?+wv2andf = tan"1(v/u) (4-3)

A random phase spectrum P (f, ) will be generated using MATLAB random number

generator as shown in Appendix 4-A. The different instances of random phase spectrum

can be generated using the MATLAB internal state (seed) of uniform pseudorandom

number generator. This description in Polar co-ordinates is converted to Cartesian co-
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ordinates and the complex conjugate symmetry is added to obtain the Fourier Transform

of a surface height map.

D(f) and D(6) specify magnitude of radial and angular frequency components,
respectively. The term (8/4,,) controls RMS roughness of surfaces where § is desired
RMS roughness of a surface generated and &,, is a normalisation factor (RMS roughness
of a surface height map associated with the magnitude spectrum as D(f)D(8)). The
value of §,, can be calculated either using Equation (4-4) or by measuring standard

deviation of a surface height map obtained from D(f)D(8).

S (ID(f)a%(H)P)

ab

(4-4)

Op =

Where, a and b are number of rows and columns of a surface height map respectively.
The magnitude spectrum specified by Equation (4-1) also satisfies the second criterion
for parameter estimation of unknown surfaces. If it is assumed that an unknown surface
has distribution of frequency components in form of magnitude spectrum described by
Equation (4-1), then RMS roughness, distributions of angular and radial frequency

components can be estimated as described below.

1. RMS roughness: If RMS roughness measured from surfaces is specified as
estimated RMS roughness (d.5:), then 6., can be obtained by calculating

standard deviation of a surface height map.

2. Distribution of angular frequency components: An estimated distribution of
angular frequency components D, (68) can be calculated by summing
magnitude spectrum along radial frequency as described below. f,,. and fiin
are the maximum and minimum radial frequency. 6,,,, and 6,,, are the

minimum and maximum angular frequency.

meax M(f, 0)

fmin

meax Zemax M(f' 9)

fmin emin

Dest @) =

(4-5)
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s () Do) (3-)

= D 6) = (4-6)
T s n () po) ()
8 \ (yfmax
p(6) () (2= p(f)
S De0) = 2.)( T ) (@-7)
() (S ) (S 06))
= D5 (0) = % (4-8)

Thus, D, (0) is simply a normalised D (8) from which the parameters defining
D(0) can be estimated.

Distribution of radial frequency component: An estimated distribution of
radial frequency components D, (f) can be calculated by following above

procedure with f and 6 interchanged.

Thus magnitude spectrum described by Equation (4-1) satisfies the first two criteria of

investigation. The investigation of perception of directionality is divided into three

parts.

1.

2.

3.

The separate and combined effects of physical parameters defining distribution
of angular frequencies and RMS roughness (These are determined in

experiments described in this chapter).

The separate and combined effects of physical parameters defining distributions

of radial frequencies (These effects are investigated in chapter 5).

The combined effects of physical parameters defining both distributions and
RMS roughness and the development of a mathematical model of perceived
directionality based on observed effects of parameters (The effects will be

discussed and a measurement model will be proposed in chapter 6).

During the first and second parts, the mathematical relations between physical

parameters and perceived directionality will not be obtained as they do not provide
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useful information. This is because observers will not see the effects of all parameters
together during the experiments in those parts. Therefore, responses provided by
observers and perceived directionality obtained from those responses will reflect only

change in parameters varied in a given experiment.

4.2 Surfaces for the Investigation of the Effects of Angular Frequency Distribution

and RMS roughness

In this section, a definition of magnitude spectrum will be proposed that will be used to
produce naturalistic surfaces and that will allow us to investigate independent effects of

varying distribution of angular frequency components and RMS roughness.

Fractal surfaces resemble certain surfaces seen in nature e.g. rock or sand ripples
(Mandelbrot, 1982; Kube and Pentland, 1988; Linnett, 1991; Russ, 1994). Hence these
surfaces will be considered for use in psychophysical investigations. The definitions of
magnitude spectrum given by Ogilvy (1991) and Wu (2002) are not suitable for use
here as the distribution patterns of angular and radial components are changed together
and hence separate investigation of parameters associated with these distributions is not
possible.

Figure 4-1: Example of naturalistic synthetic surfaces

Thus, terms D(f) and D(6) have been defined separately for independent investigation

of directionality. There are several possible definitions which can be used for D(f)
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and D (6). The definitions of terms D (f) and D (6), which together generate naturalistic

surfaces (see Figure 4-1), are explained below.

Padilla (Padilla et al, 2008) used 1/fF noise surfaces for the investigations of
perceived roughness because this term generates naturalistic surfaces. It is therefore
reasonable to assume that combining term 1/f# with D(6) will generate naturalistic

directional surfaces. Therefore D(f) is defined by Equation (4-9).

D(f) = 1/fF (4-9)

Where £ is frequency roll-off factor. The MATLAB code for generating 1/f% noise
spectrum is provided in Appendix 4-B. 1D and 2D graphical demonstrations of D(f)

term are given in Figure 4-2.

The term D (6) will define dominant direction of a surface and variation about dominant
direction to add the directionality in a surface. One such definition is given in Equation
(4-10).

D(§) = e~ (6-00)*/20° (4-10)
1D distribution 2D distribution
1
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3
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1 10 100

log (f)

Figure 4-2: Frequency domain representation of D(f)

In Equation (4-10), 6, is dominant angular frequency component which controls

dominant direction of a surface and o2 is angular variance which controls rate of fall of
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magnitude of angular frequency components away from8,. For low values of o2,
amplitude of angular frequency components decreases very rapidly away from dominant
direction and so a highly directional surface is generated. Similarly, as the values of o2
increases, a surface becomes less directional. The 1D and 2D graphical demonstration
of D(0) is shown in Figure 4-3. The MATLAB code of D(8) can be found in Appendix
4-C.

1D distribution 2D distribution
1 /\ -
0.8 - o "’Z — 1
- 0.8
S 06 l \ g
2 l \ 06E
c bo
2 0.4 04 €
[
0.2 k 0
O T
0 8 100
Figure 4-3: Frequency domain representation of D(6)
The definition of magnitude spectrum is given by Equation (4-11).
2 2 6
M(f,0) = (1/f%) (e" @0 /20%) (=) (#-11)

n

The normalisation factor &,, will be calculated using the definitions of D(f) and D(8)
given by Equations (4-9) and (4-10) respectively. A graphical representation of M(f, 8)

is shown in Figure 4-4.

The unit of f is ¢pd as discussed in chapter 3. RMS roughness (6) is measured in
centimetres (cm) as unit height on the screen is adjusted to one centimetre ((Padilla,
2008)). 6 and 6, are specified in degrees and so angular variance (a2) is specified by

degrees squared.
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Figure 4-4: Frequency domain representation of M(f, 9)

The process of obtaining a surface height map using Equation (4-11) is as follows: a
magnitude spectrum M (f, ) given by Equation (4-11) and a random phase spectrum
with complex conjugate symmetry are used to produce the Fourier Transform of a
surface. This Fourier Transform is inverse Fourier Transformed to obtain a surface
height map. The complete MATLAB code for generating surfaces is given in Appendix

4-D. The surface height map is then rendered and animated for use in the
psychophysical investigations as described in Chapter 3.

Before removal of low frequencies

After removal of low frequencies

Figure 4-5: Effect of low frequencies on appearance of surface
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The size of surface height maps will be kept 512x512 as in chapter 3. Synthetic
directional surfaces with all frequencies (0.1 cpd to 30 cpd) were generated. However,
they did not appear naturalistic when the value of a2 was low because of the presence
of low frequencies. Hence, the magnitude of frequencies less than 0.937 cpd was made
equal to zero in order to provide naturalistic surfaces. Figure 4-5 shows the surfaces

before and after removing frequencies below this cut-off.

4.3 Psychophysical Investigation

To the author’s knowledge, independent effects of the parameters proposed here have
not previously been investigated in a controlled manner. In the following subsections,
the separate and combined effects of physical parameters (random phase spectrum, o2
and &) will be investigated. g is kept constant for all experiments presented in this
chapter. The parameter 6, describes the orientation of surfaces and will be also kept
constant. Unless specified, g and 6, will be kept equal to 2 and 45° throughout this
chapter.

4.3.1 Effect of Different Random Phase Spectra on Perceived Directionality

As discussed earlier, unstructured surfaces have little or no information in their phase
spectra. However, it cannot be assumed that the random phase spectrum do not affect
human perception of directionality. Therefore this section tests the effect of using

random phase spectra (see Figure 4-6) on perceived directionality.

It can be seen from Figure 4-6 that it is difficult to judge differences in directionality of
surfaces with the same magnitude spectrum and different random phase spectrum. But it
is easy to judge differences in directionality of surfaces with different magnitude spectra
(see Figure 4-1). Therefore, the direct ratio estimation method and the method of
constant stimuli were used to observe the effects of using different random phase

spectra.

Surfaces, with different random phase spectra and the same magnitude spectrum, were
considered as comparison surfaces and compared with a standard surface having a

magnitude spectrum different from comparison surfaces. Observers were asked to
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compare the directionality of comparison and standard surfaces and to give the ratio
between the directionalities of the two surfaces. Perceived directionality of comparison
surfaces were then obtained from the ratios by assigning a value 1 arbitrarily to a
standard surface. The change in perceived directionality of comparison surfaces for a
given standard surface was then observed to determine if changing a random phase
spectra have significant effects on the perception of directionality. An experiment is

described below.

Figure 4-6: Effect of the random phase spectrum (surfaces with the same magnitude

spectrum and different random phase spectra)

An effect of a random phase spectra was investigated using the two sets of five
comparison surfaces and three standard surfaces as shown in Figure 4-7. Each standard
surface is compared with five comparison surfaces to obtain perceived directionality of

each comparison surface. The magnitude spectra of comparison and standard surfaces
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had different angular variances. The values of angular variance of the two sets of
comparison surfaces and corresponding three standard surfaces are shown in Figure
4-7.
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: :a,
Xl 7
SN S
SN
N .
A
S H
/
e .
/
)
7
N

‘i
S
o
. )
~ P 1
< /
‘N 2 7 e /
’ ’ e /
N e \/
< ¢ A
A
/7 \
/ \
4 \
4 \
\
N
N P
SN
\
1 N N Ra
¥ . .
: ; .

Surfaces with different random phase
spectraand constant ¢? = 51.48
Surfaces with different random phase
spectraand constant ¢? = 132.5

o’ = 341.03
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comparison surfaces  standard surfaces |comparison surfaces standard surfaces

The values of a2 are in degrees squared

Figure 4-7: Graphical representation of pairs of comparison and standard surfaces to

evaluate the effect of random phase spectrum

As each comparison surface is compared with each standard surface, 30 pairing are
possible with three standard surfaces and two sets of five comparison surfaces. Each
comparison surface was presented three times with a standard surface (i.e. each pair
was repeated 3 times), and so in total each observer made 90 comparisons. As before,
the order of presentation of pairs was randomised as was the positions of surfaces in
pairs. The order of surfaces and corresponding responses given by five naive observers
are given in Appendix 4-E. Surface presentation, experimental set up and observers’

instructions were the same as those used for the experiment described in section 3.3.

As observers were allowed to use different ranges of values from each other, the
responses were normalised using Equation (3-8). As each pair was repeated three times,
the ratios of perceived directionalities of comparison and standard surfaces were
obtained by taking geometric mean of the three normalised ratios. Perceived
directionalities of comparison surfaces for each combination of comparison and

standard surfaces were obtained by assigning a value of 1 to standard surfaces as
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described earlier. Mean perceived directionalities of comparison surfaces for each
combination was obtained in a similar manner to that described in Chapter 3. Perceived

directionalities of comparison surfaces for each combination are plotted in Figure 4-8.
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The values of a2 are in degrees squared.

Figure 4-8: Perceived Directionality vs. surfaces with random phase spectra. The error

bars show the standard error of mean
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From Figure 4-8, it can be seen that there is little difference in mean perceived
directionalities of surfaces with different random phase spectra for a given standard
surface. A one-way repeated measures ANOVA was carried out to determine whether

this effect is significant.

The null hypothesis of the repeated measures ANOVA is that random phase spectrum
has no effect on perceived directionality. The results of the analysis for all six
combinations are listed in Table 4-1. The results are shown with an assumption of
sphericity because Mauchly’s test indicated that an assumption of sphericity is not
violated (p > 0.05) for all six combinations. It can be seen that significance value

obtained for all combinations is greater than 0.05 and hence the null hypothesis is

accepted.
Surfaces
Assumption of standard surfaces- | comparison surfaces- F- Sig. Value
sphericity o2 o2 Statistics (p)
(degrees squared) | (degrees squared)
Sphericity Assumed 20.0 51.48 0.449 0.772
Sphericity Assumed 132.5 51.48 1.886 0.162
Sphericity Assumed 341.03 51.48 1.620 0.218
Sphericity Assumed 20.0 132.5 0.902 0.486
Sphericity Assumed 51.48 132.5 0.277 0.889
Sphericity Assumed 341.03 132.5 2.405 0.093

Table 4-1: Tests of within-subjects effects: random phase spectrum

Thus it can be concluded that different random phase spectra do not affect the
perception of directionality. In the following sub-sections, the effects of angular
variance and RMS roughness on perception of directionality will be investigated

independently and together.

4.3.2 Effect of Varying Angular Variance on Perceived Directionality

In this section, effect of variation of angular variance is investigated using surfaces
generated by changing only a2 in Equation (4-11). The effect of varying a2 is shown in
Figure 4-9. High values of o2 make distribution of frequency components wider and so
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generate less directional surfaces. Therefore the hypothesis is that perceived

directionality of surfaces decreases as value of o2 increases.

To test the above hypothesis, the direct ratio estimation method, with pair-wise
comparison, described in Chapter 3 was used. The surfaces had five different values of
02 (20.0, 51.48, 132.5, 341.03, 877.8 degrees squared), chosen at equal distances on the
scale of log(c?) to provide visually distinct appearances. The effect of change in
angular variance was observed at four levels of RMS roughness (6 = 0.012, 0.016, 0.02
and 0.024 cm). During experiments, the pairs of surfaces having different o2 and the
same RMS roughness were presented to observers. No comparison was made between
surfaces having different RMS roughness.

a? = 20.0 degrees squared 0% = 51.48 degrees squared

0% =132.5 degrees squared 0% = 341.03 degrees squared

Figure 4-9 Effect of varying o with a constant level of RMS roughness (§ = 0.016 cm)
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All ten possible combinations of five surfaces with different ¢ and constant § were
presented twice during experiment. As the same set up was used at four levels of RMS
roughness, a total of eighty (10 x 2 x 4) pairs were presented to observers in random
order. Observers again provided the ratios of perceived directionalities of surfaces in

each pair.

Five naive observers, with normal or corrected to normal vision, took part in experiment
and the corresponding order of surface pairs and responses are given in Appendix 4-F.
These responses were normalised using Equation (3.8) and the geometric mean of
normalised responses of repeated pairs was taken to obtain ratios of surface pairs with
different o2 and same §. These ratios were processed to obtain perceived

directionalities of surfaces as described in section 3.3.2 of chapter 3.
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Figure 4-10: Perceived directionality vs. log( c?) at constant level of RMS roughness.

a2 is given in degrees squared. The error bars shows the standard errors of mean.
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The observers’ perceived directionalities (p,) and mean perceived directionality for
each value of § are plotted against log (¢2) in Figure 4-10. 1t can be seen that observers

perceived surfaces with low values of a2 as more directional.

A one way repeated measures ANOVA was performed to find out whether the change
in perceived directionality, due to change in o2, is significant. The results of ANOVA
tests for each value of § are shown in Table 4-2, which shows that o2 significantly (p <
0.05) affects the perception of directionality at all four levels of &. The results are
reported with sphericity assumed as Mauchly’s test indicated that the assumption of

sphericity is not violated.

Assumption of Constant level of RMS Sig. Value
o F-Statistics
sphericity Roughness (cm) (»)
Sphericity Assumed 0.012 106.915 <0.001
Sphericity Assumed 0.016 317.598 <0.001
Sphericity Assumed 0.02 202.512 <0.000
Sphericity Assumed 0.024 294.058 <0.001

Table 4-2: Tests of within-subjects effects of >

4.3.3 Effect of Varying RMS Roughness on Perceived Directionality

The effect of varying § on surfaces generated using Equation (4-11) is shown in Figure
4-11. 1t is clear that as & increases, directional features become more clear and
discernible. Therefore the hypothesis was made that human observers will perceive the
surfaces with larger values of § as being perceptually more directional, given the other

parameters are constant.

To test this hypothesis, an approach similar to that was used for the investigation of o2
was used and the surfaces were sampled at five values of § (0.0012, 0.0016, 0.02, 0.024,
and 0.028 cm). It was observed that surfaces with & higher than 0.028 did not look
naturalistic and so higher values were not used. The surfaces with these values of §
were obtained at four values of 2 (20.0, 51.48, 132.5 and 341.03 degrees squared).

The surfaces having different § and constant o2 were compared. No comparison was

made between the surfaces having different o2. Ten possible pairs of surfaces having
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five different values of § were presented to observers twice. As the same set up was
used to investigate the effect of & at four levels of a2, a total of eighty pairs were

presented to observers in random order.

Five naive observers took part in this experiment. The instructions and the method of
calculating observers’ perceived directionalities were the same as those used in the
previous experiment. Presentation order of surface pairs and observers’ responses are
given in Appendix 4-G. Observers’ perceived directionalities (p,) and their arithmetic
means (p ) are plotted against § in Figure 4-12 for each value of o2. It can be seen that
as & increases, p increases, supporting the hypothesis that observers perceive surfaces

with higher § as more directional when other parameters are constant.

6 =0.012cm 6 =0.016 cm

6=0.02cm 6 =0.024 cm

Figure 4-11: Effect of varying RMS roughness (8) at constant level of angular variance

(0% = 51.48 degrees squared)
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Again, a one way repeated measures ANOVA was conducted to test an effect of §.
When Mauchly’s test is not violated, the results are considered with sphericity assumed
and when the assumption of sphericity is violated, the degrees of freedom were
corrected using Greenhouse-Geisser estimates to obtain significance values. The results
of ANOVA tests for each value of 2 are shown in Table 4-3, which show that §

significantly (p < 0.05) affects the perception of directionality at all four levels of 2.
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Figure 4-12: Perceived directionality vs. RMS roughness (8) at constant levels of

angular variance (c2). The error bars show the standard errors of mean.
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Assumption of Constant level of Angular Sig. Value
o ) F-Statistics
sphericity Variance (degrees squared) (»
Sphericity assumed 20.0 46.929 <0.001
Greenhouse-Geisser 51.48 45.688 0.001
Sphericity assumed 132.5 147.793 <0.001
Greenhouse-Geisser 341.0 138.198 <0.001

Table 4-3: Tests of within-subjects effects: RMS roughness

4.3.4 Effects of Varying Both Angular Variance and RMS Roughness on Perceived

Directionality

In section 4.3.2 and 4.3.3, the effects of angular variance and RMS roughness were
investigated in two separate experiments. While these experiments demonstrated that
both physical parameters affect perceived directionality, they cannot measure combined
effects of the two parameters, and they cannot test for interactions between the two
parameters. This is because the range of ratios used by each individual observer depends
upon the range of differences that they see between pairs, and the data from separate
experiments presenting pairs differing in angular variance and in RMS roughness have
different scales and cannot be combined. To obtain information about the effect sizes
and a possible interaction, it was necessary to conduct another experiment, in which
observers compared all possible paired combinations of surfaces with different values of

og?and §.

For the experiment a total of twenty surfaces were generated using Equation (4-11) with
five different values of angular variance (62 = 20.0, 51.48, 132.5, 341.0 and 877.8
degrees squared) and four different values of RMS roughness (§ = 0.012, 0.016, 0.02
and 0.024 ¢m). The use of five levels of § was not considered as number of surfaces and
hence number of pairs becomes prohibitively high. Observers compared 190 possible
pairs of these twenty surfaces, presented in a random order. As number of pairs was
high, each pair was presented only once to avoid effects of fatigue and loss of attention.

To provide further replication, more observers were used in experiment.

Eight observers took part in the experiment and provided ratio judgements for each pair.

The order of pairs of surfaces for the given observer and corresponding responses are
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given in Appendix 4-H. These responses were normalised using Equation (3-8) and
perceived directionalities as described in section 3.3.2 of chapter 3. Figure 4-13 and
Figure 4-14 shows the change in perceived directionality against angular variance (o)

and RMS roughness (&) respectively.

From Figure 4-13, it can be seen that perceived directionality increases as o decreases
at all levels of §. From Figure 4-14, it can be observed that perceived directionality
increases with § when o2 is low but remains almost constant with varying § when a2 is
high.

A two-way repeated measures ANOVA was conducted to test the significance of these
differences in perceived directionality due to changes in the two parameters and an
interaction effect of the two parameters. The effect sizes (partial eta squared, n) of an
individual parameter and the interaction terms of the two parameters were measured to
indicate which parameter has greater effect than the other. A value of n near to 1

indicates a high effect of parameter.

- Observer's Perceived Directionality e Mean Perceived Directionality

—=e— RMS roughness =0.012 cm --e-- RMS roughness =0.016 cm
—-+—-RMS roughness =0.02 cm —-e—- RMS roughness =0.024 cm
3.5 -
3 -
2 25 -
©
c
§=]
)
g 2]
[a)
8 15 ~
=
3
g 17
0.5 A
O T T T 1
1 15 2 25 3

Log(Angular Variance)

Figure 4-13: Perceived directionality vs. logarithm of angular variance at different

level of RMS roughness. The error bars show the standard error of mean.
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Figure 4-14: Perceived directionality vs. RMS roughness at different level of angular

variance. The error bars shows standard errors of mean.

The results of the main significant effects (with degrees of freedom corrected using

Greenhouse-Geisser estimates of sphericity) are given in Table 4-4, which shows that

a2 and & both have significant effects (p < 0.05) on the perception of directionality and

their interaction also has a significant effect (p < 0.05). Furthermore, the values of n

show that the effect sizes of § and an interaction term are less than that of ¢ 2.

Assumption of Partial eta
Source . F-Statistics Sig. Value (p)
sphericity squared (1)
o? Greenhouse-Geisser 154.422 <0.001 0.957
é Greenhouse-Geisser 7.385 0.026 0.513
(62)(8) | Greenhouse-Geisser 6.002 0.018 0.462

Table 4-4: Tests of within-subjects effects: 02 and §
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4.4 Summary

In the beginning of this chapter, the following three criteria were proposed for the

model of a surface.

1. A mathematical model of the surfaces must allow us to vary parameters
independent of each other to investigate the separate and combined effects of

parameters.

2. It must be possible to estimate parameters of a surface model from unknown

surfaces.

3. Surfaces must be naturalistic.

Following specific class of frequency domain descriptions were found suitable for the

criteria proposed.
5
M(£,0) = D(F) DO (5-) (#-12)

Pi(f,0) = Random Numbers (4-13)

After proposing the criteria and class of surfaces, the following mathematical definition
of the surfaces was used for psychophysical investigation of distribution of angular

frequency components and RMS roughness.

M7,0) = (1/f7) (e @-0/2e%) () (#14)

n

The separate effects of changing random phase, 02 and & on the perception of

directionality were investigated and the following were found:

1. Variation of random phase does not have a significant effect on perception of

directionality.
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2. Angular variance (2) has a significant effect on perception of directionality;

increasing a2 decreases perceived directionality.

3. RMS roughness (§) has a significant effect on perception of directionality;

increasing & increases perceived directionality.

Finally, the effect of changing 2 and & together was investigated and the following

were observed:

1. Angular variance (o) and RMS roughness (8) have significant effects on
perceived directionality when both were varied in the same experiment.

The effect of o2 was larger than that of &.

2. There is an interactive effect of 2 and & on the perception of directionality.

The investigations presented in this chapter do not consider the effect that variation in
the distribution of radial frequency components has on perceived directionality. Hence
the next chapter investigates the effects of parameters controlling the distributions of

radial frequency components.
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Chapter 5

Effect of Radial Frequency on Perceived Directionality

In the previous chapter, the effects of varying angular variance and RMS roughness on
the perception of directionality were presented. This chapter investigates the effect of

varying radial frequency distribution on the perception of directionality.

As described earlier in chapter 3, it is possible that radial frequency components may
affect the perception of directionality. These radial frequency components may be
spread over small to large radial frequency regions positioned at different locations.
Therefore, perception of directionality may be affected by a width of radial frequency
region (bandwidth, B,) or location of radial frequency region (central radial

frequency, f;) or both.

This chapter is organised as follows: Section 5.1 describes generation of new surfaces to
evaluate the effects of varying distribution of radial frequency components according to
criteria described in chapter 4. The psychophysical experiments described in section 5.2
investigate the effect of change in the distribution of radial frequency components. In
section 5.2.1, 5.2.2 and 5.2.3 the effects of change in random phase spectra, central
radial frequency and bandwidth respectively are separately investigated, while in
section 5.2.4 the combined effect of f, and B, is investigated by varying both f. and B,

together. Section 5.3 gives a short summary of this chapter.

5.1 Directional surfaces to investigate the effect of radial frequency distributions

Aim of this section is to generate naturalistic directional stimuli needed to observe the
effects of varying radial distribution on the perception of directionality. The criteria for
synthetic surfaces as described in section 4.1 will be considered here and magnitude
spectrum will have the same form to that is given by Equation (4-1). For convenience,

the description of magnitude spectrum is given below.
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)
M(£,0) = D(F) D(®) (5) -)

In Equation (5-1), &,, will be calculated using new definitions of D(f) and D(#) in the
same way to that described in chapter 4, in order to normalise RMS roughness of a
surface and to allow it to be specified by §. As the effect of RMS roughness (§) has
been investigated in chapter 4, § will be kept constant at 0.01 cm unless specified. D(8)
will be kept constant as the aim of this chapter is to investigate the effect of varying
distribution of radial frequencies. D(8) is defined in the same way as it was defined in
chapter 4 and given again in Equation (5-2). If 62 and 6, are not specified, they will be

kept equal to 51.48 degrees squared and 45° respectively, throughout this chapter.

D(6) = e—(0-00)%/202 (5-2)

The term D(f) will be used to define a specific distribution of radial frequency
components and the effects of varying parameters that control the distributions will be
investigated. In chapter 4, the term 1/f# was used to define distribution of radial
frequency components, where g controls rate of fall of amplitude of frequency

components and thus changes distribution of radial frequencies. It was found in chapter

4 that product of 1/f# and e~ (0-00)*/20° produces naturalistic surfaces for a specific
range of (B, o2) space . However, varying f is not a promising way to investigate the
effect of varying distribution of radial frequencies on the perception of directionality,

for the following reasons.

1. As B increases, amplitude of low radial frequencies increases and that of high
radial frequencies decreases, and vice versa (sees Figure 5-1). These surfaces are

generated using magnitude spectrum defined by Equation (5-1) with D(f) equal
to 1/ff and D(8) equal to e~(@=00)?/20*  According to the author’s

observations, the surfaces with different values of S do not have significantly
different perceived directionality.

2. In nature, certain directional surfaces, e.g. sand waves, have their spectral
contents concentrated at different positions in their magnitude spectra. Examples

of such distributions of radial frequencies are shown in Figure 5-2. Human
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perception of directionality may be affected by a central position and a width of
such distributions. However, a 1/f# term does not allow us to investigate these

effects.

B (1.8, 2.0, 2.2) from left to right

02 (51.48, 341.03) from top to bottom

Figure 5-1: Effect of § with constant levels of o2

Therefore, the term D(f) must allow us to control a central position and a width of the
distribution of radial frequency components in order to investigate their effects on
perceived directionality. There are several possibilities for such distribution patterns of
radial frequency components. Two such definitions are shown in Table 5-1. Parameters
affecting a central position and a width of radial frequency region are also shown in
Table 5-1. The suitability of each definition was evaluated with respect to the criteria
described in chapter 4. After visual inspection of these surfaces, it was found that these
definitions do not generate naturalistic surfaces. The Gaussian band-pass filter produces
sinusoidal surfaces when a width parameter is low while surfaces generated using the
Butterworth band-pass filter do not look naturalistic because of the presence of high

frequencies.
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Figure 5-2: Examples of distribution patterns of radial frequency components and the

parameters that may affect human perception of directionality.

Name of the Definition of the term D(f) and Central Width
i
Definition Parameter Description position

o~ U~Hp)?/(20P)
Gaussian o
Parameter description:
band-pass ) Ur of
ur = mean radial frequency

filter
oy = standard deviation from i,
1
2n
- (( 1 ) ((fh f - f2>>
Butterworth fn= h f
band-pass | Parameter description: (fh;—fl) fn—fi

filter fn=upper 3-dB cut-off frequency

f1 = lower 3-dB cut-off frequency

n = order of the Butterworth filter.

Table 5-1: The definitions and parameter descriptions of band-pass filters.
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However, combination of the Butterworth band-pass filter and 1/f# term given by
Equation (5-3) produces naturalistic surfaces as shown in Figure 5-3. As change in 8
does not affect perceived directionality, according to the author’s observations,
Equation (5-3) will be used to investigate the effects of varying f, and B,, (Equations
(5-4) and (5-5) respectively) on the perception of directionality and g will be kept
constant throughout this chapter. The parameters f. (central radial frequency) and B,,
(bandwidth) define a central position of distribution of radial frequency components and

a width of radial frequency region respectively.

1
D(f) = (1/fF) =
1 (Fu fi) = f2 (5-3)
”((ﬁ—f)( i ))
fe= (ht+ fi)/2 05-4)
By =fn—fi (5-5)
fe = 3.28 cpd f. =4.69 cpd

Figure 5-3: Naturalistic surfaces to investigate the effects of radial distribution of

frequency components.

An order n of the Butterworth filter will be kept equal to 1 throughout this chapter. For

n > 1, surfaces appear sinusoidal and do not look naturalistic. As an order of the
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Butterworth filter increases, amplitudes of radial frequency components drop sharply as
shown in Figure 5-4 and hence, amplitudes of radial frequencies adjacent to f, reduce to

nearly zero, which makes the surfaces sinusoidal.

| I
0.8 I \
0.6

A
0.4 fl
0.2 ,,, w
e N
0 - ~ -

0 16 32 48 64 80 96 112 128

Magnitude

Radial frequency (cpi)

Figure 5-4: Effect of Butterworth order on distribution of radial frequency components

Thus, the magnitude spectrum is defined by Equation (5-6) and will be used to generate
surfaces for psychophysical investigation. MATLAB program to generate these surfaces
is given in Appendix5-A. As before, random phase spectra will be used to generate

surfaces as described in chapter 5.

1
(e—(9—90)2/202)

M0 = (5) (1/7%) —— 50
”((fhiﬁ) (el fz)) 7

5.2 Psychophysical Investigation

In this section, the separate and combined effects of change in random phase spectra,
central radial frequency and bandwidth are investigated in the same way the effects of
different random phase spectra, angular variance and RMS roughness were investigated

in the previous chapter.
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5.2.1 Effect of Different Random Phase Spectra on Perceived Directionality

In section 4.3.1, it was found that different random phase spectra do not affect the
perception of directionality of surfaces generated using magnitude spectra described by
Equation (4.11). However, it is not known whether perceived directionality of surfaces
described by Equation (5-6) generated with low bandwidth (B,,), such as those shown in
Figure 5-5, are affected by different random phase spectra. Surfaces in Figure 5-5 have
the same magnitude spectra described by Equation (5-6) with B,, and f_ set to 0.47 cpd
and 3.28 cpd respectively, but with different random phase spectra.

Figure 5-5: Effect of random phase spectra. Surfaces with the same magnitude

spectrum and different random phase spectra

It can be observed from Figure 5-5 that it is difficult to judge differences in
directionality of surfaces. These surfaces have identical magnitude spectra but different

random phase spectra. However, it is easy to compare and judge directionality of
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surfaces with different magnitude spectra as was reported in chapter 4. Therefore to
investigate the effects of different random phase spectra on perceived directionality of
surfaces described by Equation (5-6), the method of constant stimuli and direct ratio

estimation method, described in section 4.3.1, was used.

During the experiment, comparison surfaces, with different random phase spectra and
the same magnitude spectrum, were compared with a standard surface having a
magnitude spectrum different from those of comparison surfaces. The magnitude
spectra of comparison surfaces and a standard surface had different central radial
frequencies as it is easy to judge differences in directionality between such surfaces (see
Figure 5-3).

The effect of changing random phase spectra was tested for two values of central radial
frequencies (f. = 1.88 and 4.69 cpd). Five comparison surfaces were generated with
different random phase spectra at both levels of f.. Each set of five comparison
surfaces were compared with three standard surfaces. Figure 5-6 shows a graphical
representation of the comparisons made by observers. The parameters B,, (0.47 cpd),
02(51.47 degrees squared) and & (0.01 cm) were kept constant. No comparison was
made between comparison surfaces and no comparison was made between standard

surfaces.

Set 1: comparison and standard surfaces Set 2: comparison and standard surfaces
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Figure 5-6: Graphical representation of pairs of comparison and standard surfaces to

evaluate the effect of different random phase spectra
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As each comparison surface needs to be compared with each standard surface, 30

pairings are possible with three standard surfaces and two sets of five comparison

surfaces. Each comparison surface was presented three times with standard surfaces

(each pair was repeated 3 times), and so in total each observer made 90 comparisons. As

before, the order of pairs was randomised and the positions of surfaces in pairs were

randomised.

- Observer's Perceived Directionality

¢ Mean Perceived Directionality

Set 1: comparison surfaces with f. =1.88 cpd Set 2: comparison surfaces with f. =4.69 cpd
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Figure 5-7: Perceived directionality of surfaces with random phase spectra. The error

bars show the standard errors of mean.
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Five naive observers estimated the ratios of directionalities of comparison surfaces
against standard surfaces. Surface presentation, experimental set up and observers’
instructions were the same as those used for the experiment described in section 3.3.
Observers’ responses were processed as described in section 4.3.1. The order of
surfaces and corresponding responses provided by observers are given in Appendix5-B.
Perceived directionalities of comparison surfaces for each combination are plotted in

Figure 5-7.

It can be observed that mean perceived directionality remains almost constant for all six
combinations of comparison surfaces and standard surfaces. A one-way repeated
measures ANOVA was carried out to determine whether there was any significant effect

of random phase spectrum on the perception of directionality.

The results of an ANOVA tests for all six combinations are listed in Table 5-2. The
results are shown with the assumption of sphericity as Mauchly’s test indicated the
assumption of sphericity is not violated (p > 0.05). It can be seen that the effect of phase
spectra is significant when comparison surfaces’ f, is 1.88 cpd and standard surface’s
fe is 3.28 cpd. However, for the other combinations of standard and comparison
surfaces, significance values are greater than 0.05, and therefore it can be concluded that
the change in random phase spectra has no general effect on the perception of

directionality.

) Set of Surfaces _
Assumption of : F- Sig. Value
. Standard Comparison o
Sphericity Statistics (p)
Surface’s f, (cpd) | Surfaces’ f, (cpd)
Sphericity Assumed 3.28 1.88 3.312 0.037
Sphericity Assumed 4.69 1.88 1.976 0.147
Sphericity Assumed 6.09 1.88 1.315 0.306
Sphericity Assumed 1.88 4.69 1.016 0.428
Sphericity Assumed 3.28 4.69 0.064 0.992
Sphericity Assumed 6.09 4.69 0.479 0.751

Table 5-2: Tests of within-subjects effects: random phase spectra

79




5.2.2 Effect of Varying Central Radial Frequency on Perceived Directionality

In this section, the effect of separately varying f. with a constant B, is investigated.

Two experiments were conducted to test the effect of f. on the perception of

directionality. In the first experiment, bandwidth was kept low (B, = 0.47 cpd) to

determine how the perception of directionality changes over a wide range of f_. In the

second experiment, the effect over a smaller range of £, at high values of bandwidth is

investigated.

5.2.2.1 Effect of varying f, over a wider range at low value of bandwidth

fc=2.58 cpd

fe=3.98cpd

fe=5.39 cpd

f.=6.80 cpd

Figure 5-8: Effect of the change in f,with a low B,, (0.47cpd)
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High values of bandwidth do not provide sufficient freedom to allow us to examine the
effects of low, medium and high central radial frequencies. However, surfaces with low
bandwidth do allow us to investigate how observers perceive directionality at these
central radial frequencies. Therefore, perceived directionalities of sixteen surfaces with
different f, and constant B,, (0.47 cpd) were obtained using the direct ratio estimation

method. In Figure 5-8, the effect of changing central radial frequency is shown.

Sixteen surfaces were generated with the values of f, at an interval of 0.70 cpd to have
non-overlapping 3-dB bandwidth regions between surfaces. The lowest value of f. was
equal to 1.88 cpd. RMS roughness of surfaces was kept low (0.005 cm) to maintain a
naturalistic appearance of surfaces with high values of f.. A total of 120 pairs of
sixteen surfaces were presented to six naive observers in random order (Appendix 5-C).
Surface presentation, experimental set up, instructions to observers and the method of
obtaining perceived directionality were the same as those described in section 3.3.
Observers’ perceived directionality (p,) and mean perceived directionality (p) are

plotted in Figure 5-9.
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Figure 5-9: Perceived directionality vs. central radial frequency at low bandwidth. The

error bars show the standard errors of mean.
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An ANOVA results indicate that there is a significant effect of f, (F-statistic = 63.358,
p < 0.05) on the perception of directionality. The degree of freedom was corrected with
Greenhouse-Geisser correction as Mauchly’s test of sphericity did not specify if the
assumption of sphericity is violated, because a number of levels of £, is greater than a
number of observers. However, from Figure 5-9 it can be seen that there is large
variation in observers’ perceived directionality for f, greater than 10.31 cpd. It is
therefore interesting to verify if the change in perceived directionality is significant at
high values of f.. As it is not clear if the assumption of sphericity is violated, the
contrast" results cannot be considered in order to evaluate if the differences at high

frequencies are significant.

Therefore, another ANOVA test was conducted for the last six levels of f. (from 8.91 to
12.42 cpd) with repeated contrast. The result shows that the assumption of sphericity is
not violated (p > 0.05) and there is a significant main effect of f. (p < 0.05). Contrast
results (Table 5-3) reveal that there are significant differences in perceived
directionality between values of f. from 8.91 to 9.61 cpd and from 9.61 to 10.31 cpd,
but there are no significant differences from 10.31 to 11.02, 11.02 to 11.72 and 11.72 to
12.42 cpd.

Levels of £, (cpd) F — Statistics Sig. Value (p)
8.91t09.61 10.460 0.023
9.611t010.31 31.859 0.002
10.31to 11.02 0.003 0.960
11.02to 11.72 3.319 0.128
11.72t0 12.42 0.006 0.941

Table 5-3: Tests of within-subject contrasts at high frequencies

Thus, in general it can be concluded that perceived directionality of surfaces used in the
experiment increases with the increase in f. up to 10.31 cpd and thereafter does not

change significantly.

! This is not a contrast, a visual characteristic of surface. Contrast is the test for statistical significance of
differences in specific parts of repeated measures design.
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5.2.2.2 Effect of varying f, over a smaller range at high values of bandwidth

To observe the effect over a small range of f_, an approach similar to that used for the
investigation of the effects of varying only o2 at different constant levels of § (section
4.3.2) in chapter 4 was used. The surfaces were sampled at four values of f. (2.81, 4.22,
5.63, and 7.03 cpd) and constant B,,.

fe=2.81cpd fe=4.22 cpd

fe=5.63cpd fe=7.03cpd

Figure 5-10: Effect of the change in f, at higher bandwidth (B,, = 1.88 cpd)

Surfaces with different f, (2.81, 4.22, 5.63, and 7.03 cpd) and constant B,, (1.88 cpd)

are shown in Figure 5-10. The effect of varying f, was observed at three constant levels
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of bandwidths (B,, = 0.94, 1.88, and 2.81 cpd). No comparison was made between

surfaces having different bandwidths.

Six possible pairs of surfaces having four different values of f. with constant bandwidth
were presented to observers thrice. As the same set up was investigated at three levels
of B, a total of 54 pairs (6 pairs of varying f. times 3 repetitions of pairs times 3

levels of B,,) were presented to observers in random order (see Appendix5-D)

B,, =0.99 cpd
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Figure 5-11: Perceived directionality vs. central frequency at constant levels of B,

Six naive observers took part in this experiment. Surface presentation, experimental set
up, observers’ instructions and method of obtaining perceived directionality were the
same as those described in section 3.3. Observers’ perceived directionalities (p,) and
their arithmetic means (p ) are plotted against f, in Figure 5-11 for each value of B,,,. It

can be seen that as f, increases, p also increases.
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A one-way repeated measures ANOVA was conducted to test the significance of effect
of f. on the perception of directionality. The degrees of freedom were corrected using
Greenhouse-Geisser estimates of sphericity for the main effect of f, when the
assumption of sphericity was violated. Table 5-4 shows that there is significant main
effect (p < 0.05) of f_ at all levels of B,,.

Assumption of sphericity | Constant level of B, (cpd) | F - Statistics | Sig. Value (p)
Sphericity Assumed 0.94 100.901 <0.001
Greenhouse-Geisser 1.88 266.829 <0.001
Sphericity Assumed 2.81 124.939 <0.001

Table 5-4: Tests of within-subjects effects of £ at different levels of B,

5.2.3 Effect of Varying Bandwidth on Perceived Directionality

To investigate how perceived directionality changes with the change in bandwidth (B,,),
perceived directionalities of surfaces with different B,, and constant f. were obtained

using the approach similar to that described in the previous section.

Four different values of B,, (0.47, 1.88, 3.28 and 4.69 cpd) were used. Three constant
levels of f, (2.81, 4.69 and 6.56 cpd) were chosen at which the effect of separately
varying B, was investigated by comparing the surfaces with different B, and
constant f.. No comparison was made between the surfaces having different central

radial frequencies (f;).

Surfaces at different B,, (0.47, 1.88, 3.28 and 4.69 cpd) and constant f,. (4.69 cpd) are
shown in Figure 5-12. Six pairs are possible with four different values of B,,, each pair
was presented thrice, and the effect of B,, was observed at three different levels of f.. A
total of 54 pairs (6 pairs of varying B,, times 3 repetitions of pairs times 3 levels of f.)
were presented to six naive observers in random order (see Appendix5-E). Surface
presentation, experimental set up, observers’ instructions and method of obtaining

perceived directionality were the same as those described in section 3.3.

85




B,, = 0.47 cpd B, =1.88cpd

B, =3.28 cpd B,, =4.69 cpd

Figure 5-12: Effect of B,, with constant f_. (4.69 cpd)

Their perceived directionalities (p,) and arithmetic means (p ) are plotted against B, in
Figure 5-13 for each value of f,. It can be observed from Figure 5-13 that the trend in
the change in perceived directionality with the change in B, is different at different
levels of f.. When f_ is equal to 2.18 cpd, perceived directionality increases up to B,
equal to 3.28 cpd then decreases but for higher values of f,, p increases monotonically
with B,,. Therefore, it would be interesting to verify if the change in perceived

directionality between levels of bandwidth is significant.
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Figure 5-13: Perceived directionality vs. bandwidth at constant levels of f,. The error

bars show the standard errors of mean.

A one-way repeated measures ANOVA was conducted with different kinds of contrast
tests (Simple (first) contrast, Simple (last) contrast, repeated contrast) to reveal if the
differences in p between levels of B, are significant. The results of an ANOVA tests
for each value of f, are reported below. To aid the reader four levels of B,, are denoted
as B,,; (= 0.47 cpd), B,,, (= 1.88 cpd), B,,; (= 3.28 cpd), B, (= 4.69 cpd) in this
section only. The degrees of freedom were corrected using Greenhouse-Geisser
estimates of sphericity when Mauchly’s test indicated that the assumption of sphericity
was violated (p > 0.05) and no correction to degrees of freedom were applied when the

assumption of sphericity was not violated.
1.  Effectof B, when f, =2.81 cpd

The results show that the perception of directionality is significantly affected by
bandwidth, p < 0.05, when f_ is equal to 2.81 cpd.
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Contrast results revealed that perceived directionality at B,,, is significantly different
from p at B,,, B,sand B,, (p < 0.05). Furthermore, p at B, is significantly
different from p at B,; (p < 0.05) but p at B,, and B,3; (p > 0.05) is not
significantly different from p at B,,, of bandwidth.

2.  Effect of B, when f, = 4.69 cpd

The results show that the perception of directionality is significantly affected by

bandwidth, when £, is equal to 4.69 cpd, p < 0.05.

Contrast results revealed that perceived directionality (p) at B, is significantly
different from p at B,,,, B,5 and B,, (p < 0.05). Perceived directionality (p)
at B,,, is not significantly different from p at both, B,,; and B,,, (p > 0.05). Also no

significant difference is found between B,,; and B, (p > 0.05).
3.  Effect of B, when f. = 6.56 cpd

The results show that the perception of directionality is significantly affected by
bandwidth, p < 0.05, when f, is equal to 6.56 cpd.

As the assumption of sphericity is violated, the degrees of freedom in contrast results
are not corrected and hence the results of contrast are ignored in this case and only

result of main effect is taken into account.

Above analysis for the effects of B, at all levels of f. is summarised in Table 5-5 (main
effects) and Table 5-6 (contrast results where applicable). From the results of the
ANOVA tests, it can be concluded that there is a significant effect of bandwidth on the
perception of directionality of surfaces used in the experiment. The effect is found
significant, for the levels of B,, chosen in this experiment, up to value of B, equal to

3.28 cpd and saturates above B, equal to 3.28 cpd.

Source Constant level of f, (cpd) | F - Statistics Sig. Value (p)
Sphericity Assumed 2.18 19.163 <0.001
Sphericity Assumed 4.68 7.047 0.004
Greenhouse-Geisser 6.56 10.345 0.017

Table 5-5: Tests of within-subjects effect of B,
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Levels of Bandwidth | Constant level of f_ (cpd) | F - Statistics Sig. Value (p)
B, Vs B, 2.18 38.399 0.002
By VS By 2.18 262.936 <0.001
By VS By 2.18 41.629 0.001
Byy; VS B, 2.18 9.605 0.027
Byy; VS By 2.18 1.278 0.310
Byys VS By 2.18 0.417 0.547
By VS By, 4.68 4.801 0.080
By1 VS Byys 4.68 99.303 <0.001
By VS By 4.68 21.829 0.005
Byy; VS B3 4.68 3.124 0.137
Byys VS Byys 4.68 2.368 0.184
Byys VS By 4.68 0.436 0.538

Table 5-6: Tests of within-subjects contrasts reveal if the differences in p between any

two levels of bandwidth (used in the experiment) are significant

5.2.4 Effect of Varying Both Central Radial Frequency and Bandwidth on Perceived
Directionality

In section 5.2.2 and 5.2.3, it has been observed that both f. and B,, affect the perception
of directionality when their effects are investigated separately. However, in these
experiments, surfaces with different f. and B, have not been compared and so
observers did not see the differences between surfaces differing in both f, and B,,,.
Therefore, the combined effect of the two parameters or for any interaction between

these two parameters cannot be inferred.

To obtain the effect sizes and a possible interactions, it was necessary to conduct
another experiment in which observers compared all possible paired combinations of
surfaces with different values of f, and B,,. For the experiment, a total of sixteen
surfaces were generated with four different values of f, (2.58, 4.22, 5.86 and 7.5 cpd)
and four different values of B,, (0.47, 1.88, 3.28 and 4.69 cpd). The value of B,, equal to
4.69 cpd was included, even though in section 5.2.3 it was found that there is no

significant difference in perception between B,, equal to 3.28 and 4.69 cpd, in order to
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observe how these two levels of bandwidth affect the perception of directionality

between different levels of f..

Observers compared each of the 120 possible pairs of these sixteen surfaces two times.
They were presented in random orders. Six naive observers took part in the experiment
and provided ratio judgements for each pair. The order of pairs of surfaces for each
observer and corresponding responses are given in Appendix5-F. These responses were
normalised using Equation (3-8) and then perceived directionalities of surfaces were

obtained using the procedure described in section 3.3.2 of chapter 3.

Observers’ perceived directionality (p,) and mean perceived directionality (p) are
plotted against f. at different levels of B,,; and against B, at different levels of £, in
Figure 5-14 and Figure 5-15 respectively. It can be seen that the effect of changes in f
on perceived directionality is greater than the effect of changes in B,,. The result of a
two-way repeated measures ANOVA test, shown in Table 5-7, reveals how these two
parameters together affect the perception of directionality. Table 5-7 also shows the
effect sizes (partial eta square, n) of the main effects and the interactions indicating

which parameter has greater effect than the other.
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Figure 5-14: Perceived directionality vs. central radial frequency (f,) at different levels

of bandwidth (B,,).The error bars show the standard errors of mean.
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Figure 5-15: Perceived directionality vs. bandwidth (B,,) at different levels of central

radial frequency (f;). The error bars show the standard errors of mean.

From Table 5-7, it can be observed that there is a significant effect only for f. (p < 0.05)

on the perception of directionality. Neither bandwidth (p > 0.05) nor the interaction (p >

0.05) between f, and B,, affects the perception of directionality significantly. The

corrected results (Greenhouse-Geisser estimates of sphericity) were considered where

the assumption of sphericity was violated. Thus, the effect of bandwidth is negligible

when observers are presented with the surfaces differing in both f. and B,,. The values

of n suggest that only £, has a high effect on the perception of directionality. As there is

no significant main effect of B, or of the interaction term, no further analysis was

carried out.
o ) Partial eta squared
Source F - Statistics | Sig. Value (p)
)
f- Sphericity Assumed 296.514 <0.001 0.983
B, Greenhouse-Geisser 2.913 0.142 0.368
(f;) (B,) | Greenhouse-Geisser 2.941 0.99 0.370

Table 5-7: Tests of within-subjects effects (combined effect of f. and B,,)
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5.3 Summary and discussion

To investigate the effects of varying distributions of radial frequency components, a
new random phase surface model was defined. Through a series of psychophysical
experiments investigating the effects of variation in the distributions of radial

frequencies the following have been shown:

1. Changes in random phase spectra do not have a significant effect on

perceived directionality of surfaces defined by Equation (5-6).

2. Variation of central radial frequency (f.) has a significant effect on
perceived directionality when the effect of separately varying f. was

observed; increasing f increases perceived directionality.

3. Variation of bandwidth (B,) has a significant effect on perceived
directionality when the effect of separately varying B, was observed;
increasing B,, increases perceived directionality. However, no significant
differences in perceived directionality were observed between values of B,
greater than or equal to 3.28 cpd.

4. When the combined effects of f, and B,, were observed, the perception of
directionality was significantly affected by only f.. Neither B, nor the
interaction between f. and B, has a significant effect on perceived

directionality of surfaces used in the experiment.

Thus, the observations in chapter 4 and in this chapter indicate that the distributions of
both angular and radial frequency components affect human perception of
directionality. However, neither of these chapters investigated the effects of all possible

interactions between the parameters.
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Chapter 6

Measurement Model of Perceived Directionality

In this chapter a measurement model of perceived directionality of random-phase
surfaces will be developed. Previously, it was found that the distributions of angular and
radial frequency components, together with RMS roughness, affect human perception of
directionality. However, in the psychophysical experiments reported in chapter 4 and
chapter 5, all parameters affecting perceived directionality were not varied
simultaneously. Furthermore, it was found that when the two parameters were varied
together, the effects of parameters on perceived directionality change. Therefore, ideally
all four parameters would be needed to vary simultaneously in one experiment to
investigate the effects of all possible interactions between parameters. However, due to
practical limitations (discussed later) it is not possible to investigate the effects of three-
way and four-way interactions between parameters. Therefore, this chapter assumes that
there are no significant effects of three-way and four-way interactions between
parameters and investigates the separate (one-way) and two-way interaction effects of

parameters.

Previously, the effects of four parameters (angular variance (o), RMS roughness (5),
central radial frequency (f;) and bandwidth (B,,)) were tested. This chapter further
investigates how two-way interactions between these parameters affect human
perception of directionality. The surface model defined in chapter 5 allows us to vary

all of these parameters and therefore this surface model will also be used in this chapter.

As the parameter space is four-dimensional, several practical problems arise in
conducting the psychophysical experiment. These problems will be discussed in section
6.1 and the method of conducting psychophysical experiment to analyse the main and
interaction effects of parameters will be described. In section 6.2, the psychophysical
results and their statistical significance will be investigated. In section 6.3, a model of
perceived directionality will be developed based on the significance test results. The

chapter ends with a small summary in section 6.4.
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6.1 Method

As the goal of this chapter is to propose a measurement model of perceived

directionality, ideally all four surface parameters need to be varied in one experiment to

ensure the use of consistent perceptual scaling across these parameters and the

following need to be investigated:

Separate effects of the four parameters on the perception of directionality.

Two-way interaction terms ({¢?, 6}, {02, f.}, {02, B}, {6, f.}, {6, B,,} and

{f:, By, }) where the effects of the two parameters are tested together.

Three-way interaction terms ({o?, 8, f.}, {¢?, 6, B,,}, {02, f., B,,) and {6, f,,

B, }) where the effects of the three parameters are tested together.

Four-way interaction term ({c?2, &, f., B,}) where the effects of the four

parameters are tested together.

At first sight it would seem that this goal can be achieved simply by conducting a

psychophysical experiment using all surfaces generated with the complete set of

combinations of parameter values. However, there are following practical limitations in

sampling four-dimension parameter space for an investigation of the effects of three-

way and four-way interactions between parameters:

1.

If the sampling of parameter space that generates naturalistic surfaces was
possible and if four values of each parameter were selected then a total of 256
different surfaces would be needed to investigate the effects of three-way (4° +
4* + 4* + 4° = 256) and four-way (4* = 256) interactions between parameters.
With this many surfaces, numbers of pairs of surfaces are 8064 for the three-way
interactions and 32640 for the four-way interactions and so a psychophysical
experiment using the method of pair-wise comparisons is not practical, as it will
produce erroneous responses due to effects of fatigue and loss of attention.

To achieve this sampling, the range of parameter values would have to be kept
small to ensure naturalistic appearance of surfaces. For example, to investigate
the perception of directionality at a high value of £, and a low value of B,,, the
maximum value of & must be kept low, or the minimum value of a2 must be

kept high. This is because surfaces do not look naturalistic when the values of f,
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and & are high and the values of B,, and 2 are low. Therefore, an investigation
of the three-way and four-way interactions of parameters is not practical even if
the experiment is conducted using the method of constant stimuli with 256 pairs,
as the design will result in unreliable measurements of effects of parameters and

their combinations.

However, there are no such problems in the sampling of parameter space to investigate
the effects of parameters separately and the two-way interactions between parameters.
So these effects will be tested to achieve the goal of this chapter with an assumption that
there are no significant effects of the three-way and four-way interactions between

parameters.

In chapter 4 and chapter 5, two-way interactions {c2, &6} and {f., B,} were
investigated. To have consistent perceptual scaling across all two-way interaction terms,
these interactions together with the remaining four two-way interactions will be

investigated in this chapter.

Once again it is not practical to use the method of pair-wise comparisons because if four
values of each parameter are selected, 16 surfaces and 120 surface pairs are required for
each two-way interaction, making a total of 720 pairs. Therefore the method of constant
stimuli will be used in which all surfaces will be paired with one constant surface. The
drawback of this method is that there is a possibility of higher variability in the
responses due to the large number of unique surface pairs. This will be minimized by

repeating each pair and by conducting experiment with more observers.

In the next section, the parameter values for each two-way interaction term are
specified, and associated perceived directionalities are provided. Furthermore, the
statistical significance testing of the separate and two-way interaction effects will be

carried out.

6.2 Results

To observe the effect of two-way interaction, variable parameter 1 and variable

parameter 2 in Table 6-1 were varied while the remaining two parameters were kept
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constant. The parameter values were chosen to ensure naturalistic appearance of

surfaces.
Two-way ) )
i teraction Constant Constant Variable Variable
erm parameter 1 parameter 2 parameter 1 parameter 2
fe B, o? 1)
{02, 6} (3.75) (2.34) (20.0, 51.48, (0.005, 0.01,
132.5,341.04) | 0.015, 0.02)
1) B, o? fe
{c%f.} (0.01) (2.34) (20.0, 51.48, (1.88, 3.75,
132.5, 341.04) 5.63, 7.5)
1) fe o? B,
{02, B,} (0.01) (3.75) (20.0, 51.48, (0.94, 2.34,
132.5, 341.04) 3.75, 5.16)
o? B, ) fe
{4, 1.} (132.5) (2.34) (0.005, 0.01, (1.88, 3.75,
0.015, 0.02) 5.63, 7.5)
o? fe ) B,
{6, B,} (132.5) (3.75) (0.005, 0.01, (0.94, 2.34,
0.015, 0.02) 3.75, 5.16)
o? ) fe B,
{f:, By} (82.58) (0.01) (1.88, 3.75, (0.47, 1.41,
5.63, 7.5) 2.34, 3.28)

Table 6-1: Parameter values of surfaces for two-way interaction terms. f. and B,, are in

cpd. o2 is in degrees squared. & is in cm.

As the variable parameters have four values, a total of 96 surfaces (16 times 6 two-way
interaction terms) were generated using Equation (5-6) for the psychophysical
experiment. However some of the combinations of parameter values are same for more
than one two-way interaction terms. For example, the parameter combination f. = 1.88
cpd, B,, = 2.34 cpd, 02 = 132.5 degrees squared and § = 0.01 cm is used for the two-

way interaction terms {o2, 6} and {8, f.}. There is therefore no need to include this
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surface twice in the experiment. After removing all such duplications, only 74 surfaces

were left.

These 74 comparison surfaces were compared with a standard surface twice. Only one
standard surface was used for all six two-way interaction terms in order to use a single
reference point. A standard surface was chosen to be less directional than all
comparison surfaces. In chapter 4 and chapter 5, it was observed that perceived
directionality of random-phase surfaces decreases when angular variance (o?)
increases; when RMS roughness (&) decreases; when central radial frequency (f;)
decreases, or when bandwidth (B, ) decreases. Therefore, a standard surface was
generated with lower values of f. (1.88 cpd), B,, (0.47 cpd) and § (0.005 cm) and a
higher value of o2 (341.04 degrees squared) compared to values of parameters of
comparison surfaces to ensure that it appeared less directional than all 74 comparison

surfaces.

Observers were told that a standard surface was always less directional than
comparison surfaces and asked to give the ratio between comparison and standard
surface. Surface presentation and experimental set up were the same as those described
in section 3.3. Observers’ responses were processed as described in section 4.3.1.
Observers’ responses were normalised using Equation (3-8) as they used different
scales for the ratios. As each of comparison surfaces was presented twice, the geometric
mean of the two ratios of perceived directionalities of comparison surface and standard
surface was taken as the ratio between that comparison and standard surfaces.
Observers perceived directionalities (p,) of comparison surfaces were obtained by
assigning a value of 1 to a standard surface. Mean perceived directionality was obtained
by taking an arithmetic mean of observers’ perceived directionalities. A total of nine
naive observers took part in the experiment. Observers’ perceived directionalities and
mean perceived directionalities of the surfaces used in this experiment are given in
Appendix 6-A.

The two-way repeated measures ANOVA tests were carried out for each of the six two-
way interactions. Perceived directionalities were plotted to show the change in
perceived directionality against the changes in parameters. In these sub-sections, the
ANOVA results are reported with sphericity assumption when Mauchly’s test of
sphericity is not violated (p > 0.05) and the results were reported using corrected

degrees of freedom using Greenhouse-Geisser estimates of sphericity when the
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assumption of sphericity is violated. As the final goal is to obtain a measurement model
of perceived directionality, polynomial contrasts were used for the ANOVA tests in
order to identify the type of trend of perceived directionality. The effect sizes were also

calculated.

6.2.1 Separate and Interaction Effects of Angular Variance and RMS Roughness

Observers’ perceived directionality and mean perceived directionality are plotted
against o2 and & in Figure 6-1. It can be clearly seen that perceived directionality
decreases with an increase in o2 at all levels of § and perceived directionality increases
with an increase in § at all levels of o2. A similar effect was observed in chapter 4

when observers viewed surfaces having different o2 and §.

- Observer's Perceived Directionality e Mean Perceived Directionality

—e— Angular variance = 20.0 degrees squared —e— RMS roughness =0.005 cm
--+o-- Angularvariance = 51.48 degreessquared --o-- RMS roughness =0.01 cm
—-o— Angular variance = 132.50 degrees squared —-o—-RMS roughness =0.015 cm
—-o—- Angular variance = 341.04 degrees squared —-o—- RMS roughness =0.02 cm
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Figure 6-1: Effect of RMS roughness (left) at different levels of angular variance and
effect of angular variance (right) at different levels of RMS roughness. The error bars

show standard errors of mean.

The results of the ANOVA tests (Table 6-2) show that there are significant effects (p <

0.05) of o2 and & on perceived directionality but the interaction between these two
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parameters is not significant (p > 0.05). Contrast results (Table 6-3) indicate that the
parameters (log (¢2) and &) have linear (p < 0.05) trend with perceived directionality.
The trend is linear with the logarithm of angular variance as surfaces with different
angular variances were equally separated on the logarithm scale. The effect sizes (n)

show that o2 has greater effect on the perception of directionality than §.

Assumption of o _ Partial Eta
Source o F - Statistics Sig. Value (p)
sphericity Square (1)
o? Greenhouse-Geisser 16.052 0.002 0.667
) Sphericity assumed 10.462 <0.001 0.567
(62)(6) | Greenhouse-Geisser 0.286 0.877 0.035

Table 6-2: Tests of Within-Subjects Effects: o2 and §

Source Trend F-Statistics Sig. Value Partial Eta Squared
Linear 18.449 .003 .698
log (6?) | Quadratic 103 757 013
Cubic 2.146 181 212
Linear 17.354 .003 .684
1) Quadratic 014 909 .002
Cubic .250 630 .030

Table 6-3: Tests of within-subjects contrasts, log (¢%) and §

6.2.2 Separate and Interaction Effects of Angular Variance and Central Radial

Frequency

Observers’ perceived directionalities and mean perceived directionality are plotted
against o2 and f, in Figure 6-2. Again it can be seen that perceived directionality
decreases with an increase in o2 at all levels of f.. Also perceived directionality

increases with an increase in central radial frequency (f;) as was observed in chapter 5.
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—e— Angular variance = 20.0 degrees squared —e— Central radial frequency=1.88 cpd
--e-- Angularvariance = 51.48 degrees squared --e-- Centralradial frequency=3.75 cpd
—-e— Angular variance = 132.50 degrees squared —-e—- Central radial frequency=5.63 cpd
—-e—- Angular variance = 341.04 degreessquared —-e—- Centralradial frequency=7.5 cpd
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Figure 6-2: Effect of central radial frequency (left) at different levels of angular
variance and effect of angular variance (right) at different levels of central radial

frequency. The error bars show the standard errors of mean.

The results of the ANOVA tests (Table 6-4) show that both 62 and f, affect perceived
directionality significantly (p < 0.05), but that there is no significant interaction between
these two parameters. Contrast results (Table 6-5) reveal that perceived directionality
varies linearly (p < 0.05) with both parameters. The values of 7 indicate that the effect
of f, is greater than 2. However, the values of the effect sizes () of both parameters
are high and close to each other, which suggests that both f. and ¢ have an important

role in the perception of directionality.

Assumption of o Sig. Value Partial Eta
Source o F — Statistics
sphericity (p) Squared (n)
o? Greenhouse-Geisser 18.316 <0.001 0.696
fc Sphericity assumed 38.298 <0.001 0.827
(6?) (f.) | Greenhouse-Geisser 0.836 0.515 0.095

Table 6-4: Tests of Within-Subjects Effects: a2 and f,
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Source Trend F-Statistics Sig. Value Partial Eta Squared
Linear 25.326 .001 .760
log (62) | Quadratic .024 .880 .003
Cubic .041 .844 .005
Linear 93.225 <.001 921
fe Quadratic .070 197 .009
Cubic 512 494 .060

Table 6-5: Tests of within-subject contrasts, log (¢2) and f,

6.2.3 Separate and Interaction Effects of Angular Variance and Bandwidth

The effects of o2 and B,, on perceived directionalities are plotted in Figure 6-3, which
shows that perceived directionality decreases with increase in o2 at all levels of B,,.

However, there is no tendency for perceived directionality to change as B,, changes.

- Observer's Perceived Directionality

¢ Mean Perceived Directionality

—e— Angular variance = 20.0 degrees squared
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Figure 6-3: Effect of bandwidth (left) at different levels of angular variance and effect

of angular variance (right) at different levels of bandwidth. The error bars show

standard errors of mean.
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The results of the ANOVA tests (Table 6-6) indicate that o2 significantly affect the
perception of directionality, but that neither B,, nor the interaction between o2 and B,
have a significant effect. Contrast results (Table 6-7) reveal that perceived directionality
changes linearly with the logarithm of o2,

Assumption of o Sig. Value Partial Eta
Source o F - Statistics
sphericity (p) Squared (n)
o? Greenhouse-Geisser 16.311 0.001 0.671
B, Sphericity assumed 0.488 0.721 0.053
(6?) (B,) | Greenhouse-Geisser 1.466 0.230 0.155

Table 6-6: Tests of within subject effects: ¢ and B,

Source Trend F-Statistics Sig. value Partial Eta Squared
Linear 19.160 .002 .705
log (6?) | Quadratic 047 .833 .006
Cubic 2.244 173 219

Table 6-7: Tests of within-subjects contrasts, log (c2)

6.2.4 Separate and Interaction Effects of RMS Roughness and Central Radial
Frequency

The effects of § and f, on perceived directionality are plotted in Figure 6-4, which

shows that perceived directionality increases with increase in both f, and §.

The results of the ANOVA tests (Table 6-8) show that both £, and § significantly affect
the perception of directionality but that the interaction between them does not. The
values of n shown in Table 6-8 indicates that both f, and § have a large effect on the
perception of directionality. Furthermore, contrast results (Table 6-9) reveal that

perceived directionality has a linear trend with both parameters (f, and §).
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Figure 6-4: Effect of RMS roughness (left) at different levels of central radial frequency
and effect of central radial frequency (right) at different levels of RMS roughness. The

error bars show the standard errors of mean.

Assumption of o Sig. Value Partial Eta
Source o F - Statistics
sphericity (p) Squared (n)
f: Greenhouse-Geisser 32.110 <0.001 0.801
1) Sphericity assumed 22.131 <0.001 0.734
(6)(f.) | Greenhouse-Geisser 0.965 0.437 0.108

Table 6-8: Tests of within subject effects: f. and &

Source Trend F-Statistics Sig. value Partial Eta Squared
Linear 42.654 .000 .842
fe Quadratic 1.273 292 137
Cubic 432 530 .051
Linear 35.258 .000 815
o) Quadratic 2.728 137 .254
Cubic 481 508 .057

Table 6-9: Tests of within-subjects contrasts: f. and §
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6.2.5 Separate and Interaction Effects of RMS Roughness and Bandwidth

Figure 6-5 shows that perceived directionality increases with the increase in § at all
levels of bandwidth but it remains almost constant with the change in B,,. The ANOVA
tests (Table 6-10) revealed that § significantly affects perceived directionality while B,
has no significant effect. The interaction between § and B,, also has no effect on
perceived directionality. Contrast results (Table 6-11) indicate that there is a linear

trend between perceived directionality and 6.
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Figure 6-5: Effect of RMS roughness (left) at different levels of bandwidth and effect of

bandwidth (right) at different levels of RMS roughness. The error bars show the

standard errors of mean.

Assumption of o Sig. Value Partial Eta
Source o F - Statistics
sphericity (p) Squared (1)
B, Greenhouse-Geisser 1.172 0.322 0.128
é Greenhouse-Geisser 6.563 0.023 0.451
(6) (By) | Greenhouse-Geisser 2.183 0.089 0.214

Table 6-10: Tests of within subject effects: B,, and §
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Source Trend F-Statistics Sig. value Partial Eta Squared
Linear 7.477 .026 483
o) Quadratic .048 .833 .006
Cubic 2.721 138 254

Table 6-11: Tests of within-subjects contrasts, &

6.2.6 Separate and Interaction Effects of Central Radial Frequency and Bandwidth

It can be seen from Figure 6-6 that perceived directionality increases with f., while
increasing B,, seems to increase perceived directionality only at low central radial
frequency (f. = 1.88 cpd). At other levels of £, perceived directionality remains almost

constant with the change in B,,.

- Observer's Perceived Directionality e Mean Perceived Directionality
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Figure 6-6: Effect of central radial frequency (left) at different levels of bandwidth and
effect of bandwidth (right) at different levels of central radial frequency. The error bars

show the standard errors of mean
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Assumption of o Sig. Value Partial Eta
Source F - Statistics
sphericity (p) Squared (n)
f: Greenhouse-Geisser 48.052 <0.001 0.857
B, Sphericity assumed 3.361 0.035 0.296
(f;) (By) | Greenhouse-Geisser 3.927 0.019 0.329
Table 6-12: Tests of within subject effects: f. and B,
Source | Trend (f;) | Trend (B,) | F-Statistics | Sig. value | Partial Eta Squared
Linear 89.633 .000 918
fe Quadratic 550 480 .064
Cubic 2.576 47 244
Linear 5.960 .040 427
B, Quadratic .256 .626 031
Cubic .398 .546 .047
Linear 6.751 .032 458
Linear Quadratic 1.619 .239 .168
Cubic 5.737 .043 418
Linear 2.797 133 259
(fz) (By) | Quadratic Quadratic 401 544 .048
Cubic 720 421 .083
Linear 626 452 .073
Cubic Quadratic 7.136 .028 471
Cubic 2.077 .188 .206

Table 6-13: Tests of within-subjects contrasts: f. and B,

The ANOVA results shown in Table 6-12 indicate that f., B, and the interaction

between f, and B,, have a significant effect on the perception of directionality. This is

contrary to the effects observed in section 5.2.4 where B,, and the interaction term of f,

and B,, did not show any significant effect on perceived directionality. This may be due

to the different range of bandwidths used in this experiment. Bandwidths up to 3.28 cpd

were used in this experiment, while in section 6.2.4, the maximum value of bandwidth

used was 4.69 cpd. In section 6.2.3, it was observed that there are significant differences

in perceived directionality due to change in bandwidth up to 3.28 cpd and above that
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differences in perceived directionality are not significant. Thus, when the value of
bandwidth 4.69 cpd was excluded in this chapter, different effects were observed than
those reported in chapter 5. However, the values of n show that f. has a very large
effect on perceived directionality compared to the effect of B, and the interaction
between f. and B,,. Contrast results (Table 6-13) show that both f, and B,, have linear
trend with perceived directionality. For the interaction between f, and B, perceived
directionality varies with different combinations of f. and B,,. These combinations are
linear with both f. and B,,, linear with £, and cubic with B,,, cubic with f. and quadratic
with B,,,.

6.3 A Measurement Model of Perceived Directionality

In this section a measurement model of perceived directionality will be developed based
on the results described in section 6.2. A summary of the effects of parameters and
combinations of two parameters on the perception of directionality is given in Table
6-14.

parameter | Parameter Is the effect of parameter 1 Is the interaction between
significant when observed | parameter 1 and parameter 2 is
! : with parameter 2? significant?
6 Yes No
o? fe Yes No
B, Yes No
o? Yes No
é fc Yes No
B, Yes No
o? Yes No
fe 6 Yes No
B, Yes No
o? No No
B, 6 No No
f. Yes Yes

Table 6-14: Summary of interaction effects
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It can be seen that changes in o2, § and f, always have a significant effect on the
perception of directionality when observed with another parameter and therefore, these
three parameters were considered for a measurement model of directionality. B,, has not

been included in a measurement model of directionality for the following reasons.

1. Bandwidth (B,,) did not show any significant effect when its effect was observed
along with 2 and §.

2. When observed together with central radial frequency, bandwidth and its
interaction with central radial frequency showed significant effects. However the
effect sizes of B,, (n = 0.296) and the interaction between f. and B,, (n = 0.329)
are low compared to other parameters.

3. From Figure 6-6, it can be observed that effect of B,, is only apparent at low
central radial frequency. Furthermore, the ANOVA test with only 3 levels of f
(excluding f. = 1.88 cpd) shows that bandwidth has no significant effect on
perceived directionality (p > 0.05).

Therefore, perceived directionalities of surfaces used for the two-way interaction terms

{02, B, }, {6, B} and {f,, B,,}) were not considered for the development of a model.

As the two-way interactions between parameters o2, § and f. do not show significant
effects on perceived directionality and perceived directionality has shown linear trends
with log (62), 6 and £, a multi-linear regression model shown in Equation (6-1) was

used to define a measurement model of perceived directionality (o).

prit = C + my2 (log(0?)) + ms (8) + mg, (f) (6-1)

Multi-linear regression was applied to mean perceived directionality (p) for the two-
way interaction terms {o?, 6}, {02, f.} and {8, f.} to obtain a constant (C) and the
slopes (m,2, ms and mg ). A measurement model is given in Equation (6-2) with values
obtained from multi-linear regression (the R®-value was 0.97). Figure 6-7 shows plots

of py and p for the interaction terms {o2, 63}, {o?, f.} and {6, f.}.

pric = 7.3 —2.89 (log(c?)) + 110.62 (&) + 0.49 (f.) (6-2)
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Figure 6-7: Multi-linear regression on mean perceived directionality
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6.4 Summary

At the beginning of this chapter, difficulties in observing the effects of combinations of
parameters on perceived directionality were discussed. Finally, it was decided to
observe the one-way and two-way effects of parameters on perceived directionality. To
observe these effects and to obtain perceived directionalities of surfaces, the method of
constant stimuli and direct ratio estimation were used. All surfaces generated for each
two-way interaction term were included in one experiment to ensure that each observer

used a single scaling to judge the effects of all four parameters.

It was found that o2, f. and § have a significant effect on perceived directionality when
observed with any other parameter, while B,, showed a significant effect only when
observed with f.. The interaction between B,, and f,. also showed a significant effect on
perceived directionality. No significant effects were observed for the other two-way
interaction terms. However, the effect sizes of B, and the interaction term of B,, and f

were small and so B,, was not included in deriving a measurement model.

Multi-linear regression was applied on mean perceived directionalities of surfaces to

estimate parameters of a measurement model.
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Chapter 7

Summary, Future Work and Conclusions

This thesis is summarized as a whole in section 7.1. The measurement model of
perceived directionality and future work are discussed in section 7.2 and the final

conclusion is given in section 7.3.

7.1 Summary of the Thesis

This thesis is concerned with the measurement of human perception of directionality,
one of the most important perceived characteristics of surfaces, and the final goal of this
thesis was to obtain a measurement model of perceived directionality of random-phase

surfaces.

To achieve the goal of this thesis, different methods for investigating human perception
of visual properties of textures were reviewed as described in chapter 2. The review
concentrated on methods for mapping computational measures of visual characteristics
on to data obtained from psychophysical experiments. In the past, such studies of
perception of directionality of textures were not carried out under controlled and
consistent illumination conditions. This introduces unknown biases both in human
perception and in computational measures of visual characteristics as surface
appearance changes with an illumination direction and computational features vary in

sinusoidal manner with an illumination azimuth angle.

It was decided to investigate human perception of directionality using Padilla’s novel
method of a surface presentation, which eliminates biases in human perception due to
illumination and viewpoint conditions, and to obtain computational measure of
directionality from a surface height map, which is independent of illuminations.
Chapter 2 also discussed photometric stereo, a tool to obtain surface height maps, and

different mathematical measures of directionality.
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In chapter 3, the relationships between the two mathematical measures, Tamura’s
variance and Davis’ variance, and human perception of directionality were tested
independently of illumination conditions. It was found that variation in both measures
has a significant effect on the perception of directionality, but that the relationships
between each measure and human perception of directionality were not consistent
across different sets of surfaces. This implied that other variables are also playing a role
in human perception of directionality. The following four variables were proposed for

experimental test:

Parameters describing an angular distribution of frequency components

Parameters describing a radial distribution of frequency components

Phase spectrum

RMS roughness

Because of the difficulty of characterising phase spectrum, the effects of the other three

variables were tested in later chapters by using synthetic random-phase surfaces.

In chapter 4, the following criteria were set for a surface model and therefore a specific
class of synthetic surfaces defined in the frequency domain (see Equation (7-1) and

(7-2)) were used to investigate human perception of directionality.

o A surface model must be defined in such a way that each parameter can be varied

independently of the other parameters.

o It must be possible to estimate surface parameters, if an unknown surface height

map is given.

o The appearance of surface must be naturalistic.

)
M(£,0) = D) D®) () (7-1)

Pr(f,0) = Random Numbers (7-2)
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Two experiments in chapter 4 and chapter 5 revealed that there is no effect of variation
in random phase spectra on perceived directionality of random-phase surfaces. The
separate and combined effects of angular variance (¢2) and RMS roughness (§) were

also observed in chapter 4 and the following were found.

o Perceived directionality (p) is significantly affected by angular variance (c2),
when the effect of a2 was observed separately. Perceived directionality increases

as o2 decreases.

o Perceived directionality is significantly affected by RMS roughness (8), when the
effect of § was observed separately. Perceived directionality increases as &

increases.

o When the combined effects of angular variance (62) and RMS roughness (8) were
observed it was found that both parameters and their interaction have significant

effects on perceived directionality.

In chapter 5, the effect of the radial distribution patterns was observed. For that, two
parameters, central radial frequency (f,) and bandwidth (B,,), were varied separately

and together. The results are given below.

o Perceived directionality is significantly affected by central radial frequency (f.),
when the effect of f, was observed separately. Perceived directionality increases
as f, increases. Furthermore, it was found that after f. equal to 10.31 cpd,

perceived directionality does not change significantly.

. Perceived directionality is significantly affected by bandwidth (B,,), when the
effect of B,, was observed separately. Perceived directionality increases as B,
increases. However no significant difference in perceived directionality was

observed for values of B, equal to and greater than 3.28 cpd.

o When the combined effects of central radial frequency (f.) and bandwidth (B,,)
were observed, it was found that only f,. has a significant effect on perceived
directionality and that there is no significant effect of B, and no significant

interaction between f,. and B,,,.
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In chapter 6, all parameters were varied together in a single experiment to determine
how parameters interact with each other when perceiving directionality and to develop a
measurement model of perceived directionality. However, only one-way (separate) and
two-way interaction effects of parameters were tested as there were several difficulties
in testing three-way and four-way interaction effects. In total, six two-way interaction of

parameter pairs ({o?, 6}, {02 f.}, {0? B,} {6, f.}, {6, B,} and {f,, B,}) were
observed and the following were found.

o Angular variance (02) has a significant effect on perceived directionality and there
iIs no significant effect of an interaction of angular variance with any other

parameter.

o RMS roughness (6) has a significant effect on perceived directionality and there is
no significant effect of an interaction of RMS roughness with any other

parameter.

o Central radial frequency (f,) has a significant effect on perceived directionality
and f, does not significantly interact with angular variance and RMS roughness

when perceiving directionality. However f, interacts with B,.

o Bandwidth does not have significant effect on perceived directionality when it
was observed with angular variance and RMS roughness. However, bandwidth
has a significant effect on perceived directionality when it was observed along
with central radial frequency. However the effect sizes of bandwidth and an
interaction between f. and B,, were small and therefore bandwidth was not

considered for a measurement model of perceived directionality.

Finally, based on the above results, a measurement model of perceived directionality
was developed by applying multi-linear regression on mean perceived directionality. In
the next section, a measurement model of perceived directionality and future work in

the perception of directionality are discussed.

7.2 Discussion and Future Work

This section discusses future work by pointing out open questions about a measurement
model of perceived directionality developed in chapter 6.
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1. A measurement model of perceived directionality is only applicable to surfaces
having random phase spectra. Hence it is not known how phase spectra of
structured directional surfaces affect perception of directionality. Earlier, it is
mentioned that phase spectrum cannot be characterised directly. Also, to the
author’s knowledge no method utilizing phase-only statistics relevant to
directionality of surfaces has been suggested. A possible approach to investigate

the effect of phase spectrum on perceived directionality is mentioned below.

Phase spectrum preserves information about the edges of elements of structured
surfaces. Sine-waves, which are superimposed to make those edges, have the
same phase. As phase spectrum is related to edges in surfaces, the statistics of
orientations of edges in surfaces can be related to perception of directionality.
There are various methods (Morrone et al., 1986; Morrone and Burr, 1988;
Kovesi, 1999) which obtain the phase congruency map (map of points at which
phase congruency is maximum). The phase congruency map can then be used to
measure the statistics of orientation of edges in order to relate phase spectrum to

human perception of directionality.

The gradual randomization of phase spectrum may distort edges in surface and
consequently may affect appearance of surface and hence the perception of
directionality. Thus, the effect of gradual phase-randomization of structured
surfaces and hence the statistics of orientation of edges on perceived
directionality can be tested. As magnitude spectrum and phase spectrum are
independent of each other, a suitable psychophysical scaling method can be
utilized to extend a proposed measurement model of perceived directionality of
random-phase surfaces to phase-rich surfaces.

2. A measurement model is limited to uni-directional surfaces only. It is not known
how directionality of surfaces having more than one dominant direction is
perceived or whether these kinds of surfaces are considered as directional
surfaces. Different psychophysical experiments can be carried out to determine
how observers perceive directionality of these surfaces. In the case of two
dominant directions, the effect of change in angular variance in one dominant
direction can be tested when angular variance in the second is fixed or the
effects of the simultaneous change in angular variances in both dominant

directions can be tested. It can also be tested how the gradual introduction of
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second dominant direction affect perceived directionality of uni-directional
surfaces.

3. The measurement model was developed under fixed illumination conditions
with a predefined wobble of a surface and so it is not sure how the model will
react to such external factors. It would be interesting to determine how
directionality is perceived as an illumination direction is gradually changed and
aligned with dominant direction of a surface from a direction perpendicular to
dominant direction. This will determine the amount of bias introduced by

illumination direction when perceiving directionality of surface.

7.3 Final Conclusion

In this thesis, a measurement model of perceived directionality of random-phase
surfaces has been developed through series of psychophysical experiments. The model
is not biased by the unknown illumination and viewpoint conditions as psychophysical
experiments were carried out with controlled and consistent illumination and viewpoint
conditions. The experimental results suggest that human perception of directionality is
affected by distribution of frequency components spatially and angularly i.e. spatial

frequencies and orientations respectively as described chapter 1.

As mentioned in chapter 1, researchers carry out perceptual investigation of visual
characteristics to improve the efficiency of applications such as automated surface
classification and retrieval systems. The parameters of a measurement model of
directionality can be mathematically estimated as described in chapter 4. Therefore, this
model can be incorporated into surface classification or retrieval systems to classify or
retrieve directional surfaces accurately as human would describe them. This model is
limited to random-phase uni-directional surfaces, but provides the first step towards

perception based classification/retrieval of directional surfaces.
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The Appendices

Appendix 3-A: MATLAB code to shrink and expand the surface height map

function ShrunkHgt = shrink_subideal(InHgt, ShrunkHgt_sz)

01. % Shrink the input surface height map to the specified size
02. % Input

03. % InHgt = Input surface height map

04. % ShrunkHgt_sz = Size of shrunk surface height map

05. % Output

06. % ShrunkHgt = Shrunk surface height map

07.

08. [inr inc] = size(InHgt); % Obtaining size of the input height map
09. % Obtaining size to which input height map is shrunk

010. outr = ShrunkHgt_sz(1);

011. outc = ShrunkHgt_sz(2);

012.  infft = fftshift(fft2(InHgt)); % FFT

013. shrink_factor = (outr*outc)./(inr*inc); % Shrinking Factor
014.

015. infft = infft./shrink_factor;

016. outfft = zeros(outr, outc);

017.

018. inr_cen =(inr/2) +1; % location of zero Horizontal frequency (u = 0);
019. inc_cen =(inc/2) +1; % location of zero Vertical frequency (v = 0);
020.

021.  yl=inc_cen - (outc/2) + 1; % location of u = (-Ns/2) + 1
022.  y2=inc_cen + (outc/2) - 1; % location of u = (Ns/2) - 1
023.  x1=inr_cen - (outr/2) + 1; % location of v = (-Ns/2) + 1
024. X2 =inr_cen + (outr/2) - 1; % location of v = (Ns/2) - 1
025.

026. % Discarding the frequencies above Nyquist Frequency (Ns/2)
027. outfft(2:end,2:end)=infft(x1:x2,y1:y?2);

028. % Setting the magnitude of Nyquist Frequency zero

029. outfft(1,:) = 0;

030. outfft(:,1) = 0;

031. % Shrunk height map

032. ShrunkHgt=ifft2(fftshift(outfft));

033. ShrunkHgt = real(ShrunkHgt);
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function ExpdHgt = expand_subideal(InHgt, ExpdHgt_sz)

01.
02.
03.
04.
05.
06.
07.
08.
09.

010.
011.
012.
013.
014.
015.
016.
017.
018.
0109.
020.
021.
022.
023.
024.
025.
026.
027.
028.
029.
030.
031.
032.
033.

% Expand the input surface height map to the specified size
% Input

% InHgt = Input surface height map

% ExpdHgt sz = Size of expanded surface height map
%0Output

%ExpdHgt = Expanded surface height map

[inr inc] = size(InHgt); % Obtaining size of the input height map

% Obtaining size to which input height map is shrunk
outr = ExpdHgt_sz(1);
outc = ExpdHgt_sz(2);

infft = fftshift(fft2(in_im)); % FFT
scale_factor = (outr*outc)./(inr*inc); % Expansion Factor
infft = infft./scale_factor;

% Setting the magnitude of Nyquist frequency zero
infft(1,:) = 0; infft(:,1) = 0;

% Padding Zeros above Nyquist frequencies

outfft = zeros(outr, outc);

outr_cen = (outr/2) + 1; % location of zero Horizontal frequency (u = 0);
outc_cen = (outc/2) + 1;% location of zero Vertical frequency (v = 0);

y1l = outc_cen - (inc/2) + 1; % location of u = (-N/2) + 1
y2 = outc_cen + (inc/2) - 1; % location of u = (N/2) - 1
x1 =outr_cen - (inr/2) + 1; % location of v = (-N/2) + 1
X2 = outr_cen + (inr/2) - 1; % location of v = (N/2) - 1
outfft(x1:x2,y1l:y2)=infft(2:end,2:end);

% Expanded height map

ExpdHgt=ifft2(fftshift(outfft));

ExpdHgt = real(ExpdHgt)
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Appendix 3-B: Sets of surfaces obtained using shrinking method

Surfaces from Set 2

Original height map used to generate five

surfaces
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Surfaces from Set 3

Original height map used to generate five

surfaces
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Surfaces from Set 4

Original height map used to generate five

surfaces
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Surfaces from Set 5

Original height map used to generate five

surfaces

~qv

.‘O}Ld.r

Ry h.’ ?F.hr‘w _..'
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Surfaces from Set 6

Original height map used to generate five

surfaces
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Appendix 3-C: MATLAB code to obtain surface gradients

function [p_grad q_grad] = SurfaceGradient (In_FFT)

01.
02.
03.
04.
05.
06.
07.

08.
09.

010.
011.
012.
013.
014.
015.
016.
017.

%Input

% In_FFT = input Fourier transform (zero frequency at top left corner)
%Output

%p_grad = horizontal gradient

%4q_grad = vertical gradient
%%%%%%%%%% %% %% %% %% %% %% %% %% % %% %% % %% %% %%
% Obtaining the size of input Fourier transform and generating horizontal and
vertical frequency index

n =size(In_FFT,1); nq = n/2;

V =repmat((-ng:ng-1)', 1,2*nq);

U = repmat((-ng:ng-1), 2*nq,1);

% Arranging zero frequency in centre

In_FFT = fitshift(In_FFT);

% Obtaining horizontal and vertical gradient

P_FFT = i.*U.*2.*pi.*In_FFT;

p_grad = ifft2(ifftshift(P_FFT),'symmetric’); p_grad = real(p_grad);

Q_FFT = i.*V.*2 *pi.*In_FFT,

g_grad = ifft2(ifftshift(Q_FFT),'symmetric’); q_grad = real(q_grad);
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Appendix 3-D: Ordering information of surface pairs and observers’ responses for the

experiment in section 3.3.4

Screen 1 is on the left side of the observer and Screen 2 is on the right side of the observer

If Swap Info = 0 then Surface 1 and 2 is presented on Screen 1 and 2 respectively
If Swap Info = 1 then Surface 1 and 2 is presented on Screen 2 and 1 respectively

Order Number shows when the pair is presented during the experiment
If Selected Surface = 0 then surface on screen 1 is selected as more directional and ratio is equal to
perceived directionality of surface on screen 1 to perceived directionality of surface on screen 2
If Selected Surface = 1 then surface on screen 2 is selected as more directional and ratio is equal to
perceived directionality of surface on screen 2 to perceived directionality of surface on screen 1

Observer 1 Observer 2 Observer 3 Observer 4
(5] (] 8 (5] $ 5] $ 5 $
S 25 2 23 2 85 2 25 Z
€ £ 7P = € 7P = £7Do =1 €7 =
S o >0 o S50 @ 55 % >0 %
[7p] (9p] o [7p] o w o (9p] o
S S 8 3 8 8
28N s, |lel€ 5. | o€ 5. |el| € 5. el €
1 Y= S 1 N— o | N— Lo 1 N— Lo
2158|5858 5|3 2|58 5|a|8 |58 <|a|e|58<%|als
= | €| E|0OE|l al o gt OE|l ol o & OE| a| o 5 |OE| a| o ©
LIS TR/ 3|S|g| ¥ |5 ||l |5 C|g| |5 C| 2 x
DNIZD LD |ITZ| 2|8 T Z| =| B szl =8 T Z| =| B
=SB |EB|a |92 a |92 a |92 a |92
c c (5] (5] (5] (5]
w w [%2] wn (2] wn
11| 8/5 | 8/4 2 1111313 (00|18 10111 2 86 | 0| 0|14
1|85 |83 |44 |0|0|13| 28 |1 |1|14|100|1 |1 3 75 1|1 12
1185 |82 |31 ]|1]1 2 1102|010 3 9 1)1 6 50 | 1|1 13
185 |81 (1151|125 72|11 3 5 |11 6 5 111116
1|/84 |83 |17 |1|1|13| 11 |0|0]| 18 1 1)1 2 62 | 1|1 11
1|84 |82 |10|0|0|13|38|1|1|28 |8 11| 4 48 | 1|1 13
184 |81 1051 |1|25| 48 |1 |1| 4 91 | 1|1 5 49 | 0| 0|14
1|83 |82 |48 |1|1|15|97 |00 2 29 | 0|0 3 36 | 0| 0] 13
183 |81 |113|1]1 2 62 |1 |1|35] 75 (1|1 6 18 (1 (112
1|82 |81 |100{0|0|13| 47 |00 2 97 | 1|1 3 60 | 0| 0| 13
1185|8468 |1|1|12|31|0|0|14 |33 (11|15 72 |0]|0]11
1|85 (83|94 |0|0|13|120|1 (1|21 5 1)1 3 (1141112
185 |82 (32 |1]|1 2 81 |11 3 %5 | 0| 0| 4 (1081|113
1185 |81 |83 |1|1]|25|117|1 |1 5 28 |11 7 3 11115
1|84 |83 |36 |0|0|13(109/ 0015|251 |1|25|59|0|1]11
1|84 |82 |39 |1|1|16|103|0|0|25(39 |00 7 90 |0| 0|14
1|84 |81 |46 |0|0|25| 24| 0|0|52|18 |00 8 |115| 0|0 | 17
1|83 |82 |108|1|1|15|116| 0|0 |14 |115|1 |1 3 15 (11113
183|818 |0]|0 2 53 111 4 94 |11 5 (1000|014
1182 |81 |25|1|1]23|17 |11 3 52 | 1|1 4 47 |11 ] 14
2|85 |84 (1121 |1|11|74|0|0|13|120({ 0|0} 4 17 {1111
2|85 |83 |7 |1(1]|12|115|1|1|15|63|0|0]| 4 77 | 0| 0| 13
2|85 |82 |63 |0|0|18|8 |1|1|35]3 1|1 5 29 | 0| 0] 13
2|85 |81 |8 |00 3 80 | 1|1|45|105(1 |1 7 74 10| 0] 18
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Appendix 3-E: Observer’s perceived directionality and mean perceived directionality

obtained from the experiment in section 3.3.4.

Perceived directionality of surfaces

Shrinking Factor 8/5 8/4 8/3 8/2 8/1
Observer 1 0.56 0.70 0.88 1.30 2.22
Observer 2 0.57 0.67 0.88 1.31 2.28
Setl Observer 3 0.57 0.64 0.88 1.43 2.19
Observer 4 0.57 0.76 0.83 1.32 2.08
Mean perceived directionality 0.57 0.69 0.87 1.34 2.19
Observer 1 0.55 0.64 0.81 1.39 2.53
Observer 2 0.56 0.68 0.77 1.35 2.50
Set 2 Observer 3 0.52 0.70 0.84 1.31 251
Observer 4 0.57 0.65 0.77 1.32 2.64
Mean perceived directionality 0.55 0.67 0.80 1.34 2.54
Observer 1 0.54 0.69 0.78 1.32 2.58
Observer 2 0.58 0.70 0.86 1.31 2.19
Set3 Observer 3 0.57 0.53 0.83 1.63 2.45
Observer 4 0.56 0.62 0.91 1.28 2.48
Mean perceived directionality 0.56 0.63 0.84 1.39 242
Observer 1 0.58 0.67 0.84 1.27 2.39
Observer 2 0.60 0.64 0.81 1.34 2.39
Set4 Observer 3 0.54 0.65 0.90 1.40 2.27
Observer 4 0.64 0.64 0.83 1.29 2.29
Mean perceived directionality 0.59 0.65 0.85 1.33 2.34
Observer 1 0.66 0.75 0.97 1.23 1.68
Observer 2 0.66 0.74 0.85 1.30 1.85
Set5 Observer 3 0.63 0.72 0.99 1.35 1.66
Observer 4 0.72 0.77 0.90 1.44 1.40
Mean perceived directionality 0.67 0.75 0.93 1.33 1.65
Observer 1 0.56 0.66 0.94 1.23 2.34
Observer 2 0.59 0.65 0.87 1.22 247
Set 6 Observer 3 0.50 0.62 0.91 1.47 2.39
Observer 4 0.60 0.70 0.90 1.52 1.74
Mean perceived directionality 0.56 0.66 0.90 1.36 2.24
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Appendix 3-F: Perceived directionality versus Davis’ variance and Tamura’s variance

- Observer's Perceived Directionality Mean Percerved Directionality
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Appendix 3-G: Linear regression on log(p) when plotted against logarithm of

mathematical measures of directionality

Log of Tamura's variance
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Appendix 3-H: Results of linear regression on log of observers’

perceived

directionality when plotted against logarithm of Davis’ variance and Tamura’s variance

Results for Davis’ variance

Results for Tamura’s variance

Linear regression Constant Slope R2-Stat Constant Slope R2-Stat
parameter
Set 1 10.25 -1.48 1.00 8.47 -1.23 1.00
Set 2 10.70 -1.52 1.00 8.40 -1.22 1.00
Set 3 10.15 -1.46 0.99 8.29 -1.23 0.99
Observer 1
Set 4 9.13 -1.31 1.00 8.43 -1.23 1.00
Set 5 5.64 -0.80 0.97 4.67 -0.68 0.98
Set 6 8.52 -1.23 0.99 7.82 -1.16 0.99
Set 1 10.49 -1.51 0.99 8.71 -1.27 0.99
Set 2 10.35 -1.47 0.99 8.14 -1.18 1.00
Set 3 8.71 -1.25 0.99 7.12 -1.05 0.99
Observer 2
Set 4 9.23 -1.33 0.99 8.55 -1.24 0.99
Set 5 6.35 -0.91 0.95 5.30 -0.77 0.98
Set 6 8.79 -1.27 1.00 8.04 -1.19 1.00
Set 1 10.59 -1.53 0.98 8.77 -1.27 0.98
Set 2 10.38 -1.48 0.98 8.24 -1.19 1.00
Set 3 10.51 -1.51 0.92 8.67 -1.28 0.93
Observer 3
Set 4 9.25 -1.33 0.97 8.61 -1.25 0.99
Set 5 6.11 -0.87 0.95 5.00 -0.73 0.94
Set 6 9.49 -1.37 0.97 8.74 -1.29 0.99
Set 1 9.54 -1.38 0.99 7.88 -1.15 0.99
Set 2 10.71 -1.52 1.00 8.40 -1.22 0.99
Set 3 9.83 -1.41 0.98 8.08 -1.20 0.99
Observer 4
Set 4 8.66 -1.25 0.98 8.02 -1.17 0.99
Set 5 4.63 -0.66 0.85 3.74 -0.55 0.82
Set 6 6.74 -0.97 0.91 6.23 -0.92 0.92
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Appendix 4-A: MATLAB code to generate random phase spectrum
function phase_spectrum = random_phase (n,seed)

01. % Input: n = size of surface, seed = internal state of MATLAB to generate

02. % different random numbers

03. % Output: phase_spectrum = random phase spectrum

04.  %%%%%%%%%%%%%%%% %% %% %% %% %% %% %% %% %% %% %%
05. rand (‘twister’, seed);

06.  phase_spectrum = rand(n,n)*2*pi;

Appendix 4-B: MATLAB code to generate 1/f# noise spectrum (section 4.2)
function dfreq = fbeta_noise_spectrum (n,beta)

01. %Input

02. % n = size of surface

03. % beta = roll of factor

04. % Output

05. % dfreq = 1/f# noise spectrum
06.  %%%%%%%%%%%%%% %% %% %%%%%%%% %% %% %% %% %% %%
07. ng=n/2;

08.  V =-repmat((-nq:ng-1)', 1,2*nq);
09. U = repmat((-nq:ng-1), 2*nq,1);
010.  f=sqrt(U.*U+V.*V);

011.

012. dfreq = power (f, -beta);

Appendix 4-C: MATLAB code to generate angular distribution of frequency
components (section 4.2)

function dtheta = angular_distribution (n, DDir, AVariance) (section 4.2)

01. % Input

02. % n =size of surface

03. % DDir = Dominant Angular Frequency
04. % AVariance = Angular Variance

05. % Output

06. % dtheta = angular frequency distribution
07.  %%%%%%%%%%%% %% %% %% %% %%%% %% %% % %% %% %% %%
08.

09. ng=n/2;

010.  V=-repmat((-ng:ng-1)', 1,2*nq);

011.  U=repmat((-ng:ng-1), 2*nq,1);

012. f=sqrt(U.*U+V.*V);
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013.
014.
015.

016.
017.
018.

0 e~ (0-60)%/20?

theta = atan2(V,U)*180/pi;

dirn = theta — DDir;
dirn(n/2+1,n/2+1) = 0;

expo = -(dirn.*dirn)/(2*AVariance);
dtheta = exp(expo);

Appendix 4-D: MATLAB code to generate surface height map (section 4.2)

function ht = generate_ht1 (n, DDir, AVariance, beta, delta)

01.
02.
03.
04.
05.
06.
07.
08.
09

010.
011.
012.
013.
014.
015.
016.
017.
018.
0109.
020.
021.
022.
023.
024.
025.
026.
027.
028.
029.
030.
031.
032.
033.
034.
035.
036.
037.
038.
0309.
040.

% Input

% n = size of surface

% beta = roll of factor

% DDir = Dominant Angular Frequency

% AVariance = Angular Variance

% delta = RMS_roughness

% Output

% ht = surface height map
%%%%%%%%%% %% %% %% % %% %%%%% %% %% % % % %% %% %%
%Generating Frequencies

ng=n/2;

V=-repmat((-ng:ng-1)', 1,2*nq); U=repmat((-ng:ng-1), 2*nq,1);
f=sqrt(U.*U+V.*V);

magl = fbeta_noise_spectrum (n, beta); % dfreg_noise spectrum
mag?2 = angular_distribution (n, DDir, AVariance); %dtheta_angular distribution
magspec = magl.*mag2; magspec = ifftshift (magspec);
magspec(1,1) = 0; % making the magnitude of zero frequency equal to zero
PhaseSpec = random_phase (n);
%Converting to Cartesian Co-ordinate
[x y] = pol2cart(Phase_Spec, magspec); FSpectrum = X + i*y;
FSpectrum = fftshift(FSpectrum);
% Forcing conjugate symmetry in magnitude spectrum
for col1=(n/2+1):n
for rowl=2:n
ul=col1l-(n/2+1); v1=(n/2+1)-rowl,
if (~((u1l==0) && (v1==0)))
FSpectrum (n+2-row1,n+2-coll)=conj(FSpectrum (row1l,coll));
end
end

End
% Removing lower frequencies to have realistic looking apperacne
FSpectrum(f<=8) = 0;
% Adjusting RMS roughness
FSpectrum = ifftshift(FSpectrum);
ht_temp = real (ifft2(FSpectrum));
deltan = std2(ht_temp); % calculating deltan to normalize the spectrum

FSpectrum = FSpectrum.* (delta./deltan);
ht = real(ifft2(FSpectrum));
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Appendix 4-E: Order of surface pairs and observers’ responses for the experiment in

section 4.3.1

Separate effect of random phase (section 4.3.1)

e Screen 1 is on the left side of the observer and Screen 2 is on the right side of the observer

e Surface 1 = comparison surface and Surface 2 = standard surface

o pl, rp2, rp3, rpd and rp5 indicates different random phase spectra

e |f Swap Info = 0 then Surface 1 and 2 is presented on Screen 1 and 2 respectively

e |f Swap Info =1 then Surface 1 and 2 is presented on Screen 2 and 1 respectively

e Order Number shows when the pair is presented during the experiment

e |If Selected Surface = 0 then surface on screen 1 is selected as more directional and ratio is equal to
perceived directionality of surface on screen 1 to perceived directionality of surface on screen 2

e If Selected Surface = 1 then surface on screen 2 is selected as more directional and ratio is equal to
perceived directionality of surface on screen 2 to perceived directionality of surface on screen 1

Surface Pair
- Observer 1 Observer 2 Observer 3
comparison |standard
surface surface
g% Eé §§ Egaogé =t Ego-oE% =t Eggog§ e
S| 38 | 38 |2SE|SEBEl S |SE|SE8BE| § |[SE|SESEl B
e 2L | LS (C2|1278a © (02|27 g8 T |OZ2°7 (83 &
rpl 51.48 20 69 1 0 | 15 | 52 1 0 2 23 0 1 3
rpl 51.48 20 16 0 1|15 | 26 1 0 2 27 1 0 2
rpl 51.48 20 5 0 1|12 | 38 1 0 | 28 | 48 1 0 2
rp2 51.48 20 60 0 1| 13 | 53 1 0 | 15 | 60 1 0 3
rp2 51.48 20 85 0 1|12 | 76 0 1| 26 8 1 0 3
rp2 51.48 20 52 1 0 | 15| 24 0 1 | 23 | 47 1 0 2
rp3 51.48 20 53 0 11|15 3 1 0 2 43 1 0 2
rp3 51.48 20 54 1 0 | 1.3 | 64 0 1 | 28 | 58 0 1 3
rp3 51.48 20 59 0 1] 13| 36 1 0 | 25 | 41 0 1 2
rp4 51.48 20 2 0 1|13 | 22 0 1|24 ]| 75 1 0 3
rp4 51.48 20 44 0 1|12 | 77 1 0 2 18 1 0 3
rp4 51.48 20 38 1 0 | 1.3 | 43 1 0 | 26 | 67 0 1 3
rp5 51.48 20 57 0 1|12 | 78 0 1|22 | 37 1 0 2
rp5 51.48 20 20 0 1|13 | 42 1 0 2 52 0 1 2
rp5 51.48 20 45 0 1|12 | 29 0 1 3 42 1 0 2
rpl 51.48 132.5 11 1 1|16 | 86 0 0 3 71 1 1 2
rpl 51.48 132.5 81 1 1|12 | 88 0 0 | 28 9 0 0 2
rpl 51.48 1325 | 47 1 1|13 | 54 1 1] 22| 20 1 1 3
rp2 51.48 132.5 6 1 1] 18 9 0 0 | 16 | 30 0 0 5
rp2 51.48 132.5 28 1 1|18 | 81 0 0 3 76 1 1 3
rp2 51.48 132.5 37 1 1|15 | 61 0 0 | 25 | 80 1 1 3
rp3 51.48 132.5 25 0 0 | 15 | 58 0 0 | 28 3 1 1 2
rp3 51.48 1325 | 49 0 0 | 15 | 83 1 1 3 89 1 1 3
rp3 51.48 132.5 31 0 0 | 1.3 | 57 0 0 | 31| 39 1 1 2
rp4 51.48 132.5 75 0 0 | 13| 75 1 1|26 | 26 1 1 2
rp4 51.48 132.5 27 0 0 | 16 | 14 1 1 | 25| 50 0 0 3
rp4 51.48 132.5 66 0 0 | 16 | 68 1 1132 ]| 21 0 0 4
rp5 51.48 132.5 21 0 0| 12 | 13 0 0 2 64 0 0 3
rp5 51.48 1325 | 48 1 1|15 | 51 0 0 | 24 | 38 0 0 3
rp5 51.48 132.5 36 1 1|15 | 89 0 0| 35| 78 0 0 3
rpl 51.48 | 341.03 | 65 0 1 ]22 ]| 31 1 0 | 35| 85 1 0 4
rpl 51.48 | 341.03 | 82 1 0| 15| 10 1 0 | 22 5 0 1 4
rpl 51.48 | 341.03 3 1 0| 18 | 72 0 1 | 43 | 83 1 0 5




2 | 5148 | 34103 | 43 | 0 | 1 | 2 | 39 | 1 |0 |37 ] 49 | 1] 0] 5
2 | 5148 | 34103 | 71 | 1 | 0 | 3 | 4 | 1 |0 | 28| 4 | 1| 0| 4
2 | 5148 | 34103 | 86 | 1 | 0 | 16 | 56 | 1 | 0 | 4 | 6 | 0 | 1 | 4
3 | 5148 | 34103 | 87 | 1 | 0 | 15| 46 | 0 | 1 | 32| 2 | 0 | 1 | 4
3 | 5148 | 34103 | 84 | 1 | 0 | 25| 71 | 1 | 0 |38 | 72 | 0 | 1 | 5
3 | 5148 | 34103 | 34 | 0 | 1 | 15| 62 | 1 | 0 | 38 | 87 | 0 | 1 | 5
rp4 | 5148 | 34103 | 55 | 0 | 1 | 16 | 15 | 1 | 0| 3 | 3 | 1 | 0 | 5
rp4 | 5148 | 34103 | 13 | 0 | 1 | 1.8 | 9 | 1 | 0 | 48 | 57 | 1 | 0 | 5
4 | 5148 | 34103 | 9 | 1 | 0 | 2 | 17 | 1 | 0 |34 | 77 |0 | 1 | 5
5 | 5148 | 34103 | 64 | 1 | 0 | 2 | 55 | 1 | 0 | 32|33 | 1| 0| 4
5 | 5148 | 34103 | 14 | 0 | 1 | 2 | 67 | 0 | 1 | 36| 22 | 0 | 1| 5
5 | 5148 | 34103 | 88 | 1 | 0 | 25 | 41 | 0 | 1 | 3 | 29 | 1 | 0 | 4
mpl | 1325 20 30 | 1 | 0| 3 |32]0] 1] 4 |45 1]0] 4
mpl | 1325 20 76 | 0 | 1| 25| 12 0| 1| 3 |5 | o] 1] 3
mpl | 1325 20 7 |10 2569 | 0| 1| 4 |17 ]0]1]5
2 | 1325 20 83 | 0 | 1 | 13| 47 |0 | 1| 4 |31 0] 1] 3
2 | 1325 20 4 | 1] 0158 | 0|1 |41|3 | 0] 1] 4
2 | 1325 20 19 |0 1] 2 |85 | 0| 14532 |0 1] 3
3 | 1325 20 50 | 1 | 0 |25 70 | 0 | 1 |42 |19 | 1] 0] 3
3 | 1325 20 33 | 0| 1 |18|8 | 0] 1 |45|51 0] 1] 3
3 | 1325 20 17 |0 | 1| 2 |19 1|0 4 [ 82|10/ 6
p4 | 1325 20 1 |0 1]18] 6 |0 | 1258 | 1|0/ 4
p4 | 1325 20 10 | 10| 2 | 1 102853 1]0] 3
p4 | 1325 20 29 | 1 | 0| 25| 16 | 1|0 35| 73] 0 1| 4
5 | 1325 20 24 | 1 | 0| 16| 28 | 0|1 |35] 13| 1] 0] 4
5 | 1325 20 2 |0 1]18] 7 |10 3 |12 ]0]1]5s
5 | 1325 20 26 | 1 | 0| 2 | 20| 0| 1|45 8 | 1|0 4
rpl | 1325 | 5148 | 46 | 1 | 0 | 1.2 | 23 | 0 | 1 | 26 ] 28 | 0 | 1 | 3
rpl | 1325 | 5148 | 18 | 1 | 0 | 1.3 | 60 | 0 | 1 | 26 | 68 | 0 | 1 | 3
rpl | 1325 | 5148 | 22 | 1 | 0 | 1.2 | 50 | 1 | 0 | 26 | 59 | 0 | 1 | 3
2 | 1325 | 5148 | 35 | 1 | 0 | 15 | 35 | 1 | 0 | 2 | 79 | 1 | 0 | 2
2 | 1325 | 5148 | 15 | 0 | 1 | 15 | 37 | 0 | 1 | 21| 1 |0 | 1 | 2
2 | 1325 | 5148 | 8 | 1 | 0 | 13| 18 | 0 | 1 | 3 | 16 | 0 | 1 | 3
rp3 | 1325 | 5148 | 74 | 0 | 1 | 1.3 | 30 | 1 | 0 | 25| 90 | 1 | 0 | 3
3 | 1325 | 5148 | 58 | 0 | 1 | 13 | 87 | 1 | 0 | 32| 62 | 0 | 1 | 2
3 | 1325 | 5148 | 56 | 1 | 0 | 15 | 34 | 0 | 1 | 1.6 | 15 | 1 | 0 | 3
rp4 | 1325 | 5148 | 77 | 0 | 1 | 13| 5 | 0 | 1 | 1.3 | 34 | 0 | 1 | 3
rp4 | 1325 | 5148 | 41 | 0 | 1 | 15| 66 | 1 | 0 | 3 | 65 | 1 | 0 | 3
rpd | 1325 | 5148 | 73 | 1 | 0 | 13 | 49 | 0 | 1 | 3 | 44 | 0 | 1 | 2
5 | 1325 | 5148 | 51 | 1 | 0 | 16 | 2 | 0 | 1 | 15| 61 | 1 | 0 | 3
5 | 1325 | 5148 | 62 | 0 | 1 | 13 | 63 | 0 | 1 | 26 | 55 | 1 | 0 | 2
5 | 1325 | 5148 | 79 | 1 | 0 | 12 | 25 | 0 | 1| 2 | 7 | 1 | 0| 3
rpl | 1325 | 34103 80 | 1 | 0 | 12 ] 40 | 0 | 1 | 2 | 81| 1] 0] 3
rpl | 1325 | 34103 | 61 | 1 | 0 | 1.2 | 44 | 1 | 0 |23 | 24 | 1| 0| 2
rpl | 1325 | 34103 | 39 | 1 | 0 |12 | 65 | 0 | 1 | 2 | 14 |0 | 1| 4
2 | 1325 | 34103 | 70 | 0 | 1 | 15 | 59 | 1 | 0 |29 | 66 | 0 | 1 | 4
2 | 1325 | 34103 | 67 | 0 | 1 | 15| 79 | 0 | 1 | 28 | 46 | 1 | 0 | 3
2 | 1325 | 34103 | 42 | 1 | 0 | 13| 74 | 1 | 0| 2 | 56 | 1] 0] 3
3 | 1325 | 34103 | 23 | 0 | 1 |12 | 48 | 1|0 | 3 | 70| 1| 0] 3
3 | 1325 | 34103 | 89 | 1 | 0 | 13| 73 | 1 | 0 |25 | 25 | 1 | 0 | 3
3 | 1325 | 34103 | 78 | 1 | 0 |13 | 21 | 1 | 0| 2 | 69 | 1| 0] 3
rp4 | 1325 | 34103 | 63 | 1 | 0 | 13 | 27 | 0 | 1 |18 | 40 | 0 | 1 | 3
rpd | 1325 | 34103 | 32 | 0 | 1 | 13 | 45 | 0 | 1 | 1.8 | 74 | 1 | 0 | 5
rpd | 1325 | 34103 | 90 | 0 | 1 | 12| 8 | 0 | 1 |12 | 12 |0 | 1| 5
5 | 1325 | 34103 | 68 | 1 | 0 | 1.3 | 11 | 1 | 0 | 1.6 | 8 | 0 | 1 | 3
5 | 1325 | 34103 | 40 | 1 | 0 | 1.2 | 80 | 1 | 0| 3 | 10 | 1 | 0 | 3
5 | 1325 | 34103 | 72 | 1 | 0 | 13 | 33 | 0 | 1 | 2 | 63 | 1 | 0 | 2
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Separate effect of random phase (section 4.3.1)

Surface Pair

comparison surface

standard surface

Observer 4

Observer 5

- @ - @ — E — E
Eg| &2 58 53| E(88 o | 58| E |88 ¢
2g 8 8 PE|g|8E| B BE| g |8L| &©
gx| B8 | E5; o5\ Zlsz| € |53 § |83 ¢
rpl 51.48 20 71 1 0 1.2 41 1 0 3
rpl 51.48 20 32 0 1 1.2 55 0 1 4
rpl 51.48 20 60 1 0 1.2 12 1 0 5
rp2 51.48 20 83 1 0 1.2 3 1 0 3
rp2 51.48 20 5 1 0 1.2 10 0 1 3
rp2 51.48 20 48 0 1 1.2 18 1 0 3
rp3 51.48 20 44 0 1 1.2 70 0 1 2
rp3 51.48 20 63 0 1 1.2 40 0 1 3.8
rp3 51.48 20 31 1 0 1.1 34 1 0 7
rp4 51.48 20 56 1 0 1.2 89 1 0 3.5
rp4 51.48 20 11 1 0 1.2 13 1 0 3
rp4 51.48 20 13 0 1 1.1 68 1 0 2
rps 51.48 20 75 0 1 1.2 83 0 1 4
rps 51.48 20 51 0 1 1.2 29 1 0 4
rps 51.48 20 2 1 0 1.2 21 0 1 2.4
rpl 51.48 132.5 59 0 0 1.3 38 1 1 3
rpl 51.48 132.5 45 0 0 1.3 84 0 0 4
rpl 51.48 132.5 6 0 0 1.3 37 1 1 3
rp2 51.48 132.5 17 1 1 14 6 0 0 4
rp2 51.48 132.5 55 1 1 14 20 0 0 4
rp2 51.48 132.5 86 1 1 1.3 47 1 1 5
rp3 51.48 132.5 42 0 0 1.3 74 0 0 2.5
rp3 51.48 132.5 28 1 1 1.5 61 1 1 3
rp3 51.48 132.5 43 0 0 1.3 25 0 0 5
rp4 51.48 132.5 62 0 0 1.3 62 1 1 4
rp4 51.48 132.5 81 0 0 1.3 80 1 1 3.5
rp4 51.48 132.5 14 0 0 1.5 65 1 1 3
rps 51.48 132.5 41 0 0 14 16 0 0 4
rps 51.48 132.5 40 0 0 1.3 85 1 1 5
rps 51.48 132.5 84 0 0 14 50 1 1 4
rpl 51.48 341.03 46 0 1 1.6 88 1 0 5
rpl 51.48 341.03 54 1 0 1.7 57 0 1 4
rpl 51.48 341.03 64 0 1 1.6 32 0 1 7
rp2 51.48 341.03 19 0 1 1.7 69 0 1 4
rp2 51.48 341.03 58 0 1 1.8 72 0 1 5
rp2 51.48 341.03 66 1 0 1.7 67 1 0 8
rp3 51.48 341.03 27 0 1 1.6 39 1 0 8
rp3 51.48 341.03 78 0 1 1.5 8 0 1 9
rp3 51.48 341.03 21 1 0 1.8 24 1 0 4
rp4 51.48 341.03 10 0 1 1.6 14 0 1 8
rp4 51.48 341.03 87 0 1 1.6 15 1 0 7
rp4 51.48 341.03 35 1 0 1.9 53 0 1 9
rps 51.48 341.03 73 1 0 1.9 5 1 0 9
rps 51.48 341.03 52 0 1 1.6 30 0 1 8
rps 51.48 341.03 85 0 1 15 76 1 0 6
rpl 132.5 20 50 0 1 1.5 46 1 0 6
rpl 132.5 20 69 0 1 1.3 43 1 0 4
rpl 132.5 20 47 1 0 14 11 1 0 5
rp2 132.5 20 82 0 1 1.3 33 0 1 6
rp2 132.5 20 39 1 0 14 4 1 0 8
rp2 132.5 20 70 0 1 14 36 1 0 6
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rp3 1325 20 80 0 1 14 59 0 1 6
rp3 1325 20 3 1 0 1.8 63 1 0 7
rp3 1325 20 33 0 1 1.3 81 1 0 7
rp4 1325 20 18 0 1 15 2 1 0 6
rp4 1325 20 23 0 1 1.3 71 0 1 4
rp4 1325 20 34 1 0 1.3 77 1 0 9
rps 1325 20 65 0 1 1.3 26 0 1 6
rps 1325 20 22 0 1 1.3 56 1 0 4
rps 1325 20 16 0 1 14 82 0 1 8
rpl 132.5 51.48 26 0 1 1.2 27 0 1 5
rpl 1325 51.48 12 1 0 14 35 1 0 5
rpl 1325 51.48 89 0 1 1.1 75 1 0 2.5
rp2 1325 51.48 4 1 0 1.4 31 0 1 5
rp2 1325 51.48 67 1 0 1.3 58 1 0 5
rp2 1325 51.48 9 0 1 1.2 22 1 0 3
rp3 132.5 51.48 7 1 0 1.3 7 1 0 5
rp3 132.5 51.48 68 1 0 1.3 52 0 1 6
rp3 132.5 51.48 88 0 1 1.2 87 0 1 4
rp4 132.5 51.48 25 1 0 14 42 1 0 4
rp4 132.5 51.48 29 0 1 1.3 28 0 1 6
rp4 1325 51.48 30 1 0 1.2 54 0 1 6
rps 1325 51.48 79 0 1 1.15 17 1 0 5
rps 1325 51.48 24 0 1 14 64 1 0 7
rp5 132.5 51.48 38 1 0 1.5 49 1 0 3.5
rpl 132.5 341.03 77 0 1 1.2 9 0 1 3
rpl 132.5 341.03 61 0 1 1.2 48 0 1 3
rpl 132.5 341.03 90 0 1 1.15 90 1 0 2
rp2 132.5 341.03 49 1 0 14 86 1 0 5
rp2 132.5 341.03 20 1 0 15 19 0 1 3
rp2 132.5 341.03 15 1 0 13 1 0 1 5
rp3 132.5 341.03 53 0 1 13 66 0 1 4
rp3 132.5 341.03 76 0 1 13 73 0 1 3
rp3 132.5 341.03 72 0 1 1.2 60 0 1 4
rp4 132.5 341.03 74 1 0 1.6 44 0 1 3
rp4 132.5 341.03 37 1 0 14 51 0 1 8
rp4 132.5 341.03 57 1 0 14 78 0 1 3
rps 132.5 341.03 36 0 1 13 45 0 1 3.2
rps 132.5 341.03 8 0 1 14 23 1 0 3
rps 132.5 341.03 1 1 0 15 79 0 1 2

Appendix 4-F: Order of surface pairs and observers’ responses for the experiment in
section 4.3.2

Separate effect of angular variance (section 4.3.2)

e Screen 1 is on the left side of the observer and Screen 2 is on the right side of the observer

e If Swap Info = 0 then Surface 1 and 2 is presented on Screen 1 and 2 respectively

e |If Swap Info =1 then Surface 1 and 2 is presented on Screen 2 and 1 respectively

e Order Number shows when the pair is presented during the experiment

e |f Selected Surface = 0 then surface on screen 1 is selected as more directional and ratio is equal to
perceived directionality of surface on screen 1 to perceived directionality of surface on screen 2

e |f Selected Surface = 1 then surface on screen 2 is selected as more directional and ratio is equal to
perceived directionality of surface on screen 2 to perceived directionality of surface on screen 1
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2 5ur?;:2filcesiar:°;ce 2 Observer 1 Observer 2 Observer 3
g é E 8 E 8 - GL) o 8 8 o I 3 o 8 8 o - 3 o 8 8 o
x5 S | 38 |BE|Sg5E 5 | SE|SEEE 5 |BE|SEEE 3
Es | &S (22788 T (C2|2T83 T 0227 88| ¢
20 51.48 10 1 0 1.4 30 1 0 2 59 1 0 15
20 51.48 31 1 0 | 13| 78 1 0 2 34 1 0 |18
20 132.5 69 1 0 |14 ] 15 1 0 4 38 1 0 8
20 132.5 8 1 0 | 15| 52 1 0 5 8 1 0 |25
20 341 14 1 0 |22 37 1 0 9 51 1 0 8
20 341 75 0 1 2 3 1 0 10 48 1 0 55
20 877.8 68 1 0 | 15| 43 0 1 (95| 20 0 1 9
20 877.8 12 0 1 | 34| 62 0 1 |10 | 12 1 0 8
51.48 132.5 43 1 0 1.4 18 0 1 25| 70 1 0 6
S 51.48 1325 22 1 0 | 15| 32 1 0 |28 | 33 1 0 3
8 51.48 341 60 1 0 2 77 1 0 7 14 0 1 6
51.48 341 78 1 0 1.9 66 1 0 4 77 1 0 4
51.48 877.8 67 0 1 1.9 51 0 1 6 42 0 1 8
51.48 877.8 26 1 0 | 28] 13 0 1 7 55 0 1 6
132.5 341 73 1 0 1.4 38 0 1 45 | 50 0 1 9
132.5 341 44 1 0 1.8 50 1 0 3 56 0 1 3
132.5 877.8 50 0 1 2 39 1 0 | 35| 44 1 0 |18
132.5 877.8 5 1 0 3 35 1 0 5 24 1 0 3
341 877.8 72 1 0 1.4 24 1 0 2 28 0 1 1.1
341 877.8 74 1 0 1.9 17 0 1 2 22 0 1 15
20 51.48 13 1 0 |19 ]| 16 1 0 2 53 0 1 2
20 51.48 42 1 0 |12 31 1 0 |26 | 21 0 1 2
20 132.5 15 1 0 | 25| 80 0 1 4 68 0 1 4
20 132.5 21 0 1 |16 4 1 0 7 43 0 1 6
20 341 1 1 0 4 53 0 1 9 65 0 1 |10
20 341 79 1 0 |23] 21 0 1 8 11 1 0 8
20 877.8 40 0 1 | 23| 55 0 1 |10 | 26 0 1 8
20 877.8 11 0 1 35| 73 0 1 9 73 0 1 7
51.48 132.5 64 0 1 1.7 70 1 0 25| 37 1 0 7
3 51.48 1325 33 1 0 |12 19 1 0 3 10 0 1 2
S [ 5148 341 | 49 | 1 |0 |27 76 |0 | 16 630 1] 7
51.48 341 24 0 1 3.4 12 0 1 43 | 27 0 1 7
51.48 877.8 54 0 1 3 1 0 1 8 66 0 1 8
51.48 877.8 51 1 0 2.6 10 1 0 5 6 0 1 10
132.5 341 35 1 0 15 74 1 0 3 5 1 0 5
132.5 341 53 1 0 2 63 1 0 3 62 1 0 |15
132.5 877.8 18 0 1 2.9 7 1 0 4 17 0 1 2
132.5 877.8 57 1 0 1.8 54 1 0 5 72 1 0 3
341 877.8 46 0 1 |23 22 0 1 3 75 1 0 |15
341 877.8 66 0 1 |16 | 48 1 0 |29 1 0 1 |15
20 51.48 41 0 1 1.3 6 0 1 3 7 0 1 2.5
20 51.48 25 1 0 1.4 41 0 1 26 | 78 0 1 2.1
20 132.5 37 1 0 |16 ]| 20 0 1 6 69 0 1 9
20 132.5 55 0 1 |18]| 65 1 0 3 39 1 0 6
20 341 45 1 0 | 35 9 1 0 4 29 0 1 8
20 341 7 1 0 | 28 2 1 0 9 80 1 0 | 35
o 20 877.8 38 1 0 | 27 5 1 0 8 16 0 1 |10
=) 20 877.8 23 0 1 38| 60 1 0 9 45 0 1 9
51.48 132.5 28 1 0 15 58 1 0 7 18 1 0 5
51.48 132.5 56 1 0 1.6 14 0 1 35| 31 0 1 15
51.48 341 52 1 0 | 26| 49 1 0 5 32 0 1 3
51.48 341 71 0 1 2 46 0 1 95| 60 0 1 8
51.48 877.8 80 1 0 2.5 42 1 0 78 | 47 1 0 6
51.48 877.8 61 1 0 | 22| 34 0 1 8 74 1 0 8
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132.5 341 30 1 0 2 44 0 1 | 35| 25 1 0 4
132.5 341 16 0 1 |28]| 23 0 1 | 35| 76 0 1 2
132.5 877.8 19 1 0 |36 11 1 0 3 67 0 1 5
132.5 877.8 65 0 1 18| 27 1 0 5 9 1 0 2
341 877.8 6 1 0 | 17| 59 0 1 3 46 1 0 | 15
341 877.8 63 1 0 |16] 29 0 1 |25]| 79 0 1 |15
20 51.48 3 0 1 |15]| 69 0 1 3 57 1 0 | 25
20 51.48 9 1 0 | 15| 67 0 1 |25] 2 1 0 | 15
20 132.5 47 0 1 |17] 40 0 1 |68]| 35 1 0 5
20 132.5 4 1 0 3 56 1 0 3 61 1 0 7
20 341 39 1 0 | 28| 28 0 1 9 13 1 0 | 10
20 341 58 0 1 |25] 33 1 0 | 75| 49 0 1 9
20 877.8 59 1 0 | 27| 64 0 1 |11 3 1 0 | 10
20 877.8 77 0 1 | 25| 45 1 0 | 10 | 40 1 0 | 10
J 51.48 132.5 2 0 1 125 72 0 1 3 30 0 1 |25
= 51.48 132.5 27 0 1 18] 79 0 1 |34 23 0 1 2
51.48 341 34 0 1 |23]| 36 1 0 9 58 0 1 5
51.48 341 36 0 1 2 75 1 0 6 15 1 0 8
51.48 877.8 17 0 1 3 68 1 0 8 36 1 0 8
51.48 877.8 29 1 0 |32 26 1 0 6 64 0 1 9
132.5 341 70 0 1 2 61 0 1 3 4 0 1 5
132.5 341 20 1 0 | 39| 57 1 0 4 71 0 1 4
132.5 877.8 32 0 1 | 35| 47 1 0 | 68| 54 1 0 4
132.5 877.8 48 1 0 |36] 71 0 1 3 41 1 0 9
341 877.8 62 1 0 | 17| 25 0 1 | 25| 52 1 0 | 15
341 877.8 76 0 1 2 8 1 0 |15 19 0 1 |15
Separate effect of angular variance (section 4.3.2)
" Surface Pair
f Observer 4 Observer 5
% Surface 1 | Surface 2
>
8 —- D _- @ — T o — T o
n L2 s 8 | 2o | 28| & s3 | 2ol &8 2
= .2 > <= = |[3E T PE|zE| 8E T
20 51.48 26 1 0 4 68 1 0 1.4
20 51.48 56 1 0 3 71 0 1 1.4
20 132.5 30 0 1 5 80 0 1 1.8
20 132.5 28 0 1 4 70 0 1 15
20 341 20 1 0 4 28 0 1 2
20 341 22 1 0 5 77 1 0 1.8
20 877.8 54 1 0 5 32 1 0 2.5
20 877.8 61 0 1 6 17 0 1 1.8
51.48 132.5 71 0 1 3 50 1 0 1.3
g 51.48 132.5 41 1 0 3 34 0 1 1.3
S 51.48 341 10 0 1 5 7 0 1 2.5
51.48 341 62 1 0 5 46 1 0 1.8
51.48 877.8 51 0 1 8 22 0 1 2
51.48 877.8 46 1 0 4 65 1 0 2.2
1325 341 78 0 1 3 25 0 1 1.4
1325 341 53 0 1 5 33 0 1 1.4
1325 877.8 57 1 0 4 31 0 1 15
1325 877.8 18 1 0 5 36 1 0 15
341 877.8 32 0 1 3 10 1 0 1.3
341 877.8 16 0 1 4 8 1 0 1.3
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20 51.48 27 0 1 2 39 0 1 15
20 51.48 34 0 1 3 9 0 1 1.4
20 1325 79 0 1 4 60 0 1 18
20 1325 48 0 1 5 1 1 0 2
20 341 43 0 1 6 63 0 1 2
20 341 1 0 1 8 6 1 0 2.5
20 877.8 58 1 0 6 52 0 1 2.8
20 877.8 3 1 0 6 73 0 1 2.8
51.48 1325 77 1 0 3 12 0 1 15
S 51.48 132.5 8 1 0 3 16 0 1 1.4
pd 51.48 341 21 0 1 5 45 0 1 2
51.48 341 45 1 0 5 13 0 1 18
51.48 877.8 76 0 1 6 29 0 1 25
51.48 877.8 66 1 0 5 67 1 0 2.2
132.5 341 55 1 0 4 15 0 1 15
132.5 341 72 0 1 6 23 0 1 15
132.5 877.8 47 0 1 4 42 1 0 18
132.5 877.8 4 0 1 4 20 1 0 1.4
341 877.8 19 1 0 3 56 0 1 1.2
341 877.8 24 0 1 4 62 0 1 1.4
20 51.48 40 0 1 4 78 1 0 15
20 51.48 38 0 1 3 48 1 0 1.4
20 1325 75 1 0 4 64 1 0 18
20 1325 35 0 1 5 18 1 0 2
20 341 25 0 1 5 55 1 0 3
20 341 31 1 0 6 37 1 0 2.5
20 877.8 59 0 1 6 41 1 0 3
20 877.8 2 0 1 9 24 0 1 3
& 51.48 1325 12 0 1 4 5 1 0 18
= 51.48 1325 65 1 0 4 40 0 1 18
51.48 341 11 0 1 4 2 1 0 2
51.48 341 5 0 1 5 43 1 0 25
51.48 877.8 13 1 0 6 51 1 0 3
51.48 877.8 68 1 0 6 53 1 0 25
132.5 341 60 1 0 4 26 0 1 13
132.5 341 67 0 1 3 14 1 0 15
132.5 877.8 70 1 0 4 74 1 0 18
132.5 877.8 37 0 1 5 59 1 0 18
341 877.8 36 1 0 4 75 0 1 13
341 877.8 44 1 0 4 57 1 0 1.2
20 51.48 74 0 1 4 27 1 0 1.4
20 51.48 42 0 1 4 11 1 0 12
20 1325 49 0 1 6 35 0 1 18
20 1325 14 0 1 5 38 1 0 25
20 341 52 1 0 7 3 1 0 2
20 341 63 1 0 6 58 0 1 25
20 877.8 6 0 1 5 72 0 1 2.8
20 877.8 9 0 1 6 30 1 0 3
N 51.48 1325 33 0 1 4 21 1 0 15
=t 51.48 1325 80 1 0 4 47 1 0 15
51.48 341 17 0 1 4 79 0 1 15
51.48 341 50 0 1 7 61 1 0 2
51.48 877.8 15 1 0 6 49 1 0 25
51.48 877.8 69 1 0 5 54 0 1 25
1325 341 23 0 1 3 44 0 1 1.4
1325 341 7 1 0 4 19 0 1 1.4
132.5 877.8 39 1 0 5 69 1 0 15
1325 877.8 73 0 1 7 66 0 1 16
341 877.8 64 1 0 4 4 1 0 1.4
341 877.8 29 1 1 3 76 0 1 1.4
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Appendix 4-G: Order of surface pairs and observers’ responses for the experiment in

section 4.3.3

Separate effect of RMS roughness (section 4.3.3)

e Screen 1 is on the left side of the observer and Screen 2 is on the right side of the observer
e If Swap Info = 0 then Surface 1 and 2 is presented on Screen 1 and 2 respectively
e If Swap Info =1 then Surface 1 and 2 is presented on Screen 2 and 1 respectively
e Order Number shows when the pair is presented during the experiment
e |f Selected Surface = 0 then surface on screen 1 is selected as more directional and ratio is equal to
perceived directionality of surface on screen 1 to perceived directionality of surface on screen 2
If Selected Surface = 1 then surface on screen 2 is selected as more directional and ratio is equal to
perceived directionality of surface on screen 2 to perceived directionality of surface on screen 1

Surface Pair

. Surface 1 | Surface 2 Observer 1 Observer 2 Observer 3
S < 2 2 | els e N =T P, 2o e
2C| we n e sl c g8l ozl £ |2g|leolsgd £E|agl e
<8 =25 25 |EE|l 2 |8C| S|EE| 2|8E| S|8BE|l 2 |8E| S
* 3 3 |02 2133|102 2|33 (02| 2|83
o - wn (7p] (%]
0.012 0.016 30 1 1 18] 59 | 1 1 |12]| 48 | O 0 |14
0.012 0.016 78 1 1 2 34 1 1 13| 52 1 1 1.3
0.012 0.02 15 1 1 313 |1 1 | 13| 56 1 1 |16
0.012 0.02 52 1 1 2.5 8 1 1 16| 17 1 1 14
0.012 0.024 37 1 1 |35] 51 |1 1 |13]| 58 | 0 0 |19
0.012 0.024 3 1 1 2 | 48 | 1 1 |15| 50 | O 0 |16
0.012 0.028 43 | 0 0 |46 20| 0 0 (14| 7 1 1 |14
0.012 0.028 62 | O 0 4 112 |1 1 |17] 5 1 1 |13
0.016 0.02 18 | 0 0 2 |70 | 1 0 (11| 33 0 0 |18
o 0.016 0.02 32 1 1 313 |1 0 (11| 53 0 0 [1.9
o~ 0.016 0.024 77 1 1 3 14 0 0 16| 74 1 1 1.3
0.016 0.024 66 1 1 (23] 77 | 1 1 |13] 3 | 0 0 |14
0.016 0.028 51 | O 0 2 |42 |0 0 |16 29 0 0 [1.9
0.016 0.028 13 | 0 0 4 |55 |0 0 (18| 77 1 1 |15
0.02 0.024 38 | 0 0 3150 1|0 0 (12| 20 1 1 |18
0.02 0.024 50 1 0 |13]|5 | 0 0 (14| 26 1 1 |13
0.02 0.028 39 1 1 3|44 | 1 1 |11 61 1 0 |15
0.02 0.028 35 1 1 3124 | 1 0 (12| 32 1 1 |15
0.024 0.028 24 | 1 1 {2528 | 0 0 (14| 44 | O 0 |14
0.024 0.028 17 | 0 0 2 122 1]0 0 (15| 65 | O 0 |16
0.012 0.016 16 1 1 2 1 53]0 0 |16 16 0 0 |14
0.012 0.016 31 1 1 15| 21 0 0 14| 42 1 1 1.3
0.012 0.02 80 | O 0 3168 |0 0 (13| 79 0 0 [1.9
0.012 0.02 4 1 1 3143 |0 0 (13| 51 0 0 |18
0.012 0.024 53 | 0 0 3 |165| 0 0 (14| 67 1 1 |18
0.012 0.024 21 0 0 3 11 1 1 1.8 | 45 1 1 15
0.012 0.028 5 | 0 0 |35| 26| 0 0 |15 49 0 0 2
0.012 0.028 73 | 0 0 |35| 73| 0 0 (12| 40 1 1 |15
© 0.016 0.02 70 1 1 |25] 37 | 1 1 |12 13 1 0 |12
= 0.016 0.02 19 1 0 2 110 | 0 0 |15 63 0 0 |19
o 0.016 0.024 76 | O 0 |23 63| 0 0 |16 73 0 0 2
0.016 0.024 12 | 0 0 3127 |0 0 (16| 34 | O 0 |19
0.016 0.028 1 0 0 3166 |0 0 (15| 1 1 1 |15
0.016 0.028 10 1 1 2 6 0 0 (16| 25 | O 0 |16
0.02 0.024 74 1 1 1.6 5 1 1 15| 75 0 0 2
0.02 0.024 63 1 1 23| 62 1 1 13| 15 0 0 1.9
0.02 0.028 7 1 1 2 17 0 0 15| 22 0 0 2.3
0.02 0.028 54 1 1 3 72 1 1 13| 41 1 1 1.8
0.024 0.028 22 0 0 2 75 1 0 14| 11 1 0 1.3
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0.024 0.028 48 1 0 (13| 1 0 0 2 64 1 0 |13
0.012 0.016 6 0 0 2 7 0 0 (14| 72 0 0 |19
0.012 0.016 41 | 0O 0 3178 |0 0 (12| 76 1 1 |16
0.012 0.02 20 | O 0 |15 69 | 0 0 (14| 18 1 1 |16
0.012 0.02 65 1 1 313 |1 1 |11] 36 | 0 0 |16
0.012 0.024 9 1 1 2 129 |0 0 (15| 12 1 1 2
0.012 0.024 2 1 1 |15]80 | 1 1 |14] 28 | O 0 |25
0.012 0.028 5 1 1 2 116 | 0 0 (15| 2 0 0 [1.9
0.012 0.028 60 1 1 3145 | 0 0 (13| 27 1 1 2
0.016 0.02 58 1 1 |21]18 | 1 1 |14 43 1 1 |16
3 0.016 0.02 14 | 0 0 3131 |0 0 (14| 4 1 0 |15
3 0.016 0.024 49 1 1 {23132 | 0 0 (16| 54 | O 0 |16
0.016 0.024 46 | 0 0 |15]| 60 | O 0 [16| 6 0 0 2
0.016 0.028 42 1 1 |25 47 | 1 1 | 13| 23 1 1 |21
0.016 0.028 34 | 0 0 |25 74 | 1 1 |15] 14 | 0 0 |21
0.02 0.024 44 | 0 0 [35]| 25| 1 1 | 11| 57 1 1 2
0.02 0.024 23 | 0 0 2 |76 |0 0 (13| 39 0 0 |15
0.02 0.028 11 1 1 2 | 67 |0 0 (12| 37 1 1 |12
0.02 0.028 27 1 1 2 9 1 1 | 16| 69 1 1 |19
0.024 0.028 59 | 0 0 |26 46 | 1 1 | 12| 59 0 0 2
0.024 0.028 29 | O 0 2 17910 0 [15| 8 0 0 |15
0.012 0.016 69 | O 0 2 | 57 | 1 1 | 16| 68 1 1 |19
0.012 0.016 67 | O 0 [16]| 2 1 1 |15| 30 | O 0 |23
0.012 0.02 40 | O 0 |23 3 | 1 1 |12| 78 | 0 0 2
0.012 0.02 56 1 1 |23]61 | 1 1 | 14| 62 1 1 |18
0.012 0.024 28 | O 0 3|13 |1 1 |15]| 31 1 1 |28
0.012 0.024 33 1 1 2 149 | 0 0 |16 47 1 1 |16
0.012 0.028 64 | O 0 [23]| 3 1 1 | 18] 80 1 1 |21
0.012 0.028 45 1 1 |25] 40 | 1 1 |15| 10 | O 0 |22
0.016 0.02 72 | 0O 0 13|30 | 0 0 (13| 38 | O 0 |16
g 0.016 0.02 79 | O 0 |16 23| 0 0 (12| 9 0 0 2
™ 0.016 0.024 36 1 1 {2558 | 0 0 |15 70 1 1 2
0.016 0.024 75 1 1 |22]15 | 1 1 14| 24 | 0 0 |25
0.016 0.028 68 1 1 |23]36 | 1 1 |11] 60 1 1 2
0.016 0.028 26 1 1 |15/ 64 | 0 0 (15| 66 | O 0 2
0.02 0.024 61 | O 0 2 4 0 0 |15 55 1 1 |19
0.02 0.024 57 1 1 2 |71 |0 0 (12| 71 0 1 2
0.02 0.028 47 1 1 25|54 | 1 1 |15] 21 0 0 |23
0.02 0.028 71 | O 0 2 | 41| 1 1 | 13| 19 0 0 2
0.024 0.028 25 | 0 0 [16] 52 | 1 1 |15| 3 1 1 2
0.024 0.028 8 1 1 2 119 |0 0 (13| 46 1 0 |13
Separate effect of RMS roughness (section 4.3.3)
Surface Pair
o Surface 1 Surface 2 Observer 4 Observer 5
c O
38| L8 28 55| €38 |58 E 88|
8| =% S |SE| o |8€| 5 |BE| o |BE| B
® 3 =3 o2 | £ |8a3| ® |92 £ | 83| ™
o - [7p] (%]
0.012 0.016 26 1 1 1.1 66 1 1 3
0.012 0.016 56 1 1 1.05 43 0 0 4
0.012 0.02 30 0 0 1.2 80 0 0 6
0.012 0.02 28 0 0 1.2 20 0 0 6
I 0.012 0.024 20 1 1 1.1 | 34 0 0 8
0.012 0.024 22 1 1 1.2 15 1 1 5
0.012 0.028 54 1 1 1.1 47 0 0 8
0.012 0.028 61 0 0 1.1 35 1 1 9
0.016 0.02 71 0 0 1.05 10 1 1 6
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0.016 0.02 41 1 1 1.05 | 16 1 1 3
0.016 0.024 10 0 0 1.3 37 0 0 5
0.016 0.024 62 1 1 1.05 | 31 1 1 7
0.016 0.028 51 0 0 1.2 11 1 1 5
0.016 0.028 46 1 1 1.1 46 0 0 8
0.02 0.024 78 0 0 1.05 | 29 0 0 4
0.02 0.024 53 0 0 1.1 54 0 0 6
0.02 0.028 57 1 1 1.05 | 64 1 1 7
0.02 0.028 18 1 1 1.1 79 0 0 6
0.024 0.028 32 0 0 1.1 22 0 0 5
0.024 0.028 16 0 0 1.2 28 0 0 4
0.012 0.016 27 0 0 1.2 52 0 0 6
0.012 0.016 34 0 0 1.1 65 0 0 6
0.012 0.02 79 0 0 1.3 7 1 1 5
0.012 0.02 48 0 0 1.3 3 1 1 4
0.012 0.024 43 0 0 1.3 9 1 1 8
0.012 0.024 1 0 0 1.4 21 1 1 8
0.012 0.028 58 1 1 1.1 51 0 0 9
0.012 0.028 3 1 1 1.2 25 1 1 8
0.016 0.02 77 1 0 1.05 | 60 0 0 8
X 0.016 0.02 8 1 1 1.1 2 0 0 4
v 0.016 0.024 21 0 0 1.2 73 1 1 4
0.016 0.024 45 1 1 1.1 48 1 1 7
0.016 0.028 76 0 0 1.2 18 0 0 7
0.016 0.028 66 1 1 1.05 | 39 0 0 7
0.02 0.024 55 1 1 1.05 | 38 1 1 4
0.02 0.024 72 0 0 1.05 8 0 0 6
0.02 0.028 47 0 0 1.2 27 0 0 7
0.02 0.028 4 0 0 1.2 14 1 1 6
0.024 0.028 19 1 1 1.1 33 1 1 6
0.024 0.028 24 0 0 1.2 53 0 0 7
0.012 0.016 40 0 0 1.1 72 1 1 3
0.012 0.016 38 0 0 1.2 12 1 1 7
0.012 0.02 75 1 1 1.1 56 0 0 8
0.012 0.02 35 0 0 1.2 40 0 0 8
0.012 0.024 25 0 0 1.3 23 0 0 8
0.012 0.024 31 1 1 1.2 49 0 0 9
0.012 0.028 59 0 0 1.3 63 0 0 8
0.012 0.028 2 0 0 1.3 68 1 1 7
0.016 0.02 12 0 0 1.2 74 0 0 4
2 0.016 0.02 65 1 1 1.05 | 62 0 0 7
3 0.016 0.024 11 0 0 1.2 61 1 1 6
0.016 0.024 5 0 0 1.2 57 0 0 6
0.016 0.028 13 1 1 1.2 70 1 1 6
0.016 0.028 68 1 1 1.1 55 1 1 7
0.02 0.024 60 1 1 1.05 4 1 1 4
0.02 0.024 67 0 0 1.1 30 0 0 7
0.02 0.028 70 1 1 1.05 | 69 0 0 6
0.02 0.028 37 0 0 1.1 44 0 0 5
0.024 0.028 36 1 1 1.05 | 36 0 0 5
0.024 0.028 44 1 1 1.05 | 67 0 0 4
0.012 0.016 74 0 0 1.1 77 1 1 4
0.012 0.016 42 0 0 1.05 5 0 0 4
0.012 0.02 49 0 0 1.1 13 1 1 7
. 0.012 0.02 14 0 0 1.2 71 0 0 5
S 0.012 0.024 52 1 1 1.1 17 0 0 4
0.012 0.024 63 1 1 1.1 78 0 0 8
0.012 0.028 6 0 0 1.3 75 0 0 6
0.012 0.028 9 0 0 1.3 42 0 0 8
0.016 0.02 33 0 0 1.2 6 0 0 5
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0.016 0.02 80 1 0 1.05 | 41 1 1 6
0.016 0.024 17 0 0 1.2 26 0 0 6
0.016 0.024 50 0 0 11 50 0 0 9
0.016 0.028 15 1 1 1.2 58 1 1 7
0.016 0.028 69 1 1 1.05 19 0 0 8
0.02 0.024 23 0 0 11 45 1 1 4
0.02 0.024 7 1 1 11 32 0 0 6
0.02 0.028 39 1 1 11 24 0 0 7
0.02 0.028 73 0 0 11 59 0 1 7
0.024 0.028 64 1 1 1.05 1 0 0 3
0.024 0.028 29 1 1 1.05 76 0 0 5

Appendix 4-H: Order of surface pairs and observers’ responses for the experiment in
section 4.3.4

Combined effects of angular variance and RMS roughness (section 4.3.4)

e Screen 1 is on the left side of the observer and Screen 2 is on the right side of the observer

e Values of angular variance: v1 = 20.0, v2 = 51.48, v3 = 132.5, v4 = 341.0 and v5 = 877.8

o Values of RMS roughness: r1 =0.012, r2 = 0.016, r3 = 0.02 and r4 = 0.024

o If Swap Info = 0 then Surface 1 and 2 is presented on Screen 1 and 2 respectively

o If Swap Info = 1 then Surface 1 and 2 is presented on Screen 2 and 1 respectively

e Order Number shows when the pair is presented during the experiment

o If Selected Surface = 0 then surface on screen 1 is selected as more directional and ratio is equal to
perceived directionality of surface on screen 1 to perceived directionality of surface on screen 2

e If Selected Surface = 1 then surface on screen 2 is selected as more directional and ratio is equal to
perceived directionality of surface on screen 2 to perceived directionality of surface on screen 1

Surface pair

Surface | Surface Observer 1 Observer 2 Observer 3 Observer 4
1 2

F . j - p - S

8 o B o 8 o 8 o

E|E o| § |E o| § |E o | § |5 o
o~ o~ =z — =z — =z +— =z +—
R A |- e - - e b - TS e -

J<EE%) J<ER%Z) TP J<ER%)

(@) O @) (@)
vi|{rl|v2|rl| 95 2 97 1.3 | 126 177 1.1
vi|rl|v3]|rl| 183 3 36 1.7 | 13 26 3.2
vi|rl|vd|rl| 18 3 | 145 15| 181 178 1.8
vi|rl|vs|rl| 34 25| 86 1.8 | 169 106 3
vi|rl|vl]|r2| 175 15 | 176 137

1.3 | 103

vi|rl [ v2|r2 | 125 54
vi|rl |[v3|r2| 33 2 44 1.7 | 154 58 2.2
vi|rl [v4|r2 5 35| 4 1.8 | 132 22 3

vi|rl |v5|r2| 185 25 | 43 15 | 168 10 3.2
vi|rl|vl|r3 ]| 81 15| 17 1.5 | 100 122 2
vi|rl |v2]|r3 | 117 15 | 174 1.3 | 188 38 15
vi|rl [v3]|r3 7 25| 23 1.8 | vl 3
vi|rl |v4|r3 | 45 25| 70 1.7 | 68 169 3
vi|rl |v5|r3 | 22 2.5 | 118 1.7 | 62 24 3.5

vi|rl vl |rd| 43 13| 29 101

vi|rl |v2|rd4 | 151 1.5 | 100 16 | 61 155

vi|rl|v3|rd| 69 25| 3 1.7 | 109 98

vi|rl |v4|rd | 12 25 | 72 16 | 114 17

vi|rl |v5|rd4 | 155 3 | 150 161

olo|o|r|o|r|lo|lo|lo|o|r|o|lo|lo|o|r|~|o|—r|o|o|~]| Selected Surface
N
[EEN
ol
S
o|lo|lo|r ook r|r|lolo|r|lo|lr|lolo|lo|o|—|o|~| Selected Surface
[EEN
N
ol
[N
o|lo|lo|lo|r|o|r|o|lr|r|lo|lo|r|k|—|lo|l—|lo|lo|lo|o|~| Selected Surface
Rik|o|lklolo|lolor|kr|kik|o|k|klo|lo|r|o|~|—|o| Selected Surface
[EEN
H

PRk |lok|lo|lololr|r|loloolkr|r|lolo|lolo|r|~|o
Rk |k|lokR|lolk|r|lookr|krkR|k|lo|kr|k|o|rk|lo|r|lo
RlRR|kolk|Ro|loor|k|k|lolor|lo|ok|k|k|lo
m@h'—"—‘w[\’h'—‘wﬂhw'—‘\l-\'hwsm@-‘”
NIOlo|o o N ~ o1 o

w

@
o|lo|r|o|r|r|r|lo|lo|lolo|r|o|lo|lo|r ||k |lo|lo|-

v2 | rl [v3|rl| 17 2 | 105 13| 32 31 25
v2 | rl [v4|rl | 94 2 | 147 1.6 | 152 108 2.2
v2 | rl [v5|rl | 110 25 | 24 1.7 | 25 180 2
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v2 | rl [vl|r2 122 |0|0] 2 76 |0/0|15] 60 |O|0O| 55 | 23 |0]0] 15
v2 |rl |v2|r2| 53 |1|1[15]| 58 |1|1|12] 21 |1|1] 25 |179|0|0] 15
v2 | rl |[v3|r2 184 |1|0] 2 52 /1013|190 |0|1]| 3 34 |1/0] 23
v2 | rl [v4|r2 | 47 |[0]1] 2 16 [1]0]18[135 |10 99 | 113 |1]0| 25
v2 |rl |v5|r2 177 |1|/0[|25| 117 |0|1|17] 58 |0|1] 9 124 |10 21
v2 | rl |vl|r3[160 |0|0]| 2 32 |10/0[17] 30 |0|0O| 45 | 47 |0]0]| 18
v2 | rl |v2|r3| 6 |1|1] 2 |146|0]|0|12] 41 |1|1] 3 171 |0]0 | 12
v2 | rl |v3|r3|133|1/0[15]|167|21|0|12]117|1|0] 2 115 (0|1 2

v2 | rl [v4|r3 100 |1|/0] 2 9 [1(0]17| 3 [1]0] 9 1 |0)1] 4

v2 |rl |v5|r3[115]0)1[25]| 83 |1|0|15]110|0|1]115] 15 |1|0] 45
v2 | rl |vl|r4d 112 |0|0] 2 48 [1]1]16| 31 |[1]|1] 35 | 44 |0]|0] 2

v2 |rl |v2|r4 107 |1)1[15]|171 |1|1|15] 99 |0|O] 55 |145|1|1] 13
v2 | rl|v3|r4| 21 |[1/0[15]| 53 |0|1|12] 93 |1|0] 35 |153|1|0] 15
v2|rl|v4|r4| 8 |1/0] 2 | 188 |1|0|13 ] 8 |0|1] 8 63 |1/0] 18
v2 |rl |v5|r4 148 |1/0(25] 98 |0|1|18] 15 |1|0] 11 136 |0|1] 3

v3|rl |v4|rl 157 |1|0] 2 40 |1]/0]13|113|1|]0] 3 181 |01 13
v3|rl|v5|rl |18 01| 2 |133|0|1|12]127 |0|1] 5 72 |1|/0] 22
v3 | rl|vli|r2 |5 |1/1[25]|177|0|0|13] 59 |1|1] 68 [141 |1|1] 19
v3|rl |v2|r2|163|0|/0| 2 |157|0|0|16 162 |1|1] 35 | 93 |1|1] 15
v3 | rl|v3|r2 |5 |1/1] 2 |[131 11|11 ] 64 |[0|0] 35 | 46 |1|1] 12
v3|rl|v4|r2| 23 |0/1][15]166 |0|1|13]150 |0|1] 35 |118|0|1] 21
v3|rl |v5|r2| 29 |[1/0[15]|187 01|13 ] 53 |1|0] 35 |[183|0|1] 19
v3|rl|vli|r3| 27 |1|1|25|18 |1|1|15]173|0|0]| 7 56 |1]1] 19
v3|rl |v2|r3 154 |1/1|25]152 11|17 ]179|0|0] 35 |140|0|0] 15
v3|rl |v3|r3|174]1)1[15]| 88 |1[1|12]129|0|0] 32 2 |[0]1) 2

v3|rl |v4|r3[172 01| 2 46 [0]1)13| 18 |[0|0] 23 | 68 |[0]|1] 15
v3|rl |v5|r3|1vl |1/0[15]|178|0|1|17] 63 |1|0] 6 107 (0|1 2

v3 | rl |vl|r4d|167 |1|1] 3 12 |0]0] 2 90 [1]1] 45 | 90 |0]|0] 25
v3|rl |v2|r4 146 |1)1]25] 19 |1[1[15]189 |1|1]| 4 32 |1]1] 24
v3|rl|v3|r4 101 1/1|15]| 8 |0|0|11] 34 |1|1] 35 |176|0|0] 15
v3|rl |v4|r4d 118 ]1|0] 2 50 |1/0[13] 3 |1|1| 32 [163|0]1] 15
v3|rl |v5|r4 |93 |0)1] 2 |103|1|0|14]182 |0|1] 8 28 |1|/0] 2

vi|rl|v5|rl| 71 |0)1]15] 38 |1|0|13 178 |0|1] 25 |142|0|1] 11
v |rl |vli|r2| 73 |0/0[25[125 |1 |1|17] 94 |1|1] 99 | 99 |1]1] 3

v |rl |v2|r2 | 65 |1|1[25]138|0|0 |17 166 |1 1] 55 |13 |1|1] 2

v4g|rl |v3|r2| 13 |1|1][15]| 84 |0|0|16 | 8 |1|1] 35 16 |[0]0] 25
v |rl |v4|r2 | 72 |1]1]15] 27 |0|0|12]184 |1|1] 2 189 |00 15
v |rl |[v5|r2 |15 |1|/0[15]|165|1|0|12| 8 |1|1] 22 | 64 |[0]1] 13
v4|rl |vl|r3| 58 |1|1|] 3 |[144|/0]|0|19| 5 |0|0] 85 | 83 |[1|1] 25
v4|rl |v2|r3]171|0|/0[25] 9 |0|0|15]133|1|1] 9 144 {00 2

v | rl [v3|r3 150 11| 2 77 |1]1]15] 49 |0]|0|] 5 164 (11|16
v |rl |v4|r3| 46 |1)1]15] 30 |0|0|15]155|0|0] 22 6 [1]0] 2

v4|rl |v5|r3| 91 |0/0[15]184 1012|153 |0|1] 32 | 45 |[1|0] 15
v |rl |vl|r4d|147 |0|/0O|] 4 108 |0|0|18]138 |1|1] 12 |18 |0|0] 35
v |rl |v2|r4 111 |1)1]|25]|162 |0|0|12] 5 |0|0] 55 | 36 |[0|0] 28
v |rl [v3|r4d| 28 |0|0] 2 33 |1/1]14]| 8 |0|0| 34 [146 0|0 18
v | rl [v4d|rd| 60 |1]1] 2 37 |1]1]14] 67 |O|0O] 2 8 [0]1]12
vi|rl |v5|r4| 70 |0/O|15] 5 |1|1|13] 37 |0|0] 22 | 61 |O0|1] 13
v | rl [vl|r2 159 |1|1] 4 31 |1)1(18 137 |1|1| 12 | 114 ]1]1]| 3

vo |rl |v2|r2| 9 |0/0O|15] 15 |1|1|17 | 8 |0|O] 8 185 |0]0| 22
v | rl [v3]|r2 1 |0)J0|25] 91 |1|1|13] 9 |1|1] 5 75 |0)0] 16
vo |rl |v4|r2| 64 |0/0[15]169 |0|1|11 163 |1|1] 25 | 66 |[0|0] 15
vo | rl [v5|r2 | 1583 |0|0[15] 73 |1|0|11 176 |1|1] 2 70 |0)0] 12
vo | rl |vl|r3 142 |0|0]| 4 81 |1)1|14)134|1|1| 11 |18 |0]0]| 3

vo |rl |v2|r3| 5 |0/0[25] 99 |1|1|16]115|0|0] 10 |135 |1|1] 22
vo |rl |v3|r3| 48 |1|1]15] 18 |1[|1]17] 46 |[0]0] 4 57 |1]1] 2

vo |rl |v4|r3| 76 |1)1]15] 5 |1|1|14 ] 77 |[0|0] 45 | 73 |0|0] 15
vo |rl |v5|r83]102 |0|/0[15]136 |0|0|13] 24 |[0|0] 2 131 [1]1) 12
vo |rl |vl|r4 126 |0|0| 4 [137 00|19 ] 72 |1|1] 10 49 [0]0] 3

vo |rl [v2|r4d] 9 |0/0]25]181|0]|0|18] 39 |[0|O0] 9 48 [0]0] 25
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vo |rl |v3|r4|165]1|1[25] 26 |1(1|15]143|0|0] 8 154 1)1 16
vo |rl |v4|r4 (181 |1)1[15]|126 00|13 ] 38 |1|1] 2 110 (0|0 | 1.8
vo | rl [v5|r4| 63 |0/0[15]128 |1|1|13 | 47 |0|0] 25 | 27 |[1|1] 12
vi|r2 |[v2|r2| 39 |[0]1] 2 13 |[0]1]17[183 1|0 2 41 [1]1) 12
vi|r2 |[v3|r2| 42 |0]1] 3 29 |0)1]16] 33 |0|1]| 5 42 |01 2

vi|r2 |v4|r2| 15 |0)1]|25] 79 |0O|1|19] 8 |0O|1] 9 116 {10 22
vi|r2 |v5|r2| 8 |0/1]25[123|1|0|16]106 |1|0] 12 52 |0 1] 22
vi|r2 |vi|r3| 3 |0|0] 2 28 |1)1(11] 11 |1|1| 35 | 8 |0]0] 15
vi|r2 |v2|r3[105|0)1| 2 |102|1|0|18 157 |0|0] 25 |166|0|1] 15
vi|r2 |v3|r3| 24 |[0)1] 2 |143|0[1|14]141|0|1] 6 4 |01 4

vi|r2 |v4|r3[113]1/0[25]|189 |1|0|17]142|0|1] 11 |170|1|0] 3.2
vi|r2 |v5|r3|132|1/0|] 3 |115|1|0|16|175|1|0] 12 |126 |1|0] 29
vi|r2 |vi|r4d| 19 1)1 2 |109 |1|1|16 |15 |1|1] 25 |[123|1|1] 15
vi|r2 [v2|r4d 179 11| 2 80 |0/0|12]160 |2|1| 26 | 77 |0]1)| 13
vi|r2 |v3|r4|141 |1/0[25]| 8 |1|0|16|161 |1|/0]| 55 | 78 |[1|/0] 18
vi|r2 |v4|r4 1430|135 71 |1|0|16] 44 |1|0] 11 | 173 |1|0] 25
vi|r2 |v5|r4 186 |0)1|35[180 01|16 171 |1|0] 116|165 |0|1]| 22
v2 |r2 |v3|r2|161 |1/0] 2 |139|1|0|12] 5 |0|1] 35 | 8 |[1|0] 18
v2 |r2 |v4|r2 108 |01 2 |119 /01|17 | 48 |1|0] 7 37 |0J1] 3

v2 | r2 |v5|r2 168 |1/0[25]| 51 |0|1|14] 9 |0|1] 10 [102 |1|0] 25
v2 | r2 |vl|r3 131 |1/1[25]| 68 |0[{0|18]165|0|0] 45 |162|1|1] 12
v2 [ r2 [v2|r3 | 87 |1]1] 2 22 |1]1]14] 6 |1]1]| 3 80 |1)1] 12
v2 |r2 |{v3|r3|17/0 01|15 61 |O|1|15| 5 |1|0] 35 |139|0|1] 18
v2 |r2 |v4|r3|17/8|1|/0[25]| 5 |1|0|14] 5 |1|0] 7 121 |10 2

v2 | r2 |[v5|r3 (182 |0|1] 3 87 |1|/0[17] 92 |0|1|115] 9 |0]1] 15
v2|r2 |vli|r4| 66 |00 2 |17/5|0|0|13 ] 7 |1|1] 35 | 87 |1|1] 18
v2 | r2 |v2|r4d | 173 11| 2 |155|0|0|16 144 |1|1] 35 |5 [1|1] 14
v2 | r2 |[v3|r4d| 8 |0]1] 2 92 |1|/0[|15]|124|1|0| 5 88 |1|/0] 2

v2 |r2 |v4|r4 106 |1/0]|25]|112 |0|1[18]18 |1|0] 9 190 [1]0) 19
v2 | r2 |v5|r4| 41 |0)1] 3 |160 20|18 ] 57 |1|0] 8 103 [1]0| 26
v3|r2 |v4|r2 103 ]|0|1] 2 45 [1]0| 17149 |1|0] 4 150 (0|1 15
v3 | r2 [v5|r2 116 |0)1] 2 21 |0)1|16 | 8 |1|0| 56 [159 1|0 2

v3 | r2 vl |r3 | 10 |1)1][25] 47 |1[1]15]159 |1|1] 4 168 (0|0 25
v3|r2 |v2|r3 119 0|0] 2 5 |0/0[13] 97 |0]|0O| 4 18 |00 38
v3|r2 |v3|r3|144]1|1|15]| 60 |O|0|13] 8 |1|1] 3 35 |0)0] 12
v3|r2 |v4|r3|176 |1|/0| 2 | 183 |0|1|14 ] 43 |1|0] 35 | 51 |0]1] 15
v3|r2 |v5|r3 |51 |0)J1]15] 5 |0|1|14 111 |0|1] 8 vl [1]0) 15
v3|r2 |vli|r4| 62 |0/0[35]|127|/0|0|19| 84 |1|1] 67 |149]|0|0O] 2

v3|r2 |v2|r4d| 4 |1]1[25]|111 11|14 ] 78 |[1|1] 6 130 (1116
v3|r2 |v3|r4 138 |1|1[15] 78 |1[1]15]140|0|0]| 4 104 [1]1) 13
v3|r2 |v4|r4 137 |1|/0|] 2 |140 10|13 ] 8 |0|1] 23 | 71 |1|0] 2

v3|r2 |v5|r4 |8 |0)1] 2 |153|/0|1|18]104|0|1] 8 30 |0J1] 3

v | r2 |v5|r2 123 |1|/0[15]124|0|0|11] 98 |1|0] 33 |157 |1|0] 12
vi|r2 |vli|r3| 40 |0)/O|35]|172 11|16 ] 10 |0O|O] 12 |187 |1|1] 26
v | r2 |[v2|r3 145 ]0|/0| 3 |164|0]|0|16] 71 |1|1] 6 127 |11 2

v4 | r2 |v3|r3 158 |1|1[25]| 74 |0|0|13]118|1|1] 35 11 |1]1] 28
v |r2 {v4|r3| 9 |0/0]|15]141|0|0|12] 16 |1|1] 26 | 40 |0|0O] 15
v4 | r2 |[v5|r3 188 |1|/0] 2 |130 |01 |11 174 |0|1] 2 152 |1]0) 13
v |r2 |vli|r4d| 77 |0)JO| 3 |18 |0|0|16 |18 |0|0] 12 97 |00 35
v | r2 |v2|r4| 25 |0)0] 2 |114|/0]|0|16] 9% |1|1] 8 5 [1]1] 3

vi|r2 {v3|r4d| vl |0JO[15] 7 |1]|1|16] 65 |0|0] 33 | 94 |[1|1] 16
v | r2 {vd|r4 109 |1|1[15]|179|0|0|11] 66 |1|1] 26 | 74 |[1]1] 11
v |r2 |[v5|r4 121 |0)/0[15]104 11|11 ]121 |1|1] 2 50 |1/0] 13
vo [ r2 (vl |r3| 74 |1]1] 3 75 1116 42 |0]0] 12 53 |1]1] 3

vo | r2 [v2 | r3 135 11| 3 35 |0)J0[18] 26 |1]1] 9 182 |11 2

vo | r2 [v3|r3 139 11| 2 2 |[0]0]18 128 |1]|1] 45 |134|0]|0] 22
vo |r2 |v4|r3 189 11|15 39 |0|0|12] 81 |1|1] 23 | 67 |[1|1] 12
vVo | r2 [v5 | r3 134 |1|1[15] 4 |0|0|12] 45 |1|1] 2 100 |0|0] 1.2
vo |r2 |vl|r4|130 1)1 4 [168 /00|19 ] 14 |1|1]108 | 5 |0|0] 28
vo [r2 [v2|r4d | 49 |11 2 129 |/0]|0|17] 54 |[0|0] 8 3 1]0]0] 45
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vo | r2 |v3|r4d| 38 |0|0| 15| 113 (11|19 | 75 |11 6 9% |0|0| 1.8
vo | r2 |vd|rd| 96 |O|0| 15| vl [1|1|213|101|1|1]| 23 81 |1]1]| 15
v6 | r2 |vs5|r4d| 55 |0|0|15]107 (11|11 |102|0]|0 2 132 (11| 11
vi|r3|v2|r3|1240|0|1| 2 |18 |0|1|15|119 |1|0| 33 |125|1|0| 1.2
vi|r3|v3|r3| 50 |[1|0]| 3 93 |0|1|15|180 (1|0| 72 [129 |1|0| 15
vl | r3 |v4|r3 9 |1|/0|35| 63 |0|1|18| 22 |10 7 111 (1|0 | 2.2
vi|r3|v5|r3| 8 |1|0|25| 11 [1|0| 2 |146|1|0| 12 | 133 |1|0| 3
vi|r3|vl|r4d |190|21]|1]| 2 |149|(0|0|12|147 |00 3 21 |1]1] 1.2
vi|r3|v2|r4d| 67 |O|0|15|1vl|(0|1|12]| 69 [1]|0 3 76 |10 1.2
vi|r3|v3|r4d| 98 |1]|0| 2 |[158 |0 |1|18| 79 |{0|1| 56 | 117 |1|0]| 2
vl | r3 |vd | rd 2 |0|1]| 3 42 |1|/0|16|107 |1|0| 12 | 148 |1|0| 25
vi|r3|v5|r4d|127|1|0| 4 | 173 |1|0|19|105|1|0| 12 | 158 |1|0| 2
v2 | r3 |v3|r3|124|0|1| 2 |116 (1|0|12| 91 |01 5 79 |0|1] 16
v2 | r3|v4|r3| 32 |0|1|25|] 6 [(1(0|18|108 (1|0 9 12 |1]0] 4
v2 | r3|v5|r3| 89 |1|0| 2 | 142 |1|0|17|122 |01 6 174 |0 | 1| 2.3
v2 | r3 vl |rd|169 |1]|1]| 2 94 |0|0| 16| 27 |11 4 62 |0|0]| 1.3
v2 | r3 |v2|r4d| 31 |1]|1]| 2 |106 |0|0|13| 73 |[0]|O 3 156 11| 1.1
v2 | r3 |v3|r4d | 187 |1]|0]| 2 25 |0|1]|17| 23 |10 5 105 (1|0 | 15
v2 | r3|v4d|r4d| 56 |0]|1]|25|170 (0|1 |16 | 116 |1|0| 115|172 |0|1| 2
v2 | r3|v5|r4d| 37 |0|1]|25]101 (10|13 |177 (1|0 9 19 |1]0] 4
v3|r3|v4d|r3| 44 |1|0| 15| 9 |[1|0|16|136|0|1]| 56 13 |1]0] 2
v3|r3|v5|r3|166 |0|1|25| 65 (1016|125 |01 6 128 |0 | 1| 1.9
v3|r3 |vl|r4d|129|1]|1|25|122|0|0|16| 76 |1]|1 8 69 |1]1]| 2.2
v3|r3|v2|rd| 97 |1]|1|25| 57 [0|0|13| 40 [0|0| 35 43 |0|0| 1.8
v3|r3|v3|r4d| 78 |1|0|15|148 |0|0|11|164|0|0| 23 60 |1]1] 1.2
v3|r3|vd|rd| 80 |[1]|]0]| 2 14 |1|0| 16| 187 |1|/0| 35 25 |0|1| 3
v3|r3|v5|r4d| 8 |1|0|15|190 |(0|1|17| 36 |[1|0]| 3.3 84 |1|0]| 2
vh | r3 |v5|r3|152|1|0|15| 69 [(0|1|12|158 (0|0 2 184 (0| 1| 1.2
vh | r3|vl|r4d| 61 |O|O| 4 |121 (0|0 |17 |151|0|0| 105|119 |1|1| 23
vh | r3 |v2|r4d| 54 |0|0| 2 |156 |1|1|15|139|0|0| 10 | 151 |0|0| 25
vh | r3|v3|rd| 16 |1]|1]| 2 | 163 |(0|0|13| 28 |11 5 147 |0 |0 | 1.9
vh | r3 |v4|r4d | 104|0|0| 15| 49 [1|0|11|130|1|1]| 22 vli |0|1]| 11
vh | r3 |v5|rd |114|1]|0]| 15 1 |1/0|13|1vli |0|1| 35 89 |01 11
v6 | r3 |vl|r4d|164|0|0| 4 |135|0|0|19] 19 |{1|1]108 | 29 |[0|0]| 5
vo | r3|v2|rd| 26 |1]1] 3 34 |1|1|15|123|1|1| 10 39 |1]1] 3
vo | r3|v3|rd| 36 |[1]1] 2 90 |1]1]|14|112 |11 7 160 1|1 2.2
vo | r3 |v4d|rd | 149 |1]|1]| 2 64 |1]|1]13|131 (0|0 3 82 |0|0]| 15
vo | r3|v5|r4d| 11 |O|0O| 15| 134 |(1|1|11| 17 |00 2 92 |1]1] 11
vi|r4d |v2|r4d| 8 |0O|1]|15]151|(1(0|18| 4 |1]|0 3 7 |1|/0]| 12
vi|rd |[v3|rd| 79 |1]0] 2 10 {1](0|19 (148 |1|0 5 65 |1]|0]| 2
vi|rd |vd|rd| 75 |0]|1] 3 | 161 (01|18 | 74 |[0|1]| 11 91 |0|1]| 3
vi|rd |v5|r4d| 68 |[0]|1] 3 62 |01 117|167 |O|1| 115|109 |0|1| 3.8
v2 | r4d |v3|r4d | 128 |1|0|25] 67 (10|13 2 |[1]0 7 175 |10 1.9
v2 | r4d |v4d|r4d | 14 |10 3 | 132 |(1|0|16|172 (1|0 8 14 |1]/0]| 3.8
v2 | r4d |v5|r4d| 30 |O|1]|25] 8 [(0|1[19|170 (1|0 9 143 |0 | 1| 1.6
v3|r4d |vd|r4d| 35 |0]|1]|15]110 (1(0|12|145|1|0 4 112 (1|0 1.9
v3|r4d |v5|r4d | 162 |0]|1]|25]159 (10|17 | 70 |{1]0 6 167 (0| 1| 2
vh | r4d |v5|r4d | 136 |01 15| 66 [0|1|11| 12 |01 4 9 |1|/0]| 15
_ Observer 5 Observer 6 Observer 7 Observer 8
vi|rl|v2|rl|122|1|0|22| 77 |0|1]|12]| 17 |01 3 130 |10 2
vi|rl|v3|rl|161|0|1|14|163|0|1]18]| vl |1]0 4 186 |1 |/0| 6
vi|rl|vd|rl| 66 |01 2 |18 |0|1| 2 |117 |01 3 49 |0|1]| 99
vi|rl|v5|rl| 15 |0|1| 2 |148|1|0| 4 |157 |10 6 72 [1]0] 10
vi|rl|wvli|r2| 13 |1|0|212| 31 |1|1|211|127|0|1| 15 |135|0|1]| 2
vi|rl|v2]|r2 8 |0]1|/13|166|0|0| 11| 25 |1]|0 2 117 {0 | 1| 1.8
vi|rl|v3|r2|142|1|0]| 2 18 |0|1|13| 62 |1]|0 2 95 |1]|0]| 7
vi|rl|vd|r2| 73 |1|0|25|131|1|/0|18]| 68 |10 4 101 |10 10
vi|rl|vs|r2| 71 |[1|0]| 3 1 (1|0 4 41 |10 8 99 |10 10
vi|rl|vl|r3|148 |1|1|11|164 |21 |1|211|1vi|1]0O 2 87 [1]0] 11
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vi|rl|v2|r3|13|1/0]12]|113|1|0f11] 9 |0O|1] 3 10 |[1]0] 4
vi|rl|v3|r3|150|0|1[14]| 5 |0|1|15] 67 |1|0] 3 69 |[1|/0] 7
vi|rl |v4|r3[127 |[1|0] 2 49 |[1]0| 3 81 |[0]1] 45 6 [0]1] 9
vli|rl |v5|r3[134]1|0]|25[158 |1|0]| 4 55 [1]0] 5 18 |10 10
vi|rl|vl|r4 123 |0/0|214] 47 |0|0|15]| 88 |0|1] 2 28 |00 11
vi|rl|v2|r4| 1 |0)2]213] 17 |1|1[15]173|1|0] 3 40 [1]/0]| 6
vi|rl|v3|r4 159 |0)1]13] 22 |0[1[13| 8 |0]1] 4 105 [1]/0| 6
vi|rl |v4|r4d| 8 |1|0] 2 78 |1/0[18] 9 |0|1]| 5 165 [0 |1 7
vi|rl |v5|r4d| 19 |[0)1] 2 8 |1/0|35]| 53 |0|1]| 6 90 |1/0] 98
v2 |rl |v3|rl| 62 |0)1][12] 41 |1|{0|14 |5 |[1[0] 15 | 93 |1|0] 4
v2 |rl |v4|rl |155|0|1][15] 38 |0[1] 3 92 [1]0] 3 187 |1]/0| 7.8
v2 | rl |[v5|rl |[149 |1|/0][16]124 |0[1] 3 79 [0]1] 4 170 [0 |1] 10
v2 |rl |vli|r2 176 |1)1(12 177 |1|1|12]19 |0|0] 15 [144|1|1] 3
v2 |rl |v2|r2| 25 |1|1]11] 42 |0|0|11] 71 |O|1] 2 26 |1)1]12
v2 |rl |v3|r2|137 |1/0[12 187 |0|1|11]145|0|1] 25 [149|1|0] 3
v2 |rl |v4|r2 |18 |1|/0] 2 |179|0|1|14]166|1|0] 3 131 (0|1 7
v2 |rl [v5|r2 141 |1/0[24 146 |1|0|35] 69 |0|1] 5 100 |0 |1] 10
v2 | rl|vli|r3| 42 |0/0]|214] 37 |0O|0|15]107 |1|1] 2 172 |0]0 | 11
v2 |rl |v2|r3| 5 |0/0[12]142|0]|0|13]133|0|1] 3 74 10)1] 3
v2 |rl |v3|r3[138 |0)1]12]127 |0[|1]11] 22 |[0]1] 4 142 |0|1] 4
v2 |rl |v4|r3 186 |0)1]25] 8 |1|0] 2 |130|1|0]| 4 48 |10 8
v2 |rl |[v5|r3|164|0)1[16|171 |1|0|25] 5 |0|1] 5 3 |[0]1) 8
v2 | rl|vl|r4|101 |0)/0O|216] 97 |0O|0|15]126|1|0] 2 155 {0]0 | 3
v2 |rl |v2|r4 (178 |0|/0[12] 46 |1|1|17]15% |0|1] 3 34 |[1]1]11
v2 |rl |v3|r4 (182 |0)1]12] 8 |1|0|12] 75 |1|0] 3 67 |0)1] 5
v2 |rl |v4|r4d| 79 |0]1]18]105|0[1] 3 78 [1]0] 3 160 (10 9
v2 |rl |v5|r4 167 |0)1]16]125|0(1|(35] 33 |1|0] 7 54 |1|/0] 7
v3|rl|v4|rl |19 |1/0[14]107 /0115|163 |1|0] 25 |132|0|1] 4
v3|rl |v5|rl| 91 |1/0[15] 43 |0|1|25]131 |0|1] 3 141 |0 |1] 4
v3|rl|vli|r2| 8 |1/1[14]133|1|1|15]167|0|0] 25 1 |[1]1] 6
v3 | rl |v2|r2 177 |1]1]13] 24 |0|0|17] 38 |0|0] 2 7 [0]0) 7
v3|rl|v3|r2 |18 |0)j0|212]172 |1|1|11] 46 |1|0] 15 | 71 |0|JO] 3
v3|rl |v4|r2| 48 |0]1]12] 58 |0[1] 2 8 |1]0]| 2 136 |0 |1] 4
v3|rl |v5|r2 1700|113 ] 76 |O0[1] 3 16 |01 4 161 [1]0] 99
v3|rl |vli|r3|] 60 |1/1][18]106 11| 2 |[150|0|0]| 4 29 |1]1] 5
v3|rl |v2|r3 1451114132 |0|0|15]153|0|0] 2 70 |0J0| 6
v3|rl |v3|r3 1431|114 ] 40 |0|0|13] 49 |1|0] 15 |151|1|0] 13
v3|rl |v4|r3| 2 |1|/0[15]|1/8|1|0|15] 73 |1|0] 2 53 |0|1] 4
v3|rl |v5|r3] 9 |0/1]15] 80 |0|1[25]139|0|1] 5 133 {1]0] 5
v3|rl [vi|rd | 77 |[1]1] 2 39 |[1]1] 2 51 |[0]0] 3 150 (0|0 7
v3 | rl |v2|r4d|1vl|1/1][14]170 |00 2 |149|1|0] 2 106 (1)1 2
v3|rl|v3|r4|171]0/0[11]168|0|0|13|177 |1|0] 3 43 [0]0] 11
v3|rl |v4|r4| 69 |1/0]211]112 /0113|355 [1]|0] 4 86 |0]1] 18
v3|rl |v5|r4| 41 |0)J21]15] 3 |O[1] 3 |105]|1|0] 4 126 |1|0] 4
vi|rl|v5|rl| 14 |1/0[11]114)1|0|2105] 47 |1|0] 18 | 25 |1|0] 15
v | rl |vli|r2 121 |1)1] 2 |169 /00| 2 |114|0|0]| 4 97 |1]1]99
v |rl |v2|r2 152 |0)/0[18]| 60 |1{1]13|165|0|0]| 4 171 |1]1] 10
v4|rl |v3|r2|1600/0[213]150|1|1|14] 3 |1|1] 25 |1v1|0|O] 3
vi|rl|v4|r2 |5 |0/0[211]109|21|1|12] 7 |1|1] 12 | 39 |[0|0O] 11
v |rl [v5|r2|165|1|0[11] 26 |O[1] 2 89 |[0]1] 25 | 76 |0]1] 2
v4 | rl |vl|r3]128 |0|/0[35] 6 |0[{0|35] 60 |1]1] 4 80 |0|0] 95
v | rl |[v2|r3[116 |1|1] 2 7 1)1 4 48 |11 2 123 {00 95
v4|rl |v3|r3 118 |1|1]16] 9 |1|1|14]187 |1|1] 3 5 [0]0] 4
v |rl |v4|r3| 27 |0J0[211 ] 5 |1[1|15] 94 |0|1] 2 139 {[0]0] 19
v4|rl |v5|r3|] 30 |0)1]12] 11 |1|0|15] 91 |1|0] 2 168 (1|0 2
v |rl |vli|r4d 102 11| 3 93 |11 3 |141 |1]|1| 4 166 {00 | 10
v |rl |v2|r4 180 |1|1]15] 4 |0[0O0] 3 18 |0]0| 5 173 (1)1 9
v |rl |v3|r4| 32 |0/0]15] 73 |1|1| 2 |116|1|1] 2 47 |0|0] 4
vi|rl |v4|r4| 5 |0/0]212] 59 |1|1|13] 5 |1|1] 12 |35 |1|1] 2
vi|rl |v5|r4d| 44 |1/0][211]183 01|11 ]124|0|1] 2 128 |[0[1]1.01
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vo |rl |vl|r2| 31 |0/0]25] 2 |1[1] 4 |18 |1|1]| 4 181 |0|0| 10
v | rl |v2|r2 100 |0|0] 2 27 1)1 4 | 152 |1|1| 4 175 0|0 10
vo|rl |v3|r2 109 |1/1]15]101 11| 3 2 |1]1] 5 22 |0|0] 4
vo |rl |v4|r2 |18 |0/0]12] 33 |0|0|15]106 1|1 2 89 |1/1] 16
vo |rl |v5|r2| 26 |0)1]11] 61 |O|O|11] 99 |1|1] 12 | 46 |[1|0] 13
vo |rl |vl|r3| 58 |1/1[35|147 11| 4 [121]|0|0] 5 188 [0 |0 | 96
vo |rl |v2|r3|114]0/0[18 | 116 |0|0| 4 |162|1|1] 5 167 |0|0| 10
vo |rl |[v3|r3| 74 |11 2 |162 |1(|1|25] 97 |0|O0] 3 37 |1]1] 3
vo |rl |v4|r3[174|1|1]11] 83 |00 2 15 |0]0| 3 108 |1|1] 4
v5 |rl |v5|r3 153 |0)1|11] 87 |0|0f2101] 77 |O|1] 15 | 79 |0|0O] 15
vo |rl |vli|r4d| 8 |1|1] 3 66 |1|1] 4 36 [1]1] 10 112 |1]|1] 10
vo | rl [v2|r4d| 24 |[0]0] 3 13 |0]0] 4 [159 0|0 5 56 |00 10
vo |rl [v3|r4d| 65 |1)1]16|138|/0({0|26]| 58 [1|1]| 4 103 (0|0 8
vo |rl |v4|r4 (113 ]1)1[12]190 |1|1|16]142|0|0] 3 125 (0|0 2
vo |rl |v5|r4 (139 ]1/0]211] 9 |0|0|12] 8 |0|1] 2 184 1)1 11
vi|r2 |v2|r2| 75 |1/0[15] 79 |0|1|13 | 66 |0|1] 25 [162 |1|0] 2
vi|r2 |v3|r2| 37 |[1|0] 2 51 |1/0[18 168 |1|0]| 25 16 |1]0] 8
vi|r2 |v4|r2| 8 |0]1] 3 45 |0]1)25|17/8|0]1] 5 15 |0]1] 98
vli|r2 |v5|r2 146 |0|1][25]|176 |10 3 76 |[1]0] 4 27 |0]1]99
vi|r2 |vli|r3| 21 |0/O[211] 8 |1]|0|11]125|0|1] 2 5, |1[1] 15
vi|r2 |v2|r3| 76 |0)1]12]110 |01 11111 |0|1] 3 118 |10 17
vi|r2 |v3|r3|151|0)1[14] 23 |O|1|12] 1 |0O|1] 3 9% |1/0] 8
vi|r2 |v4|r3 ] 16 |0]1][25]| 64 |1][0] 2 37 |[1]0] 8 98 |0]1] 99
vi|r2 |v5|r3| 3 |0/1]28| 111 |0|1| 3 |13 |1|0] 6 102 [0 ]1) 96
vi|r2 |vl|r4d|144]0/0]212] 74 |1|1|15]175|1|0] 25 | 84 |1|1] 12
vi|r2 |v2|r4d| 49 |1/0[14] 8 |0|0|14] 61 |1|0] 2 9 [1]/0] 3
vi|r2 |v3|r4 |15 |1/0[15]100 1013|102 |0|1] 3 8 [1/0] 8
vi|r2 |v4|r4| 68 |[1/0][18] 48 |1|0| 3 | 158 |1|/0]| 4 114 [0]1] 9
vi|r2 |v5|r4 |18 |0)1] 3 |174|/0[1|35] 9 |0]1] 4 64 |1/0] 95
v2 |r2 |v3|r2|104]1/0[214] 5 |0]|1|15]180|1|0] 3 73 |0]1] 4
v2 |r2 |v4|r2 107 |0)1[18 188 |1|0|18] 34 |[1|0] 6 24 |1/0] 3
v2 | r2 |v5|r2| 22 |0)1]18]139|0|1|35] 10 |O0|1] 8 122 |10 7
v2 |r2 vl |r3|163 |1)1[211] 25 |1|1|12] 98 |1|1] 15 |110|0|0] 11
v2 | r2 |v2|r3| 7 |1/0[11]63 |1|0|11]104|1|1] 12 2 [0]1)13
v2 |r2 {v3|r3]119 0114|118 |0|1|12]128|1|0] 3 121 [1]0] 5
v2 | r2 |v4|r3| 8 |0/1]14] 8 |0|1|25]137|0|1] 5 32 |0]1] 98
v2 | r2 |v5|r3| 40 |0)1]|28 |18 01| 3 |18 |1|0]| 7 185 [1]0| 79
v2 [ r2 {vl|r4d 124 1)1[12 121 |0|0|11 ] 64 |1|1] 2 23 |1]1] 11
v2 | r2 |v2|r4| 9 |1|1]11 1371|111 ]170|1|0] 2 169 (1)1 2
v2 |r2 |v3|r4|103|1/0[12]181 |01 |11] 27 |O|1] 3 81 |1|/0] 5
v2 | r2 {vd|r4d | 93 |1|0]15] 72 |1]|0] 2 84 (01| 4 45 [0]1)| 8
v2 | r2 |[v5|r4 1100|115 ]134|0(|1|25]174|0|1] 5 58 |0]1] 98
v3|r2 |v4|r2| 23 |0)J1]15]140 1|0 2 |113|0|1] 2 124 |0|1] 4
v3|r2 |v5|r2| 98 |1/0[15]108 |0[1] 3 |[143|0]1] 4 17 |1]0] 16
v3|r2 |vl|r3|136 |0|/0[15]|160 0|0 |14 272 |1|1] 3 41 |[0]0| 8
v3|r2 |v2|r3| 8 |0/0[15]180|0|0|12] 5 |1|1] 15 [145]|1|1] 6
v3|r2|v3|r3/130/0]212]135|1|1|11] 4 |1|/0] 12 |138|0|0] 11
v3|r2 |v4|r3 |5 |1/0[13]|165|21|0|17 171 |0|1] 2 75 |0]1] 6
v3|r2 |v5|r3| 64 |0)J1]15] 14 |1|{0] 4 |[169|1|0] 4 65 |1|/0] 87
v3|r2 |vl|r4d 126 |1|1|14 167 |2|1|14] 14 |0|O] 5 127 {00 8
v3|r2 |v2|r4 172 0/0[13] 94 |0|0|18] 44 |0|0] 25 |164|1|1] 18
v3|r2 |v3|r4| 9% |0/0[21]155 |0|0|11] 74 |O0|1] 15 146 |1|1] 2
v3|r2 |v4|r4 179 0111144 |0]1|12] 39 |0]1] 3 134 |1|0] 4
v3|r2 |v5|r4| 46 |0)1]15]153 |0(|1|25] 11 |O0|1] 6 60 01| 7
va|r2 {v5|r2| 29 |[1/0[12] 29 |1|0|14]129|1|0] 2 63 |1|/0] 17
v | r2 {vli|r3| 5 |0|0] 3 90 |0)/0| 25|18 |0|0]| 5 177 |00 | 86
v | r2 [v2|r3] 99 |1]/1]16] 65 |0[0] 3 32 |0]0] 5 158 (0|0 6
v4|r2 |v3|r3| 11 |0)J0[15] 12 |0|0|25]155 |0|0] 25 12 |0]0] 3
vi|r2 |v4|r3| 12 |1/0]11]1/5)|0|0|11] 8 |0O|1] 15 |19 |0|0] 11
vi|r2 {v5|r3]169 |0)1]12] 52 |0|1|14]100]0f1] 2 156 [1]0] 15
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v |r2 {vli|r4d| 39 |0/O[35] vl |1]|1|25]110|0|0] 5 147 |11 7
v | r2 |v2|r4| 10 |O)JO] 2 | 189 |1[|1]26|176|0|0]| 4 154 [1]1]| 6
v |r2 |v3|r4d| 3 |0/0][16]|123 |0[0] 2 86 |[1]1] 25 | 50 |0]0O] 3
v | r2 |v4|r4|115]0/0]21]152 |0|0|11]184 |1|1] 15 |116|0|0] 11
v | r2 |[v5|r4d | 9 |0)1]11] 28 |O0[1] 2 93 [0]1] 3 50 |0)1] 3
vo | r2 |vl|r3 1751|128 143 11| 3 |18 |1|1]| 6 148 |11 938
vo [ r2 [v2|r3| 38 |1/1[25]|157 |1(|1|35] 65 |1|1] 5 179 |00 | 96
vo|r2|{v3|r3| 5 |0/0[15] 30 |11 3 |118|0|0] 3 189 [1]1) 6.8
vo | r2 {v4|r3| 9 |0/0[11] 68 |1(1|14]115|1|1] 2 143 |11 2
vVo | r2 |[v5 | r3 154 |1|1|105] 44 |1|1|15]183 |1|1| 15 | 44 |1]1]105
vo | r2 |vl|r4 168 |0/0[25]103 11| 4 |132|1|1] 6 77 |0J0| 8
vo | r2 |v2|r4 | 158 |00 3 |129 |1|1|25]15 |1|1] 5 14 |1]1] 10
vo | r2 |v3|r4 117 |1)1]18] 16 |1[1[25]| 26 |[0|0]| 4 33 |1]1] 6
vo | r2 |v4|r4d| 67 |0/0]12]| 54 |1|1|17 146 |1|1] 25 | 31 |[1|1] 13
vo | r2 |[v5|r4)162 |0)1]211]128 11|11 112 |1|1] 15 |163|1|0] 11
vi|r3|v2|r3| 4 |0)1][13 |18 |0|1|12] 29 |1|0] 25 11 |0[1] 2
vi|r3|v3|r3| 5 |1/0] 2 |184|0|1|12] 63 |O|1] 3 4 11]0] 10
vi|r3|v4|r3[111 01| 2 34 |0]1]25] 28 |0|1]| 5 140 (0|1 6
vl | r3|v5|r3 157 |0|1]25[102|0|1| 4 13 |0|1| 10 [ 178 |0 |1 7.8
vi|r3|vli|r4| 5 |0/0O[21]173|0|0O| 1 [101|1|1] 15 [109 |0|0O] 2
vi|r3|v2|r4 166 |0)1]|12] 67 |1|0|16] 9% |0|1] 25 |119|0|0] 12
vi|r3|v3|r4|105]|0|1[15]|145 10|14 ] 40 |1|0] 5 83 |1|/0] 6
vi|r3|v4|r4 (133 |0/1[28] 9 |1|0|18] 12 |1|0] 6 92 |0J1] 9
vi|r3|v5|r4| 33 |[1/0[28|104|1|{0|35] 80 |1|0] 5 182 |10 99
v2 |r3|v3|r3|108|1/0[15] 8 |1|0|15] 8 |0|1] 3 115 |1|0| 4
v2 | r3 |v4| 3| 72 |0)1]25] 71 |1|0|25]179|0|1] 5 113 (0|1 9
v2 | r3|v5|r3| 63 |1/0]18]122 0125|108 |0|1]| 4 21 |1/0] 8
v2 | r3|vl|r4| 8 |1|1[12]|115|0(0|11] 24 |1|1] 3 19 |[1]1] 2
v2 | r3|v2|r4 140 0)0]22] 99 |1|0|11] 5 |0|1] 12 | 68 |0|0O] 11
v2 | r3 |v3|r4d| 47 |0)1]12]154 |1|0|12] 59 |1|0] 2 36 |[1/0] 17
v2 | r3|v4|r4 131 |0)1]15] 10 |O[1] 2 6 |1]0] 5 51 |1|0] 7
v2 | r3|v5|r4| 43 |0)1]28 | 88 |0|1|25] 70 |O0|1] 6 82 |0]1]99
v3|r3|v4|r3 |53 |0)1]12] 21 |0O|1|16] 30 |1|0] 2 111 |1]0 | 2
v3|r3|v5|r3| 3 |0)J1] 2 |130 1[0 3 42 |0|1] 4 129 |10 6
v3|r3|vl|r4| 78 |1)1]18] 35 |1[1]16]138|1|1]| 4 174 |00 | 85
v3 | r3|v2|r4 1250|013 ]159 |1|1|12]151 |1|1] 3 157 [1]1)] 2
v3|r3|v3|r4 147 |1|1]105/149 01|11 122 |1|0] 15 [180|1|1] 14
v3|r3|v4|r4 106 |1/0]212] 53 |1|0| 2 |18 |0|1] 3 62 |1/0] 6
v3|r3|v5|r4| vl |1/0]16] 36 |0O|1| 3 [144|1|0] 3 153 |0 1] 4
v4 | r3|v5|r3| 9 |1/0[12]13|0|1|12] 19 |1|0] 3 57 |1|/0] 13
vi | r3|vl|r4| 5 |0/0[28]| 50 |1|1|35]103|1|1] 5 176 |11 95
v4 | r3|v2|r4| 8 |0/0]|25] 15 |0|0|35]109|0|0] 3 104 |1]1) 82
vi | r3|v3|r4d| 61 |1)1]13] 32 |1[1]15]161|1|1] 4 30 |0JO] 3
vi | r3|v4|r4|173]0/0]211]126 |1|1|201]135|1|1] 15 |107|0|0] 18
vi | r3|v5|r4d| 6 |1|/0[13] 91 |01 2 43 |0]1] 3 61 |1/0] 11
vo | r3 |vl|r4d 112 1128|117 1|1 4 45 |0|0| 6 88 |1|1] 6
vo [r3|v2|r4| 8 |0/0O] 3 | 141 |1]|1|25]160|1|1] 6 152 |[1]1) 7
vo |r3|v3|r4 187 ]0/0[18] 98 |0|0|25] 21 |1|1] 7 52 |1]1] 5
vo [r3|v4|r4| 70 |1)1]11]15 (00|18 |147 |1|1] 2 13 |1]1] 14
vo | r3 |v5|r4 183 |1)1|105[151|0]0101]164 01| 15 |137]1]1]101
vi|r4d |v2|r4| 18 |0)1]214 ]| 57 |0|1|14]140|0|1] 3 38 |1|/0] 2
vi|r4d |v3|r4 132 |0)1[15]1vl |1]|0|12] 23 |O0|1] 5 94 |0]1] 6
vi|r4d |v4|r4 181 |1|/0]|25] 75 |0|1|25]119|0|1] 5 85 |0]1] 89
vi|r4d |v5|r4d | 94 |0]1]32]161 |O[1] 3 72 |1]0] 6 91 |1/0] 99
v2 |r4 |v3|r4| 8 |0)1]12] 19 |1|{0]12]182 |1]|0]| 4 vi |1|/0] 4
v2 |r4 |v4|r4| 36 |0)1]24] 62 |0]1]13]148|1|0] 3 42 |0]1)| 8
v2 | r4d |v5|r4 129 |1|/0[38 119 |0|1| 2 [ 134 |0|1] 6 78 |1/0] 9
v3|r4d |v4|r4| 28 |1/0[13] 69 |1|0|16]123|1|0] 2 66 |1/0] 6
v3|r4d |v5|r4| 45 |0)1]16] 70 |1]|0|25] 31 |1|0] 3 159 |10 8
vi|r4d |v5|r4| 17 |1/0]214] 92 |1]0|18] 5 |0|1] 3 183 [1]0] 13
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Appendix 5-A: MATLAB code to generate surface height map (section 5.1)

function ht = generate_ht2 (n, DDir, AVariance, beta, delta, nOrder, Flower, Fupper)

01.
02.
03.
04.
05.
06.
07.
08.
09.

010.
011.
012.
013.
014.
015.
016.
017.
018.
0109.
020.
021.
022.
023.
024.
025.
026.
027.
028.
029.
030.
031.
032.
033.
034.
035.
036.
037.
038.
0309.
040.
041.
042.

% Input

% n = size of surface, beta = roll of factor

% DDir = Dominant Angular Frequency

% AVariance = Angular Variance

% delta = RMS_roughness

% nOrder = Butterworth band-pass filter order

% Flower = lower cut-off frequency of band-pass filter

% Fupper = upper cut-off frequency of band-pass filter

% Output, ht = surface height map
%%%%%%%%%% %% %% %% %% %% %% %% %% %% % % % %% %% %%
ng=n/2; V=-repmat((-ng:ng-1)', 1,2*nq); U=repmat((-nq:ng-1), 2*nq,1);
f=sqrt(U.*U+V.*V); %Generating Frequencies

magl = fbeta_noise_spectrum (n, beta); % dfreg_noise spectrum
mag2 = angular_distribution (n, DDir, AVariance); %dtheta_angular distribution
magspec = magl.*mag2; magspec = ifftshift (magspec);
magspec(1,1) = 0; % making the magnitude of zero frequency equal to zero
PhaseSpec = random_phase (n);
%Converting to Cartesian Co-ordinate
[x y] = pol2cart(Phase_Spec, magspec); FSpectrum = X + i*y;
FSpectrum = fftshift(FSpectrum);
% Forcing conjugate symmetry in magnitude spectrum
for coll=(n/2+1):n
for rowl=2:n
ul=col1l-(n/2+1); v1=(n/2+1)-rowl,
if (~((ul==0) && (v1==0)))
FSpectrum (n+2-row1,n+2-col1l)=conj(FSpectrum (row1,coll));
end
end

End
%Butter-worth Band-pass filter
Bw = Fupper - Flower; Fo = sqrt(Fupper*Flower);
t = (1/Bw).*((f.~2-Fo./2)./f);
bpf = 1./(1+t.~(2*nOrder)); bpf = sqrt(bpf);
FSpectrum = FSpectrum.*bpf;
%Removing lower frequencies to have naturalistic appearance
FSpectrum(f<=8) = 0;
% Adjusting RMS roughness
FSpectrum = ifftshift(FSpectrum); ht_temp = real (ifft2(FSpectrum));
deltan = std2(ht_temp); % calculating deltan to normalize the spectrum
FSpectrum = FSpectrum.* (delta./deltan);
ht = real(ifft2(FSpectrum));
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Appendix 5-B: Order of surface pairs and observer’ responses for the experiment in

section 5.2.1

Separate effect of random phase spectrum (section 5.2.1)

e Screen 1 is on the left side of the observer and Screen 2 is on the right side of the observer

e Surface 1 = comparison surface and Surface 2 = standard surface

e rpl, rp2, rp3, rp4 and rp5 indicates different random phase spectra

e |f Swap Info = 0 then Surface 1 and 2 is presented on Screen 1 and 2 respectively

e |f Swap Info = 1 then Surface 1 and 2 is presented on Screen 2 and 1 respectively

e Order Number shows when the pair is presented during the experiment

o If Selected Surface = 0 then surface on screen 1 is selected as more directional and ratio is equal to
perceived directionality of surface on screen 1 to perceived directionality of surface on screen 2

o |f Selected Surface = 1 then surface on screen 2 is selected as more directional and ratio is equal to
perceived directionality of surface on screen 2 to perceived directionality of surface on screen 1

Surface Pair
comparison standard Observer 1 Observer 2 Observer 3
surface surface
Ey [Ez2 Fzo |52/ EBY o |58|EB8 o |58|EEY .
2E ES3 €53 |2E|e8Y 8 |BE| o8 B |2EE |28 B
g 858 2|02 |83 ® |O02|S8a © |02 S84 ¢
= L= wn wn wn

rpl 1.88 3.28 88 0| 0] 13 62 0|0 4 63 11| 4
rpl 1.88 3.28 36 111 13 50 0|0 3 24 0|01 3
rpl 1.88 3.28 1 00| 13 55 0|0 4 11 1113
rp2 1.88 3.28 48 1] 1| 12 84 1|1 3 33 00| 4
rp2 1.88 3.28 80 1] 1| 12 6 0|0 3 73 11113
rp2 1.88 3.28 49 1] 1| 12 14 0| 0| 28 31 0|01 3
rp3 1.88 3.28 63 1|11 12 28 0| 0] 26 55 0|0 4
rp3 1.88 3.28 42 00| 12 61 1|1 46 34 11113
rp3 1.88 3.28 59 1|11 12 71 111 3 49 11113
rp4 1.88 3.28 30 00| 12 24 0|0 4 36 0|0 4
rp4 1.88 3.28 16 00| 12 30 111 2 66 1112
rp4 1.88 3.28 65 1|11 12 67 0| 0] 25 1 11113
rp5 1.88 3.28 9 1|11 12 41 1|1 29 88 0|0 4
rp5 1.88 3.28 39 00| 12 31 1|1 22 50 0|01 3
rp5 1.88 3.28 40 1|11 12 59 111 4 40 0|01 3
rpl 1.88 4.69 73 0|1 15 34 110 4 32 0115
rpl 1.88 4.69 47 0|1 15 54 110 5 85 0115
rpl 1.88 4.69 11 0|1 15 90 0| 1] 55 9 1|10|5
rp2 1.88 4.69 52 1|10 12 68 01| 36 82 0|11 4
rp2 1.88 4.69 83 0|1 15 20 110 4 28 1|10|5
rp2 1.88 4.69 4 0|1 15 40 0| 1] 35 5 11013
rp3 1.88 4.69 78 0|11 16 64 110 4 39 0|11 4
rp3 1.88 4.69 87 0|11 13 51 110 4 74 1|10|5
rp3 1.88 4.69 76 0|11 13 9 0| 1] 45 12 0|11 4
rp4 1.88 4.69 79 0|11 18 37 01 4 4 0|11 4
rp4 1.88 4.69 45 1|10 13 58 1|10 35 45 1|10|5
rp4 1.88 4.69 46 1|10 13 80 01 5 54 110|5
rp5 1.88 4.69 55 0|11 13 86 1|0 | 45 19 1|10|5
rp5 1.88 4.69 27 1|10 13 65 110 4 38 0115
rp5 1.88 4.69 61 0|11 18 3 1|0 | 45 37 0|11 4
rpl 1.88 6.09 58 0| 0] 15 2 0|0 4 52 0|0 7
rpl 1.88 6.09 28 1|11 25 26 0|0 7.2 56 0|01 8




rpl 1.88 6.09 85 00| 18 78 1 ]1] 82 58 0]0]|8
rp2 1.88 6.09 6 0016 44 01]0 5 79 0107
rp2 1.88 6.09 12 111 2 49 010 5 76 1]1]7
rp2 1.88 6.09 19 010 2 33 0]0] 35 62 0[]0/ 8
rp3 1.88 6.09 90 1]1] 18 25 010 7 47 0]0]|6
rp3 1.88 6.09 53 1]1] 13 88 010 5 46 0]0]|6
rp3 1.88 6.09 41 1]1] 25 56 1]1 6 30 0]0]|6
rp4 1.88 6.09 62 00| 18 76 1]1 8 14 0]0]|6
rp4 1.88 6.09 37 1111 28 75 1]1 7 69 0[]0/ 8
rp4 1.88 6.09 14 1]1] 25 7 010 5 25 1]11]6
rp5 1.88 6.09 67 1]1] 18 12 010 4 3 0]0]|5
rp5 1.88 6.09 69 111 2 8 1]1 6 13 0]0]|5
rp5 1.88 6.09 7 1]1] 22 17 1]1 6 29 1]11]6
rpl 4.69 1.88 5 1]1] 18 69 01]0 4 65 0]0]|5
rpl 4.69 1.88 13 1]1] 18 60 1] 1] 45 26 1]1]5
rpl 4.69 1.88 82 1]1] 16 70 010 5 90 1]1]5
rp2 4.69 1.88 18 1]1] 15 7?2 010 6 51 1]1]5
rp2 4.69 1.88 75 1]1] 15 22 010 4 87 1]11]6
rp2 4.69 1.88 21 0015 89 1]1 5 21 1]11]6
rp3 4.69 1.88 81 0015 73 010 6 10 0[]0 4
rp3 4.69 1.88 34 1]1] 16 82 0] 0] 45 68 1]11]6
rp3 4.69 1.88 24 00| 18 43 0] 0] 45 22 1]1]5
rp4 4.69 1.88 64 00 13 74 0]0] 62 75 0]0]|6
rp4 4.69 1.88 66 00 13 16 010 4 61 1]1]5
rp4 4.69 1.88 77 1]1] 18 13 1] 1] 45 81 1]1]5
rp5 4.69 1.88 22 1]1] 18 83 0] 0] 42 8 1]1]5
rp5 4.69 1.88 38 111 2 7 010 6 70 1]1]6
rp5 4.69 1.88 50 00 13 19 0] 0] 42 67 1]1]5
rpl 4.69 3.28 44 01012 48 1]1 2 42 11113
rpl 4.69 3.28 15 01012 29 010 25 35 0]0]3
rpl 4.69 3.28 71 1]1] 12 63 111 3 57 00| 4
rp2 4.69 3.28 68 00 13 52 010 25 84 0]0]3
rp2 4.69 3.28 51 00 13 36 0] 0| 38 7 0]0]3
rp2 4.69 3.28 57 01012 39 111 3 20 11113
rp3 4.69 3.28 2 01012 53 010 3 16 0]0]3
rp3 4.69 3.28 20 1]1] 12 21 010 25 17 11113
rp3 4.69 3.28 29 1]1] 12 46 111 3 60 11113
rp4 4.69 3.28 17 01012 27 111 4 44 0102
rp4 4.69 3.28 35 00 13 66 111 4 2 0]0]3
rp4 4.69 3.28 43 1]1] 12 18 111 4 59 0]0]3
rp5 4.69 3.28 89 01012 81 1] 1] 42 41 0]0]3
rp5 4.69 3.28 60 1]1] 13 87 111 3 83 0]0]3
rp5 4.69 3.28 23 1]1] 13 10 01]0 3 86 11114
rpl 4.69 6.09 86 01012 1 01]0 2 48 11113
rpl 4.69 6.09 33 1]1] 12 38 01]0 2 53 11113
rpl 4.69 6.09 54 1]1] 13 47 0]0]| 18 18 0]0]3
rp2 4.69 6.09 25 01012 15 1 ]1] 35 23 0102
rp2 4.69 6.09 84 1]1] 12 57 1 ]1] 35 7 11112
rp2 4.69 6.09 10 01012 23 1 ]1] 35 6 0102
rp3 4.69 6.09 70 1]1] 12 32 010 25 15 11112
rp3 4.69 6.09 32 1]1] 12 11 111 3 7?2 11113
rp3 4.69 6.09 3 1]1] 12 45 0]0]| 18 78 11112
rp4 4.69 6.09 31 111] 13 5 0] 0] 25 71 0014
rp4 4.69 6.09 72 111] 13 79 111 4 43 0013
rp4 4.69 6.09 74 0] 0] 12 85 0|0 4 27 0013
rps 4.69 6.09 56 0] 0] 12 42 111 4 80 1112
rps 4.69 6.09 8 111] 12 35 111 3 64 0] 012
rps 4.69 6.09 26 0] 0] 12 4 1]11] 28 89 11113
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Separate effect of random phase (section 5.2.1)

Surface Pair

. standard Observer 4 Observer 5
comparison surface
surface
o o
Ey |Ezo | Ezo | 55| E B8l o | 58| E |28 o
28 253 | €53 | EE | o |BE| 8| EE | 2 |8E| §
g S=g|8=g | Q2| 2z |83 | C2| 283 ¢
rpl 1.88 3.28 63 1 1 1.4 53 1 1 4
rpl 1.88 3.28 24 0 0 1.5 4 1 1 6
rpl 1.88 3.28 11 1 1 1.4 14 0 0 3.5
rp2 1.88 3.28 33 0 0 1.2 57 1 1 4
rp2 1.88 3.28 73 1 1 1.3 78 0 0 5
rp2 1.88 3.28 31 0 0 1.3 90 1 1 4
rp3 1.88 3.28 55 0 0 1.2 2 0 0 4
rp3 1.88 3.28 34 1 1 1.3 38 0 0 3
rp3 1.88 3.28 49 1 1 1.4 77 0 0 4
rp4 1.88 3.28 36 0 0 1.4 73 0 0 2.5
rp4 1.88 3.28 66 1 1 1.3 88 0 0 3.5
rp4 1.88 3.28 1 1 1 1.5 15 1 1 6
rp5 1.88 3.28 88 0 0 1.3 71 1 1 2
rp5 1.88 3.28 50 0 0 1.4 48 1 1 5
rp5 1.88 3.28 40 0 0 1.3 11 0 0 3
rpl 1.88 4.69 32 0 1 1.4 5 0 1 7
rpl 1.88 4.69 85 0 1 1.5 52 0 1 8.5
rpl 1.88 4.69 9 1 0 1.4 59 0 1 7
rp2 1.88 4.69 82 0 1 1.4 39 1 0 6
rp2 1.88 4.69 28 1 0 1.4 50 0 1 8
rp2 1.88 4.69 5 1 0 1.7 60 0 1 7
rp3 1.88 4.69 39 0 1 1.7 33 1 0 8.5
rp3 1.88 4.69 74 1 0 1.3 24 0 1 8.9
rp3 1.88 4.69 12 0 1 1.7 69 1 0 8
rp4 1.88 4.69 4 0 1 1.5 56 0 1 7
rp4 1.88 4.69 45 1 0 1.8 80 1 0 5
rp4 1.88 4.69 54 1 0 1.4 51 0 1 8
rp5 1.88 4.69 19 1 0 1.6 6 1 0 8
rp5 1.88 4.69 38 0 1 1.6 68 1 0 6
rp5 1.88 4.69 37 0 1 1.6 54 1 0 6
rpl 1.88 6.09 52 0 0 1.7 25 0 0 10
rpl 1.88 6.09 56 0 0 1.6 83 1 1 10
rpl 1.88 6.09 58 0 0 1.6 43 1 1 10
rp2 1.88 6.09 79 0 0 15 18 1 1 10
rp2 1.88 6.09 76 1 1 1.6 41 1 1 10
rp2 1.88 6.09 62 0 0 15 58 1 1 10
rp3 1.88 6.09 47 0 0 1.9 89 1 1 10
rp3 1.88 6.09 46 0 0 1.7 19 0 0 10
rp3 1.88 6.09 30 0 0 1.6 31 0 0 10
rp4 1.88 6.09 14 0 0 1.7 46 1 1 10
rp4 1.88 6.09 69 0 0 1.7 45 1 1 10
rp4 1.88 6.09 25 1 1 1.7 64 0 0 9.5
rp5 1.88 6.09 3 0 0 2 74 1 1 8.9
rp5 1.88 6.09 13 0 0 1.8 85 0 0 10
rp5 1.88 6.09 29 1 1 1.6 37 1 1 9
rpl 4.69 1.88 65 0 0 15 67 1 1 8
rpl 4.69 1.88 26 1 1 1.6 82 1 1 8
rpl 4.69 1.88 90 1 1 15 13 1 1 8
rp2 4.69 1.88 51 1 1 15 72 0 0 3
rp2 4.69 1.88 87 1 1 1.4 75 0 0 9
rp2 4.69 1.88 21 1 1 1.7 84 1 1 9
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rp3 4.69 1.88 10 0 0 1.6 47 0 0 9
rp3 4.69 1.88 68 1 1 15 12 0 0 7
rp3 4.69 1.88 22 1 1 1.8 61 1 1 8
rp4 4.69 1.88 75 0 0 13 66 1 1 6.8
rp4 4.69 1.88 61 1 1 14 27 1 1 8
rp4 4.69 1.88 81 1 1 15 62 1 1 8
rps 4.69 1.88 8 1 1 1.7 28 0 0 7.5
rp5s 4.69 1.88 70 1 1 15 49 0 0 7.8
rps 4.69 1.88 67 1 1 15 81 1 1 7
rpl 4.69 3.28 42 1 1 13 30 1 1 4
rpl 4.69 3.28 35 0 0 13 7 0 0 4
rpl 4.69 3.28 57 0 0 13 35 0 0 5
rp2 4.69 3.28 84 0 0 1.2 79 0 0 3
rp2 4.69 3.28 77 0 0 125 34 0 0 6
rp2 4.69 3.28 20 1 1 14 36 0 0 4
rp3 4.69 3.28 16 0 0 13 32 1 1 4
rp3 4.69 3.28 17 1 1 13 16 0 0 5
rp3 4.69 3.28 60 1 1 1.2 65 1 1 3.5
rp4 4.69 3.28 44 0 0 13 10 1 1 2.4
rp4 4.69 3.28 2 0 0 15 87 1 1 2.2
rp4 4.69 3.28 59 0 0 1.2 26 0 0 3.4
rps 4.69 3.28 41 0 0 1.2 63 1 1 4
rp5 4.69 3.28 83 0 0 115 22 0 0 3
rps 4.69 3.28 86 1 1 1.2 29 1 1 6
rpl 4.69 6.09 48 1 1 1.2 8 1 1 3
rpl 4.69 6.09 53 1 1 1.2 44 0 0 3
rpl 4.69 6.09 18 0 0 14 76 1 1 4.3
rp2 4.69 6.09 23 0 0 13 9 1 1 3
rp2 4.69 6.09 7 1 1 14 86 1 1 4
rp2 4.69 6.09 6 0 0 14 55 0 1 15
rp3 4.69 6.09 15 1 1 13 70 0 0 2.5
rp3 4.69 6.09 72 1 1 1.2 3 0 0 3
rp3 4.69 6.09 78 1 1 1.2 17 0 0 3
rp4 4.69 6.09 71 0 0 115 21 1 1 1.6
rp4 4.69 6.09 43 0 0 1125 42 1 1 5
rp4 4.69 6.09 27 0 0 13 20 0 0 15
rps 4.69 6.09 80 1 1 1.2 23 1 1 3
rps 4.69 6.09 64 0 0 1.2 1 0 0 1.2
rp5 4.69 6.09 89 1 1 13 40 1 1 3.5

Appendix 5-C: Order of surface pair and observers’ responses for the experiment in
section 5.2.2.1

Separate effect of central radial frequency at low bandwidth (section 5.2.2.1)

Screen 1 is on the left side of the observer and Screen 2 is on the right side of the observer

If Swap Info = 0 then Surface 1 and 2 is presented on Screen 1 and 2 respectively

If Swap Info = 1 then Surface 1 and 2 is presented on Screen 2 and 1 respectively

Order Number shows when the pair is presented during the experiment

If Selected Surface = 0 then surface on screen 1 is selected as more directional and ratio is equal to
perceived directionality of surface on screen 1 to perceived directionality of surface on screen 2

e If Selected Surface = 1 then surface on screen 2 is selected as more directional and ratio is equal to
perceived directionality of surface on screen 2 to perceived directionality of surface on screen 1
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Surface Pair
Surface | Surface Observer 1 Observer 2 Observer 3
1 2
o o o

‘_Eng @3? 5E|E|88| o [58|5|128 o |58 £ |28 e

ES3|ES3|2E|g2|2t| 8 |2EE| g|2t| B |EE| g |2E| B

=8| 82|02 |2(g3a| |02 |2 |83 |02 £ 83| ¢

Y— Y— [7p) wn [7p)

1.88 2.58 74 0 0 1.2 29 1 1 14 | 32 0 0 2.5
1.88 3.28 85 0 0 1.3 2 1 1 14 | 92 0 0 2
1.88 3.98 113 | 0 0 1.3 62 0 0 2 120 | 0O 0 3
1.88 4.69 49 0 0 1.5 55 0 0 23 | 20 1 1 4
1.88 5.39 31 0 0 1.3 48 0 0 28 | 25 0 0 4
1.88 6.09 15 1 1 1.2 19 1 1 3 65 0 0 3
1.88 6.80 34 1 1 1.5 107 1 1 35 | 54 0 0 4
1.88 7.50 75 0 0 2 112 0 0 3 31 1 1 5
1.88 8.20 92 1 1 2 82 1 1 4 108 1 1 4
1.88 8.91 19 1 1 2 106 1 1 4 41 0 0 6
1.88 9.61 53 0 0 2 3 0 0 35 | 104 1 1 4
1.88 10.31 84 0 0 3 119 0 0 45 | 37 0 0 8
1.88 11.02 4 1 1 2 30 1 1 4 11 1 1 7
1.88 11.72 23 0 0 1.1 35 0 0 4 1 1 1 6
1.88 12.42 79 1 1 3 17 1 1 45 | 91 1 1 5
2.58 3.28 40 1 1 1.2 23 0 0 12 | 29 0 0 2
2.58 3.98 58 0 0 1.1 28 0 0 15 | 39 1 1 3
2.58 4.69 71 1 1 1.2 108 0 0 2 30 0 0 3
2.58 5.39 119 | 0 0 1.3 26 1 1 2 40 0 0 4
2.58 6.09 60 0 0 1.3 24 1 1 2 42 0 0 4
2.58 6.80 83 0 0 2 31 1 1 3.8 | 116 1 1 3
2.58 7.50 50 1 1 15 87 1 1 35 | 71 0 0 3
2.58 8.20 66 1 1 1.8 40 1 1 26 | 73 0 0 5
2.58 8.91 63 1 1 2 51 0 0 28 | 111 | 0 0 5
2.58 9.61 80 1 1 2.5 43 0 0 35 | 59 0 0 6
2.58 10.31 112 1 1 1.8 25 0 0 35 | 43 0 0 5
2.58 11.02 78 1 1 2 57 1 1 4 62 1 1 5
2.58 11.72 7 1 1 2 71 1 1 4 110 | O 0 6
2.58 12.42 61 0 0 2 64 0 0 42 | 52 0 0 8
3.28 3.98 54 0 0 1.2 20 1 1 16 | 13 0 0 3
3.28 4.69 73 1 1 1.2 27 0 0 18 | 44 0 0 3
3.28 5.39 11 0 0 1.2 89 0 0 24 | 53 0 0 3
3.28 6.09 106 1 1 1.2 95 0 0 25 | 107 1 1 2
3.28 6.80 111 | 0 0 1.6 33 0 0 2 47 0 0 3
3.28 7.50 87 1 1 15 9 1 1 2.8 | 99 0 0 2.5
3.28 8.20 62 0 0 2.5 77 1 1 25 | 48 0 0 5
3.28 8.91 18 0 0 2 101 1 1 3 63 0 0 4
3.28 9.61 21 1 1 1.3 11 1 1 3 14 0 0 5
3.28 10.31 56 1 1 2 12 0 0 35 | 19 1 1 5
3.28 11.02 69 1 1 2.5 86 0 0 4 93 1 1 4
3.28 11.72 46 1 1 15 97 0 0 3.5 3 1 1 5
3.28 12.42 110 1 1 1.6 90 0 0 3.8 | 78 0 0 6
3.98 4.69 82 0 0 1.2 76 1 1 1.3 | 83 0 0 15
3.98 5.39 43 1 1 1.1 14 1 1 15 | 58 1 1 15
3.98 6.09 68 1 1 1.2 36 0 0 18 | 26 1 1 2
3.98 6.80 91 0 0 1.3 75 1 1 1.8 | 46 1 1 2
3.98 7.50 107 | O 0 1.3 54 1 1 2 45 0 0 3
3.98 8.20 6 1 1 1.2 8 1 1 2 94 1 1 3
3.98 8.91 51 0 0 1.3 81 1 1 3 82 0 0 3
3.98 9.61 35 1 1 15 50 1 1 22 | 76 0 0 3
3.98 10.31 76 0 0 1.2 18 0 0 42 | 86 1 1 3.5
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3.98 11.02 29 1 1 1.3 | 115 1 1 29 | 72 0 0 4
3.98 11.72 59 0 0 2 66 0 0 35 | 18 0 0 4
3.98 12.42 101 | O 0 11 | 117 | O 0 3 64 1 1 3
4.69 5.39 13 1 1 1.1 53 1 1 15 | 69 1 0 15
4.69 6.09 65 1 1 1.2 79 0 0 15 | 67 1 1 2
4.69 6.80 9 0 0 1.3 52 1 1 15 | 85 1 1 2
4.69 7.50 95 0 0 1.3 37 0 0 22 | 33 1 1 3
4.69 8.20 12 1 1 1.2 39 0 0 23 | 89 1 1 2
4.69 8.91 32 1 1 1.2 38 1 1 25 | 90 0 0 |25
4.69 9.61 52 0 0 1.2 1 1 1 28 | 22 1 1 3
4.69 10.31 117 | 1 1 1.2 72 1 1 3.5 6 1 1 4
4.69 11.02 118 | 1 1 1.3 42 0 0 2.9 9 0 0 5
4.69 11.72 103 | 1 1 12 | 103 | O 0 3.7 | 23 0 0 5
4.69 12.42 57 1 1 2 105 1 1 3.2 | 84 1 1 4
5.39 6.09 39 0 1 1.1 41 0 0 11 | 98 0 0 15
5.39 6.80 2 0 0 12 | 111 | O 0 15 106 | 1 1 15
5.39 7.50 38 1 1 1.2 73 1 1 2 16 1 1 2
5.39 8.20 28 1 1 1.2 | 109 1 1 2 (114 0 0 3
5.39 8.91 97 1 1 1.2 4 1 1 2 79 0 0 4
5.39 9.61 70 1 1 1.3 88 0 0 3 36 1 1 |25
5.39 10.31 108 | O 0 16 | 120 | O 0 32 118 O 0 4
5.39 11.02 86 0 0 1.3 16 1 1 21 | 51 1 1 3
5.39 11.72 33 0 0 12 | 102 | O 0 35 | 57 1 1 4
5.39 12.42 5 1 1 1.2 | 100 1 1 25 | 87 1 1 4
6.09 6.80 45 0 0 1.1 34 0 0 11 | 81 0 0 15
6.09 7.50 64 0 0 12 | 116 | O 0 15 4 0 0 2
6.09 8.20 41 1 1 1.1 49 0 0 2 24 0 0 3
6.09 8.91 114 | 0 0 1.2 67 0 0 25 | 70 1 1 2
6.09 9.61 25 0 0 1.1 45 0 0 2.6 | 60 1 1 2
6.09 10.31 1 0 0 1.3 84 1 1 23 | 38 1 1 3
6.09 11.02 26 1 1 11 | 118 | O 0 25 | 95 0 0 3
6.09 11.72 109 |1 1 1.2 63 1 1 22 | 10 1 1 3
6.09 12.42 16 0 1 1.1 94 0 0 25 | 34 0 0 3
6.80 7.50 67 0 0 1.2 78 1 1 13 112 0 0 3
6.80 8.20 24 0 0 1.1 70 1 1 15 | 21 1 1 2
6.80 8.91 37 1 1 1.1 65 1 1 28 [119| O 0 |25
6.80 9.61 100 | O 0 1.1 5 1 1 25 105 | 1 1 |25
6.80 10.31 30 0 0 12 1114 | 0 0 2 66 1 1 2
6.80 11.02 44 1 1 1.2 58 0 0 28 | 17 1 1 3
6.80 11.72 36 0 0 1.1 15 0 0 2 7 1 1 4
6.80 12.42 104 |1 1 1.1 13 0 0 3 28 0 0 4
7.50 8.20 8 1 1 1.1 59 0 0 18 | 115 | 1 0 2
7.50 8.91 105 |1 1 1.1 83 0 0 1.3 | 50 1 0 15
7.50 9.61 14 0 1 1.1 60 1 1 15 | 56 1 1 2
7.50 10.31 77 1 1 11 | 104 1 1 21 | 35 0 0 3
7.50 11.02 72 1 1 1.2 22 0 0 15 1102 | O 0 |25
7.50 11.72 3 1 1 1.1 68 0 0 2 88 0 0 3
7.50 12.42 55 0 0 1.1 96 1 1 28 (103 | 1 1 2
8.20 8.91 27 0 1 11 | 113 1 1 1.3 8 1 1 2
8.20 9.61 88 1 1 1.1 69 0 0 13 | 74 1 1 15
8.20 10.31 98 0 0 1.2 44 1 1 13 1001 | O 0 2
8.20 11.02 94 1 1 1.1 7 0 0 15 100 O 0 2
8.20 11.72 89 1 1 11 85 1 1 2 17 0 0 3
8.20 12.42 102 | 0 1 1.1 56 0 0 15 | 27 1 1 3
8.91 9.61 20 0 0 1.1 61 0 0 |105] 2 0 0 2
8.91 10.31 115 | 1 1 1.1 46 0 0 14 | 15 0 0 1.4
8.91 11.02 120 | 1 1 1.1 80 1 1 12 1109 | 1 1 2
8.91 11.72 81 0 0 11 | 110 | O 0 1.2 | 80 0 0 3
8.91 12.42 42 1 1 11 93 1 1 14 | 75 1 1 2
9.61 10.31 10 1 1 11 91 1 1 15 | 49 0 0 2
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9.61 11.02 93 1 1 1.1 47 1 1 13 | 113 | 0 0 2
9.61 11.72 90 0 0 1.1 74 0 0 1.1 | 55 1 1 2
9.61 12.42 48 0 0 1.2 92 0 1 1.1 | 12 0 0 3
10.31 11.02 96 0 0 1.1 98 0 0 1.2 | 97 0 0 2
10.31 11.72 47 1 1 1.1 6 0 1 1.2 | 117 0 0 2
10.31 12.42 22 0 1 1.1 99 1 1 1.2 | 96 1 1 2
11.02 11.72 116 1 1 1.1 10 1 1 15 5 0 0 2
11.02 12.42 99 0 1 1.1 21 1 1 1.2 | 68 0 0 2
11.72 12.42 17 1 1 1.1 32 0 1 1.2 | 61 0 0 15
_I Observer Observer Observer
1.88 2.58 92 0 0 1.2 32 0 0 2 92 0 0 1.3
1.88 3.28 88 0 0 1.4 92 0 0 4 88 0 0 1.2
1.88 3.98 36 1 1 15 120 0 0 3 36 1 1 2
1.88 4.69 1 0 0 1.7 20 1 1 6 1 0 0 3
1.88 5.39 48 1 1 1.8 25 0 0 9 48 1 1 3
1.88 6.09 100 1 1 15 65 0 0 7.8 | 100 1 1 3
1.88 6.80 80 0 0 1.6 54 0 0 8 80 0 0 4
1.88 7.50 49 1 1 2 31 1 1 8 49 1 1 4
1.88 8.20 63 0 0 1.6 108 1 1 95 | 63 0 0 4
1.88 8.91 115 | 0 0 15 41 0 0 9 115 | 0 0 5
1.88 9.61 42 1 1 1.6 104 1 1 10 42 1 1 6
1.88 10.31 59 1 1 15 37 0 0 10 59 1 1 5
1.88 11.02 30 1 1 2 11 1 1 10 30 1 1 4
1.88 11.72 16 0 0 2.1 1 1 1 10 16 0 0 7
1.88 12.42 104 | 0 0 2 91 1 1 10 | 104 | O 0 5
2.58 3.28 65 1 1 1.1 29 0 0 13 | 65 1 1 2
2.58 3.98 9 1 1 1.3 39 1 1 3 9 1 1 2
2.58 4.69 39 0 0 1.3 30 0 0 25 | 39 0 0 2
2.58 5.39 101 | O 0 1.3 40 0 0 25 101 | O 0 2
2.58 6.09 40 1 1 14 42 0 0 7 40 1 1 3
2.58 6.80 113 | 0 0 1.6 116 1 1 4 113 | 0 0 3
2.58 7.50 5 1 1 1.6 71 0 0 7 5 1 1 3
2.58 8.20 13 1 1 1.6 73 0 0 6.6 | 13 1 1 4
2.58 8.91 107 1 1 14 111 0 0 9 107 1 1 5
2.58 9.61 82 0 0 1.4 59 0 0 9.9 | 82 0 0 3
2.58 10.31 18 0 0 1.7 43 0 0 8 18 0 0 8
2.58 11.02 75 0 0 1.8 62 1 1 10 75 0 0 10
2.58 11.72 109 1 1 1.8 110 0 0 9 109 1 1 5
2.58 12.42 21 0 0 1.8 52 0 0 95 | 21 0 0 8
3.28 3.98 81 1 1 1.1 13 0 0 2 81 1 1 15
3.28 4.69 34 0 0 1.3 44 0 0 25 | 34 0 0 15
3.28 5.39 24 1 1 1.3 53 0 0 2 24 1 1 4
3.28 6.09 64 0 0 1.3 107 1 1 35 | 64 0 0 3
3.28 6.80 111 1 1 1.2 47 0 0 6 111 1 1 3
3.28 7.50 66 1 1 1.2 99 0 0 5 66 1 1 3
3.28 8.20 114 1 1 1.4 48 0 0 6.5 | 114 1 1 3
3.28 8.91 77 1 1 1.4 63 0 0 5 77 1 1 3
3.28 9.61 22 0 0 1.7 14 0 0 8 22 0 0 5
3.28 10.31 38 1 1 1.6 19 1 1 7 38 1 1 4
3.28 11.02 50 0 0 1.4 93 1 1 8 50 0 0 4
3.28 11.72 97 0 0 1.4 3 1 1 9 97 0 0 4
3.28 12.42 58 1 1 1.4 78 0 0 8.9 | 58 1 1 4
3.98 4.69 105 1 1 1.1 83 0 1 1.2 | 105 1 0 1.2
3.98 5.39 28 0 0 1.3 58 1 1 2 28 0 0 15
3.98 6.09 85 1 1 1.2 26 1 1 4 85 1 1 15
3.98 6.80 6 1 1 1.3 46 1 1 35 6 1 1 2
3.98 7.50 12 1 1 1.3 45 0 0 43 | 12 1 1 3
3.98 8.20 19 1 1 15 94 1 1 7 19 1 1 4
3.98 8.91 90 1 1 1.2 82 0 0 4 90 1 1 15
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3.98 9.61 53 1 1 1.3 76 0 0 45 | 53 1 1 3
3.98 10.31 41 0 0 1.3 86 1 1 6 41 0 0 4
3.98 11.02 62 0 0 14 72 0 0 5 62 0 0 3
3.98 11.72 94 1 1 1.3 18 0 0 6 94 1 1 4
3.98 12.42 37 0 0 1.6 64 1 1 85 | 37 0 0 4
4.69 5.39 119 | 0 1 1.1 69 1 1 2 (119 0 0 3
4.69 6.09 14 0 0 1.2 67 1 1 28 | 14 0 0 15
4.69 6.80 67 1 1 1.2 85 1 1 3 67 1 1 1.1
4.69 7.50 69 1 1 1.1 33 1 1 3 69 1 1 15
4.69 8.20 7 1 1 1.2 89 1 1 2.8 7 1 1 3
4.69 8.91 95 0 0 1.2 90 0 0 4 95 0 0 3
4.69 9.61 93 0 0 1.3 22 1 1 5 93 0 0 3
4.69 10.31 44 1 1 1.3 6 1 1 7 44 1 1 3
4.69 11.02 99 0 0 1.3 9 0 0 6 99 0 0 2
4.69 11.72 103 | O 0 1.3 23 0 0 8 |103] O 0 3
4.69 12.42 15 1 1 1.6 84 1 1 35 | 15 1 1 4
5.39 6.09 71 0 1 1.2 98 0 0 2 71 0 1 1.1
5.39 6.80 68 1 1 |115| 106 1 1 2 68 1 1 15
5.39 7.50 51 1 1 1.2 16 1 1 3 51 1 1 2
5.39 8.20 57 1 1 12 | 114 | O 0 23 | 57 1 1 15
5.39 8.91 118 | O 0 1.3 79 0 0 35 [118| O 0 4
5.39 9.61 2 1 1 1.3 36 1 1 3 2 1 1 4
5.39 10.31 116 | 1 1 14 | 118 | O 0 35 116 | 1 1 3
5.39 11.02 20 1 1 1.3 51 1 1 5 20 1 1 4
5.39 11.72 29 1 1 1.6 57 1 1 35 | 29 1 1 1
5.39 12.42 17 1 1 1.3 87 1 1 4 17 1 1 4
6.09 6.80 35 0 1 1.1 81 0 0 12 | 35 0 1 1.1
6.09 7.50 43 0 0 1.1 4 0 0 2 43 0 0 2
6.09 8.20 89 1 1 1.2 24 0 0 4 89 1 1 15
6.09 8.91 106 | O 0 1.1 70 1 1 36 {106 | O 0 15
6.09 9.61 60 0 0 1.3 60 1 1 35 | 60 0 0 2
6.09 10.31 23 0 0 1.5 38 1 1 4 23 0 0 4
6.09 11.02 73 0 0 1.3 95 0 0 26 | 73 0 0 2
6.09 11.72 47 1 1 1.3 10 1 1 6 47 1 1 2
6.09 12.42 120 | 1 1 1.3 34 0 0 2 120 1 1 4
6.80 7.50 11 0 0 11 112 | 0 0 12 | 11 0 1 15
6.80 8.20 52 0 0 1.1 21 1 1 2 52 0 0 15
6.80 8.91 83 1 1 131119 | 0 0 28 | 83 1 1 15
6.80 9.61 4 0 0 1.2 | 105 1 1 15 4 0 0 3
6.80 10.31 78 1 1 14 66 1 1 35 | 78 1 1 3
6.80 11.02 87 1 1 1.1 77 1 1 3.8 | 87 1 1 1.5
6.80 11.72 76 0 0 1.5 7 1 1 3 76 0 0 2
6.80 12.42 117 | 0 0 13 28 0 0 13 117 O 0 3
7.50 8.20 79 0 0 1.2 | 115 1 0 12 | 79 0 0 1.2
7.50 8.91 45 1 1 1.2 50 1 1 12 | 45 1 1 15
7.50 9.61 46 0 0 1.2 56 1 1 15 | 46 0 0 15
7.50 10.31 55 0 0 1.2 35 0 0 15 | 55 0 0 1.5
7.50 11.02 102 | 0 0 12 | 102 | O 0 2 102 O 0 2
7.50 11.72 27 0 0 1.5 88 0 0 3 27 0 0 2
7.50 12.42 108 | O 0 1.3 | 103 1 1 15 108 | O 0 2
8.20 8.91 112 | 0 1 1.1 8 1 1 2 (112 0 1 15
8.20 9.61 96 1 1 1.1 74 1 1 1.2 | 96 1 1 2
8.20 10.31 61 1 1 12 1101 | O 0 12 | 61 1 1 1.1
8.20 11.02 86 0 0 11 | 100 | O 0 2 86 0 0 15
8.20 11.72 98 1 1 1.2 17 0 0 2 98 1 1 15
8.20 12.42 33 0 0 1.3 27 1 1 15 | 33 0 0 3
8.91 9.61 54 0 0 1.1 2 0 0 12 | 54 0 1 15
8.91 10.31 25 1 1 11 15 0 0 15 | 25 1 1 15
8.91 11.02 84 1 1 1.2 | 109 1 1 12 | 84 1 1 1.1
8.91 11.72 10 0 0 1.2 80 0 0 1.2 | 10 0 0 2
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8.91 12.42 70 1 1 1.2 75 1 1 25 | 70 1 1 1.5
9.61 10.31 32 0 0 1.1 49 0 0 12 | 32 0 1 1.1
9.61 11.02 3 1 1 11 | 113 | 0 0 1.2 3 1 1 1.1
9.61 11.72 31 1 1 1.2 55 1 1 12 | 31 1 1 1.1
9.61 12.42 91 1 1 1.2 12 0 0 2 91 1 1 1.1
10.31 11.02 110 | 1 1 11 97 0 1 12 110 1 1 |15
10.31 11.72 72 1 1 1.1 | 117 0 0 12 | 72 1 1 |11
10.31 12.42 74 0 0 11 96 1 0 12 | 74 0 0 |15
11.02 11.72 56 0 0 11 5 0 1 1.2 | 56 0 1 |11
11.02 12.42 8 1 1 11 68 0 1 1.2 8 1 1 |11
11.72 12.42 26 0 0 11 61 0 1 12 | 26 0 1 |11

Appendix 5-D: Order of surface pairs and observers’ responses for the experiment in
section 5.2.2.2

Separate effect of central radial frequency at higher bandwidth (section 5.2.2.2)

e Screen 1 is on the left side of the observer and Screen 2 is on the right side of the observer
e If Swap Info = 0 then Surface 1 and 2 is presented on Screen 1 and 2 respectively
e If Swap Info = 1 then Surface 1 and 2 is presented on Screen 2 and 1 respectively
e Order Number shows when the pair is presented during the experiment
e |f Selected Surface = 0 then surface on screen 1 is selected as more directional and ratio is equal to
perceived directionality of surface on screen 1 to perceived directionality of surface on screen 2
e |f Selected Surface = 1 then surface on screen 2 is selected as more directional and ratio is equal to
perceived directionality of surface on screen 2 to perceived directionality of surface on screen 1
Surface Pair
Observer 1 Observer 2 Observer 3
S Surface 1 | Surface 2
©
o o o
g ET_sg Tgc—gg 53| 2|88 o |58|5|88 2|58/ E(88 0
® | S35 585 |55 8|25/ & |55 8|25/ 8|58 8|25/ &
E=2|8-28|02|2|383 22|83 |02| = |8a|C
(= Y= (7] (2] wn
2.81 4.22 34 0 0 |52 11 1 1 4 | 12 | 1 1 |14
2.81 4.22 52 1 1 34| 30 1 1 3127 |0 0 2
2.81 4.22 41 0 0 3 28 1 1 3 8 1 1 116
2.81 5.63 38 0 0 8 26 1 1 5|51 1|0 0 |15
2.81 5.63 24 1 1 10 | 46 1 1 4 1 0 0 2
2.81 5.63 47 0 0 7 50 0 0 6 |31 |0 0 [25
2.81 7.03 15 0 0 10 | 35 1 1 8 | 17 | 1 1 |11
2.81 7.03 53 1 1 11 | 54 0 0 8 4 1 1 2
S 2.81 7.03 30 0 0 11 6 0 0 7110 |0 0 [25
o 4.22 5.63 44 1 1 4 13 1 1 |25] 7 1 1 |15
4.22 5.63 14 1 1 5 10 0 0 3123 |1 1 112
4.22 5.63 2 0 0 5 38 0 0 313 |0 0 [13
4.22 7.03 17 0 0 | 95| 42 1 1 4 | 47 | 0 0 [13
4.22 7.03 22 1 1 7 49 1 1 5 3 1 1 117
4.22 7.03 42 1 1 8 52 1 1 311510 1 |11
5.63 7.03 6 1 1 | 55| 17 1 1 3114 |0 0 |11
5.63 7.03 31 0 0 [ 42| 20 0 0 2 142 | 0 0 [13
5.63 7.03 48 0 0 5 37 1 1 3119 |1 1 |11
o 2.81 4.22 9 0 0 6 16 1 1 2 122 10 0 2
< 2.81 4.22 43 0 0 |22 2 0 0 |25] 4 | 0 0 2
2.81 4.22 7 1 1 5 24 1 1 4 | 36 | 1 1 116
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2.81 5.63 10 1 1 7 25 1 1 5 5 1 1 |16
2.81 5.63 45 0 0 8 44 0 0 5 11 | 0 0 |24
2.81 5.63 29 1 1 6 40 1 1 5| 45 | 1 1 |25
2.81 7.03 25 1 1 10 43 1 1 6 32 |0 0 |25
2.81 7.03 39 1 1 8 31 0 0 7 52 | 0 0 |18
2.81 7.03 3 0 0 9 15 0 0 7 13 | 0 0 |22
4.22 5.63 26 0 0 7 4 0 0 3 54 | 1 1 |15
4.22 5.63 13 1 1 6 33 0 0 3 20 | O 0 |14
4.22 5.63 28 0 0 4 8 0 0 3 33 |1 1 |18
4.22 7.03 18 0 0 | 8.9 3 0 0 4 18 | 1 1 |17
4.22 7.03 37 0 0 7 36 1 1 4 | 41 | 1 1 |15
4.22 7.03 16 1 1 8 29 0 0 6 50 | O 0 |15
5.63 7.03 40 0 0 4 32 1 1 3 16 | 1 1 |11
5.63 7.03 1 0 0 3 47 0 0 3 35 |1 1 |11
5.63 7.03 8 0 0 | 35| 18 0 0 3 29 | 1 1 |13
2.81 4.22 20 1 1 |42 39 0 0 4 | 48 | 1 1 |16
2.81 4.22 33 0 0 | 82| 45 0 0 4 124 |0 0 |18
2.81 4.22 5 0 0 4 34 0 0 4 139 |1 1 |17
2.81 5.63 32 0 0 10 9 0 0 6 34 |1 1 2
2.81 5.63 4 1 1 8 5 1 1 5 30 | 0 0 |23
2.81 5.63 51 0 0 | 85| 51 0 0 6 2 0 0 |18
2.81 7.03 49 0 0 |99 | 19 0 0 7 53 | 0 0 |18
2.81 7.03 11 1 1 9 14 1 1 8 9 0 0 |23
b 2.81 7.03 19 1 1 |105| 41 0 0 8 | 46 | 1 1 |25
o 4.22 5.63 35 0 0 5 12 0 0 4 126 | 0 0 |11
4.22 5.63 23 1 1 6 23 1 1 2 28 | 0 0 |15
4.22 5.63 50 0 0 | 32| 53 0 0 3| 43 |1 1 |18
4.22 7.03 21 1 1 5 1 1 1 3] 49 |1 1 2
4.22 7.03 36 0 0 4 21 0 0 4 |21 |1 1 |18
4.22 7.03 46 0 0 6.5 7 0 0 4 125 1]0 0 |1.2
5.63 7.03 54 0 0 3 48 0 0 3 38 | 1 1 (11
5.63 7.03 27 1 1 | 58| 27 0 0 3 6 0 0 |1.2
5.63 7.03 12 0 0 25| 22 1 1 3] 40 | 1 1 |11
_ Observer 4 Observer 5 Observer 6
2.81 4,22 40 0 0 2 2 1 1 (13| 20 |1 1 2
2.81 4,22 26 0 0 2.6 9 1 1 (14| 8 0 0 3
2.81 4,22 17 0 0 2 50 0 0 |15] 45 | 1 1 2
2.81 5.63 36 0 0 3 14 1 1 2 38 | 1 1 3
2.81 5.63 2 0 0 5 22 0 0 |23] 1 0 0 3
2.81 5.63 54 0 0 4 26 1 1 (25| 40 | 1 1 6
2.81 7.03 42 1 1 |35]| 17 0 0 3|48 |0 0 6
2.81 7.03 16 1 1 3 27 1 1 3 13 | 1 1 8
S 2.81 7.03 27 0 0 | 55| 29 0 0 |35] 17 | O 0 8
IS 4.22 5.63 30 1 1 3 21 1 1 |15 30 | O 0 2
4.22 5.63 18 1 1 1.5 7 0 0 |13] 34 | 1 1 2
4.22 5.63 23 0 0 | 35| 53 0 0 |13] 44 | 1 1 2
4.22 7.03 3 1 1 2.8 | 43 1 1 (18| 14 | 1 1 8
4.22 7.03 5 1 1 3 6 0 0 |24]| 53 | 0 0 6
4.22 7.03 9 0 0 | 55| 18 0 0 |28] 25 | 1 1 3
5.63 7.03 20 1 1 28 | 10 1 1 (13|50 |0 0 2
5.63 7.03 6 0 0 | 35| 15 0 0 |14] 23 | 1 1 2
5.63 7.03 29 0 0 26 | 39 1 1 (13| 27 |0 1 2
2.81 4,22 19 1 1 25| 23 1 1 (15| 29 | O 0 3
2.81 4,22 15 0 0 16 | 16 1 1 (14| 9 0 0 3
o 2.81 4,22 47 0 0 2 49 0 0 |16]| 2 0 0 5
@ 2.81 5.63 8 1 1 5 4 1 1 (25| 22 |1 1 4
2.81 5.63 31 0 0 |36 31 0 0 |25] 41 | 1 1 4
2.81 5.63 34 0 0 4 36 1 1 (28| 24 | 1 1 3
2.81 7.03 48 0 0 4 48 1 1 3 15 | 1 1 8
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2.81 7.03 14 0 0 5 40 1 1 23] 26 |1 1 2
2.81 7.03 25 1 1 5 8 1 1 28] 52 | 0 0 5
4.22 5.63 53 0 0 3 45 1 1 |13] 46 |1 1 3
4.22 5.63 7 0 0 4 28 1 1 |122] 37 |1 1 2
4.22 5.63 50 0 0 2 47 0 0 |12] 19 |1 1 4
4.22 7.03 39 0 0 4 3 0 0 |25] 18 | O 0 8
4.22 7.03 22 0 0 4 13 1 1 |13] 36 |1 1 5
4.22 7.03 45 1 1 3 42 1 1 23] 43 | 0 0 2
5.63 7.03 4 0 0 3 11 1 1 |12] 39 | 0 0 3
5.63 7.03 38 0 0 |24 | 32 0 0 |13] 42 | O 0 2
5.63 7.03 46 0 0 |15 34 0 0 |12 3 0 0 3
2.81 4.22 52 0 0 |18 33 1 1 |14] 31 |1 1 2
2.81 4.22 44 0 0 |28 | 4 1 1 |15] 10 |1 1 2
2.81 4.22 13 1 1 2 20 0 0 /18] 12 |1 1 3
2.81 5.63 10 1 1 /32| 30 0 0 313 |0 0 2
2.81 5.63 12 1 1 |45 5 1 1 2 1 28 |1 1 3
2.81 5.63 43 0 0 3 52 1 1 28] 54 |1 1 4
2.81 7.03 33 0 0 5 25 1 1 313 |0 0 6
2.81 7.03 24 0 0 6 37 0 0 3 151 |0 0 6
b 2.81 7.03 11 1 1 | 35| 44 0 0 |35] 21 |1 1 6
o 4.22 5.63 51 0 0 |15 46 1 0 |12 16 | O 0 5
4.22 5.63 37 0 0 [32] 12 1 1 |13] 5 1 1 6
4.22 5.63 41 1 0 |15 54 1 1 |12] 47 |1 1 3
4.22 7.03 21 0 0 5 24 1 1 |18] 11 | O 0 6
4.22 7.03 49 0 0 3 35 1 1 2 6 1 1 6
4.22 7.03 35 0 0 6 51 1 1 |13] 4 1 1 6
5.63 7.03 28 1 1 3 38 0 0 |13 3 | O 0 6
5.63 7.03 1 0 0 4 1 1 1 |13] 7 1 1 3
5.63 7.03 32 0 0 |35] 19 1 1 |13] 49 |1 1 3
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Appendix 6-A: Order of surfaces and observers’ responses for the experiment in

section 6.2

Effects of (one-way and two-way) four parameters together in a single experiment
(section — 6.2)

All comparison surfaces were paired with the standard surface and observers provided the ratio
between comparison and standard surfaces

58 8¢ |l S| ool el
g2, T S S e e e g S g e e
SES 8¢ o > o by by by o Y Y
S E3 8 8 8 8 8 8 8 8 8
>8 g8° o o) o) o) o) o) o o) o)

o o S o o o o o o
Z|lo|Z2|0|Z2| 0| Z2|0|Z2| 0| Z2|0|Z2|0|Z2]| o |Z2]| o

Y | LS|~ |5 8|58 E|E|5B EE|l5B &8 B 8B
S|X|T|e|B|e|B|le|T|d|8|d|D|e|B| x|T|x
o) O o) o) O o) O o) O

20.00 |3.75[2.34/0.01|81(7.6(143]|7.6/16| 14 [12] 7 [88]1.9(|86| 9 |[53(|2.4|90|8.75] 28] 4

20.00 |3.75[2.34/0.01]92(7.6] 9 |9.5] 6 [21.5/84 (65| 7 [2.1|30] 6 [26(3.5|72| 85| 4 | 3

20.00 |3.75[2.34/0.02[120(8.2| 56 |6.2[105| 20 |44 [7.5|72[35|70| 7 |86 (3.6|16| 10 [79] 7

20.00 |3.75(2.34/0.02[128]9.4[37| 8 [122] 20 99| 8 [19]3.5(37| 7 [13[|3.5|44| 12 [80] 7

51.48 |3.75[2.34/0.01|56 [4.8| 47 |5.1[127] 18 [80[5.5]/58]1.7|78| 5 | 5 | 2 |123|10.25] 57| 3

51.48 |3.75(2.34/0.01] 6 [45[28| 7 [66] 17 [62] 7 |31]1.3(|106] 6 [79(3.4|18| 9 [75]3.5

51.48 |3.75(2.34/0.02| 4 [7.8/26|7.5] 42| 17 | 27]6.5]/110[ 2.9 (145| 6 | 18| 3 |116] 8.5 [51] 4

51.48 |3.75(2.34/0.02] 2 [9.6/52[45[81|15[45] 6 [49(3.6(26| 5 [72(|3.5|34| 11 [24] 6

132.50 |3.75(2.34/0.01 |38 [1.4] 87 [3.1]128] 9 [35| 5 [118/1.6 |94 | 3 |146/2.4|140] 11 [95][1.8

132.50 |3.75[2.34/0.01 |22 [1.4]35[3.5| 61 | 16 [135/5.5]136] 1.6 [108| 6 |43 [2.2|61|8.75]17] 2

132.50 |3.75[2.34/0.02] 41 [7.1]103] 3 [ 4 [12] 9 | 4 |68]2.6(52| 4 [131|2.5|121|11.25] 32| 3

132.50 |3.75[2.34/0.02[82 [5.2 55 [2.2[ 75| 8 [18(3.5]/20]3.4(129] 5 [136| 3 |132|11.25[|146] 3

341.04 [3.75(2.34/0.01]99 (1.1 7 [ 3]107] 5 |1 |2 |98|1.9|76| 2 |24 |1.4]126] 11 |70(1.2

341.04 [3.75(2.34/0.01] 26 |1.1] 17 [2.6| 55| 5.5 [123]4.5|103| 1.6 | 21 [2.5[106]|1.7]| 95| 11 |26 1.5

341.04 [3.75(2.34/0.02| 60 1.2 14 [2.8]49] 14 | 10| 3 |104|1.8| 14| 3 [130]1.9]91 | 11.5(133|1.4

341.04 [3.75(2.34/0.02] 91 [1.8]111[2.2] 2 | 8 | 73| 4 |107| 2 [144]| 5 |27 |1.9]102] 12 |65(1.8

132.50 1.88]2.34/0.01| 11 [1.2]101]1.1]17[35]16| 3 [34| 1 [97]| 2 |143[1.1|52| 6 [141[1.2

132.50 [1.88]2.34/0.01]30[1.1|77[1.3[114] 4 |[70| 4 | 3 |15[|16| 3 |54 (2.2|115] 8 [53[1.5

132.50 |1.88]2.34/0.02 |86 [1.4[136[1.7| 47| 11 [103] 5 [86]1.6(83| 3 [19| 2 [139/105] 1 | 2

132.50 |1.88(2.34/0.02| 47 [2.8] 16 [3.2]126] 12 [ 61| 6 |74[1.9]91] 4 [11]25/969.75] 71 |2.2

132.50 |5.63(2.34/0.01]65| 2 [60[45(82| 7 [89| 5 |48]1.7(146] 6 |59 2 |58 85 [41] 2

132.50 |5.63(2.34/0.01]78| 5 [49| 5 [29] 17 [76| 6 [142] 2 [47| 5 |10| 3 10| 9 [45] 3

132.50 |5.63(2.34/0.02 [126|7.4| 68 [3.3[148[21.5/ 51 | 6 [123[3.5(110] 5 [411.9|29|105]40] 4

132.50 |5.63(2.34/0.02|67 [7.5(39[4.8[39| 21 [82| 6 |59] 5 [136] 9 |47(3.3|68| 11 [20] 6

132.50 |7.50(2.34/0.01]90 [7.2]119(6.2| 63 | 22 | 63| 6 [132]1.7|36| 6 |52(|2.2|92|105] 6 1.5

132.50 |7.50(2.34/0.01|57 | 7.5[142[4.9(132| 21 [ 79| 6 [121] 4 [60| 7 [132|3.2|24| 95 [10] 3

132.50 |7.50(2.34/0.02| 73 |7.6[127]4.4|111| 22 40| 6 |62] 6 |81 9 |50(2.4|147| 10 | 8135

132.50 |7.50(2.34/0.02|70|7.6| 75 [5.1(133] 22 | 95 [6.5]111| 45|93 | 10|48 25| 8 | 9.5 [123] 5

51.48 |3.75[0.94/0.01|87 [1.6] 4 [25(86| 10 | 37(6.5/124/ 19| 5 | 4 |55(2.5|120|10.75| 38 [1.8

51.48 |3.75[0.94/0.01[119]6.4[129] 3 [96 | 7 [139]6.5]122] 2.6 143 5 [111|2.8]/39|105]91] 4

51.48 |3.75[0.94/0.02[85(7.2|45[4.9(85| 16 |52 (6.5/21(3.2|29| 4 [64(|35| 1| 8 [54] 4

51.48 |3.75[0.94/0.02|14 [7.8[82[4.4[37| 17 [109] 7 [91]3.5(128] 7 [75(3.4|25| 9 [129] 7

51.48 |3.75(3.75/0.01|68 |7.2]139]4.5[116] 14 | 71| 6 [115] 1.8 132 8 |67 |2.3|129|10.25/ 89 | 3

51.48 |3.75(3.75/0.01|61 |7.6]109]3.7[101[18.5[119] 6 [25] 2 | 8 | 6 [49|25| 7 | 7.5 [121] 3

51.48 |3.75(3.75/0.02|80|7.5(116/5.3|67 | 18 [38|7.5/50(2.8|77| 6 |81 3 |87| 9 [116] 4

51.48 |3.75(3.75/0.02[139|7.4[137[4.4[ 12| 19 | 57| 6 [128/2.8|84| 5 [95(3.2|85| 9.5 [140| 5

51.48 |3.75(5.16]0.01[134|7.2(130[4.1| 84 | 20 [145| 6 [116] 1.5(123] 8 |[88] 2 |11 | 8.5 [122[2.2

51.48 |3.75(5.16/0.01[133]7.6|43[6.8] 7 | 19 |28 | 7 [129]1.8|57| 8 |20 (2.3|110] 9.5 [124[3.5

51.48 |3.75(5.16/0.02|18 |7.6|145|5.1| 5 | 22 [146] 7 [55]2.8|69| 5 |44 |2.6|15| 95 [ 18] 4
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5148 |3.75|5.16/0.02 |113|8.2|108| 4 | 11|17 |143| 7 |117]22|31| 8 | 7 | 3 [131]9.75|119] 4
20.00 |1.88|2.34/0.01|118|7.6] 6 | 9 |146(20.5/46| 4 |922.1|18| 9 |51(2.3[99|925|76| 6
20.00 |5.63|2.34/0.01|9419.6|125|7.5|62| 22 |128| 9 | 35| 3 |141] 9 |113] 3 |83 95 |52| 5
20.00 |7.50|2.34/0.01|69|9.6|40|9.6]138| 22 | 75| 9 |145] 3 |116]10|119|3.5|133|10.75/55| 7
5148 |1.88|2.34/0.01|25|7.2|186| 3 |35|15|87|5 |37|13|49| 7 |57]25/43]|105|68|25
51.48 |5.63|2.34/0.01|146|7.7|140{4.7|60 | 20 |58 |6.5/293.4|134| 7 |33|3.5/26| 9.5 |134|2.5
5148 |7.50|2.34/0.01|28|7.8|59| 7 |104| 21 |43|65| 1 |65|22| 6 |101] 3 |31 10 | 34|35
341.04 [1.88(2.34/0.01{63|1.2/12|1.8|53|25|86| 4 |41]1.2]142| 2 | 9 |14|74| 9 [137]1.2
341.04 |5.63|2.34/{0.01|76|16]/13| 4| 9| 9 |54| 3 |137/1.8|50| 3 |125[1.5|118]11.5|147|35
341.04 |7.50|2.34{0.01|53 |1.6(126/4.5|/95| 10 |60 |3.5/52| 4 |111| 6 |35|1.7|66|10.5|12 |23
20.00 |3.75|0.94/0.01|117|7.5]|102|{4.6|64 | 10 |138| 7 |38|1.8|126] 8 |36| 3 [81| 85 |39]| 5
20.00 |3.75|3.75/0.01|145|7.8|133| 8 |143|21.5]114| 8 | 2422|128 | 7 |110] 2 |146|10.25/87| 4
20.00 |3.75|5.16/0.01|89|7.6|44|7.2]|100{ 20 | 14|7.5|147|1.8|20|10|121{2.5|148|10.5|142] 4
132.50 |3.75]0.94{0.01|50(3.2|96|3.7|22| 7 [13]| 4 |[61| 2 |105] 5 |114|2.8|69| 9 |117|25
132.50 |3.75|3.75/0.01|75|4.8|15|45|45| 8 [17] 4 |106/15|64| 5 |148/2.9]104/8.75|101|1.9
132.50 |3.75/5.16/0.01|98 | 6 |113|2.1|14| 8 [141|45(51|1.6|68| 4 |100{19|12| 9 |126|2.2
341.04 [3.75]0.94{0.01|131]1.3|/94 |3.4]|124{ 11 |91 |45]| 5 |25|56| 3 |38[1.7|45|105]| 8 |13
341.04 |3.75|3.75{0.01|114/1.1|115/1.8|103| 2.5|132| 4 |47|15]| 4 | 3 | 2 [15]122] 11 |143|13
341.04 |3.75(5.16/0.01 {13 |1.4]74|1.2|131] 4 |94| 5|4 |18|34| 2 |60]|14]114/105] 5 |1.2
82.58 |1.88|0.47/0.01|58|15|85|16]102| 4 | 72| 5 |120{1.2|92| 3 |99(1.8|48| 85 |62]|15
8258 [1.88|1.41/0.01|42| 2 |24|42|23|58|68|55|/79|1.2|119] 4 |78(2.8|86| 8 |110|1.8
82.58 |1.88|2.34/0.01|83|6.5|/70[19]99| 12 |116|6.5|135/1.4|130] 4 |32|2.8|17| 85 |48|13
82.58 |1.88|3.28/0.01|36| 5 |58|2.6|58| 20 |142|5.5|114|1.9 |115] 8 |105/2.3|97| 9 |77]3.5
82.58 |3.75|0.47|0.01| 1 |15|48|4.8/41| 16 |130/6.5/40|2.3|55| 5 |74|3.1|/38|10,5|92|3.5
82.58 |3.75|1.41/0.01|66| 5 |50| 4 | 44| 14 |108|6.5/63|15|124| 6 |42(2.4|47| 10 |64| 2
82.58 |3.75|2.34/0.01|108|6.8|11 | 4 |144/17.5/65|6.5|139]2.2|63| 6 |139/2.8|13| 9 |107|3.2
82.58 |3.75|3.28/0.01|/20|6.2|23 45|77 |17 |4 | 6 |101]{19|66| 6 |90|2.6/33]|105|67|2.2
82.58 |5.63|0.47/0.01|72| 7 |120{4.8/38| 19 |59|75|66|3.2|85] 4 |141/3.1|{65|8.75|33| 4
82.58 |5.63|1.41/0.01|16|75|64|43|71| 7 |23|6 |87|31|131| 6 |77| 3 [84]|95|50]|2
82.58 |5.63|2.34/0.01|102|7.2|123|4.4|20| 19 | 77| 6 |80|32|27[ 4 |1 (25[/21|95|69]|3
82.58 |5.63|3.28/0.01|1916.2|38| 5 |68|19 |34|75/46|3.1|118] 6 |17| 3 |124/10.5|135] 3
8258 |7.50|0.47|0.01|39|7.6|/57| 5 |83|22|8 |7 /89| 4 |103] 9 |103|3.3|23| 95 |56 3
82.58 |7.50|1.41/0.01|130|7.6]|110{4.6]110] 21 |131| 8 |95| 4 |104] 9 |76|3.5/60| 9.5 |144| 3
82.58 |7.50|2.34/0.01|59|7.6|/63|55|25|20|83| 7 |16]| 6 |65] 7 |61| 3 |103|10.75/128| 4
82.58 |7.50/3.28/0.01|124|7.6|104|6.2|57 | 22 |117| 6 |130] 3 | 40| 8 |63 |3.3|111|10.25/ 36 |2.5
20.00 |3.75|2.34/0.01|140|7.4|121|7.6|142| 22 |104|7.5|140{15]| 9 | 8 |62 (25|32 | 10 |125] 4
20.00 |3.75|2.34/0.01|144|85|29 (85|89 |12 |124| 7 |90| 3 |140[ 8 |147] 3 |19| 95 |99]| 4
20.00 |3.75|2.34/0.02| 7 196|132 |7.8]69 | 21 |134|7.5|112]/29|54| 8 |25|3.5|/78|8.75|132| 6
20.00 |3.75|2.34/0.02|125|9.5|88 |7.5/98| 20 |140| 7 |22 | 3 |147| 8 |96(3.2|113/105|25| 7
5148 |3.75|2.34/0.01|110| 7 |144|6.5| 78| 15 |50|5.5|133/1.3|38| 5 |66[2.5[/94| 85 |100] 3
5148 |3.75|2.34/0.01|64|7.2|107|3.8]123| 15 |85| 7 |57|2.1|82| 5 |127] 3 |125] 10 |16|3.5
5148 |3.75|2.34/0.02|46| 7 |92 |4.6]139| 18 |126| 6 | 85| 2 |58 | 6 |129|3.2|141|10.5|85|3.2
5148 |3.75|2.34/0.02| 9 |7.6|81|3.9]109| 16 |92| 6 |109] 3 |72| 6 |65|3.5[/93|105|3 | 4
132.50 |3.75]2.34{0.0145|1.2|79|24]125] 9 [144| 5 |11|12|44| 3 | 6 |1.5]143]/9.75]118|1.1
132.50 |3.75]2.34{0.01|35|1.8|106/2.6|94 |5.5]105| 6 |39 |2.1|148| 6 |145(2.7|63 | 85 |98 |25
132.50 |3.75]2.34/0.02 |104/6.8| 80 |3.1]|134| 15 |90 |55]82|2.1|79| 4 |135(29| 2 | 85 |61 |15
132.50 |3.75]2.34{0.02| 77 |5.6/18 35|43 20 [42| 6 |32|29|39| 4 |97|3.1|27]10.5|60 |25
341.04 |3.75]2.34/0.01(115|1.1| 5 | 2 |108] 3 |29|2.5|71|1.3|139] 2 |133|1.4]145] 11 [145]11
341.04 |3.75]2.34/0.01{93]1.1/20|3.5/93|35|19]25|17]1.8|137| 3 |28]1.6]112|11.02|102|1.2
341.04 |3.75]2.34{0.02{40 |16| 8 |35|54| 6 |30| 2 |96|2.6|89| 3 |112{1.9|98|11.5]103|1.3
341.04 |3.75]2.34/0.0212 |1.6]84 |2.7|113] 20 | 11 [3.5|23 | 3.6 |112| 4 |144|1.7|49| 11 [49]1.2
132.50 |1.88]2.34/0.01]52|1.2|112|1.1]|115/3.2|66 | 4 |54|1.01|35| 2 |[40|1.2|76| 8 |9 |12
132.50 |1.88]2.34{0.01|71|1.3|148|1.2|79| 6 [69| 6 |77|14| 7 | 4 ]126] 2 |55| 7 |109| 2
132.50 |1.88]2.34{0.02| 5 [1.3|42| 2 |51|13[21|3.5]105/1.4|122| 4 |124|2.6]| 6 | 65 |22 3
132.50 |1.88]2.34{0.02|48 | 3 |76|1.8]92| 8 [133] 5 |36| 2 |43| 4 |58| 3 |119] 11 | 86|18
132.50 |5.63|2.34/0.01]121|1.8|78|2.9] 3 |11 [31]45]93|23|10| 6 |140{2.7|100/10.25| 44 |15
132.50 |5.63]2.34{0.01|32 |5.6|72|4.1|59 |21 [47| 5 |126/1.8|42| 5 | 8 |2.8]105]/10.5|113|35
132.50 |5.63]2.34/0.02| 8 |7.2|105|2.1]|147|21.5[137|6.5/70 /46|80 | 5 |73|33|71]95 |2 |3
132.50 |5.63]2.34{0.02|33 |7.6|114|3.5|33 |19 |64 (65|78 | 4 |138] 7 |91|2.8|35|115|74|45
132.50 | 7.50]2.34/0.01]116|7.2|66 |4.9]|65] 22 [113] 7 |97 /27|59 6 |69]|27]| 5| 6 [43]|21
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132.50 | 7.50|2.34|0.01 |142|7.5| 25 |6.5| 40 | 22 |122| 6 |102] 3 |107| 8 |108|3.2| 75| 10 |115/2.5
132.50 | 7.50|2.34|0.02 | 23 |7.6|89 |6.8|46 | 22 |53 | 7 |127/3.4|88| 9 |142|3.3|22| 10 |136| 4
132.50 | 7.50|2.34|0.02 | 74 |7.7|132|4.9/36 | 20 |88 | 5 |143] 4 |90| 8 |15|3.5|51|115]11| 4
51.48 |3.75|0.94/0.01/31 25|51 | 3 |130| 15 |127| 7 |84 13|99 | 3 |87 |2.7|67| 85 |138|1.5
51.48 |3.75)|0.94/0.01 |44 |55]|95|4.7|56 | 14 |107|7.5[15| 2 |33 | 3 |118) 3 |36| 95 [47| 3
51.48 |3.75)|0.94/0.02|107|65|61| 3 |72|6.5]101|75(27|25]|19| 4 |23|35] 3| 9 [114| 4
51.48 |3.75)|0.94/0.02|143|7.4|54 |2.8| 91 | 13 |148/7.5/10| 4 |87 | 6 |102|3.4|54| 85 |93 | 5
51.48 |3.75|3.75/0.01| 37 |4.8|138|3.8|137/ 20 | 6 | 6 {30 |1.1]135 8 |16| 2 |137| 9.5 |106] 3
51.48 |3.75|3.75/0.01 |51 |6.2|117/45]|28 |14 |20 75|76 18| 6 | 6 |94/2.8]|101|9.75|84 |3.5
51.48 |3.75|3.75/0.02/43|7.6|33|68]|24 |14 32| 6 | 8 |23|74| 8 |89)3.2|138|10.25/82 | 5
51.48 |3.75|3.75/0.02|147|7.6|21 | 5 |52 |19.5|120] 7 [131)2.2]|11| 7 |29|3.5/14]| 95 |13| 6
51.48 |3.75|5.16/0.01|111/6.8|46 62|48 |22 |3 | 6 |12|11]| 2 | 7 138 2 |37]| 95 |90|2.5
51.48 |3.75|5.16{0.01/15|7.6/93 43|30 | 22 |56 |5.5{100/1.9|73 | 8 |82]2.3]|136/9.75|14| 5
51.48 |3.75|5.16{0.02 112 7 |141/2.6|15| 12 |67 |6.5(94/2.6]|62| 8 | 3 |25/ 73| 85 |139]| 3
51.48 |3.75|5.16{0.02|135/7.6|22 48|50 | 18 |15| 6 [45|2.1]120| 6 |39|3.5|50| 10 [83| 5
20.00 |1.88)2.34/0.01/148|7.5|/27| 8 |90|19.5/96| 7 | 9 |15]12|10|37|25|64| 75 |88|3.5
20.00 |5.63)|2.34/0.01/132/9.8|97|7.6] 1 | 20 |111/8.5]148/2.5]|51 | 8 |83 |3.5]142|10.25[ 15| 7
20.00 |7.50)2.34{0.01/21|9.8|36(95]119/22 | 5| 9 (99| 3 |61| 9 |107)3.5/80|9.25|29]| 6
51.48 |1.88)2.34/0.01|138|6.5|124/3.1|21| 8 |106| 7 |18 12| 1 | 6 |84|2.7|59| 75 |97|1.8
51.48 |5.63|2.34/0.01/8475|134/78]|32 |17 | 2 | 7 |42|3.4]101| 6 |128/3.2|127] 11 |94 |3.5
51.48 |7.50)2.34/{001/79|76| 1 |10]|10| 16 |55|6.5(44|55|71| 7 |46|3.5]117| 95 |66 4
341.04 11.88|2.34/0.01|10)1.1] 3 |1.5/136] 3 |26|35| 6 |1.1]98]15/92|1.2| 9 | 65 | 7 |11
341.04 |5.63]2.34/0.01|62|1.4/69(3.6(112| 18 |36| 3 |75]2.6 |53 | 4 |120/1.9|79|10.5]105/2.5
341.04 |7.50|2.34/0.01|34|2.6|34 46| 76| 22 |102] 3 |14|2.2|117| 8 |137|1.9|41|115|35] 2
20.00 |3.75|0.94{0.01/95| 9 |131| 6 |88 |15|74| 7 |2 | 3 |23|5 (93| 3 |28]| 9.5 |148] 4
20.00 |3.75|3.75/0.01/105/8.2|41|7.8| 74| 20 |125/7.5]65|2.2]113|/10 |68 | 3 |134]|10.25/108| 4
20.00 |3.75|5.16{0.01/101| 8 |99|7.9|87 |21 |41 | 8 [125/1.8]102/10|31| 3 |56| 7.5 |30| 5
132.50 | 3.75|0.94/0.01 |96 |1.3|100{3.8/19| 9 |48 | 5 |56|2.4|95|2.5]|109/2.8]|130] 11 |104| 2
132.50 | 3.753.75|0.01 |109| 5 |147]|2.6|129| 11 |81|55/43|1.6|32| 4 |80|2.4]|109| 95 |78 1.8
132.50 |3.75|5.16/0.01|129| 2 |31 | 4 | 34| 9 |118]|6.5|113]22|25| 6 |85(1.9|88| 8 21| 3
341.04 |13.75]0.94/0.01|27|1.3|53|2.6/70| 4 |98| 6 |141]1.7|100| 2 |70]1.9|30| 9 |120/1.5
341.04 |13.75|3.75/0.01|122|1.2|90 |2.1| 8 | 7 |129|2.5|144|1.2 96| 2 |104|1.7|42]10.5|46|1.2
341.04 |13.75/5.16/0.01|127|1.2|19|1.8| 13| 4 |100| 5 |146]| 1.1 |109| 4 |134/1.6|/40| 11 |31 |16
82.58 11.88)|0.47/0.01/88]1.2|71|15]121| 4 |115 6 |83 |1.1]121| 3 |21)|1.8]107| 7.5 |42]|1.9
82.58 11.88|1.41|0.01/49| 2 |10|2.8|117| 8 |24 | 4 |69 |1.2]|46|2.5|117)2.5]128|9.75 |112] 2
82.58 11.88)|2.34/0.01/141/2.2|183|15]118| 7 |22| 3 |73|15]|17| 3 |115/2.4|77|8.25|63|1.8
82.58 ]11.88|3.28/0.01/17|7.2|67|25]106/ 19 |39| 5 |13|14|13| 9 |71|26|70| 7.5 |58|2.5
82.58 |3.75)|0.47/0.01|137]45|91| 3 |120| 9 |25|6.5/53|2.6|48| 3 | 4 |25]| 4 | 7.5 |130|2.9
82.58 |3.75]|1.41|0.01/136/4.5|62 |2.8|18 | 14 |121|/6.5|81| 2 125 6 |98 | 3 |46| 10 |37 | 2
82.58 |3.75|2.34/0.01/100/6.5|146/4.8| 27| 9 |93 |6.5|67|2.4]127| 6 |116/2.7]20| 85 |19 4
82.58 |3.75|3.28/0.01|97 |6.8|128|3.6|31 | 15 |147/6.5]108| 2 |15| 5 |122|2.7|57| 9 |127| 3
82.58 |5.63)|0.47/0.01|55|5.8|122/53|97 |13 |97 |75/60| 3 |41| 6 |30|3.6/108] 9 |96]| 3
82.58 |5.63|1.41|0.01/103|7.4|73|4.7|140/ 21 |33 | 7 |33|28|24|5 |12| 3 |82]9.25|111]| 4
82.58 |5.63|2.34/0.01/5455|30|65/80| 8 |110/7.5/28 |3.3|45| 4 |123/2.8]106] 11 |72| 3
82.58 |5.63|3.28/0.01/29 76| 2 | 7 |135/21 |49|6 |26| 3 |67| 6 |22| 3 |53| 9 |59]| 4
82.58 7.50)0.47|0.01123|7.2|135/6.7| 73|22 | 7 | 7 |138/2.9|75| 7 |34)|2.8]144/105|73| 4
82.58 [7.50|1.41|0.01/106/7.8|98 |7.3|26| 22 | 78 |6.5]134] 4 |133| 9 |45|3.5/89|9.75|27| 2
82.58 |7.50)2.34/0.01/24|7.6|/65| 5 |141| 22 |112| 8 |119/3.5]114/ 10|14 |3.6|135] 10 |131]|3.5
82.58 |7.50)3.28/0.01| 3 |7.6]|118| 6 |145| 22 |136/6.5/64| 4 | 3 | 5|56 3 |62] 9 |23]|5
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