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corner and edge detector [39], and the same year Noble
presented a similar parameterless corner detector [40]. In 1998,
Sochen used Beltrami color flow in a general framework for
low level vision [41]. More recently, Jesús Angulo used the
structure tensor of color quaternion image representations for
invariant feature extraction [13].

Abstract² Vanilla is the second most expensive spice
worldwide. The high cost of vanilla has led to the problem of
dangerous adulterated substitutes. Its high cost is attributed
largely to the labor intensive hand pollination required where the
melipona bee is not present. This article is the first known to
present a machine vision system for the recognition of vanilla
flowers and their stamen for pollination. We present a
hypercomplex numbers based system. The present system is
based on a rotational invariant basis more fitted to fast
quaternion Fourier transform processing than Zernike
Polynomial basis, and computer simulations. It could be used for
other applications as well.

This paper presents a hypercomplex numbers based system
for color imaging with agricultural application in future robotic
assisted pollination of vanilla planifolia. The system performs
recognition of flowers and important features of their anatomy.
Section II provides background relating to hypercomplex
numbers, Fourier basis functions, the quaternion Fourier
Transform, and the Zernike polynomial as a function kernel.
Section III presents the Special Quaternion Fourier kernel.
Section IV proposes a vanilla planifolia image recognition
system for robotic vision to be used in pollination. Section V is
the conclusion.

Keywords² Agriculture, Machine vision, Farming, Image
recognition, Signal processing, Robotics

I.

INTRODUCTION

Machine pollination has been successful with some other
crops including tomatoes and dates. The methods differ
significantly, as tomato plants only need to be vibrated to cause
pollination [1]. Dates have different challenges, as they grow
on larger palm trees. They are dusted either manually or
robotically [2]. Vanilla orchid pollination is more complex. It
requires a different technique altogether. The hand pollination
of vanilla planifolia technique developed by Edmond Albius
[3], [4] consists of locating and manipulating the area around
the anther. The pollen must be carefully transferred along the
column from the anther to contact the stigma [5]. Manual
pollination is done using a small bamboo stick or toothpick. In
nature, this is done by the melipona bee, which is found only in
Mexico [6], making manual pollination necessary for vanilla to
be cultivated throughout the rest of the world.

II.

BACKGROUND

This section presents mathematical background.
Hypercomplex numbers, Fourier basis functions, the quaternion
Fourier Transform, and the Zernike polynomial as a function
kernel are all reviewed.
A. Hypercomplex Numbers
Hypercomplex numbers are extensions of the complex
number systemܿ ൌ  ݔ ݅ݕ, ݅ ଶ ൌ െͳ.
Quaternion numbers have the form
 ݍൌ ܽ   ݅ݎ ݆݃  ܾ݇

Hand pollination represents an estimated 40% of the cost of
SURGXFWLRQWKHZRUOG¶VVHFRQGPRVWH[SHQVLYHVSLFH[7], [8]. It
has been said that pollination cannot be replicated by machine
[9]. The high cost of manual labor has led to dangerous
chemical imitations [10-12].



Where ݅ is unit red-ward displacement, ݆ is unit green-ward
displacement, and ݇ is unit blue-ward displacement such that
[38]
݅ ଶ ൌ ݆ ଶ ൌ ݇ ଶ ൌ ݆݅݇ ൌ െͳ

Recently quaternions have been used in the application of
image processing [13-37]. Quaternions were first discovered by
Hamilton in 1843 [38]. It is customary in quaternion color
image processing to use the three dimensions of the composite
color space. In 1988, Harris and Stevens presented a combined



The variables  ݎ, ݃ , and ܾ can be looked at as the
corresponding amplitudes. The real value ܽ is often assigned
zero.

ICSSE 2011

978-1-61284-471-8/11/$26.00 ©2011 IEEE

558

B. Quaternion Structure Tensor of an image
The eigenvalues of the structure tensor of an image are
given by:
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Where the partial derivative of a color ݂ ൌ  ݎor ݂ ൌ ݃ or
݂ ൌ ܾ with respect to  ݏൌ  ݔor  ݏൌ  ݕis given by
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Type 2 and 3 [43] (left and right-side) QFTs [44] use a
simpler kernel defined simply by the substitution of the
imaginary unit by a hypercomplex unit ߤ [43]:

Where s,t each indicate x or y so that ݑ௫௫ ǡ ݑ௫௬ ǡ ݑ௬௬ are given by
ݑ௦௧ in
ݑ௦௧ ൌ ߱ఙ  כቀ  ቁ  ߱ఙ  כቀ  ቁ  ߱ఙ  כቀ  ቁ

ேିଵ
σெିଵ
௫ୀ σ௬ୀ ܹ௨௩ ሺݔǡ ݕሻ݂ሺݔǡ ݕሻ

The Type 3 (right-side) QFT:
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,IZHFKRRVHWRXVH$QJXOR¶VVDWXUDWLRQRI[13] for ܽ, we also
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ଷ డೌೣ
డ
డ௦

ൌቐ



െ

െ 



డ௦
ଶ
ଷ డೌೣ
ଶ

డ௦

డ
డ௦
డ
డ௦

െ


డ

െ

డ௦
డ



డ௦

డ
డ௦
డ
డ௦

ǡ ܽ  ܽௗ


ǡ ܽ  ܽௗ

Figure 1. Fourier function (imaginary part)



D. Zernike Polynomials
The prime advantage often cited of the Zernike
Polynomial is rotational invariance, though this invariance
depends upon the predetermination of the axis of rotation
and pre-scaling to a unit circle centered about that point.
Zernike polynomials are given by the formula [45]:

C. Fourier basis functions
The classic 2D Fourier transform is defined as:
ேିଵ
݂መሺݑǡ ݒሻ ൌ σெିଵ
௫ୀ σ௬ୀ ܹ௨௩ ሺݔǡ ݕሻ݂ሺݔǡ ݕሻ



Where the Fourier transform kernel is defined as:
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The Fourier Transform basis is illustrated in Figure 1 for
further comparison.
There are several definitions of Quaternion Fourier
Transform (QFT), including two-side, left-side, and right-side.

Order n ĺ

0, 0

ߩିଶ௦

The Type 1 (two-side) QFT [42]:
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Type 1 QFT uses a split basis:
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Figure 2. Zernike polynomials



In the radial basis of the Zernike Function in Figure 2 The
rows represent increasing order ݊, and the columns ݉, with
݉ ൌ Ͳ in the center column. Properties of Zernike polynomials
are listed in [46].

This basis is split into two sides as a result of the noncommutative property of quaternion multiplication.
The Type 2 (left-side) QFT:

ICSSE 2011
559

III.

SPECIAL QFT KERNEL AND SOME PROPERTIES

డ
డఏ

This section introduces a special Quaternion Fourier
Transform Kernel and some of its properties.

డ
డఏ

A. Proposed basis function
This system modifies QFT by using this special basis
function for quaternions:
ഐ
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Fast computation of the transform is possible through the
isomorphism of discrete Fourier transforms. Consider an
ܰ ൈ ܰ pixel image. Although the complexity of 2D Discrete
Fourier Transform carried out directly on through matrix
multiplication is ܱሺܰ ଷ ሻ , use of the Fast Fourier Transform
reduces the complexity to ܱሺܰ ଶ  ܰሻ. This is fast compared to
high order quaternion polynomial computation complexity.

ഇ
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6HYHUDO ³IDVW´ DOJRULWKPV [47] exist for order N quaternion
moment calculation of an ܰ ൈ ܰ pixel image. *X¶V IDVW
algorithm sacrifices accuracy due to round-off error in order to
achieve ܱሺܰ ଷ ሻ which is still worse than 2D FFT. More
DFFXUDWH³IDVW´DOJRULWKPVH[LVWDWFRPSOH[LW\ܱሺܰ ସ ሻ or higher.
IV.

VANILLA RECOGNITION SYSTEM

This section presents a recognition system with application
in vanilla recognition for machine pollination.
Select
Foreground
& Remove
Background

Figure 3. Proposed basis function

The special quaternion basis function illustrated in Figure 3
is comparable to other kernels.

Determine
Orientation

Ȭ ሺߩሻ ൌ ݁ ିଶగሺఘሻ ; ȣ ሺߠሻ ൌ ݁ ିሺఏሻ

 

Verify

Figure 4. Recognition steps

This section describes a recognition system for the vanilla
flower. The system provides the necessary coordinates relative
to the camera of key features of the flower. The anther, which
contains the pollen and must be manipulated, and work area
within the labellum of the flower are identified and located by
the system.

The basis function is composed of the sum of two subfunctions:
 

Measure
& Scale

Locate Anther & Work
Area

1. Some Properties
Since the rotational orientation of orchid flowers vary
somewhat as they grow, the rotational invariance property is
important. A limit of the rotational invariance property is that it
only holds around the pivot point of rotation. However, this is
often overcome with extra processing by applying Zernike
transforms around the neighborhood of each pixel in an image.

ܹ ሺߩǡ ߠሻ ൌ Ȭ ሺߩሻ  ȣ ሺߠሻ

Map
Hessian
Energy

Recognition is performed in steps shown in Figure 4,
according to key characteristics of the flower.

If the first term, ݁ ିଶగሺఘሻ , affected only by the radius is
rotationally invariant; and the second term, ݁ ିሺఏሻ , affected
only by the angle is also rotationally invariant, then their sum,
ܹ ሺߩǡ ߠሻ must also be rotationally invariant.

x

Select Foreground & Remove Background: Size and
color are used to select one flower to be further
analyzed and to remove the background and other
flowers. One flower is selected at a time to simplify
the later steps of the problem. All other flowers

x

Since the second term, ȣ ሺߠሻ ൌ ݁ ିሺఏሻ is a periodic
function, and an integral multiple of it is ʹߨ, it is also circularly
symmetric.

Map Hessian Energy: The Hessian energy of the frills
is used to locate the lip of the flower.

x

Since both terms are circular symmetric, their sum,
ܹ ሺߩǡ ߠሻ is circularly symmetric, QED.

Measure & Scale: Areas of high energy are used to
determine the scale and location of the lip as a starting
point for determining most relevant key points.

x

Locate Anther & Work Area: Key points are selected
that pinpoint the orientation of the lip and the work
area. The work area is where a robotic manipulator can
be maneuvered while pollinating.

Since the first term, Ȭ ሺߩሻ ൌ ݁ ିଶగሺఘሻ is a function only of
radius, it follows that it must be rotationally invariant, as it
contributes a circularly symmetric term to the sum.

This can be seen also by inspecting the derivatives,
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x

Determine Orientation: Orientation of the work area
determined by key points in the work area and the
relative position of the anther.

x

Verify: A transform is used to verify characteristics of
the image by different means provides confidence
indicator for successful location.

Considerable overlap occurs between natural foreground and
background regions, but there are also areas characteristic of
each region. Additional pixels are qualifying if they sometimes
occur in the foreground. A run is ended when a pixel that never
RFFXUUHG LQ WKH IORZHU¶V FRORU-space in the training data is
encountered. The location of the maximum run-length and
location are used to select a flower. The result of this process is
a point within one of the larger and likely nearby fully
blooming flowers in the image.

These steps are illustrated in Figure 4 and described more in
the following subsections.

After this process, the modified image is filled around the
point of the high intensity pixel. This works because the flower
is higher intensity than any other large portions of the plant.
Furthermore, since only one vanilla flower blooms on a given
day on any raceme, the flowers do not tend to group in
bunches, making this algorithm well suited for vanilla orchids
LQ SDUWLFXODU 7KH UHVXOWLQJ DUHD LGHQWLILHV WKH RUFKLG IORZHU¶V
boundaries with smooth contours.

The orchid flower is primarily yellow. The petals and sepals
are all yellow, as are parts of the buds. Although some shades
of yellow can be found in the flower that are distinct from the
shades found in the buds, the distinction is not in itself a
reliable indicator, as the flower itself is neither completely
distinct colors, nor are the characteristic colors much different
from those of the buds. For recognition purposes, an individual
flower must be separable from buds and other flowers which
may be in view. It is common for bud to be in the vicinity of a
flower, as shown in Figure 5.

Once the boundaries are determined, everything else is
removed from the image. Thus background noise removal is
complete, and an image of a selected foreground flower
remains in isolation, as shown in Figure 6.

Figure 5. Vanilla flower and buds, courtesy Jim Reddekopp and HVC

Histogram techniques are used to determine areas which are
characteristic of the flower, categorized as typifying
foreground, vs. typical background colors by training on a set
of images with regions designated as target background
regions. The histogram is smoothed using a Gaussian spread
function. This is done to compensate for quantization noise or
introduced by the camera and encoding of the image.
Furthermore, the weighted background histogram is subtracted
from the foreground histogram. After training complete and
histograms are prepared, live recognition is performed using
the histograms of foreground and background images.

Figure 6. Backgrond removal

The area to be manipulated in vanilla pollination is entirely
surrounded by the characteristic lip of the flower, which is
formed by a single unique petal. An important characteristic of
the vanilla is the high frequency waves or frills around the edge
of the lip petal. The yellow on the lip also may be a deeper
more saturated yellow than the rest of the flower or any of the
buds. The lip flattens out in appearance at the bottom to form a
landing pad below the column, where a work area normally
used by a melapona bee in the process of pollination could be
used by a robotic manipulator as a work area.

A copy of the image to be recognized is first
morphologically opened and closed. This reduces the noise of
small areas of similar colors appearing in nearby buds and
stems, which might otherwise deform the selection shape of the
flower to be recognized, and add energy noise to the subject
being selected.

In this paper, we follow the technique of [13]. The structure
tensor of color quaternion image representation technique has
proved successful in invariant feature extraction. It is relied
upon heavily in this process as it provides good results for
several steps in vanilla recognition.

The modified image is then scanned linearly for a long
consecutive run of qualifying pixels. A pixel is qualifying if its
color is not normally found in the background regions, i.e. the
background histogram count is below a threshold near zero.

The high energy concentration around the lip petal is used
to locate it. The focus is next turned toward the shape and
orientation of the lip by examining the area near the center of
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energy. That center of energy is found by taking the maximum
of the resulting energy of the image smoothed with a Gaussian
spread function. The energy of the image in Figure 6 is shown
in Figure 7, with the center marked surrounding the radius set
according to a threshold on the smoothed energy function.

The key points shown indicate the work area with a solid
line, and the target point of the anther cap indicated with the
dot. These are the desired points to recognize for pollination
purposes. It remains to verify that these points are correct.
Orientation uses a method inspired by Zernike moments.
Zernike moments form a basis on the unit circle.
ߩ ൌ ඥ ݔଶ   ݕଶ ൏ ͳǡߠ ൌ ିଵ

௬



௫

ι ሺߩǡ
ܸ
ߠሻ ൌ ܴ ሺߩሻ݁ ఏ



Or in Cartesian form:
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ൈ ሺݔǡ
ι
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ܸ
௫



However, since the points selected, are not helpful for our
purposes, we either modify the method or use it differently than
in the classical application. Rotational invariant properties of
Zernike polynomial are desirable since the flowers often grow
rotated up to 30 degrees. Rotated images have the same
coefficients except for a phase difference. This feature could be
used to both identify a rotated image and determine its
rotational orientation. It would seem that quaternion color
representation may be useful if it could be applied along with
Zernike polynomials, or if a similar representation could be
found in which the concepts could be combined.

Figure 7. Energy

The anther appears much less saturated and lighter in color
than the surrounding area. It is centered above the work area
when the flower is oriented with the landing pad horizontally at
the bottom of the frame of reference. This object must be
locatable in order to manipulate it.

However, this basis does not feature the rotational
invariance of the Zernike polynomial basis. To extend the
Zernike or a similar transform with rotational invariance, a
kernel function with sinusoidal variation in two parameters is
sought.
This basis function is used to independently verify the
results of the previous step. When using the special basis is
used, cross correlation identifies the phase. Phase determines
the rotational orientation. This orientation is compared to the
rotation result of the measurement step. If the results are nearly
equal and the correlation is high, the image is likely identified
correctly.
A method has been presented for identifying the key points
necessary for navigating a robot manipulator to the desired
location for pollination of vanilla planifolia. The method was
used with images rotated at orientations ranging from -45 to 45
degrees. The images are reliably successfully identified
between -30 degrees and 30 degrees, and unreliably up to -45
to 45 degrees, with error being reliably detected in the
verification step. Future research required to make long term
goals of commercialization, and revolutionizing of the vanilla
industry possible.

Figure 8. Key points selected: Work area (indicated by a green line) and
pollination target (indicated by a red dot).

Having used the energy to locate the lip petal, our attention
is turned toward its orientation. For this, we make use of key
points within the lip. Key point selection is performed using the
energy according to [13]. Corners are characterized by the
values of eigenvalues of the tensor matrix being nearly equal to
one another. Nearby values to the left and right are chosen
which often correspond to the shadows at the left and right
ends of the work area. The results will be further cross-checked
later. At this point, they are measured, and their center-point is
determined to be the revised center of the image. The nearby
point above the center-point, considering the orientation given
by the left and right shadow vertices is a candidate for the
anther cap. The resulting points for the same image are
presented in Figure 8.

V.

CONCLUSION

High cost of labor intensive pollination has led to inferior
synthetic substitutes entering the market. This paper presents
an alternative to the costly hand pollination. A system has been
presented for machine recognition of the flower to facilitate
future robotic pollination. Simulation results suggest that
flower recognition can be performed, enabling machine
assisted pollination to be developed.
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