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I.

Abstract—This paper begins with a review of the coronary
artery trees extraction techniques within different eras. Next, a
review of 3D reconstruction of coronary artery trees
approaches is presented in details. A well presentation of the
center of gravity approaches is included within the 3D
reconstruction review techniques. Finally, the paper discusses
the surface reconstruction techniques throughout their
development stages. Each stage of the review paper is
concluded by a summary. This paper is concluded by a
comprehensive summary which discussed the lack of a robust
approach in each stage of it. The improvement of a new
approach in each stage depends on the lack in that stage and
the results which are expected from the work.

INTRODUCTION

This paper is aimed at presenting the previous technical
elements and algorithms in a literature review of the a PhD
thesis entitled “3D Surface Reconstruction of Coronary
Arteries From Cardiovascular Angiography to Detect
Location of Heart Vessels”. The paper starts with a block
diagram to show the sequence of approaching the literature
review. The block diagram is shown in Fig. 1 below. Next,
the review focuses on the four technical approaches that
have been used in this paper which are coronary artery tree
extraction, 3D reconstruction, centre of gravity in 3D data,
and surface reconstruction. Finally, the paper is concluded
in a summary.

Keywords- angiography; coronary artery trees extraction; 3D
reconstruction; center of gravity; surface reconstruction.
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Figure 1. Block diagram showing the sequence of approaching the literature review of this paper.
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previous work that focused on extracting the vessels of
coronary artery trees as a full package of centreline,
contours, and items in between such as the work proposed
in [1, 2]. The previous algorithms addressed the problem of
vessel extraction in three categories. The first category used
the geometrical topology information of images to extract
the blood vessels. Meanwhile, the second category utilized
the intensity value of pixels to handle the extraction. The
last category combined the geometry and intensity
information. Blood vessel extraction techniques and
algorithms have been divided into six main categories since
the beginning of interest in research in this field as reported
in the survey paper of [3]. Some of the categories are further
divided into sub-categories as well. The categories and subcategories are shown in Table I below. The same main
categories were reported also in [4] with implemented
examples. The previous work reported here was applied to
different types of medical images. A thorough search among
those approaches and methods helped us to produce the
algorithm used to extract coronary artery trees in this paper.
In general, a visual inspection of coronary angiograms
suffers from inherent imprecision that has led to the
development of the semi - and fully - automatic tools that
apply computerized techniques for image analysis to the
assessment of coronary artery disease.

II. CORONARY ARTERY TREES
EXTRACTION
Coronary artery tree extraction is the process of
extracting
vascular
artery
networks
from
2D
angiocardiography (angiogram) images. The output for the
extraction process is a binary tree of vessels with main
arteries as well as bifurcations. This process is a vital step in
the work of this paper since it is the first step of preprocessing of our dataset angiogram images to highlight the
objects required from them and remove the background. A
tremendous amount of work has been done in the field of
vessel extraction and the procedures have taken different
ways. Some of the previous work focused on tracking the
centreline of the vessels and other algorithms were
interested in extracting the contours of the blood vessels. In
addition, the previous methods and approaches worked with
different types of medical images such as ultrasound, MRI
or MRA, CT scans, and a few others as well as angiograms.
The reason behind the small amount of work handling
angiograms as a dataset is the functionality of angiograms,
i.e., the drift in image intensity and the poor signal-to-noise
ratio. Despite the big challenge, angiograms are still much
preferred by modern physicians because they can do the
diagnosis procedure online and check the diseases of
arteries in real-time. In addition, there has been very little
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Tube-like object
detection

much space in the field of vessel extraction because of the
high response that could be obtained from different types of
medical images. The algorithms were distinguished by fast
response and accurate output. Therefore, a large number of
researchers still have interest to enhance the previous
algorithms and to develop new algorithms to improve the
vessel extraction field and enrich it with new ideas. One
such researcher who developed an algorithm which used a
matched filter response to locate blood vessels in retina
images was [7]. The functionality and features of retina
images tend to be different from other types of images and a
matched filter was a necessary technique to determine the
local and global features of blood vessels in the eye. The
method yielded good results by reducing the false positive
detection rate by 15 times over the basic thresholding
technique. This algorithm inspired us to research further into
this area as it indicated good possibilities for improvement.
The tremendous amount of work in vessel extraction
research suffers from a lack of evaluation tools that can
show and prove the correctness of the algorithms.
Therefore, creating tools to evaluate and simulate the realworld was considered highly necessary in this field. Few
researchers have tried to accomplish this mission of creating
a simulation tool to generate angiography images to imitate
the real world. One of the notable algorithms in this area
was in [13] and has been used to evaluate centreline
extraction accuracy in Quantitative Coronary Angiography
(QCA) images. This algorithm presented an understanding
of the relationship between the performance and limitations
of centreline algorithms and the geometrical parameters of
vessels. The algorithm was used to evaluate the work of [9]
as one of its applications and gave good results. Another
centreline extraction method was defined in [14] which was
based on a previous report from 1996. The Monte Carlo
method was used with a clinical dataset to evaluate the
speed, accuracy, and automation of the algorithm with the
challenge of dealing with a high level of noise.
Vessel extraction is a required technique in different
fields, including 3D visualization. The algorithm presented
in [15] explained an efficient method for skeleton extraction
from angiography images by analyzing the quantitative
features of the vessels. The method reported good results
and less sensitivity to noise. It is worth mentioning that
medical images link classical diagnostic procedures with
modern treatment. This current study requires the use of
image segmentation to detect objects to be segmented. In
this area, the work in [16] presented a semi-automatic
skeleton-based approach for vessel segmentation in CT
scans of 3D datasets of images. The algorithm was reliable
for extracting coronary arteries but the searching needed to
be supplied with start and end points to track the centreline
path. The same year witnessed another work to extract
blood vessels in noisy retina video images in [17]. Three
mathematical modelling methods were used to solve this
problem relying on intensity, width, orientation, scale, and
noise of images. The method was robust in terms of vessel
detection and the performance depended on the level of
false positives that could be tolerated.

All the previous work included under algorithms and
approaches are listed in Table I and the following were
evaluated for some suitable approaches previously
undertaken in this field. One of the earliest theses reporting
edge detection in images in [5]. This work covered the
problem of changing intensity in images and it has become
canonical in the study of vision. The papers in [6, 7]
reported the use of kernels of matched filters to segment an
image according to the pattern recognition category. This
work used a technique called sequential edge linking which
could search for any possible artery boundaries within a
range. The algorithm reported good results of accurately
extracting coronary artery dimensions. Chaudhuri et al. in
[8] addressed the problem of extracting blood vessels from
retina images. Retina images, similar to angiograms, have a
poor signal-to-noise ratio and conventional edge detection
methods do not always produce acceptable results to extract
the features from this type of image. This work introduced
an operator for feature extraction and the gray level is
enhanced by a Gaussian filter. The results were good for
detecting vessels in retina images but the method consumes
time on ordinary computers, therefore, it needs a special
computer with special specifications.
One of the best methods in the field of tracking the
centreline of a vessel was advocated in [9]. The dedicated
algorithm tracked the centreline and extracted the contours
by exploiting the diameter and intensity of a vessel. The
algorithm was automatic and used the geometric parameters
of the vessels and was guided by a matched filter but it
needed a start-to-search point to start the tracking process.
Computer simulation was also used to explain the overall
arterial tree structure. A model was built on the computer to
present a vascular tree grown by adding several segments.
This type of work could be a helpful tool to compare the
presented computerized model with the real arterial trees in
terms of appearance. One of the main goals of vessel
extraction in the previous algorithms was the local features.
Vessels can be precisely characterized by their curvilinearity
(shape) and gradient which represent the strength of the
boundary, and the level of contrast with their background.
The features and image manifestations, including optic
nerves and boundaries, could possibly show similar features
as vessels such as reported in [10]. The classification of
vessels depends on window-based techniques to track such
vessels. The drawback of this kind of technique is that
vessels usually have large-scale features, and therefore this
approach cannot be applied until the preliminary
segmentation of vessels has been undertaken. This problem
makes it impossible to distinguish the features to derive the
segmentations or even to perform an evaluation.
Meanwhile, intensity methods involve pixel labeling
such as in [11] which has been adopted by some researchers
who focused on tubular object segmentation and registration
depending on the intensity ridge and widths as in [12]. The
work explained how to handle noise using optimal and
multi-scale measurements on CT scan, MRA, and
ultrasound 3D images. The work was fast and accurate but
needed more refinement in terms of boundaries estimated by
ridges and widths. Matched filter approaches have taken up
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conventional methods, it was restricted to 2D images and
needed further work to extend to 3D images.

The work in [3] presented a signal-based algorithm for
coronary artery identification in X-ray angiography. The
algorithm was described as robust and used different
techniques and filters to extract arteries in poor
signal-to-noise images. The techniques of 3D Fourier and
3D wavelet transform were employed to reduce noise and
background, after which a matched filter was used to
enhance the output. Wang et al. presented in [18] a method
to extract centrelines and the contours of coronary arteries in
Digital Subtracting Angiography (DSA) images. The
method demonstrated efficient extraction in a short time
period but only on DSA images. Another algorithm
presented coronary artery tree extraction from poor quality
angiogram images as put forward in [2]. Their idea was to
use a circular sampling method to extract vessels where the
segmentation process gave each pixel a different depth on a
varying background from 2D slice images. The results
showed good performance as an automatic method of
extraction of vascular arteries. The drawback of this method
was the long processing time it took to extract vessels but
the authors suggested using pattern methods or the Monte
Carlo method to reduce the processing time.
It was mentioned earlier in this chapter that vessel
extraction techniques use different ways to approach the
extraction process. Xu et al. presented in [19] an approach
which was applied to centreline tracking of vessels using the
combined approaches of geometrical and intensity
parameters. This method could efficiently handle the
difficult situation of vessel complications. A region-based
active contour model algorithm was proposed in [20] to
overcome the intensity inhomogenities problem that may
occur in images. The algorithm can draw an active contour
model in local regions upon intensity information and at a
controllable scale. The algorithm works in a similar way to
region growing approaches whereby an initial contour is
given to start the searching process and intensity
information is used to grow the contour until object(s) are
covered and their contours extracted. The level set function
should be preserved to avoid expensive computations and
reinitialization protocols.
A few researchers have become involved in 3D
angiography segmentation, for example [21], as this is an
essential process for diagnosing blood vessel diseases and
image analysis. The method in [21] was reported to have a
high robustness to noise but it needed starting and ending
points to extract the centrelines of vessels. The work in [22]
presented an automatic method to detect tubular objects,
provide centreline extraction, and perform tree structure
building from grouping the single centrelines in CTA
images. In their paper, they claimed that their work
performed well on vessel detection with centrelines and it
was a good start for further research of diameter
measurements for stenoses assessment. Finally, [23]
proposed an algorithm using line-like features where the
extracting procedure was accomplished by a directional
filter bank, which they claimed acted better on noisy images
to disclose the vessel networks. Unfortunately, although the
algorithm in [23] worked better in noisy environments than

A. Summary of the Coronary Artery Trees Extraction
From the previous literature concerning the vessel
extraction problem, we have noticed that this issue has been
investigated widely and in different ways. However,
tremendous amount of researchers have sought to work on
specific types of images, such as CTA and MRA, rather
than angiography images because of the poor signal-to-noise
ratio associated with the latter images. On the other hand,
many physicians are seeking angiocardiography images
nowadays since such images can offer diagnostic procedures
on the spot (online). We feel that further investigation and
improvement can be undertaken for angiograms by
exploring some of the approaches in the literature,
especially that of [7]. Their approach was a robust work on
processing retina images and further improvement can be
made to derive a new algorithm which can be applied to
coronary artery tree extraction taking into consideration that
retina images and angiograms share the same characteristic
of a poor signal-to-noise ratio.
III. THREE-DIMENSIONAL (3D)
RECONSTRUCTION OF CORONARY
ARTERY TREES
The 3D reconstruction function is a process of
transferring 2D images into 3D objects in the R3 domain.
Coronary angiography is used to project the coronary
arteries into the 3D space as illustrated in Fig. 2 below. The
3D reconstruction of coronary arteries has proven to have
great benefit in the medical field such as studying the
diseases that may occur in the arteries. Use of 3D is also
important in the regression and progression of diseases that
may be seen by the motion of the myocardium, ease the
study of overlapping vessels, allow the examination of the
wall stresses of the heart, perform catheter-based
procedures, and others. Computer assistance has been used
to perform 3D imaging of the structure of the coronary
arteries in some of the earlier approaches. The 3D
reconstruction was performed from the data of 2D
projections which means that the difficulties of 3D
extraction should be the same. There is a long history of
research in this field but it is obvious that most of the
investigations solved the problem depending on multi-view
projections (biplane and above) such as [24, 25]
respectively. The following presents some of the 3D
reconstruction algorithms and approaches, after which a
summary is given of those 3D approaches.
The research in this field started in the 1970s and has
continued until today. A work in 1990, [26], investigated a
few of the papers from the 1970s and 1980s and came up
with a method of 3D coronary artery structure
reconstruction using 2D biplane angiography images. The
algorithm depended on the geometrical mathematics of the
arterial images and the contrast dye inside the vessels to
identify the vessels. The drawback of this algorithm is that
an error may occur in the 3D analyses. Sometime later, [24]
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views. However, most of the traditional approaches require
selected views for which overlap and foreshortening is
minimized based on 2D projections. This method was
adopted to work with an arbitrary two views from any
orientation using a single-plane imaging system. The
drawback of the algorithm was the issue of the amount of
time consumed which could possibly be solved by further
research. Another work in [32] proposed a 3D tracking of
coronary arterial vessels using sequences of biplane
angiographies. The algorithm achieved its goal by
depending on the generalizations of deformable models and
Fourier descriptors were used for shape representation and
were obtained from the 2D descriptors of the projections.
In the same year of 2001, [33] introduced a new
algorithm for 3D reconstruction from biplane DSA. The
algorithm included three main steps which were multiresolution segmentation for the coronary vessels, medial
axes for the whole artery tree in both views, and the
projection of the enhanced reconstruction onto higher multiresolution medial axes with updating at the higher
resolution. They claimed that their algorithm worked better
than the available computer simulation models and manual
reconstruction but unfortunately, it took a longer time to
reconstruct the 3D models. To minimize the foreshortening
and overlap of vessels, a quantitative algorithm of 3D
reconstruction of a coronary artery tree from more than two
2D views was presented in [34]. The 2D projections were
chosen by the angiographer to be at one end - diastole and at
the other end - systole; however, there was no way to know
the error that may occur in the Quantitative Coronary
Angiography (QCA) process.
Meanwhile, [35] presented a method for quantitative
measurements of vessel diameters, volumes, and lengths in
3D reconstructed coronary arteries. The method was applied
to examine the narrowing that might occur in patients with a
clinical exhibition of progressive stenoses. The results were
good but further investigation into MRA or ultrasound
images would be required. Meanwhile, [36] investigated an
algorithm for the 3D reconstruction of a coordinated body
surface because of the high increase in the irregular beat
(arrhythmia) of the heart using two CT fluoroscopic
projections. Their results showed that the reconstructed
heart surface was insensitive to the biplane images which
were chosen but one of the limitations of the algorithm was
the error that may occur at a distance of 10 mm from
coronary bypass grafts. In 2004, [37] introduced a modelbased approach to recover a scaling index from single plane
cineangiograms. Their approach depended on the
minimization of Root Mean Square (RMS) distances
between a reference point and a projected point from the
model. However, they faced some problems in
implementation and they suggested that deformable models
might not be suitable for this approach.
Most of the previous algorithms focused on
reconstructing the coronary trees in 3D except a few which
investigated the reconstruction part of the arterial tree.
Hoffman et al. presented in [38] a method to reconstruct the
carotid arteries in 3D using only a single vessel from two
projections. They claimed that their 3D output could be

presented another algorithm to reconstruct 3D coronary
arteries from multiple 2D MRA images (four noisy images).
The method was robust for the reconstruction of 3D objects
but unfortunately it was time consuming.

Figure 2. An illustration of a 3D model of the coronary arteries,
presented in [37].

Approaches in [27, 28] presented two methods of 3D
reconstruction of coronary arteries using biplane
angiograms. The first method was generalized by estimating
the vessel parameters to compute the elliptic parameters
from a nonlinear model in both biplane images. The results
of this method showed a good performance for nonlinear
modelling over other modalities (derivative-based models).
The second method used morphologic analyses of the 3D
model as a basis. Morphological analyses produce
information such as the shape of a vessel, diameters,
lengths, volumes of segments, and branching. The model
was helpful in both clinical and research uses. Similarly, a
3D reconstruction of the media axes of coronary arteries
using a single-view cineangiogram was presented in [29].
Their proposed method determined the correspondences of
artery segments in sequential frames; where the local
features have been used. Their results showed a large 3D
reconstruction model in about 30 pixels but with an error of
2 pixels which was considered acceptable.
In 1996, [25] presented another algorithm for the 3D
reconstruction of heart arteries from biplane angiograms.
They proposed a semi-automatic morphology technique to
extract vessels in both 2D projections. Some of the
researchers moved to another level of the 3D problem
investigation in [30]. They presented a method for the
curvilinearity structure enhancement of vessels in 3D
medical images. Their proposed method focused more on
using 3D line filtering and the enhancement of the line
characteristics; however, further research was needed as this
method was time consuming. Chen and Carroll proposed in
[31] a 3D reconstruction method of angiograms from two
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image sequences. The behaviour of the coronary arteries
could be estimated by using the contrast agent velocity
compared to what is called the TIMI frame count (TFC).
A 3D reconstruction algorithm for the TFC was
presented in [45] and the reconstruction process was
achieved from biplane images. The results of the algorithm
and how good or bad the reconstructed segments were
depended on the error that was measured. An open platform
called CAVAREV was presented in [46] to evaluate the 3D
and 4D reconstructions of coronary arteries. This algorithm
helped in comparing 3D and 4D reconstructions of arterial
vessels like the ones obtained from CT scans. Two
projection sets can be provided and the intrinsic motion of
the two sets can be distinguished from the cardiac motion in
both cases, i.e., periodic and non-periodic. The quality of
the reconstruction results has been evaluated based on two
segmentation quality measures.

viewed in less than 1 minute and it was reliable with just the
two projections. The method could be a robust way of
qualitative and quantitative analyses of the vessels. A study
based on Intravascular Ultrasound Images (IVUS) for 3D
reconstruction of coronary arteries from biplane images was
described in [39]. They claimed that their algorithm gave
robust results that could be used in clinical practices on
vessel morphology and diffuse arterial diseases. A study of
the 3D reconstruction of coronary arteries from a single
rotation of X-ray sequence projections was presented in
[40]. Their study also presented a 4D coronary artery
motion estimation and they claimed that their algorithm
gave robust results for reconstructing the coronary arteries
in 3D and could be used in clinical practice but the
algorithm could be applied for different types of data
acquisition especially for holding the breath.
In 2007, an automatic method was introduced in [41] for
segmenting micro-CT 3D images. Their method presented a
full vascular network that was able to serve as the basis for
the artery perfusion. The method was verified using real and
synthetic data of a rat and the results were satisfactory. In
2007, [42] described a novel algorithm for 3D visualization
of the heart and its coronary arteries. The algorithm
included two steps of processing; offline segmentation of
the coronary artery images and online application of the
transfer function on the gradient value to enhance the tags.
The presented algorithm was helpful in diagnosing ischemic
heart diseases.
Another algorithm for 3D reconstruction of coronary
artery centrelines from two projections of a single rotation
of an imaging system was proposed in [43]. The techniques
used in [43] are mentioned here briefly. Curve evolution
was used to enhance the images, a multi-scale method was
used to enhance the arterial structures, the thresholds of the
arteries were determined using different quantiles, a
thinning procedure was followed to extract the centrelines,
pattern recognition techniques were used to remove nonvessels, edge detection was applied, and finally the 2D
centrelines compared with a disparity map to extract the 3D
model of the centrelines. The intermediate results could be
interpreted by a physician yet the processing time was 25.8
seconds for a 512×512 angiogram image which was quite a
long processing time.
The 3D reconstruction technique has been used in
different fields of life and the medical field is one of the
main users. Therefore, different algorithms and approaches
have been presented to perform 3D modelling for different
objects, i.e., not just coronary arteries. One of the algorithms
that were presented in this field was proposed in [44] for 3D
reconstruction of the cerebral dilation of vessels from
micro-CT scans. The algorithm could reconstruct the dilated
vessel with a stent of STL (Steel) format from rotational
angiography. The model was useful in 3D reconstruction
and computational simulation. The 3D reconstruction
algorithms played a vital role in recent tracking of blood
flow procedures. The blood flow could be estimated from
tracking the contrast dye in the coronary arteries in the

A. Summary of the 3D Reconstruction of Coronary Artery
Trees
The literature has been investigated for the 3D
reconstruction of coronary arteries in different approaches
and images. Most of the previous proposed algorithms have
investigated the 3D reconstruction from biplane projections
and some of them from more than two views. It is worth
mentioning that the more views that are obtained, the more
exposure to X-ray radiation a patient will get and the more
contrast dye that has to be injected. Since, the exposure to
X-ray radiation for a long time and the greater the amount of
dye injected can cause cancer in patients; therefore, a 3D
reconstruction approach using less views would be highly
desirable to meet this requirement.
B. Centre of Gravity (CoG)
The centre of gravity or centre of mass is a well-known
technique to calculate the centroid or geometric property of
any object. It was invented and used for the first time by the
United States military with the purpose of finding the centre
of gravity of tanks, airplanes, and other military objects. The
calculation of CoG was done by averaging the weight of an
object as per the procedure given in the website
http://www.grc.nasa.gov. The motion of any object can be
described by translating its CoG to another position and
rotating it about its CoG for free rotating objects. The
conventional ways of calculating CoG was by calculus and
later by a geometrical approach. Geometrical methods
proved to have robustness in many cases to calculate the
CoG of objects. The determination of the CoG of flying
objects is important because of the freedom airplanes and
rockets have in rotating around their CoG. If the weight and
mass were not uniformly distributed in each part of the
object, the calculation of CoG would become more difficult
and complicated. Therefore, if the mass is uniformly
distributed, the CoG lies on the symmetry line of the object
and can be calculated as the average of its physical
dimensions. Fig. 3 below illustrates the calculation of CoG
for different objects.
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The Center of Gravity of an Exponential

Figure 3. CoG calculation for different regions from [52].

properties, complete differences could be noticed in the
properties. It has been proven in [49] that the accuracy of
3D is higher than the accuracy of 2D and the last one is
higher than 1D. The results have shown the advantage of
measuring the centroid of objects to increase the accuracy of
position determination.
Using the CoG for the determination of geometrical
features has been investigated in [50]. The algorithm
presented in that research was used to determine the
geometrical features of some human face features such as
the nose, eyes, and mouth. Some information of those
features was used to determine the CoG template which was
used to determine the face location. The algorithm was
considered fast and accurate even in complex detailed faces
but could not characterize lips in detailed faces. In the field
of image processing, the CoG has been used as well to
detect objects. Van Assen et al. in [51] presented a method
to localize objects in gray scale images using the CoG.
Object location determination was explained using different
approaches but the challenge was to determine the exact
accurate location in images. Therefore, in [51], the object
position was determined first then the CoG technique was
used to accurately localize it.
For accurate localization of the CoG of an object, an
image is segmented first before calculating the CoG. The
work in [52] proposed a method to consider the CoG of
polygonal regions in the XY-plane. This method relied on

Much research on how to calculate the CoG has been
conducted over many years and has been widely used to
find the centroid of different objects. Arlot, in [47],
explained the technique of measuring the CoG of planets
using photographic plates. A few problems were
encountered when measuring the CoG of planets on
photographic plates due to the asymmetrically and
irregularity of such images.
The proposed algorithm in [47] aimed to improve the
translation of a planet image to a photographic plate of its
CoG. The advantage of such an algorithm was to improve
the determination of the coordinates of some planets in
order to be more accurate. The algorithm gave good results
but with the drawback of being time consuming. Then, [48]
presented another algorithm to calculate the CoG for seat
wheelchairs with a patient. Using some information like the
patient’s weight, wheelchair tire coefficients, and some
other various assumptions plus the CoG, a method for
calculating the rolling resistance of a wheelchair was
outlined. This method was helpful to increase the
consistency of setting up of wheelchairs and to be more
efficient. The centroid of an object as used to assess the
accuracy of the measurement of its position to determine the
ideal symmetry of an object was investigated in [49]. The
position of an object can be estimated by measuring the
centroid in a single-dimension (1D), in 2D, and in 3D. By
comparison of the results of the 1D, 2D and 3D centroid
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done and in 2D or 3D. Surface and curve fitting have taken
much space in history by presenting a tremendous amount
of algorithms and approaches and in the different techniques
of fitting. The four known techniques of fitting are listed
below under a general title of Spline Fitting Techniques and
a brief explanation of each one of them has been provided
according to [55].

calculating the CoG from the idea of geometrical
conventional instead of using the idea of calculus. The
method used Mathematical algebra software to expedite the
CoG calculations. Meanwhile, [53] presented an algorithm
to investigate the accuracy of measuring the velocity and the
strength of a magnetic field in the solar photosphere. Their
analyses determined that the central wavelength of a
spectral line through the CoG was found to be independent
of the resolution of the spectral line when the size of the
wavelength bridges an important part of the spectral
broadening profile. The significance of the CoG was high in
every part of the process. Finally, [54] presented a method
to use the CoG for explaining the separation between two
equal colour values (chromostereopsis). The new method
claimed that the human eye can distinguish each colour
position at the CoG when the light of the projected colour is
diffused. According to their findings, the new method acted
better than previous methods.

A. Spline Fitting Techniques
The spline techniques are the techniques which have
been used throughout the history of surface and curve fitting
processes. In this field there are four well known and
generally used techniques which are briefly explained in this
section. The first technique is called Bezier surfaces and
curves. The importance of this technique is clearly indicated
in the mathematical field of numerical analysis, computer
graphics, and other fields. Bezier curve is a parametric curve
which can be generalized to higher dimensions known as a
Bezier surface and with a special case called a Bezier
triangle. The Bezier curves are a vital tool to generate
smooth curves. The technique was publicized by a French
engineer called Pierre Bézier in 1962 to be used to design
automobile bodies and it was evaluated in 1959 by Paul de
Casteljau using de Casteljau's algorithm. The Bezier curves
are divided into three types depending on the control points.
First type is called Linear Bezier curves where the curve is
actually a straight line between two points and equivalent to
linear interpolation. The second type called Quadratic
Bezier curves are where a curve interpolates three points and
constructs a parabolic segment. The third type of Bezier
curves called Cubic Bezier curves are a curved defined in R3
consisting of four points. A generalization of the Bezier
curves is called a Bezier surface where more points can be
involved. Fig. 4 illustrates a Bezier curve and its control
points.

Summary of the Centre of Gravity
The CoG technique has been used in different fields of
life to find the centroid of objects. It was invented and used
for real-world objects then adapted to determine the position
of objects in images and other situations. Most of the
previous approaches investigated in 2D fields; however,
approaches that can work up to N-dimension were generally
missing. In addition, the conventional calculus formulas
particularized were time consuming and inaccurate in some
cases. It was required to develop new mathematical formula,
especially in image processing, to involve calculus and
geometrical properties that can work with 3D data to
determine the centre of objects accurately and efficiently.
IV.

SURFACE RECONSTRUCTION

The process of surface fitting or curve fitting is the
constructing of a surface or curve out of a series of data
using a mathematical function. Before we go into the curve
and surface fitting technologies, it is good to touch on the
description of curves and surfaces in general. Rogers
explained in [55] the curve and surface classical
technologies such as Bezier, B-Splines, and NURBS. Both
curve and surface fitting involve two procedures which
represent the main function of fitting. The first is called
interpolation, where an exact fit to a series of data is
necessitated. The second procedure of fitting is called
smoothing, where a function is constructed to approximately
fit the data. In different words, the curves and surfaces can
be represented explicitly or implicitly. The explicit
representation of the form  ݕൌ ݂ሺݔሻ is little used in
computer graphics and computer aided design because this
type of representation cannot be used for multiple valued
functions. Therefore, the implicit representations of the form
݂ሺݔǡ ݕሻ ൌ Ͳ and ݂ሺݔǡ ݕǡ ݖሻ ൌ Ͳ are more frequently used in
computer graphics because they can represent a multiple
valued function even though they are still axis dependent, as
reported in [55]. Thus, surface or curve fitting is a
mathematical or numerical technique used to approximate
complex shapes where a best fit to a series of data can be
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ܤ
Figure 4. Bezier curve with its control points. [55].

The Bezier curve is important in computer graphics to
design 3D surfaces from data obtained from medical or
physical objects. The importance of 3D surfaces appears
clearly in analysing the surface characteristics. Building 3D
surfaces mostly depends on multiple orthogonal curve (e.g.
Bezier curve) projections. These details and further
information concerning Bezier curves and surfaces are
reported in [55].
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The fourth technique is called Subdivision Surfaces.
This technique, as reported in [58], is a repeated refinement
process for the 3D control mesh. This method of computer
graphics represents smooth surfaces of a rough linear
polygon mesh. The subdivision technique can represent a
smooth surface from an arbitrary topology type where that
surface can be calculated of the recursive subdivision
process of each polygonal face into small faces. The Bspline and NURB surfaces suffer from trimming and
smoothness problems in some of the commercial
geometrical modelling applications. The subdivision surface
is one of the best solutions for trimming and sharp edges
even though B-spline is easy to analyse since it is piecewise
polynomial in form. This process would divide the mesh
into new faces and vertices. Fig. 6 below illustrates a
subdivision example.

The second technique is called the B-spline, which was
firstly proposed [56]. Splines function, as reported in [55],
with a minimal support according to domain partition,
smoothness, and degree. Every function of the B-spline can
be represented as a combination of linear B-splines of the
same degree and smoothness. B-splines are a generalization
of Bezier curves and can be evaluated by the de Boor
algorithm. Types of B-spline are listed here depending on
the number of knot spans they represent. First, the Constant
B-spline, which is not continuous and is defined from only
one known span. Second, the Linear B-spline, is defined by
two knot spans and is continuous. Third, the Uniform
quadratic B-spline, is a common form of B-spline and is a
quadratic B-spline with a uniform knot vector. Fourth, the
Cubic B-spline, is a set of control points to be represented.
Fifth, the Uniform Cubic B-spline, is a uniform cubic spline
which used commonly in B-spline forms. Each of the
previous B-spline types has its own function or evaluation
and representation. The B-spline basis which is a special
case from Basis splines has a non-global behaviour of Bspline because of the ability to represent each of its vertices
by a unique basis function. In addition, the B-splines allow
changes to the degree of basis function and, as a result,
changing the degree of the curves.
The third technique is called NURBS. This technique, as
reported in [55], refers to a Non-Uniform Rational Basis
Spline. This mathematical model is generally used in
surface and curve fitting in computer graphics and it
particularized in its flexibility to handle freeform models.
The technique was first used by engineers in the 1950s
where a technique that could represent a freeform model
such as cars, ship hulls, and aerospace exterior surfaces was
needed. NURBS can represent a wide range of curves and
surfaces with a single internal representation and form lines
and planes to circles and spheres. The NURBS allows the
construction of more general surfaces that can make it easy
to bury the lines, planes, circles, and spheres in the surface
itself. Thus, NURBS besides being robust in representing
static objects, it is also efficient in modelling animated
characters used in computer games nowadays. Finally, the
NURBS are defined by their set of weighted control points
and it became clear in 1960s that their generalization are of
Bezier splines. It is the standard of much of computer
graphics and computer aided design. Fig. 5 below indicates
two examples of a NURBS surface with its mesh.

(a)

(b)

(c)
Figure 6. An example of Subdivision surfaces: (a) Initial subdivision
surface; (b) refined subdivision surface; (c) The limit surface. [58].

Quite numbers of literatures were presented in the field
of surface reconstruction or fitting. The surface fitting
approaches have commonly been proposed in 3D data. A
research was presented in [59] for surface interpolation in
3D data. The reconstruction process was done globally to
control the construction of a surface of a smooth
interpolated surface and coarse textures as well. The
algorithm was computationally efficient but declared a little
limitation in the type of kernel function used. A surface
parameterization in 3D medical images of smoothly
deformable objects method has been presented in [60]. A
global shape parameterization for surfaces was incorporated
with a demonstrative parameterized model and was found
useful in computer vision and modelling. Good results have
been obtained from applying the method into synthetic and
real 3D medical images as well. A surface reconstruction
algorithm has been demonstrated in [61] to take as input a
set of unorganized points. The algorithm develops a smooth
surface near scattered points with or without a boundary and
in R3. The idea of estimating the distance functions of a zero
set determination is proposed in this algorithm. The results
showed the correct construction of topologies of all
examples presented.

Figure 5. Examples of a NURBS surface with mesh above the
surface. [57].
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means capturing of intuitive notions to enable the areas with
few samples to be reconstructed.
Also in 1998, [70] described a method to smoothly
approximate scattered data by preserving a parametric
convex Bezier surface. First, a reference surface would be
constructed to approximately, not exactly, represent the
expected shape. Convexity parameters would be generated
depending on the reference surface and then the final
approximated surface would be generated by solving a
quadratic problem. Regarding the NURBS surfaces, [71]
presented an algorithm to reconstruct 3D NURB surfaces
from scattered unorganized data. A model was
approximated first from the k-means clustering technique
and a NURBS network of patches was built from the input
scattered data. Secondly, triangulation and polyhedral
techniques were used to approximate the arbitrary initial
model. The algorithm has given good results and a proposal
has been made to apply it to real world 3D video data.
Another algorithm was presented [72] to generate 3D
finite element meshes. The generated mesh was for a
skewed rotor induction motor depending on its geometrical
features and could be rotated in minimal time. The extrusion
technique was used to generate the meshes with simplified
shapes, i.e., less number of vertices. Amenta et al. in [73]
presented an improved algorithm that relied on the crust
method developed by the same author two years earlier in
[69]. The crust method guaranteed a robust 3D
reconstruction of data geometry and topology using a
Voronoi diagram and the new algorithm managed to
simplify the crust and to prove the homeomorphism of it.
The work in [74] presented an approach to reconstruct 3D
B-spline surfaces from a scattered data set. The algorithm
proposed using the Quadtree data structure method (strip
tree) to decompose the input data set into quadratic surfaces.
Next, the quadratic surfaces were raised to bi-cubic surfaces
to be combined in one B-spline smooth surface. A drawback
in the algorithm was the inability to reconstruct twisted
surfaces with self-intersecting parts.
A method of Computer Aided Design (CAD) model was
presented [75]. The CAD model representation of
complicated engineering parts was adopted in this method
for the triangulation of 3D unorganized points. The results
proved the robustness of the method whereas the
triangulation was simplified and enhanced by removing the
redundant triangles, smoothing the mesh and removing its
stitches. Plenty of current surface reconstruction algorithms
perform well on sampled data sets without boundaries
detected in these samples. Real data used to perform
algorithms comes with part boundary samples and therefore,
[76] proposed a new method called COCONE to handle the
boundary detecting where the sampling ends and
undersampling begins. The new method showed to be
effective in solving the boundary problem based on some
experiments.
Delaunay triangulation is one of the basics in surface
reconstruction that has been used in different situations.
Thus, [77] proposed a method for surface reconstruction that
adopted Delaunay triangulation technique in the work. This
technique was shown to be theoretically and practically

Meanwhile, [62] presented an algorithm whereby the
image parameter acquisition was used to evaluate the
accuracy of the principal axes and surface fitting on 3D
image registration. Two types of phantom objects were used
in this algorithm to simulate parts of scans of the acquisition
of known parameters. The magnetic resonance (MR) brain
images and ellipsoids of defined mathematical
representation were used in this algorithm. With this surface
fitting method, the results proved to have an accuracy of
1-2 mm to confirm the probability of 3D image registration.
Hoppe et al. proposed in [63] a solution to fit a cloud of
scattered data after an initial triangulation process in a
robust mesh of the same topology as the initial triangulation.
Since the number of vertices was small in the output mesh
of this algorithm, therefore, the mesh could be used in
surface reconstruction of unorganized data and mesh
simplification. Medical image registration algorithms have
become popular in the field of surface fitting since the
increased need to identify anatomical objects in those
images has arisen.
Hill and Hawkes in [64] presented a new approach
relying on surface fitting to increase the knowledge of
determining the anatomical structures in MR CT vascular
images of the head. The algorithm proved to have an
accurate output to register specified kinds of images and
achieve its goals. Hoppe et al. presented in [65] an
automatic surface fitting algorithm to fit a cloud of scattered
points in smooth surface that could be used in different
applications such as reverse engineering. Using subdivision
and NURBS approaches, the algorithm clearly demonstrated
its ability to recover sharp edges and model a surface out of
an arbitrary topology when it was applied to synthetic and
real data. In 1996, [66] presented an automatic algorithm for
fitting 3D scattered points in B-spline surfaces. Unlike
previous approaches, the algorithm considers the surface as
a network of B-spline patches and the reconstruction could
be done from an arbitrary topology. The algorithm output
showed efficient B-spline surfaces. The algorithm had a
drawback with a disability of not smoothly reconstructing
surfaces with discontinuities such as corners.
A survey paper on interpolating and approximating 3D
scattered data onto smooth surfaces has been presented in
[67]. The contribution of this paper has distinguished the
existing algorithms according to distance functions,
warping, spatial subdivision, and the increment in surface
growth. The new survey opened a space for new research to
be done in this field. In 1997, [68] presented a method to
solve the problem of reconstructing the incomplete surfaces
extracted from 3D medical images using Radial Basis
Functions (RBF). The RBF helped to overcome some
restrictions of interpolation geometry. The defects in some
objects, such as skulls, could be repaired by the design of
implants whereas the method was applied in X-ray CT data
obtained by ray tracing techniques. Amenta et al. in [69]
developed an algorithm for surface reconstruction of
scattered and unorganized 3D data. The algorithm, which
was based on a Voronoi diagram, guaranteed good results
when a good sample of data was given. A good sample
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was applied on a known prosthesis for practical evaluation.
The point sampling simplification (undersampling)
procedure is an important process since the errors that may
arise with some surface reconstruction methods are highly
to occur. The work in [85] discussed this problem and
presented a paper to analyse and quantitatively compare
some simplification methods. Fast and robust simplification
methods have been presented in that paper to reconstruct
high quality surfaces.
Since the problem of surface reconstruction mostly is
concentrated in unguaranteed correct topology or data that is
geometrically not close to the surface, [86] presented
another algorithm for reconstructing water-tight 3D surfaces
from unorganized point samples. Since, CAD applications
require water-tight surfaces with no holes presented, such an
algorithm is a high necessity. The algorithm called Tight
Cocone required an initial mesh generated by a robust
surface reconstruction algorithm to omit holes. The
presented results showed a robust ability to reconstruct
smooth water-tight surfaces but a drawback appeared from
the inability of Tight Cocone to reconstruct internal gaps.
The appearance of conventional surface fitting techniques
has been reduced since the appearance of new more robust
approaches after the year 2000. Even so, a few researchers
have devoted themselves to improve some of the old
algorithms and get them to solve recent problems in surface
reconstruction.
Aumann presented in [87] an algorithm to develop a
generation of Bezier surfaces using Bezier curves from any
shape and degree. Two advantages have been stated using
this algorithm: no complicated nonlinear equations have to
be solved, and the algorithm could guarantee the singular
points to be controllable. From the point of view of surface
fitting, samples of cloud data vary from surface to surface
and usually the researchers focus on the cloud data obtained
from 3D scanner devices. It is worth mentioning that the 3D
data acquisition devices sometimes produce a noisy set of
data samples whereby those samples do not provide
complete information about the scanned surface.
Approaches have been presented to solve such a
problem of missing information and one of them was the
constructing of a likelihood map to quantify a likelihood set
of points for each point in the 3D space that a surface
reconstruction might pass through that point. This approach
was proposed in [88] to handle a noisy cloud of point
samples from real objects. The approach has been merged
with a set of scanned samples to construct a new sample set
to represent the scanned object and could reconstruct robust
surfaces out of the new data sets. The images have been
used to reconstruct 3D surfaces in some proposed
algorithms in surface fitting as well. The work in [89]
presented a surface reconstruction algorithm that relied on
images as its input to reconstruct 3D surfaces using the
learned shape model technique. The output was robust and
coherent with the input image(s).
Most of the approaches that adopt B-spline surface
fitting with the least square technique require the
measurement of the sensitive parameterization of the cloud
of data plus vector knots. Using uniform knots to connect

effective for surface reconstruction. The predominant issue
concerning the Delaunay triangulation is that it cannot
handle a large size of data. Therefore, [77] improved the
previous COCONE algorithm to become the SUPER
COCONE. Both algorithms (COCONE and SUPER
COCONE ) use Delaunay triangulation technique for
surface reconstruction. Unlike COCONE, SUPER COCONE
algorithm can handle a large data set.
Surface reconstruction from 3D data sampled from the
boundary of an object may generate an arbitrary triangulated
mesh. To improve the triangulated mesh and avoid the mesh
connectivity computation, an algorithm that was proposed
[78] to handle the surface reconstruction process from only
the cloud of points. The new algorithm had the ability to
reconstruct robust surfaces and represent the steps of
coarsely and smoothing. The time-consuming aspect was
spared and a new modelling technique for the cloud of
points was expressed by using this algorithm. Alexa et al. in
[79] proposed a method to use the local maps of differential
geometry and Moving Least Square (MLS) to represent a
manifold smooth surface quite close to the original surface.
The new method was proposed to increase or decrease the
density of the cloud of points as well. High quality results
have been achieved using this method to produce a smooth
reconstruction of silhouettes.
In the meanwhile, [80] have revisited the problem,
presenting the power crust approach to reconstruct 3D
surfaces from points that were sampled from a 3D object.
The approach was to produce mesh faces by first
approximating the Media Axis Transform (MAT) and then
the inverse transform was used to construct the surface. The
reconstructed objects were all solid with piecewise-linear
manifolds and the outputs were efficient except some holes
appeared in some objects. In the meanwhile, [81] has
described a fast method to reconstruct 3D smooth surfaces
using the RBF out of a cloud of points whereas the implicit
zero set of an RBF has been fitted to the cloud of data which
belongs to a surface. The output surfaces from the method
showed efficiency and smoothness.
As a CAD modification application, [82] presented a
method to update CAD models consisting of trimmed or
untrimmed surfaces from 3D unorganized points. The
proposed method considered the input data as non-uniform
and sometimes not covering the whole surface of an object.
The results showed a good improvement on time saving and
memory requirements. In 2002, [83] presented an algorithm
for fitting a surface onto a large scattered data set using
subdivision surface techniques. The subdivision surface
could be rendered using a hybrid algorithm which was
proposed by the same authors. The method proved to have a
small approximation error and a robust ability to render
large data sets. Measuring the complex surfaces along with
their exact mathematical representation have been always
difficult to achieve.
However, [84] proposed a method to measure complex
surfaces and mathematically represent the surfaces using the
Coordinate Measuring Machine (CMM) technique. The
method has been used to analyse complex surfaces and
make it easier to compare them with other surfaces and it
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The basic idea of the Poisson’s basis function is to be
evaluated near the data points in three ways: less than zero
outside the data, larger than zero inside the data, and zero on
the borders of the data. Therefore, the key idea is to
formulate the oriented data from volume integrals to surface
integrals. Unlike other surface reconstruction approaches,
spurious sheets are rarely arise with Poisson. This is because
the gradient of the integral function (implicit function) is all
controlled to the spatial data, [94].
The work in [96] described an improved Poisson
algorithm with Marching Cubes algorithm for more
generation of realizing representations. The improved
algorithm involves more interpolation between the data
points and fast searching for more efficient surface
reconstruction. In another way, [97] introduced a new
formulation for the implicit function of oriented data. This
problem attracted a broad attention over two decades for
more water-tight surface reconstruction improvement. This
work described a simple hybrid algorithm of Poisson
problem together with Dual Marching Cubes and Octree
partitioning of space. This algorithm preliminary proved of
producing accurate and adaptive meshes.
After presenting the SUPER COCONE algorithm in
2001, [98] then presented a surface reconstruction algorithm
to construct efficient surfaces from data clouds in the
presence of reasonable noise. The algorithm was called
ROBUST COCONE and it was produced after the
COCONE algorithm which worked with noise-free point
samples, as described earlier. The robustness of the
algorithm was proved by the experimental results but the
algorithm might not work well when the level of noise is
high.
Surface reconstruction procedures have been applied in
different fields and one of these was reverse engineering.
Reverse engineering in this context is the building of CAD
models using physical parts by measuring the dimensions of
each part and performing surface modelling. Dan and
Lancheng proposed in [99] a new algorithm for NURBS
surface reconstruction for reverse engineering which
required less computational processes. The paper described
a second new algorithm for scattered point
parameterizations. In the same year, [100] presented a
robust algorithm for surface reconstruction from a sparse
cloud of data by proposing sparse constraints to force the
surface to pass through specific points. The surface could be
reconstructed from highly sparse points using those
constraints.
Another algorithm to construct CAD models from a
scattered set of data of free-form objects (unknown
topology) has been proposed in [101] based on the NURBS
(B-Spline) surface fitting technique. The algorithm was
robust at reconstructing NURBS surfaces with optimized
patches and the joining of the patches guaranteed the
continuity G1. A robust surface reconstruction process refers
to how close the reconstructed surface is compared to the
real one. Good reconstructed surfaces require complete and
noise-free samples and polygons are usually the best way to
reconstruct accurate surfaces out of the measurements
obtained. An approach has been presented in [102] to

the points using the data parameterization approach has
been proposed in [90]. The proposed technology in that
paper provided more parameter features for high curved
regions in the space and it could reconstruct even a single Bspline patch. A grid generation over singular trimmed
NURBS surfaces using the Floater’s algorithm is an
approach that has been presented in [91]. The paper
explained the approach and how to generate a grid over a
four sided trimmed NURBS surface, including a facetted
surface as well. In the early 1980s, researchers into digital
image processing started investigating the ability to track
digital surfaces in 3D images. Chen studied in [92] the
surfaces which vary gradually in order to set a suitable
algorithm for smooth surface fitting and to generalize the
gradually varied surfaces concept in case there is no need
for smooth surface fitting of the discrete data.
A new era started after this in terms of surface
reconstructing technology and researchers started
investigating new approaches to mostly re-form the cloud of
data to improve the reconstructed surfaces as a way to save
time and memory requirements. The work in [93] presented
a novel approach to reconstruct a 3D surface out of 3D
orientated points using Stokes Theorem. The approach
returned solid water-tight 3D surfaces by evaluating the
function by zero set concepts, i.e., the function is equal to
zero outside the surface and equal to one inside it. The
approach was robust in reconstructing 3D models, was fast,
and simple in reconstructing water-tight surfaces even with
missing or noisy data. Another algorithm for surface
reconstruction out of orientated data points was presented in
[94]. The new algorithm posited the reconstruction of
orientated points as a spatial Poisson problem solving. The
RBF used to partition the data and blending process was
involved afterwards whereas the Poisson technique dealt
globally with all points at once. The results have shown
robust smooth reconstructed surfaces even from noisy data.
In addition, the Poisson approach reduced the processing
time for non-huge data but still need some improvement to
handle huge amounts of data. In addition, memory
requirements have reduced as well using the Poisson
approach.
For the importance of Poisson technique in the future of
our work, we mention here a brief history about it. There
has been wide-ranging research on dealing with Poisson
problems and many efficient and robust approaches have
been developed. Research appears that the implicit function
formulation problem started in the 90’s; however, the first
practical use of Poisson technique in surface reconstruction
was in [94]. Thus, Poisson technique became famous
technique for reconstructing water-tight surfaces from
oriented data. Poisson earned its great position among all
surface reconstruction approaches because it uses a fitting
function (implicit function) approach. According to [95], the
implicit function combines between local and global fitting
schemes. The importance of global that it does not lead to
local neighborhoods, selects type of surface patch, and use
blend weights. The basis function of Poisson is simply
structured for efficient solutions of linear systems. It can
deal locally with ambient space rather than the data points.
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Continue reviewing, [109] in his thesis described a
method to reconstruct 3D surfaces out of scattered points of
data obtained by a laser scanner, camera, or a monocular
system. Triangular models were constructed for selected
areas of the cloud of points, then a set of quads were
constructed from the triangulated models. Finally, the quads
were translated and approximated to NURBS surfaces. The
method dealt well with a cloud of points with less noise
even though a clustering technique was used to handle noise
and simplify the method. Noise, non-uniform, and outliers
(redundant) data are problems that always need to be solved
in order to reconstruct smooth and efficient surfaces from a
cloud of data. Huang et al. presented in [110] a two-step
algorithm to handle these problems and consolidate the
scattered data points. First, an operator was employed to
project optimally weighted locals to free the cloud of points
from noise and redundant-free data. Next, a robust normal
estimation framework was employed. The consolidated data
acted better than conventional surface reconstruction
algorithms thanks to the proposed algorithm.
Bolitho et al. in [95] returned to the problem to present
an approach to parallel implement the Poisson algorithm
that was proposed earlier by the same authors. The Poisson
algorithm adopted the octree data structure technique (multigrid) in its decomposition and designing. Octree data
structure technique gives the ability for the approaches to
work in parallel on multi-processors. The parallel
processing procedure increased the speed of implementation
and improved the memory requirements to be scalable. Most
of the previous algorithms proposed surface reconstruction
to be based on a scanned cloud of data whereas [111]
proposed a robust method for surface reconstruction from
merged scans of data sets. The proposed technique to
reconstruct the surface in this method was to consider the
reconstruction problem as an energy minimization problem
and this was the key to constructing models out of the range
of images. The proposed method with its combination
between a minimization problem and Delaunay
triangulation returned robust and water-tight surfaces with
an efficient processing time and memory requirements
compared to the size of the input data.
In conclusion, Table II below summarizes the algorithms
and approaches in the reviewed literature which have been
grouped in three categories according to [93].

transfer a laser scanner cloud of points into a 3D model best
fit to the real objects with best visualization. The proposed
approach through its software called LSM3D proved its
reliability in reconstructing architectural models.
In terms of grid generation from 3D data, [103]
presented a method to reconstruct real-time grids to best fit
a 3D cloud of data which had been derived from different
3D scanners. The output grids have been used to represent
NURBS patches to be used in the determination of curvature
and quality evaluations. The method has shown robustness
in closing grid gaps and with a short processing time.
However the only limitation was that the scan-lines could
not be overlapped because they might cause a self-overlay
in the grids.
In a further improvement on the previously mentioned
technique of Poisson, [104] presented an algorithm to
efficiently undertake the surface reconstruction of a huge
amount of data of out-of-core. The same authors of the
Poisson technique proposed to extend the method to a
multi-resolution streaming computation including the
Poisson octree data structure solution for the sake of surface
reconstruction. An accurate solution was obtained from a
single iteration to the multi-resolution pass to handle the
global linear system and the algorithm produced a good
performance on several huge datasets. The work in [105]
proposed the use of the RBF for surface reconstruction in a
manner of confidence supported through a proposed
software tool. The octree data structure was employed in
this algorithm which played a vital role in the reduction of
processing time and the handling of huge data sets. A server
was made available online to construct surfaces in the
Virtual Reality Modelling Language (VRML) file format.
However, [106] presented a curve fitting approach to
handle scanned data. Cubic Bezier curves were used to
approximate the boundaries of the features of G1 continuous
data. The method proved its effectiveness with a satisfactory
accuracy in comparison with other approaches of
constructing CAD models. Sharf et al. presented in [107] a
4D space-time surface reconstruction approach out of 3D
slices of a solid model bounded by water-tight manifolds.
The approach proved its efficiency when it was applied to
incomplete data scanned from solid water-tight models.
Unlike NURBS surfaces, the subdivision of surfaces of a
cloud of points has not been that common in CAD model
design. Nevertheless, both the subdivision and NURBS
methods have been commonly used to design sculpture
shapes.
In the meanwhile, [108] presented a method to employ
subdivision geometry and NURBS interpolation to
reconstruct a model for reverse engineering by adding a new
dimension. The proposed method returned efficient surfaces
and the subdivision technique reduced error and time when
the data of a structure was good. Most of the previous
reviewed surface reconstruction approaches are directly
linked to our ideas of proposing a robust surface
reconstruction for coronary artery trees. The field of surface
reconstruction has a tremendous number of approaches and
algorithms; however, the presented works here are part of
them and could inspire us to design our own approach.

B. Summary of the Surface Reconstruction
Surface reconstruction using a 3D cloud of data takes up
a large proportion of the literature due to the important role
that constructing surfaces plays in different fields. It is also
worth mentioning here that most of the previous algorithms
discuss surface reconstruction from a range of scan data and
it is almost unknown to involve surface reconstruction or
fitting in modelling objects that have been segmented from
2D medical images and transferred to a 3D cloud of points.
The other aspect of interest here is the use of clustering
techniques to simplify the cloud of points and reduce noise,
therefore, a new procedure could be proposed as a helpful
adjunct to be involved in the clustering such as CoG
technique.
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TABLE II. SURFACE RECONSTRUCTION CATEGORIES

No.

1

2

3

Category

The surface
reconstruction
problem is
addressed through the
use of computational
geometry techniques.

Methods that
address the surface
reconstruction problem
by directly fitting a
surface to the point
samples.

Methods that
address the surface
reconstruction problem
by fitting a 3D function
to the point samples and
then extracting the
reconstructed surface as
an iso-surface of the
implicit function.

Procedure

Advantages

Computing either the
Delaunay triangulation of
the point samples or the dual
Voronoi diagram and using
the cells of these structures
to define the topological
connectivity between the
point samples.

The reconstruction
problem solved by
deforming a base model to
optimally fit the input
sample points. These
approaches represent the
base shape as a collection of
points with springs between
them and adapt the shape by
adjusting either the spring
stiffness or the point
positions as a function of the
surface information.

Reconstructing surfaces
using point samples to
define an implicit function
in 3D and then extract the
reconstructed surface as an
iso-surface of the function.
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- The complexity of the
reconstructed surface is in
the order of the complexity
of the input samples.
- It is possible to bound
the quality of the
reconstruction if the
sampling density is known.

Generating a surface
reconstruction whose
complexity is in the order of
the size of the input
samples.

- The extracted surface
is always guaranteed to be
water-tight, returning a
model with a well-defined
interior
and exterior,
- The use of an implicit
function does not place any
restrictions on the
topological complexity of
the extracted iso-surface,
providing a reconstruction
algorithm that can be
applied to many different
3D models.

Limitations
- Require the
computation of the
Delaunay triangulation
which can be inefficient for
large point samples.
- These methods tend to
perform less effectively
when the point samples are
not uniformly distributed
over the surface of the
model.

These methods tend to
be restrictive as the topology
of the reconstructed surface
needs to be the same as the
topology of the base shape,

The complexity of the
reconstruction process is a
function of the resolution of
the voxel grid, not the
output surface, and many of
these approaches use
hierarchical structures to
localize the definition of the
implicit function to a thin
region about the input
samples, thereby reducing
both the storage and
computational complexity of
the reconstruction.

V. CONCLUSION

[10]

From the literature review, the indication of the location
of coronary arteries of the surface of the heart is a new
research problem and as far as we know, it has not been
attempted in a separate study before this. Nevertheless, there
are plenty of studies involving the steps of solving the
problem of vessel extraction, 3D reconstruction, centre of
gravity, and surface reconstruction or fitting. For the vessel
extraction technologies, there are no preferred techniques
that have been chosen as basic vessel extraction approaches
and the combination with various improvements of some of
these techniques could be robust and fast enough to fit the
needs of the work of my PhD work. In terms of 3D
reconstruction, most of the previous algorithms adopted the
multi-image approach and sometimes bi-plane angiogram
images to reconstruct a 3D view. A robust approach needs a
faster algorithm that works with a reduced number of
images (single-view) and consequently less images means a
decrease in radiation exposure and a reduced likelihood of
endangering the lives of patients. Finally, the surface
reconstruction technique had been extremely well discussed
in the literature but no separate study has been proposed to
handle coronary artery tree surface reconstruction. The
direct way has been to use algorithms that can offer faster
processing, reduced memory requirements, and can return
smooth and efficient surfaces. Therefore, methods that
address the surface reconstruction problem as an evaluation
of an implicit function to construct iso-surfaces have been
chosen as the methods of choice.
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