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Abstract

Purpose Augmented reality-based constructive jaw surgery has been facing various limitations such as noise in real-time images,
the navigational error of implants and jaw, image overlay error, and occlusion handling which have limited the implementation of
augmented reality (AR) in comective jaw surgery. This research aimed to improve the navigational accuracy, through noise and
occlusion removal, during positioning of an implant in relation to the jaw bone to be cut or drilled.

Methed The proposed system consists of a weighting-based de-noising filter and depth mapping-based occlusion removal for
removing any occluded object such as surgical tools, the surgeon’s body parts, and blood.

Results The maxillary (upper jaw) and mandibular (lower jaw) jaw bone sample results show that the proposed method can
achieve the image overlay emor (video accuracy) of 0.23-0.35 mm and processing time of 8-12 frames per second compared to
0.35~0.45 mm and 6-11 frames per second by the existing best system.

Conclusion The proposed system concentrates on removing the noise from the real-time video frame and the occlusion. Thus, the
acceptable range of accuracy and the processing time are provided by this study for surgeons for carrying out a smooth surgical
flow.

Keywords Augmented reality navigation - 3D-2D matching - Image registration - Occlusion handling - Noise removal
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Abstract

Purpose: Augmented Reality based constructive jaw
surgery has been facing various limitations such as noise in
real-time images, the navigational error of implants and jaw,
image overlay error, occlusion handling, etc. which have
limited the implementation of augmented reality (AR) in
corrective jaw surgery. This research aimed to improve the
navigational accuracy, through noise and occlusion removal,
during positioning of an implant in relation to the jaw bone to
be cut or drilled.

Method: The proposed system consists of a weighting
based de-noising filter and depth mapping-based occlusion
removal for removing any occluded object such as surgical
tools, the surgeon's body parts, blood, etc.
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Results: The maxillary (upper jaw) and mandibular (lower
jaw) jaw bone sample results show that the proposed method
can achieve the image overlay error (video accuracy) of 0.23 ~
0.35mm and processing time of 8 - 12 frames per second
compared to 0.35 ~ 0.45 mm and 6 -11 frames per second by
the existing best system.

Conclusion: The proposed system concentrates on
removing the noise from the real-time video frame and the
occlusion. Thus, the acceptable range of accuracy and the
processing time are provided by this study for surgeons for
carrying out smooth surgical flow.

Keywords Augmented Reality Navigation, 3D-2D matching,
Image Registration, Occlusion handling, Noise Removal

Introduction

Corrective jaw surgery can be defined as a surgical
procedure that is performed on jaw bones. Corrective jaw
surgery is performed to correct the dental misalignment. The
corrective jaw surgery could contain various surgical
procedures such as drilling, cutting, resection and
implantation.

The main problem of this surgery is the limited viewing
space in the mouth of the patient (Wang et al., 2014). There is
always a high risk of surgeons damaging the nerve channels
or tooth root during dental surgery (Bruellmann et al., 2012;
Wang et al., 2014). The traditional method of performing the
jaw surgery used the CT scan to report to plan the surgical
procedure manually by the surgeons (Murugesan et al., 2018).
Surgeons were required to identify the nerve channel and root
canals manually with the use of the CT scan report (Murugesan
et al., 2018). Due to the Ilimitations such as difficulty in



identifying the nerves, accurate position of drilling etc. in the
surgical procedure using the traditional method, 2D virtual
video guided system was developed which helped the surgeon
by displaying virtual video on the monitor and then Augmented
reality has emerged as the latest technology in medical
surgery (Murugesan et al., 2018). Figure 1 shows the
traditional, video-guided and augmented reality-based surgery.

Augmented Reality (AR) based surgery uses both virtual
Images from the pre-surgery and the real-time image from
during surgery to create the augmented view for the user
(Suenaga et al., 2015). Augmented reality-based surgeries
superimpose the virtual jaw on to the real jaw during surgery
which provides the surgeon with the 3-dimensional view in real
time. Augmented reality provides the surgeons in the surgical
environment with more realistic and intuitive information
during surgery which can guide the surgeons during the
surgical procedure (Suenaga et al., 2015). It provides the
surgeon with the information about the cutting lines, drilling
position in the jaw bone and also helps to find the nerve
channel and location of disease (Murugesan et al., 2018).

The three-dimensional view is provided by Augmented
reality by superimposing the various virtual images onto the
real-time images (Sielhorst et al., 2008; Suenaga et al., 2015).
Augmented reality has been providing a huge benefit in the
medical field. Augmented reality is generally used in the
surgery of the complicated and sensitive areas likes heart,
kidney, brain, pelvis, breast, arteries, jaw and much more but
its implementation has been limited in the jaw surgery.
Numerous research has been conducted in the past and
present in the field of corrective jaw surgery. AR in jaw surgery
has been facing various limitations such image registration,
occlusion, noise in real time images, high processing time,
poor occlusion handling etc. which has Ilimited the
implementation of AR in corrective jaw surgery (Suenaga et al.,



2015). Hence 3D view accuracy and processing time plays a
vital role in augmented reality-based surgery. The best system
should be able to provide better accuracy, low processing time
and better occlusion handling capacity. It is necessary to
provide the surgeons with accurate real-time navigational
guidance for higher precision and accuracy in surgery through
accurate object tracking, navigation and real-time registration
process (Wang et al., 2015).

In the current context of Augmented reality technologies
in the medical sector, video-based display, see-through
display, and projection-based display are the main categories
of Augmented Reality technologies (Suenaga et al., 2015).

(a) (b) (c)

Fig. 1: (a) Traditional Surgery (b) Video-Guided (c) AR
guided|[These images are downloaded using Google search
engine, the image is free to use, share or modify, even
commercially]

This paper aims to improve the accuracy of the real-time
video accuracy by removing the noise in the real-time video
caused by a range of factors such as machine vibration,
camera movement, image sensors, etc. and also by removing
the occlusion caused by surgical instruments, the surgeon's
hands, etc. The noise removal is necessary for augmented
reality based constructive jaw surgery because the noise
deteriorates the image edges which impacts negatively on
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image registration, navigation and image overlay. The features
of Modified Kernel Non-Local Means (MKNLM) filter is used to
de-noise the real-time video images. This feature is used in the
de-noising process because this filter is less sensitive to
outliers and produces the constant regular results while the
other filters are outlier sensitive and tend to produce incorrect
results.

The Tracking-learning-detection (TLD) cannot handle the
occlusion and eventually fails if the occlusion is present (Kalal
et al., 2012). This will require re-initialization of the TLD. Failure
of the TLD eventually results in image registration failure. This
research proposes a new TLD system with depth mapping-
based occlusion removal to improve the image tracking and
image registration (overlay).

A significant body of research exists that focuses on
Increasing accuracy and lowering processing time in
augmented reality-based surgery. (Choi et al., 2017) proposed
a portable surgical navigation device and technique to reduce
the bone resection error. This solution proposes a resection
plane that automatically computes the resection margin with
an error of 1.02mm. This solution has used markers but failed
to consider the deformities caused by the patient’s movement
during surgery. (Wu et al., 2014) proposed a projection based
augmented reality solution to eliminate the necessity of
monitoring several display monitors and co-ordinates during
surgery. They proposed a technique for projecting the pre-
surgical images (virtual image) onto the body of the patient but
did not improve the accuracy (range 1.4mm-7.4mm) and failed
to consider the patient’s movements and the occlusion present
during surgery. Therefore, these solutions do not provide
possibilities for further improvement.

(Nakao et al., 2016) proposed the concept of a differential
map to determine the shape changes during the bone tumor
resection surgery to allow the surgeons to visualize the



remains of a tumor to be resected (cut) and provide depth
information through a graphical overlay. However, the
researcher has used fiducial markers which could change their
position with the movement of the patient. Furthermore, the
author has not considered the occlusion that is present due to
surgical tools and blood. (Chen et al.,, 2015) presented an
optical see-through head-mounted display based Augmented
Reality for navigation to improve accuracy and reliability using
an optical tracking system and surface-based registration. The
solution improved the accuracy but was not able to address
the processing time. A further limitation is that the latency
occurrence in an anatomical structural movement which
decreases the real-time performance of the system was not
addressed. In addition, the weight of the head-mounted display
could cause problems for the surgeon during long surgeries.
Thus, these solutions offer no major possibilities for
improvement, either in accuracy or in processing time.

(Hung et al., 2017) conducted a study to evaluate the
navigational accuracy of implants in an augmented based
navigational system for zygomatic implant placement. The
study concluded that the real-time navigation-based surgery
demonstrated higher accuracy but did not consider the
presence of saliva and blood that could cause occlusion.
Furthermore, deviations in accuracy analysis that could
influence the implant failure, generally caused by the invasion
of other anatomical structure, were not taken into
consideration. (Chen et al., 2016) proposed a method to track
the patient-specific 3D printed implant during the
intraoperative placement process with the use of point-based
(Fitzpatrick et al., 1998) and surface-based registration
(Schicho et al., 2007). This solution was able to increase the
accuracy of implant placement but ignored the deformities
caused by soft tissues, patient movement, and noise from the
breathing of the patient whilst registering the patient's body



position on the 3D image set. Thus, these solutions offer no
major possibilities for improvement in accuracy or processing
time.

(Suenaga et al., 2015) proposed a marker less registration
solution with the use of a stereo camera and a half-silvered
mirror for depth perception. Even though the burden of marker
usage was eliminated, this solution failed to improve the
processing time as integral videography has high processing
time. The researchers also did not address the impact of blood
and other fluids which could cause inaccuracy in contouring
and decrease the registration accuracy. (Wang et al., 2014)
have also proposed a solution with a stereo camera and half-
silvered mirror for tracking of the surgical instruments,
patients’ movements, contours and ICP (Iterative closet Point)
for patient-image registration. However, the proposed
framework still has issues in the initial registration process
where there are chances of errors which could lead to surgical
Inaccuracies and inconsistencies. Furthermore, the use of a
stereo camera which has to be re-calibrated and maintained for
high accuracy causes difficulties in daily clinical use. Thus,
these solutions offer no major possibilities for improvement in
accuracy or processing time.

(Kilgus et al., 2014) proposed a marker-less registration
system that enables AR visualization by projecting the CT
image directly onto the real patient’s body. The author has
used kinetic surface segmentation, a two-phase registration
process (initial and fine registration), color image fusing and
CT data for the AR view. However, repetitive initial registration
(manual registration) is required in case of movement of the
object or the camera. Furthermore, the solution was developed
for the forensic field which means that it works for non-
deforming objects. In addition, accuracy and the processing
time of this solution are relatively higher than the in any of the



other solutions presented. Thus, this method offers no major
possibilities for improvement in accuracy or processing time.

(Wang et al., 2015) also conducted research into the use
of stereo cameras and a translucent mirror with the use of a 3D
calibration model in integral imaging to remove the initial
registration error and display undistorted 3D images. However,
even though the processing time has improved in this
solution, accuracy remains unchanged, with an additional
limitation arising from a lack of consideration of occlusion.
Thus, this solution offers no major possibilities for
iImprovement in accuracy or processing time. (Zinser et al.,
2013) proposed wafer-less maxillary positioning with the help
of interactive IGV (Image Guided Visualization) display
complemented surgical navigation that can offer an alternative
approach to the use of arbitrary splints and 2-dimensional
orthognathic planning. However, this model did not reduce the
surgical time which was high due to setting up the technical
and recording process. Thus, this solution offers no major
possibilities for improvement in accuracy or processing time.

(Wang et al., 2016) introduced a video-see thorough
system that uses a hierarchy of images, TLD tracking (frame to
frame) proposed by (Kalal et al.,, 2012) and Iterative Closest
Point (ICP) developed by (Gold et al.,, 1998) for 3D pose
refinement. Ulrich’s method (Ulrich et al., 2012) is used for
initial registration. The bounding box is used for object
tracking which reduces object matching time through limiting
of the search area and lIterative Closest Point (ICP) is used to
refine the 3D pose for higher registration accuracy (Kalal et al.,
2010, Xiao et al., 2012). Limitations arise from the fact that the
solution has failed to address depth perception and occlusion
present in surgical procedures due to the presence of surgical
tools and blood. Thus, this solution offers no major
possibilities for improvement in accuracy or processing time.



(Murugesan et al., 2018) proposed a rotational matrix and
translation vector algorithm to improve the geometric accuracy
in oral and maxillofacial surgery in the Wang model (Wang et
al., 2016). This solution has addressed the depth perception
using two-stereo cameras. Similar to the Wang model, this
solution uses an aspect graph to create multiple models to be
matched in real time. Tracking-Learning-Detection developed
by (Kalal et al., 2012) is used to track the object in the video
frame with the use of a bounding box which decreases the
search area. Ulrich’s method is used for initial registration and
enhanced ICP (Murugesan et al., 2018) is used for final pose
refinement with the use of a novel rotational matrix and
translation vector algorithm that improves the geometric error.
This system reduced the overlay error to 0.30 ~ 0.40 mm and
processedl10-13 frames of per second. However, this system
failed to consider the time consumed due to the use of the 3D
stereo camera, noise in real time video due to machine
vibration, patient movements, image sensors and also the
occlusion caused by the surgical tools, the surgeon's body
parts, as well as blood etc. The noise issue was addressed
with the use of modified kernel non-local means (MKNLM) filter
by (Kazemi et al., 2017). There are various other noise removal
filters, but this filter is less sensitive to outliers and provides
more consistent results when compared to the other filters
(Kazemi et al., 2017). Addition of this feature to the model
mentioned above can improve the image registration accuracy
and hence this feature is a significant addition to improve the
quality of the system.

The model proposed by (Murugesan et al.,, 2018)
addresses the accuracy and processing time and has lower
image overlay error and processing time in comparison to
other proposed systems. This research is focused on this
model to improve the results produced for a better-augmented
reality view. This paper works on the model proposed by



(Murugesan et al., 2018) and particularly focuses on the
Tracking-Learning-Detection (TLD) algorithm called Tracking.
This paper illustrates that better results can be achieved by
removing the occlusion caused by surgical tools, the
surgeon's body part, and blood etc. during surgery.

The paper is organized into three parts. The first part
contains a "System Overview" that discusses the current best
model proposed by (Murugesan et al., 2018). It also includes
the description of the proposed system, the associated
flowchart and pseudocode for the proposed formula. The
second part discusses "Results" where the proposed system
Is tested with a range of samples from maxillary and mandible
jaw bones. This is followed by a "Discussion™ and comparison
between the results of the state-of-art and the proposed
system results and a conclusion is provided.

System Overview

State of Art

This section describes the current state-of-art solution
(Figure 2) with limitations (highlighted in red- Figure 2). The
model proposed by (Murugesan et al., 2018) provides a better
image overlay with the use of a Rotational Matrix and a
Translation Vector (RMaTV) algorithm. This system has higher
accuracy through a lower image overlay error (0.35 ~0.45 mm)
and the best processing speed of 10-13 frames per second.
The model is divided into pre-operative, intra-operative and
pose refinement phases (Figure 2).

Pre-operative environment: The pre-operative planning of
the surgery is done with the use of the CT image of the patient
which is segmented and an aspect graph (hierarchy of the
model) is created in the offline phase as shown in figure 2.



This permits matching of the different models of the
segmented CT scan in the online phase against the real-time
video frame.

Intra-operative environment: Two 3D stereo cameras are
used for capturing the real-time surgical video with the
translucent mirror for visualizing the Augmented reality view.
Video frames are generated from the real-time video and the
hierarchy of the video frame is created based on its resolution.
The image with the lowest resolution is used for tracking and
detecting the region of interest (ROI).

However, this solution did not consider the need for
regular re-calibration and maintenance of the stereo camera to
maintain performance at levels of high accuracy which is not
possible in a real time scenario. Furthermore, this solution
failed to consider the processing time required to convert the
3D stereo video image frames to 2D image video frames for
tracking of the object of interest using the Tracking-Learning-
Detection (TLD) algorithm (Wang et al.,, 2016). Further
limitations come from the fact that the need for a strict viewing
angle for the stereo camera was not considered which may
result in image overlay inaccuracies, if the correct viewing
angle is not achieved (Wang et al.,, 2016). In addition, the
solution failed to consider the noise present in the real-time
video due to vibrations from the machinery and optical
sensors. This noise results in a deterioration of the image
edges and may also lead to contour leakage which would then
negatively affect the image overly and registration accuracy.

The Tracking-Learning-Detection algorithm (TLD) is used
for tracking the region of interest (surgical area). The TLD uses
a bounding box to match the object of interest with the aspect
graph created during the offline phase. The search for the
bounding box is carried out from the top level of the video
frame (lowest resolution) to the lowest level of the video frame
from the hierarchy (highest resolution). Once the match is



found, the 2D image is overlaid onto the real-time video
creating an accurate 2D model. The initial registration is
performed using a method proposed by (Ulrich et al., 2012)
also known as ‘Ulrich’s method’ which uses shape similarity
matching and online matching (Wang et al., 2016). After the
initial registration, the ICP (Iterative Closest Point) is used for
post-refinement for achieving an accurate 3D model. A
Rotational Matrix and a Translation Vector (RMaTV) algorithm
are used to remove the geometric error proposed by
(Murugesan et al., 2018). The refined 3D model along with the
real-time video is projected onto the translucent mirror
creating an augmented reality view for the surgeon.

Tracking an object can be defined as the estimation of
displacement of the object between the two-image frames
(Kalal et al., 2012). Tracking is necessary as failure to track the
object of interest results in an incorrect image overlay of pre-
surgical and intra-surgical images. The quality of the image
overlay depends on how well the object of interest has been
tracked. First of all, the object needs to be tracked and then
detected before the image overlay and registration can take
place. The TLD uses Lukas-Kanade median flow (LKMF) for
tracking an object of interest (Kalal et al., 2013). It uses object
feature point flow estimation for tracking (Figure 3). The TLD
uses LKMF tracker with failure detection features that detect
the TLD failure based on the median displacement of the
feature points being tracked. A TLD failure is established if the
median displacement of the object feature point is greater than
the threshold (Figure 3). This tracker is highly susceptible and
prone to occlusion. Lukas-Kanade Median-flow tracker fails
once the object gets occluded because it cannot track the
feature point of an object of interest and computes the median
displacement as greater than a threshold which results in
failure of the TLD. With the use of this tracker, the model
achieved an accuracy of 0.35mm ~ 0.45mm but fails when an



occlusion occurs because it cannot compute and track the
feature point in the object once the object is occluded. The
Lucas-Kanade median flow tracker is presented in Table 1 and
the flowchart in Figure 3.

The Lucas-Kanade median optical flow for tracking is
calculated as equation 1:

V=u+d (1)

V= final location, u= image point in 2D in first image
frame, d=image velocity vector (optical flow) that reduces
residual function calculated as equation 2:

e()=e(ddy)= Y > U@y -J(x+duy+d))y 2
X=Ux—Wyx Y=Uy—Wy

d,d,= x and y point of optical flow matrix, € = Residual
Function, u,,u,= image point at u, w,, w,= two integers, I,] =
two grey scaled image, I(x,y)= grey scaled image | at point
X(X, y).

Table 1: Lukas — Kande optical Flow tracker

Algorithm: Lucas- kanade method to track the object of
interest

Input: Two images frames imagel(l) and image2 (J) from
the hierarchy of images created.

Imagel (I)=current image frame in TLD where feature point
Is tracked

Image2(J)=Next image frame the feature point is to be
tracked
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Output: Optical flow (d) which is the estimated
displacement of feature point between two images i.e., from
image (1) to image (J)

BEGIN
Step 1: First of all, the image hierarchy are created

Step 2: Select the feature point to be tracked in the object
of interest.

Step 3: Get the 2d image position (feature point) of the
point in image | (u).

Step 4: calculate the optical flow (d) and mean
displacement of each co-ordinates of the point.

Step 5: Check if the median displacement is greater than
the threshold

Step 6: If the median displacement is greater than the
threshold, discard the point else

Calculate the new position of the image point in the image
J;V=u+d

Step 7: Apply step 3-4 on each feature point selected.
END
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Noise coming out of equipment vibration and optical
image sensor distorts the video and this may also result
1 reduces the viewing angle of object | | in image edge deterioration and contour leakage in the
of interest. image also results in in accuracies in image
1 registration.

3D stereo camera needs regular re-
calibration and maintaince and also
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Flowchart for Tracking in TLD algorithm:

Select First Image frame(/) from hierarchy of images

v

Select Feature Points

Calculate the optical flow and
mean displacement

Display Bounding Box

] T

Calculate the position of the feature
point in next image frame (J)

Is mean
displacement
> the
threshold?

Occlusion has
occurred

Tracking-Learning-Detection fails

Fig. 3: Tracking in TLD using Lukas-Kanade optical flow
tracker.

RMaTV algorithm-based Pose refinement. A rotational
matrix and a translation vector algorithm (RMaTV) proposed by
(Murugesan et al., 2018) are used to eliminate the geometric
error with the help of rotational and translation vectors. ICP
use to register the images produces higher image overlay
accuracy with the use of the RMaTV algorithm. The RMaTV
algorithm helps to eliminate the estimation of the wrong pose
hence improves the image overlay accuracy.



Proposed Solution

A range of techniques and models from existing
Augmented Reality based surgery have been analyzed and
reviewed in depth to identify strengths and weaknesses. The
main problems relating to the augmented reality-based surgery
are accuracy, processing time, noise and occlusion handling.
Most models have primarily focused on accuracy and
processing time, and to the lesser extent on noise removal and
occlusion handling. (Murugesan et al., 2018) model has been
selected as the base model for the proposed solution which
includes a range of features from the base model. In addition,
it proposes a Noise Filtered Video Frame and Occlusion
Removal based on an Enhanced TLD algorithm to overcome
the noise and occlusion problem in augmented reality-based
corrective jaw surgery. This has improved the tracking of the
jaw which in turn improves the image registration through
better tracking and detection of the region of interest (jaw).

Furthermore, features from the second-best solution were
adapted to improve the processing time through a high-
performance optical camera as shown in Figure 4 (Wang et al.,
2016) eliminating the need for regular re-calibration and
maintenance of the stereo camera (Fig. 2). This also improves
the processing time by removing the image conversion
process of the 3D stereo video images frame to a 2D image
video frame used in TLD (Figure 4). Using the optical camera
will improve the viewing angle for the surgeon by not limiting
the view of the object of interest (jaw) to only one defined
angle. The optical camera captures the real-time surgical video
with a single high definition camera and follows the remaining
state-of-art solution.

We propose an enhanced video frame with noise removal
and an enhanced TLD with an occlusion removal system to



remove noise in real time video frames and occlusion in the
tracking and detecting phase. This will improve the tracking
accuracy and also the augmented accuracy by reducing the
overlay error to 0.23 ~ 35mm compared to 0.35 ~ 0.45 mm. The
processing time was improved from 6 ~ 11 frames per second
to 8 ~ 12 frames per second.

TLD algorithm History: TLD also known as Tracking-
Learning—Detection was developed by (Kalal et al., 2010). The
recorded 2D video, in the intraoperative phase, needs to be
sent through a TLD algorithm to find and segment the exact
location of the surgical area with the help of bounding box
tracking to reduce the search area and speed up the process.
However, TLD cannot handle the full occlusion and movement
of the object of interest from a frame and terminates when
these two factors occur (Kalal et al., 2012). The TLD has in
recent years undergone significant re-development to improve
it yet the TLD algorithm remains a major subject for research.
The TLD algorithm has three parts: Tracking, Learning, and
Detection.

Area of Improvement: The proposed modification focuses
on the first stage of TLD - Tracking, to improve tracking
accuracy of the object of interest for image registration. So far,
the TLD algorithm has failed if the object of interest is
occluded or exits the video frame, unable to deal with the loss
of the object of interest, proposing the wrong estimate of the
position of the object of interest and finally failing. The TLD
algorithm requires re-initiation after failure because feature
points get lost once the tracker fails, needs to be assigned
again to track. This slows the algorithm process as a search
for feature points takes longer when the object is occluded.

The proposed system consists of three major parts as
shown in Figure 4 also known as the pre-operative
environment, intraoperative environment with noise removal



and tracking with occlusion removal and RMaTV algorithm-
based pose refinement.

Pre-operative environment: In this preoperative
environment, a CT scan of the patient is taken and segmented.
A hierarchy of the segmented image model is created so that
the real-time images can be matched with these aspect graph
Images from different angles and perspectives. The CT scan is
used because it is superior to other medical images In
providing details and information about bones and nerves.

Intra-operative environment using the optical camera: An
optical camera is used to capture real-time videos during
surgery. This reduces the processing time by eliminating the
need to convert the 3D video frames into 2D video frames that
are used in TLD tracking. It also eliminates the necessity of
regular re-calibration and maintenance of the stereo camera
(Figure 4). Furthermore, it improves the processing time by
removing the image conversion process of the 3D stereo video
images frame to 2D image video (Figure 4). With the use of the
optical camera, the viewing angle of the object of interest
improves as it does not limit the viewing angle the way the
optical camera does.

When the video frames are generated from the video, they
contain noise from the vibration of surgical machinery, the
image sensors used, the sensors used to monitor the patient’s
health condition and also the movements of the patient. This
noise deteriorates the quality of the image, especially the
object edges present in the video which eventually affects the
Image registration accuracy. Thus, a Modified Kernel Non-
Local Means (MKNLM) noise filter proposed by (Kazemi et al.,
2017) is used to eliminate the noise from the real-time video
frames. MKNLM filter is a robust filter and removes the noise
from the image frame because it is insensitive to outliers and
produces accurate results on a consistent basis. The use of
the MKNLM filter in the system removes the noise from the



image frame and preserves the image edges from deterioration
which plays a vital role in the image overlay process.

A hierarchy model of the image is created in 5 level images
with respect to the resolution. The highest level of the image
(lowest resolution) is sent to the TLD for tracking and
detecting of the object of interest for online matching. The
lowest resolution image is used in TLD to decrease the
processing time. High-resolution images take more time to
process in comparison with the low-resolution image. The TLD
searches for the bounding box and matches it with the aspect
graph from the offline phase. The bounding box is used to
decrease the search area for an object of interest within the
image frame and hence speed up the online matching. It also
reduces the possibility of matching with an object that is
outside the bounding box. This matching process continues
until the lowest level image is found. However, if the bounding
box cannot be found, the occlusion removal technique is
applied which is described below.
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Use of camera decreases the necessity of re-caibration and
maintainace and also improves the viewing angle of the
object of interest. It also helps improve the processint time.

0 Modified Kernel Non-Local Means Filter is used to
remove the noise.
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Occlusion could be removed by using image reconstruction based occlusion removal.

Fig. 4: The proposed AR solution

Occlusion Removal using image reconstruction-based
technique:

The TLD algorithm method of tracking and detecting an
object of interest uses the feature point within the bounding
box from the initial frame to track the same feature point in the
next image frame with the help of a Lukas-Kanade Median Flow
tracker (Kalal et al., 2010). This tracker fails if the object of
interest is occluded.

With the proposed solution, the failure of the tracker can be
prevented by reconstructing the occluded object of interest as
shown in equation 3 below.
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Proposed Equation: Image reconstruction-based occlusion
removal uses a technique based on image pixel classification
by (Xiao et al., 2012) Image pixel classification output will be
either the object of interest image or not. It is the key to
achieve the high-quality image reconstructed after the
occlusion has occurred.

Input is the superposition of the shifted elemental image,
center position to the image sensor, the number of the pixel
from the object to reconstruct the number of the pixels that
have been occluded, the weight of the image pixel in the range
of [1,0] depending on pixel belonging to object of interest or
not.

The weight of the image pixel is classified into 1 and O to
eliminate the use of any pixels from the occluding object as
the use of this pixel will result in wrong image reconstruction
of the occluded object of interest leading to a higher image
overlay error. The pixel is determined as the object pixel if the
statistical variance of the pixel is greater than the threshold
and hence the weight of the pixel is determined as 1.

For each of the pixel position that has been occluded that
belongs to the object of interest, the following equation can be
used to reconstruct the occluded image (J) hence removing
the occlusion as equation 3.
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where, E = superposition of shifted elemental image; C,
=Center position of the image sensor in x; €, = Center position
of the image sensor in y; H= pixel numbers from object class
which is calculated as equation 4:



The following equation 4 is used to calculate the number of
pixels relating to the object using the technique proposed by
(Xiao et al., 2012).
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(4)

where, W=weight in [1,0], 1 if the pixel belongs to object
else 0; (x,y) = point belonging to object; i= ith column of the
sensor; j= jth column of the sensor; N, M= sample intensities
of the point

The equation 5 is to calculate the weight of pixel in terms of
Oand 1

w=1lifv<t
else 0 (5)

where v is the statistical variance of the pixel being
calculated of the pixel being calculated which is given as
equation 6 and t is the pre-defined threshold (Xiao et al., 2012):
g T e (6)
A TN
Where, E=statistical mean of the pixel being calculated)
which is calculated as equation 7 (Xiao et al., 2012).

", | (7)

E =
NM

Where | is the intensity of the pixel being calculated.

Why image reconstruction-based occlusion removal?
Image reconstruction-based occlusion removal is a simple
technique of reconstructing the occluded object of interest by
removing the occlusion through classifying the image pixel as
the object of interest (image pixel) or the pixel that does not
belong to the object of interest. With the aid of this algorithm,
the occluded object will be reconstructed so that the TLD does
not fail.

The current Lucas-Kanade median optical flow tracker
(equation 2) cannot handle the occlusion of the object of



interest. The current TLD employs Lukas-Kanade median flow
tracker for tracking the object of interest. The tracker fails
when it cannot track the displacement of the feature point that
it is tracking in the object of interest. This results in failure to
re-initialize and, thus, in a failure of the entire Tracking-
Learning-Detecting process, slowing down the whole process.
The additional time required for the tracker to search for the
feature point after the occlusion occurs and the time required
for re-initialization time after failure results in an increase of
the processing time. The proposed system detects the tracker
failure with the help of calculating the median displacement of
the feature point. If the median displacement is greater than
the threshold (generally 10), the tracker detects an occlusion
and fails.

After the detection of the occlusion, the proposed system
(Table 2) based on imaged reconstruction-based occlusion
removal is executed and removes the occlusion before the
tracker fails. This not only helps to improve the tracking and
detecting accuracy, it will finally help the registration accuracy.
It further reduces the time processing time by removing the
prolonged time required for the tracker to search for the
feature point after the occlusion occurs and the re-initialization
time after its failure. The processing time of the system will
also increase with the use of the optical camera as it removes
the system overload of converting 3D images into 2D image
frames for tracking and detection. Also, the image overlay
accuracy increases with the help of noise removal by the
Modified Kernel Non-Local Means (MKLMN) filter proposed by
(Kazemi et al., 2017).

With the assistance of the proposed method (Table 2
explains the steps involved), the MKLMN filter removes the
noise from the live image frame and removes the occlusion
through image reconstruction based occlusion removal after



the tracker detects the occlusion whereas the state of art
solution has no noise removal technique in live video frames
and the TLD method has no ability to remove the occlusion
and, thus, fails when the occlusion occurs. The proposed
system can produce an image overlay error of 0.23mm ~ 35mm
compared to 0.35 ~ 0.45 mm produced by state of art in a jaw
image overlay. Furthermore, the proposed system is able to
achieve a processing speed of 8 - 12 frames per second
compared to 6 -11 frames per second achieved by the state-of-
art.

The Proposed Filtered Video Frame and Enhanced TLD with
Occlusion Removal System are presented in table 2 and the
flowchart is illustrated in figure 5.

RMaTV algorithm-based Pose refinement: Rotational matrix
and Translation vector algorithm (RMaTV) proposed by
(Murugesan et al., 2018) is used to eliminate the geometric
error with the help of rotational and translation vector. ICP
used to register the images produces a higher image overlay
accuracy with the use of the RMaTV algorithm. RMaTV
algorithm helps to eliminate the estimation of the wrong pose
hence improve the image registration accuracy.
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Table 2: Filtered Video Frame and Enhanced TLD with
Occlusion Removal

Algorithm: Proposed Filtered Video Frame and Enhanced
TLD with Occlusion Removal

Input: Two Image Frame, imagel(l) & image2 (J)

Output: Noise free and occlusion removed image frame

BEGIN

Step 1: Get the lowest resolution image frame from the
hierarchy of image

Step 2: Apply MKLMN noise removal filter to the image
frame.

Step 3: Get the 2d image position (feature point) of the
point in the image | (u).

I,= (x,y), where I,=image point, Xx= image point position in
X-axis

and y= image point position in y-axis

Step 4: calculate the optical flow (d) and mean
displacement of each co-ordinates of the point.

Step 5: Check if the median displacement is greater than
the threshold

If |d; — d,,,|>10 pixel (threshold).
Where d;=displacement of single pint in optical flow,

d,,= mean displacement

o —— 128



Step 6: If the median displacement is greater than the
threshold, apply occlusion removal algorithm

T2, B (3 03 6) Wy v o)
Step 6: Calculate the new position of the image point in the
image J
V=u+d
where V= new position for the feature point;
u=original position of the feature point in Image |
d= optical flow of the feature point

Step 7: Repeat Step 3-7 for each feature point

STOP

Flowchart for the proposed algorithm:
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Fig. 5: Flowchart for proposed algorithm

Results

The proposed model was implemented in the MATLAB
R2017b (He et al, 2016). The model was implemented with the
use of 10 video samples and 10 CT scan samples from a
various age group in maxillary and mandibular jaw bones
(Table 3). The videos and CT scan samples were gathered from
various sources that are available online for research and
study purposes. The image overlay accuracy and processing
were calculated to measure the performance of the system
proposed. The jaw is divided into: Lower left mandible, Lower
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Right mandible, Lower Front Mandible, Upper Right Maxilla,
Upper Left Maxilla and Upper Frontal Maxilla.

The proposed system works in three main stages, the pre-
operative stage, the intra-operative stage with noise removal
and tracking (with occlusion removal) and pose refinement
with RMaTV. In the intraoperative phase, the CT scan images
of the patient are collected and segmented as per the object of
interest (Jaw). These segmented images are used to create the
aspect graph that contains images with various models, used
to match with the online images from a different perspective
(angles). The generation of the aspect graph depends on the
type of camera parameters used and the jaw model used
(Figure 6). In our case, the aspect graph generation was less
than 45 seconds.

g g i
s d* V Yy!' " J ‘U :
——=7) pper Left Maxilla
| 4 \ 'An“ﬂ/
AAEA
Upper Right Maxilla g 4

Afrontal Maxilla

v « |
Lower Right Mandible Lower Left Mandible
Frontal Madible

Fig. 6: Grouping of the jaw bone

In the intra-operative phase with noise removal and tracking
with noise removal, optical cameras are used to capture the
live surgical video. The video frames are generated from the
real-time video and MKLMN filter is used to remove the noise
from the image, improving the edges of the objects and
preventing contour leakage through de-noising. A pyramid of
the video frame images is created based on its resolution. The



highest-level image (image with the lowest resolution) is taken
to the TLD for tracking and detection the object of interest. The
tracking phase of the TLD algorithm uses Lucas-Kande median
flow tracker to track the object of interest and display the
bounding box. The Lucas-Kanade Median flow tracker uses
feature points from the object of interest and calculates its
displacement (optical flow) to track the same feature points in
the next image frame. But if the object of interest is occluded,
then the Lucas-Kande tracker cannot track the feature points
and will eventually fail, resulting in failure of the TLD as well,
requiring re-initialization after this process. Thus, the image
reconstruction-based occlusion removal that uses pixel
classification to identify the object of interest (or not) is used
to remove the occlusion and improve the quality of the
reconstructed image. A bounding box is detected which
defines the object of interest through the hierarchy of images.
The bounding box helps to decrease the search area and
processing time. Ulrich’s method is used for the initial
alignment. This method eliminates the need for initial manual
registration and decreases the possibility of human error. This
helps to generate the 2D pose object of interest. Once the best
image is found, it is sent for 3D pose refinement with the use
of the ICP algorithm.

In pose refinement with RMaTV phase, a rotational matrix
and a translation vector are used to eliminate the geometric
error. This algorithm is used to eliminate the possibility of
wrong pose selection, hence improving the image overlay and
registration accuracy.
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Fig. 7 (a) Real-time image (b) Image Registration (b) Image
Overlay

Sample videos and images were used in Matlab 2017b to
simulate the state of the art system and the proposed system.
A range of reports and graphs were generated in terms of
accuracy and speed to evaluate and compare the state of art
with proposed the system. The comparison graphs are
displayed below. Figure 8 compares features of the mandibular
jaw in terms of image overlay accuracy and figure 9 draws a
comparison in terms of the processing time. Similarly, Figure
10 and Figure 11 compare the maxillary jaw bones in terms of
accuracy and processing time between the state-of-art and
proposed the system.

The main factor deciding the accuracy and speed of an
augmented reality-based system is the image overlay error and
the processing time. The image overlay error is the difference
in the superimposition of the projected offline 2D image onto
the real-time video. The processing time of the augmented
reality system is the total number of the image frames
processed by the system in a given timeframe. We calculated
the speed of the system in terms of seconds. The samples that
were collected were simulated in Matlab 2017b using both the
state-of-art and the proposed system.

This simulation was carried out for different age groups
ranging from 7 to 67 and a variety of jaw bones were used
(Figure 6) to simulate and test the accuracy and processing

| ——— 8



time of both systems. During the simulation, the proposed
system has been able to achieve a lower image overlay error
by approx. 0.12 mm and improved the processing time by 3-4
frames per second. Test data are presented as bar graph below
to compare the accuracy and processing time of state-of-art
and the proposed the system.
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Fig. 8: Accuracy results in mandibular jaw bones samples
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Fig. 9: Processing time result in mandibular jaw bone samples
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Table 3 Results for Mandibular and Maxillary jaw bone

Sample details Original Current solution Proposed solution
video
Processed Accuracy Processing time | Processed Accuracy Processing
sample by overlay sample by overlay time
error (Frames per error
second) (Frames per
second)
Lower Left Image registration
mandible
0.7 mm 7 fps 0.7 mm 7 fps
(Age-27)
(Male) Image overlay
0.35mm 9 fps 0.25mm 10 fps
If patient moves?
0.42 mm 7 fps 0.33 mm 8 fps
If surgical tools move?
0.45 mm 6 fps 0.32mm 7 fps
Lower Right Image registration
Mandible
0.7 mm 7 fps 0.7 mm 7 fps
(Age-37)
(Male)
Image overlay
0.36mm 9 fps 0.25mm 10 fps
If patient moves?
0.42mm 8 fps 0.30mm 8fps
If surgical tools move?
0.44mm 7 fps 0.32mm 8 fps
Lower Frontal Image registration
Mandible
0.7 mm 7 fps 0.7 mm 7 fps
(Age-42)
(Male)
Image overlay
0.35 mm 8 fps 0.22mm 10 fps
If patient moves?
0.38 mm 9 fps 0.28 mm 9 fps




If surgical tools move?
0.41 mm 7 fps 0.30mm 8 fps
Lower posterior Image registration
Mandible
0.7 mm 7 fps 0.7 mm 7 fps
(Age-17)
(CEE Image overlay
0.36mm 9 fps 0.26mm 10 fps
If patient moves?
0.38 mm 6 fps 0.27 mm 8fps
If surgical tools move?
0.43 mm Tfps 0.31 mm 8 fps
Upper Frontal Image registration
Maxilla
0.7 mm 7 fps 0.7 mm 7 fps
(Age-7)
(Male) Image overlay
0.34mm 10 fps 0.22mm 10 fps
If patient moves?
0.38 mm 9 fps 0.27 mm 9fps
If surgical tools move?
0.42 mm 7 fps 0.31 mm 8 fps
Upper Right Image registration
Maxilla
0.7 mm 7 fps 0.7 mm 7 fps
(Age-18)
(Male)
Image overlay
F e 0.39mm 9 fps 0.27mm 10 fps
Co
If patient moves?
0.41 mm 7 fps 0.30 mm 8fps
If surgical tools move?
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0.43 mm 6 fps s 7~ | 031mm 8 fps
Vet "7
Upper Frontal Image registration
Maxilla
0.7 mm 7 fps 0.7 mm 7 fps
(Age-15)
(Male)
Image overlay
0.36 mm 10 fps ‘1 0.25mm 12 fps
s 3
If patient moves?
0.40 mm 9 fps H 0.28 mm 9 fps
)
If surgical tools move?
0.44 mm 8 fps ﬂ 0.32mm 8 fps
goai
Upper left Image registration
Maxilla
0.7 mm 7 fps 0.7 mm 7 fps
(Age-32)
(Female) Image overlay
0.37 mm 9 fps ' 0.26 mm 10 fps
4
If patient moves?
0.41 mm 6 fps ‘ 0.29 mm 8fps
4
If surgical tools move?
0.45 mm 7 fps W, 0.35 mm 8 fps
) T
Upper anterior Image registration
Maxilla
o 0.7 mm 7 fps 0.7 mm 7 fps
(Age-67) % ‘ 7
I ) Image overlay
= |! e - 0.35mm 9 fps 0.25mm 10 fps
If patient moves?
= |! 0.39 mm 7 fps 0.28 mm 8fps
If surgical tools move?
= |! o I 0.43 mm 5 fps 0.32 mm 8 fps




10. Upper posterior Image registration

0.7 mm 7 fps 0.7 mm 7 fps

(Age-42)

(Female)
Image overlay

0.32 mm 11 fps 0.42mm 12 fps

If patient moves?

0.36 mm 9 fps 0.25 mm 9 fps

If surgical tools move?

0.43 mm 7 fps 0.31mm 8 fps

E ‘fl‘

Discussion

The above table 3 represents the comparison between
the accuracy and processing time achieved by the State-
of-Art solution and the proposed solution. The results
for accuracy and processing time are compared in terms
of registration, image overlay, patient movement and
surgical tool movement.

The result achieved by the implementation of the
proposed system, in terms of overlay error, was 0.23 ~
0.35mm in comparison to 0.35 ~ 0.45mm achieved by the
state of art. Furthermore, the use of an optical camera
reduces the system processing time by eliminating the
necessity of conversion of the 3D video frame to a 2D
video frame in the online phase, leading to an increase in
frames per second (8-12) in comparison to 6 ~ 11 frames
per second achieved by state of art solution.

An augmented reality system is the combination of a
range of techniques and methods that work
simultaneously to provide better AR results and view.
When improved techniques are combined, they form a
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superior AR system. Our proposed system uses an
optical camera to reduce the time overhead and a noise
removal technique that improves the quality of the live
video frames. The aspect graphs help to match the
object in real time videos from various perspectives
(angles, rotation etc.). Initial registration through Ulrich’s
method eliminates human error, possible when the initial
registration is done manually. The use of the TLD helps
with long-term tracking and detection in real time videos
and the use of the bounding box reduces the search area
in the real-time video, reducing the processing time. The
use of RMaTV removes the geometric error and
improves registration accuracy and reduces the Iimage
overlay error.

A significant body of research exists in the field of
augmented reality-based surgery, especially in
constructive jaw surgery but, to date, accuracy and
processing time remain an area of concern. This study
aimed to improve the current best solution which
produced image overlay accuracy of 0.35 ~ 0.45mm and
processing time of 6 ~ 11 frames per second.

The proposed method of noise removal and image
reconstruction-based occlusion removal in the TLD was
simulated in Matlab to demonstrate that the proposed
method can reduce the image overlay error while
positively affecting the processing time achieved by the
state-of-art solution. The current method removes the
noise from the real-time video frame and improves
tracking and detection through occlusion removal that

improves the image overlay to 0.23 ~ 0.35mm and
achieves a processing speed of 8 ~ 12 frames per
second.
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Future Research

Future research may be able to improve the other
stages of the TLD including Learning and Detection.
Furthermore, the image reconstructed through the image
reconstruction occlusion removal process could be
improved, further improving the accuracy of the system.
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AR Augmented Reality

ICP Iterative closest point algorithm

TLD Tracking Learning Detection algorithm
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LKMF Lukas-Kanade Median Flow Tracker

RMaTV Rotational Matrix and Translation Vector Algorithm

MKNLM Modified Kernel Non-Local Means Filter

3D Three Dimensional
2D Two Dimensional
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