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AND CLINICAL APPLICABILITY
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Abstract

Status of a new project — focusing on technical aspects of fusion of live video and data from

optical motion tracking — is summarized. Also, the significance of development in two areas is

marked out: (1) in clinical field of endoscopic surgeries as demonstrating and training tool; (2) in

biomechanical research for accurate detection of human motion curves.
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Introduction

The idea of representing video image and
captured motion data in a common reference
frame is not new!?>° but, because of many
application areas and latest achievements in
technology, it’s worth to give attention to re-
lated technical and clinical aspects.

As an important application, this article gives
an introduction of tools for training and dem-
onstrations in endoscopic surgery. These goals
can be reached by integrating endoscopic vid-
co into surgical navigation environment and
performing motion tracking of surgical de-
vices and endoscope. In future extension, for
internet-based training and demonstrations, a
special network transfer can be developed for
transmitting live video with surgical planning
and motion data. The education of surgical
skills is a common problem in endoscopic sur-
gery’ that supports the proposed project plan®.
Personal communications with head physi-
cians in local hospitals confirm that, inexpe-
rienced intervention frequently rearranges the
anatomical structures during ENT (Ear Nose
and Throat) surgeries that can cause large ob-
stacles in acute cases. In case of surgical plan-

ning with imaging data (CT, MR), the client
observers follow in real-time the trajectory of
endoscope and identify the critical anatomical
parts.

Another important area of fused (conventio-
nal) video and motion data is closely related
to biomechanical research. Reconstruction of
3D human movement is difficult if predefined
graphical models are supposed to match bone
movements during gait analysis or study of
any pathologic motion*>’, Correction of geo-
metrical axes or use of constraints in model-
ing after experiments makes the interpreta-
tion of motion diagrams almost impossible!2.
Introduction of 3D registered video and fused
motion data from bone sensors helps a lot in
testing kinematical models. The misalign-
ment of graphical models can be visualized
and compared to real anatomy on video screen
using different camera positions. On screen
editing is possible in live and playback modes.
After involving and registering diagnostic vol-
ume (CT, MR volumetric models or planar X-
Rays) to tracker’s space, the accuracy of kine-
matical models — during video screen editing —
can be easily tested even on static diagnostic
data.
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Methods
Video calibration

Positioning of video frame into 3D navigation
environment is performed by registration of
camera space to the space of motion tracking
device. This is possible between 3D orthogo-
nal coordinate spaces; therefore it has to be
preceded by conversion of visible (usually dis-
torted) image plane into an undistorted image
plane. This step is named as calibration pro-
cedure which means calculation of transform
between the distorted and undistorted image
planes. Distortion parameters are given by!!:

j'=ag + aqu + ayv + azu? + auv + agv? (1)
k' = by + byu + byv + byu? + byuv + bsv? 2)

where w,v are the coordinates on undistorted
(ideal) image plane and) are the calculated
values. Undistorted image plane is a calibra-
tion grid containing large number of markers.
Error function between observed (k') and
calculated coordinate

E=(—j)+k-k) 3)
in vector form:
E =|lj — Pall* + ||k — Pb||? (4)

where j, k are the vectors which are from dis-
torted image plane. P represents the matrix
which is set from values of ideal undistorted

image plane (calibration grid):

1 vy u? U vy v}
1w v, u3 UV, v3
1 u v, u? U1V, v2
m—1 m—1 m—1 m—-1Ym-1 m—1
1 w, v, u4 Uy Uy v2

Distortion parameters if both coordinates
are involved:

a=[a a a; az a; as] (6)

b=[by b b, b3 b, b (7)

In case of ideal radial distortion (for many en-
doscopes) distortion equations (1, 2) can be

modified:

r'=cy+ cqu + cul + cyud (8)
where u is the radial distance on undistorted
plane and ' is the estimated distance after dis-
tortion. In this case the error between the ob-
served (r) and calculated (r') values:

E = |Ir - Pc|? ©)]

where P contains the ideal image coordinates:

1 Uy u? ui 1
[1 w B 4
Pl (10)
1 Upoy Un u?n—l
1w, u u
c=[c0 & ¢ c3] (11)

(4) and (9) can be optimized by statistical
methods. Vectors (6, 7) and (11) can be cal-
culated by SVD!! (singular value decomposi-
tion) which accurately estimates video distor-
tions for both conventional and endoscopic

cameras:

a = (PTP)~1PTj (12)
b= (PTP)1PTk (13)
c=(PTP)1PTr (14)

Target positions marked out on video image
should be also transformed back to the track-
er’s reference space or diagnostic volume. It’s
possible if the inverse of distorting equations
(1)(2)(8) are known. This calculation is dif-
ficult from the results of first, “distorter” step
and only numerically possible. Therefore an-
otherapproach is proposed. According to it, the
inverted parameters are calculated in the same
way as the forward values but with different as-
signments. The input coordinates or distances
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(u, v), used in the first step, are replaced by
values located on the distorted image (, %, 7).
Afterwards, the parameters P depend on the
distorted coordinates and the error functions
are used to approximate the ideal, undistorted
values (“undistorter” step). Finally, the opti-
mization can be the same as it was during the
forward calculation.

In practical implementation the endoscopes
with oblique lens axis should be also calibrat-
ed (Figure 1). Best approach is to use ready-
made, special calibration modules (clamps).
These contain the calibration grid and are
able to hold endoscopes in a predefined posi-

ton.
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Endoscope |
Axis ool
L=t
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-
Endoscope
¥
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Figure 1. Endoscope camera calibration

Registration tasks

Two registration problems should be solved:
(1) registration between the spaces of motion
tracking device and diagnostic volume (CT,
MR image sequence); (2) registration of video
image to 3D space of motion tracking device.
Next the procedure for video image registra-
tion is described.

Video frame registration

The registration matrix between the motion
tracking device and the coordinate system of
undistorted video (Ty ) can be given as

[Xei Yei Zei Peil=[Xw; Ywi Zw; 11 x Ty (15)

where [X.; Y.; Zc; Pc;] represents the coor-
dinates within the perspective camera space
and [Xy; Yw, Zw; 1] is the position in the
tracker’s space. The matrix elements with
nonzero last column values according to per-
spective projection:

i Tz Tz Tig)
|T21 T2z Toz Toal
Tye= |0 22 23 %
we lT3,1 T2 T33 Tza (16)
Tyn Tap Tiz Taa

The perspective division should be present in
calculation of real image coordinates:

[(Xci Yoi Zeo W= [Xci/Pei Yeil/Pei Zei/Pei 11 (17)

These equations can be rearranged if :

o XwiTiatYw Toa+Zw i T3a+1) _ 1 (18)
i Xy P11 +Yw o+ 2y (T3 +Ta 1

x (Kw i T1a+Yw i Toat+Zw i T3 a+1) - (19)
Gl Xy Ty o+ Vv i Tap+2u i Ts2+Th 2

from

Xei = XwiTin +YwiToq + Zw,T3n + Taq — (20)
— (X¢iXw, Tog + X6 Y i To + X ZwiTsa)

Y= XuiTig +YwiTog + ZuiTap + Toz = 1)

= (YeiXw, Toa + VY, Toa + YeiZw,Ts4)

this can be written into matrix equation
with 11 unknowns Axx=b (T, = 1):

203

4. MAGYAR BIOMECHANIKAI KONFERENCIA — A-0003



4. MAGYAR BIOMECHANIKAI KONFERENCIA — A-0003

Biomechanica Hungarica I11. évfolyam, 1. szdm

Xwi 0 —XC1Xwa Ywa O
0 Xwa —YoiXwa 0 Yy
Xwp 0 —X(Xwz Ywz O
0 Xwz —YiXwp 0 Yy,
Xws 0 —Xe3Xwz Ywsz O
A=| 0 Xyz —YizXws 0 Yygs
Xwa 0 —XCaXws Yws O
0 Xws —YoaXwa 0 Yyu
Xws 0 —XesXws Yws 0
0 Xws —YsXws 0 Yys

Xwe 0 —XieXwe Yws O
Tix Xca
Tys Yea
Tia Xin
Tz1 Y2
T2 X3

x=|Tos b=|Ys (23)
T31 Xca
T3, Yia4
T34 Xis
Tan Yis
Taz Xe

The solution vector (x) can be calculated (for
quadratic matrix in (22)) by simple matrix in-
version (originally DLT method!3, for X-Ray
processing see!*). Unfortunately, this doesn’t
work in practice (especially in video image
registration) because of marker localization
errors. Statistical approach (with SVD algo-
rithm!!) was found much more promising!»?
which is applicable for over-determined equa-
tions of more than 6 markers (acceptable ac-
curacy is possible with 7-8 markers). Marker
localization is possible by detecting the tip of
the probe of tracking device in “frame-freez-
ing” mode. In case of endoscopes, the “un-
distorter” step (see Video calibration section)
provides for linearized camera position which

is suitable for 3D registration.

Results

For this kind of complex project, establishing
application concepts and suitable architec-
ture of system elements (hardware, software)
appear as major tasks. The results at this time
are technical and highly depend on resources
available for development. Important elements
of clinical application®, which have been made

_XEJYW,‘I ZW,I 0 _XE,IZW,‘I 10
“YeiYwa 0 Zwy —YiiZwy 0 1
_XE,Z YW,Z ZW,Z 0 _XE,ZZW,Z 10
“YoYwa 0 Zwy —YioZw, 0 1
—XesYws Zwz 0 —XizZwz 1 0
—YisYws 0 Zys —Yi3Zys 0 1 (22)
_XEAYWA ZW,4 0 _XE,4ZW,4 10
“YeaYws 0 Zws —YiaZwa 0 1
—XesYws Zws 0 —XisZws 10
“YisYws 0 Zws —YisZws 0 1
_XE,GYW,G ZW,E 0 _XE,GZW,G 10

video motion tracking XML editor
camera device
time fusion of video graphical
and motion data planning

diagnostic
model

[ video and motion data visualization, ]

archiving or network transfer

Figure 2. Simplified system architecture

already available or developed by own resour-
ces, are: (1) video digitalization with DT3131
frame-grabber board (Data
Inc., USA) (hup://www.datatranslation.com/
products/imaging/pci/); (2)
GPU (graphical processing unit) (/zzp://

Translation
integrating
www.nvidia.com) with GLSL programming

hetp://

www.opengl.org/documentation/glsl/);

(,Open GL Shading Language”

(3) use of modern 6 DOF mouse in surgical
planning
(4) software control
tracking for different Northern Digital
cameras (Polaris Standard and Vicra,
http://www.ndigital.com); (5) use of XML
(Extensible ~ Markup http://
www.ws.org/XML/) compressed files for
archiving, editing and transmitting inform-

(http://www.3Dconnexion.com);

of optical motion

Language,

ation on surgical plan, registration and
camera distortion parameters, tool calibration,
diagnostic data, etc. XML files guarantee the
easy communication through internet and are
important parts of telemedicine applications.

204



Biomechanica Hungarica I11. évfolyam, 1. szdm

Figure 3. Use of modern GPU in modeling

diagnostic data. The calculation of arbitrarily
oriented cutting planes from a skull CT
and comparison to surface graphics
occurs in real-time according to actual state
of the 6 DOF mouse

Figure 2 represents the core elements of the
system which is under investigation. Figure 3
illustrates the practical advantage of GPU pro-
gramming with GLSL language.

Discussion

This article gives an introduction to a new
project which can be considered as the author’s
personal initiative based on earlier experience.
Hopefully, in the future, it can gain more insti-
tutional support especially for software devel-
opment. In this case there is a chance to move
faster with new applications of real clinical
value and usability. Procedure, similar to the
presented one in this paper, for tracking the
location of endoscopic image relative to CT
volume is described in'® but without time-syn-
chronized archiving of video and motion data.
Interesting new approach is already known to
integrate endoscopic video with CT diagnostic
data'® without motion sensor attached to en-
doscope. However, this direct (based on image
feature detection) approach is not suitable for
clinical use yet.

Valuable survey has been given about human
motion tracking systems®. The classification
distinguishes vision based (without using mo-
tion tracking device) and non-vision based
(with motion tracking device) applications.
The fusion of video and tracking data, as pro-
posed in this article, usually is available in ex-
pensive, commercial systems (Elite Biomech,
Vicon) but without clear information on tech-
nology behind. The need for subsequent, re-
peated analysis or network transfer of motion
data certainly demands fused, compressed
representation of results with video sequence
and kinematical models. This paper outlines
also the involvement of preoperative diagnos-
tic images in motion analysis and an effective
control of the complex environment through

XML file representation.

Conclusions

Overview and mathematical description of
most critical parts of fusing video and motion
data have been given. The results can be used
in two areas: (1) for training and reliability im-
provement of endoscopic surgeries of high risk
(like in ENT); (2) in kinematical modeling of
human movement by representing video im-
age and graphical models in a common refer-
ence space.

In Endoscopic Paranasal Sinus surgeries’
and other fields of endoscopic intervention
the real fusion (in time and 3D space) of video
sequence and tools” position makes archiving
or transmitting information on actual state of
surgery possible. This can be used for evaluat-
ing problematic results or educating risky in-
terventions.

In biomechanical research, the proposed ap-
proach solves the critical problem of human
motion analysis if soft tissue markers can’t
be used for bone axis definition or diagnostic
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images (X-Ray, CT or MR) are not available.
However, if valid registration between body

video-based representation of bone axis can
be projected back and compared to the static

parts and diagnostic images is available, the  diagnostic volume during motion.
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