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Abst rac t .  This paper describes an experimental protocol in order to 
evaluate the accuracy oflocalizers for computer-integrated surgery (CIS), 
and the result of the evaluation for four commercially available optical 
localizers (Optotrak, FP5000 , Polaris active and passive). This paper 
shows that the four systems have static xyz accuracy compatible with 
most of CIS applications, but they significantly differ when comparing 
their accuracy of moving rigid bodies. 

1 I n t r o d u c t i o n  

In CIS, the six degrees of freedom (6D) localization is used to locate and follow 
in space the position and orientation of rigid bodies constituted of markers, with 
respect to a reference rigid body. For example, a localizer can be used to track 
the tip and the axis of a pointer or surgical tool on pre-operative images (after 
registration) or to digitize landmarks or surfaces on anatomical structures to 
track the position of the sensor such as an ultrasound probe, or to measure the 
relative positions of bones [1, 2, 3], 

An extensive list of commercial products existing for localization can be found 
in [4, 5], but few of them meet the CIS requirements in terms of accuracy (about 
l m m  in lm3), reliability, clinical usability... Four technologies have been used in 
CIS : 

M e c h a n i c a l  t e c h n o l o g y  : Mechanical loealizers such as Viewing-Wands T M  

use a 6-axes coding robot-arm [6, 7]. The main problem of this technology is the 
global clutter if we need to locate more than one rigid body. 

Magnetical technology : Magnetical localizers such as Polhemus T M  or 
Flocks-of-Birds T M  use a magnetic source and a receiver of magnetic fields [8]. 
The problem of this technology is the relative inaccuracy due to metallic objects. 
At least, those systems imply to use non-ferromagnetic objects in the environ- 
ment. 

Acoustical technology : Acoustical localizers such as Pegasus T M  measure 
the time of/ l ight between emitters and receivers in order to get distance infor- 
mation. Unfortunately, measurements are sensitive to several perturbation such 
as air movements, parasite reflexions, temperature gradients in space and time 
f9]. 

Optical technology : In this category ther are the most usefull localizers 
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for surgery because of their good accuracy and good reliability [10]. However, 
it is important  to notice that  optical localizers raise the problem of visibility 
between the markers that constitute the rigid bodies and the cameras. Some 
systems use three linear CCD cameras and infrared LEDs plugged in rigid bod- 
ies. The position measurement is made by computing the intersection of the three 
planes corresponding to each camera. Other systems use a classical stereovision 
principle to locate markers which can be active like LEDs, or passive like retro- 
reflective spheres or patterns [11]. Each camera gives a three dimension line of 
view. The intersection of two 3D lines gives a point. For both technologies, rigid 
bodies transformations are computed from individual markers locations using 
paired-points matching algorithms [12]. 

2 E x p e r i m e n t a l  p r o t o c o l  f o r  l o c a l i z e r  e v a l u a t i o n  

2.1 I n t r i n s i c  A c c u r a c y  Tes t  ( I .A .T . )  

Here, we characterize the intrinsic accuracy of the localizer that  is important  
to obtain an upper bound of the useful accuracy. One marker is located with 
respect to the coordinate system associated with the localizer. An experiment 
corresponding to this test is presented in Fig.1. We use a lm  motorized linear dis- 
placement system which can perform displacements of 0. lmm. And we measure 
the position of 100 points Mi, where each point is separated from his neighbours 
Mi-1 and Mi+l by a true distance of 10mm. The x axis is the horizontal dis- 
placement (right to left from the cameras at a lm90 depth to the cameras), the 
y axis is the depth displacement from lm90 to 2m90 with respect to cameras, 
and the z axis is the vertical displacement at a lm90 depth to the cameras. 
On each series of 100 points Mi we check that 
ei = IIMi - M c e n t e r l l -  i . l O m m  = O, where Mce~t~r is the point corresponding 
to the middle of the linear displacement system. Then, we calculate for el the 

mean er ror :  g = N ~ i=1  el, the rms error :  rms  = ~N=I (ei - g)2, the max 
error : Maz le i [ .  

2.2 R e l a t i v e  R i g i d  B o d y  A c c u r a c y  Tes t  ( R . R . B . A . T . )  

Here we characterize the accuracy of the localizers for the relative measurement 
between two rigid bodies. They are placed in a common rigid support as rep- 
resented in Fig.2. With the localizer, we get the transformation matrices To ... 
TN from Refbody, which are associated to one rigid body, to Refsensor which is 
associated to the other rigid body. Considering (x~, Yi, zi) as the coordinates of 
the origin point of Refbody in Refsensor we check the stability of those transfor- 
mation matrices by computing the distances : 
di=~/(x~ - ~)2 + (Yi - ~)2 + (zi - ~)~, where z, y, z = ~ ~--~N=I z i ,  Yi, zi between 
the two systems of reference. Then, stability of the rotation angle c~i between 
Refbody and Refsensor is studied. We specified those quantities by calculating the 
max and rms error on di and c~i. 
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This test is performed with 8 different conditions, with N=100 and the support 
in a plane roughly parallel to the cameras except for test IV : 
I static on identical positions. 
I I  static on different positions. 
I I I  hand-holding on identical positions. 
IV hand-holding on different positions with a random angle of the support with 

respect to cameras. 
V dynamic in translation at a constant low speed. 
VI  dynamic hand-holding with circular motions at low speed on, that  is to say 

that  the support is making circles very slowly around an axis which is orthogonal 
to the rigid bodies support. 
V I I  dynamic hand-holding with circular motions at medium speed. 
V I I I  dynamic hand-holding with circular motions at high speed. 

2.3 Pivot Repetabil i ty Test (P.R.T.) 

We are interested in evaluating the accuracy of the determination of the tip 
of a pointer (attached to a rigid body Refsensor)with the pivot method [13]. A 
sapphire sphere is placed at the tip of the pointer and is put in a small hole. We 
slowly rotate the pointer around the sphere and get 50 positions of Refsensor, 
then we find the location of the most invariant point in the coordinate system 
associated with a rigid body attached to the hole, as presented in Fig.3. The 
pivot test provides an invariant point with residual errors of the 50 measures: 
rmspivot and maxplvot. The xyz coordinates of this invariant point should be 
independant of the experiment, thus we repeat the pivot measurements for 20 
experiments. So we could measure a mean point and the rmSrepeat and maXrepeat 
deviation from this mean point. 

2.4 Sur face  D i g i t i z a t i o n  A c c u r a c y  Test  (S .D .A.T . )  

To evaluate accuracy of surface digitization, it is first necessary to calibrate 
the pointer. It is done using the precedent pivot method with N=1000 rotating 
positions. Then, 100 predefined points of the surface of a plane (which is a 
14#m stabilized surface) are collected (see Fig.4). With these points, we fit a 
least-squares plane and determine the residual distance di of each point to the 
least-squares plane. We study the rms and max error in mm of Idil. 

3 E v a l u a t i o n  o f  f o u r  o p t i c a l  l o c a l i z e r s  

In this section, we present the results of the experimental protocol that  is defined 
in section 2 for four commercially available optical localizers : 
O p t o t r a k  TM (Northern Digital Inc. Ontario Canada) which is a system using 
3 linear cameras. (This system was acquired in 1992 and never revised.) (Fig.5) 
F P h 0 0 0  TM (Image Guided Technologies. Boulder, Colorado USA) which is 
also a system with 3 linear cameras. (1996). (Fig.6) 
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Fig. 1. I.A.T. protocol Fig. 2. R.R.B.A.T. protocol 

Fig. 3. P.R.T. protocol Fig. 4. S.D.A.T. protocol 

A c t i v e  P o l a r i s  T M  (Northern Digital Inc. Ontario Canada) which is a system 
using two 2-D cameras. (1997). (Fig.7) 
P a s s i v e  P o l a r i s  T M  (Northern Digital Inc. Ontario Canada) which is a system 
using two 2-D cameras. (1997). Passive Polaris is in fact an hybrid system that  
can track active or passive markers indifferently, but we evaluated only the pas- 
sive mode of this system. (Fig.7) 

All those localizers produce measurements at a frame rate compatible with 
most of CIS applications. Although, the Optotrak system has high speed mea- 
surement capabilities, this was not considered as an important  criteria for C.I.S. 
The size of rigid bodies are roughly similar for the four evaluated localizers. 

Fig. 5. Optotrak device 

Fig. 6. FPS000 device 

Fig. 7. Polaris devices and rigid 
bodies (up : Active system, 
down : Passive system) 
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E v e r y  va lues  c o n c e r n i n g  d i s t a n c e s  are  in m m ,  whi le  eve ry  va lues  c o n c e r n i n g  
ang les  are  in degrees .  T h e  resu l t s  o f  t h e  I . A . T .  t e s t s  a re  n o t  n u m e r i c a l l y  m e n -  
t i o n n e d  b u t  a re  d i scussed  in t he  n e x t  sec t ion .  T h e  resu l t s  of  t he  R . R . B . A . T .  
t e s t s  a re  in T a b l e  1, r e su l t s  of  t h e  P . R . T .  a re  in T a b l e  2, r esu l t s  o f  t h e  S . D . A . T .  
a re  in T a b l e  3. 

T a b l e  1. R e l a t i v e  R i g i d  B o d y  A c c u r a c y  Tes t  (d i s t ances  va lues  are  in m m ,  ang l e  
va lues  are  in degrees)  

.......... Localizer[Optotrak[FP5000[Polaris Active'Polaris Passive 
Static measure dmax 

rms error on d 

I rms error on a 
Static measure in dmax 

diferents posititons rms error on d 
Ogrrldlx 

II rms error on a 
Static measure in dma~ 

hand-holding rms error on d 
Olmax 

III rms error on a 
Static measure in dma~: 

diferents posititons rms error on d 
in hand-holding ema~: 

IV rms error on a 
I)ynamic measure in dm,~: 

translation at constant speed rms error on d 
r 

V rms error on a 
Dynamic measure in 

rotation at low speed 

VI 
Dynamic measure in 

rotation at medium speed 

VII 
Dynamic measure in 

rotation at high speed 

VIII 

drnax 
rms error on d 

Otmax 
rms error on a 

dma~ 
rms error on d 

Otma.~ 
rms error on a 

" 'drrla~ 

r m s  e r r o r  o n  d 

Olmax 
r m s  e r r o r  o n  or 

0.288 1.764 
0.067 0.408 
0.020 0.337 
0.009 0.141 
1.052 2.825 
O.220 0.571 
0.071 0.649 
0.026 0.275 
0.400 1.424 
0.098 0.331 
0.035 0.422 
0.011 0.104 
0.883 3.035 
0.149 0.621 
0.050 0.504 
0.015 0.183 
1.297 1.820 
0.225 0.415 
0.096 0.501 
0.026 0.191 
0.560 1.855 
0.126 0.337 
0.059 0.687 
0.015 0.236 
0.575 2.180 
0.114 0.453 
0.059 0.657 
0.021 0.160 
0.521 5.100 
0.107 0.628 
0.063 1.795 
0.024 0.521 

1.062 0.624 
0.189 0.1431 
0.355 0.1484 
0.126 0.0536 
3.156 0.712 
0.653 0,172 
0.863 0.150 
0.279 0.055 
3.253 1.026 
0.432 0.241 
0.578 0.168 
0.204 0.057 
9.179 2.026 
2.073 0.405 
0.771 0.388 
0.240 0.101 
3.729 2.100 
0.620 0.451 
0.796 0.216 
0.260 0.065 
6.526 1.838 
0.961 0.346 
0.585 0.166 
0.207 0.061 
9.205 1.839 
1.161 0.362 
0.724 0.166 
0.202 0.065 
23.881 1.622 
4.639 0.314 
0.811 0.203 
0.232 0.080 
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T a b l e  2. Pivot Repeatabil i ty Test, every values are in m m  

Localizer IOptotrak]FP5000]Polaris Active 
Error : max(error  maxpivot) 0.683 9.101 2.201 

mean(rmspivot error) 0.102 0.813 0.385 
Distance : rmsr~peat 0.313 0.492 0.248 

maxr~pcat 0.478 0.815 0.434 

Polaris  Passive 
5.217 
0.608 
0.312 
0.594 

T a b l e  3. Surface Digitization Accuracy Test, every values are in m m  

Localizer OptotraklFP5000tPolaris ActivelPolaris Passive 
rms distance 0.058 0.709 [ 0.593 0.253 

max  distance 0.249 1.852 [ 4.819 0.755 

4 D i s c u s s i o n  

T e s t s  I . A . T .  ( i n t r i n s i c  a c c u r a c y )  : It  appears that  the Optot rak  device is 
the most  accurate system for this test, but all localizers have enough intrinsic 
accuracy for CIS applications. We can notice for each locMizer a m a x i m u m  error 
for the displacement in direction y (depth). 
Actually, this test only provides a lower bound of errorsl the values are indeed 
in the same range that  the linear displacement accuracy that  we used. 
T e s t s  R . R . B . A . T .  ( r e l a t i v e  a c c u r a c y )  : To conclude on those tests, we can 
say tha t  the Opto t rak  and the Passive Polaris have better  accuracy than  the two 
others. The FP5000 gives sufficient accuracy for most  of the CIS applications 
but in some particular applications it is unusable. The Active Polaris, due to 
its da ta  acquisition protocol (it pulses all the LEDs corresponding to one rigid 
body and at the next step all the LEDs corresponding to the other rigid body) 
provides very bad results when we get motion positions and is therefore unusable 
in those cases. Nevertheless, the relative accuracy in static position of the Active 
Polaris is similar to the FP5000. 
T e s t s  P . R . T .  ( p i v o t )  : The global results on the different positions of the tip 
of the pointer are all similar and all good. Optot rak  is the only device which is 
able to have a very stable error. The other devices can make ponctual  impor tan t  
errors which do not really influence the final result since it is average on a large 
number  of data.  
T e s t s  S . D . A . T .  ( p l a n a r  s u r f a c e )  : As for the three others tests, the Opto t rak  
gives the best results. In fact, all results for this tests are acceptable even if the 
Active Polaris has a m ax i m um  error which can raise problems in some cases. 
G e n e r a l  d i s c u s s i o n  : According to our results, we can say tha t  those four 
localizers are raisonnably adapted for surgery, but care should be taken with 
each one of them. Furthermore, we have noticed that  those systems have not the 
same behaviour for the four tests. 
Table 4 presents a synthesis of the most signifiants results for CIS. We made the 
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table using the results of the I.A.T., R.R.B.A.T.IV, R.R.B.A.T.VI, P.R.T. and 
S.D.A.T. protocoles. We have chosen to present the results as a mark between + 
+ and - -, using 2*4 differents threshold values for the rms error and max error 
(To, T0', T1, T1 ', T2, T2'). For example, the threshold values for the R.R.B.A.T. 
IV are (0.2, 1, 0.4, 2, 0.8, 4) in ram. 

Tab l e  4. Global results 
ILocalizer]Opt0traklFP50001Polaris ActivelPolaris Passive 

Intrinsec Accuracy Test y axis + 0 0 + 
Relative Rigid Body Accuracy Test IV + 4- 0 - - + 

VI + + + - - + 
Pivot Repeatability 'lest + + ++ + 

Surface Digitization Accuracy Test + + 0 + 

5 C o n c l u s i o n  

This paper has presented a generic experimental protocol to evaluate localizer 
for CIS, and results of the evaluation for four optical localizers. 
The experimental protocol is based on the required specifications for CIS ap- 
plications and consists on four tests : I.A.T. which characterizes the intrinsec 
accuracy of the localizer, R.R.B.A.T. which characterizes the relative accuracy 
between two rigid bodies, P.R.T. which evaluates the repeatablity of the localizer 
to determine the tip of a pointer, and S.D.A.T. which characterizes the accuracy 
of surface digitization. 
The second part of the paper, which is the evaluation using the defined protocol 
of four optical localizers (Optotrak, FP5000, Polaris active, Polaris passive) al- 
lows us to conclude on that  the Optotrak is the most appropriated device for CIS 
if we consider only the global accuracy and robustness, but it is very expensive 
and its very high weight and size can cause many disagreements. FP5000 has 
robust measures. Accuracy is fair but sufficient. Nevertheless it is unusable for 
high-demanding applications. Active Polaris has a rather good accuracy but re- 
lative motion of two rigid bodies yield unacceptable errors. This is explained by 
the acquisition method. Passive Polaris has a good accuracy and is not affected 
at all by motions of the rigid bodies (due to its data  capture principle). How- 
ever, partial occlusions of markers provide small shifts and many rigid bodies 
configuration raise missing data. 
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