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ABSTRACT Objective: Effective utilization of an optical tracking system for image-based surgical
guidance requires optimal placement of the dynamic reference frame (DRF) with respect to the
tracking camera. Unlike other studies that measure the overall accuracy of a particular navigation
system, this study investigates the precision of one component of the navigation system: the optical
tracking system (OTS). The precision of OTS measurements is quantified as jitter. By measuring
jitter, one can better understand how system inaccuracies depend on the position of the DRF with
respect to the camera.

Materials and Methods: Both FlashPoint™ (Image Guided Technologies, Inc., Boulder,
Colorado) and Polaris™ (Northern Digital Inc., Ontario, Canada) optical tracking systems were
tested in five different camera and DRF configurations. A linear testing apparatus with a software
interface was designed to facilitate data collection. Jitter measurements were collected over a single
quadrant within the camera viewing volume, as symmetry was assumed about the horizontal and
vertical axes.

Results: Excluding the highest 5% of jitter, the FlashPoint cameras had an RMS jitter range
of 0.028 6 0.012 mm for the 300 mm model, 0.051 6 0.038 mm for the 580 mm model, and 0.059 6
0.047 mm for the 1 m model. The Polaris camera had an RMS jitter range of 0.058 6 0.037 mm with
an active DRF and 0.115 6 0.075 mm with a passive DRF.

Conclusion: Both FlashPoint and Polaris have jitter less than 0.11 mm, although the error
distributions differ significantly. Total jitter for all systems is dominated by the component measured
in the axis directed away from the camera. Comp Aid Surg 5:98–107 (2000). ©2000 Wiley-Liss, Inc.
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INTRODUCTION
The rapid development of image-guided surgery
has been made possible by recent advances in
computer and optical hardware. These advances
have streamlined the progression of image-
guided systems from earlier, more primitive
models. Conventional stereotactic systems,

which require a rigid frame of reference to be
bolted to the skull for patient-image registration,
are being replaced by frameless systems that
define the reference space using small, remov-
able fiducial markers or other equivalent devices.
These devices have increased the surgeon’s flex-
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ibility and freedom during surgery. The advances
in image-guided surgery have been implemented
for intraoperative navigational assistance for
management of orthopedic,9,10,18,25,33neurosurgi-
cal,1,5,20,26,31craniofacial, otolaryngologic16 and
general surgical problems. Since the advent of
the stereotactic frame, a number of systems have
been developed that register patient images to the
reference space and then track the patient post-
registration.29 These systems include mechanical
stereotactic articulated arms,3,13,36 vision-based
optical tracking systems,12,17,34 acoustical sys-
tems,11,32,35and magnetic systems.2,4,8,22,27,28

The creation of newer navigation systems has
raised questions about the accuracy of the systems
themselves. Freedom of movement without the
constraints of conventional stereotactic hardware
has increased the propensity for errors. Recent
studies on the overall accuracy of image-guided
systems have reported errors of 2-3 mm.7,23,37Ca-
versaccio et al. have reported sub-millimeter accu-
racy,6 although these results have not been widely
reproduced.

Several recent studies have addressed the ac-
curacy of image-guided tracking systems and their
components. The accuracy of magnetic tracking
systems has been studied for use in kinesiologic
studies,2,27 catheter-based applications,22 and re-
cently with new long-range transmitters.8,27Optical
tracking system accuracy has been studied in the
context of tracking a surgical tool with respect to
the patient, as discussed above, but has also been
studied when the LEDs are attached to a micro-
scope and used to track the focal point of the
microscope with respect to patient data.14,16,21,23,24

Hybrid magnetic-optical systems are beginning to
be tested; a recent study showed less than 2 mm of
positional error when using such a system in com-
bination with distortion reduction routines.4 Wire-
less optical marker systems have also been intro-
duced as an alternative to conventional wired
systems.30

Sasama33 assessed the accuracy of the Opto-
trak™ (Northern Digital Inc., Ontario, Canada) op-
tical tracking system in the setting of orthopedic
total hip arthroplasty. His group used the iterative
closest-point algorithm to assess tool tracking, and
had results of less than 1 mm of positional error and
less than a degree of rotational error. Rohling et
al.31 compared the accuracy of the Optotrak optical
tracking system to the FARO mechanical arm (Faro
Technologies, Lake Mary, Florida) using a milled
metal block as a standard. They found that Opto-
trak’s accuracy is within the manufacturer’s speci-

fications of 0.15 mm with a distance of 2.5 m
between the CCD cameras and the LEDs. The
FARO mechanical arm is less accurate, but suffi-
cient for use in surgical image guidance. Ryan32

describes the implementation of a frameless stereo-
tactic system using a dynamic reference frame, but
utilizes 150 points on the patient’s head and a
surface-matching algorithm instead of externally
placed fiducial markers for patient registration. The
calculated distance between the location of the tar-
get point and the stereotactically selected point was
designated as the system accuracy and was reported
to be 4.86 3.5 mm. Chassat and Lavalle´e7 describe
optical tracking system accuracy tests by compar-
ing four different CCD-based systems using four
tests: an intrinsic accuracy test, a rigid deformation
test, a pivot test, and a surface digitization test.

Optical tracking system (OTS) accuracy in-
vestigations are also being performed to assess the
viability of OTS application for surgical robotic
and radiotherapeutic applications. Hassfeld et al.15

report 2–3 mm of accuracy on their image-guid-
ance system using the Polaris OTS, and have begun
to incorporate a control system for their PUMA 260
robotic arm using the tracking system. Kai et al.19

implemented a system to use the Optotrak OTS to
track head motion in frameless stereotactic radio-
surgery and assessed the standard deviation mea-
surements of the system.

The study described in this paper is the first of
a series aimed at characterizing optical tracking
systems. Unlike other studies that focus on the
behavior of a complete surgical navigation system,
this study and those to follow will investigate the
properties of a single component of a navigation
system: the optical tracking system. By taking the
results of this study into account when designing a
navigation system, the OTS measurements will be
more precise, improving overall system perfor-
mance.

The OTS is responsible for reporting the lo-
cation and orientation of a dynamic reference frame
(DRF) and a tool to be tracked. Figure 1 shows the
DRFs used in this experiment. These tracking sys-
tems consist of two or more detectors (one- or
two-dimensional image sensors) and emitters (in-
frared light-emitting diodes (LEDs)). In theactive
configuration, the emitters are mounted on the
DRF. The OTS compares the location of the LEDs
in images obtained from sensors located in the
camera and determines the location and orientation
of the DRF relative to the camera using a triangu-
lation technique. In thepassiveconfiguration, the
infrared light is emitted from the camera unit and
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reflected from spheres mounted on the DRF. The
OTS uses the light reflected from the spheres rather
than light transmitted from LEDs on the DRF to
determine the location and orientation of the DRF.

Ideally, the OTS would report the true loca-
tion and orientation of the DRF and would be
constant for multiple readings of a stationary DRF.
However, errors do arise in OTS measurements for
several reasons, including quantization due to a
finite number of pixels in the image sensor, imper-
fect optics, and inaccuracies due to triangulating
the position of each emitter. If the average of mul-
tiple readings does not converge to the correct
location and orientation, the system is biased; if
multiple readings are not closely grouped, the sys-
tem is imprecise. This study measures the precision
of OTS position measurements. Since precision is a
qualitative term,jitter is used to quantify the devi-
ation of repeated measurements from the mean.
Jitter is defined to be the standard deviation of a
series of OTS measurements of a stationary DRF
about their sample mean.

Jitter measurements were obtained at posi-
tions uniformly spaced throughout a three-dimen-
sional volume for each OTS. Through an analysis
of the jitter, the influence of the DRF location on
the precision of OTS position measurements can be
better understood.

METHODS
The volume measurements were obtained
through the use of a precision-machined linear
testing apparatus (LTA), shown in Figure 2. The
primary component of the LTA consists of a

500 mm2 target mounting plate with a 103 10
grid of uniformly spaced holes. The holes are
separated by 50 mm in both directions at
0.003 mm tolerance. A mount with pegs that
mate with the holes in the target mounting plate
is used to attach the DRF to the grid. The posi-
tion of the DRF can therefore be easily varied in
two dimensions. In order to obtain measurements
in the third dimension, the plate is placed on a
linear track. A threaded shaft runs along the
linear track and allows movement in the direction
normal to the plane within a range of 700 mm.

An optical tracking system is a unique com-
bination of camera and DRF. Table 1 lists the five
system configurations tested in this experiment.
When testing the Image Guided Technologies
(IGT) FlashPoint camera, an IGT 50 mm DRF with
three infrared LEDs was utilized. For the tests of
the Northern Digital Inc. (NDI) passive Polaris
system, a TA002 DRF (Traxtal Technologies, Bel-
laire, TX) with four reflecting balls was employed.
With the NDI active Polaris configuration, an ac-
tive DRF identical to the TA002 model in size and
shape, but with four active infrared LEDs, was
used. For the NDI tracking units, the viewing angle
is a parameter which can be set by the user. If the
system is operated inside the viewing angle, the
magnitude of error should not exceed the manufac-
turer’s performance claim. Since the viewing angle
varies inversely with the accuracy reported by the
manufacturer, the smallest possible angle (30 de-

Fig. 2. Linear testing apparatus.

Fig. 1. Dynamic Reference Frames (DRFs). Testing was
done using a three-LED DRF for the FlashPoint cameras
(top), a four-reflector DRF for the passive NDI camera
(left), and a four-LED DRF for the active NDI camera
(right).
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grees) was chosen to maximize the precision of this
system.

There is a range of positions inside of which
the tracking apparatus is completely visible to the
camera and for which valid measurements can be
made. This region is called the digitizing volume
and varies significantly between cameras. The vol-
ume over which measurements were taken encom-
passed much of the digitizing volumes of the cam-
eras and was large enough to include the working
field for a surgical application. The digitizing and
measurement volume dimensions are specified in
Table 2.

For any fixed position between the LTA and
the camera, there is a 700 mm3 450 mm3 450
mm volume (LTA volume unit) where measure-
ments can be taken. In order to achieve the entire
measurement volume for a single camera and track-
ing apparatus, the relative position must be varied
in all three dimensions and the LTA volume units
combined to compose the full data set. It is as-
sumed that the digitizing volume is symmetric
about thex and y axes, therefore measurements
only need to be recorded in a single quadrant.
Figure 3 illustrates the position of the camera rel-
ative to the LTA, as well as the digitizing and tested
volumes.

The LTA volume was moved left, right, to-
wards, and away from the camera in order to build

the measurement volume in two of the dimensions.
The third dimension of the measurement volume
was sampled by changing the height of the camera
on the tripod. Each time the LTA or camera was
repositioned, an alignment procedure was neces-
sary to maintain the parallel configuration of the
sampling intervals.

The LTA was placed on a table in front of the
camera with its plane parallel to thex-yplane of the
camera. First, the tracking apparatus was mounted
in the top left position on the LTA plate. The
camera mounted on a tripod was repositioned until
the values read from the camera were at the origin
of the x-y plane. The tracking apparatus was then
positioned serially in the four corners of the plate to
verify that the plane of the plate was parallel to the
camera. One hundred data points were collected
from the first position. Next, the tracking apparatus
was moved 10 cm to the right for the collection of
another 100 data points. This was repeated for 5
positions on each of 5 rows, for a total of 25
positions. Subsequently, the plate was shifted a
distance of 10 cm along thez-axis — away from
the camera — using a threaded shaft. This entire
process would be repeated at 10-cm intervals along
the length of the linear track. Once one LTA vol-
ume unit had been sampled, either the LTA or
camera would be repositioned to attain the next
portion of the measurement volume.

Table 1. Optical Tracking System Configurations Tested. Tests were performed for a wide
range of camera sizes, as indicated in the last column.

System DRF used
Distance between outermost

image sensors [mm]
IGT 300 mm FlashPoint 3 LED 50 mm active IGT 200
IGT 580 mm FlashPoint 3 LED 50 mm active IGT 480
IGT 1 m FlashPoint 3 LED 50 mm active IGT 1000
NDI Polaris 4 LED Active TRAXTAL 480
NDI Polaris (passive) 4 LED Passive TRAXTAL 480

Table 2. Dimensions of the Vendor-Specified Digitizing Volume and of the Tested Volume.
The digitizing volume consists of the region within which the OTS can report accurate values.
The tested volume is a similar region that overlaps with the digitizing volume and over which
measurements were made for this study.

Camera

Max X
spec
[mm]

Max X
tested
[mm]

Max Y
spec
[mm]

Max Y
tested
[mm]

Min Z
spec
[mm]

Min Z
tested
[mm]

Max Z
spec
[mm]

Max Z
tested
[mm]

300 mm Flashpoint 150 300 150 400 600 600 900 900
580 mm Flashpoint 500 430 500 650 1000 1060 2000 2160
1 m Flashpoint 500 800 500 650 1000 1060 2000 2160
Polaris 500 410 500 620 1400 1400 2400 2400
Polaris (passive) 500 350 500 620 1400 1400 2400 2400
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The spatialx, y, andz coordinates were con-
secutively sampled 100 times at each sensor posi-
tion to give (Xi, Yi, Zi), for 1 # i # 100. Four jitter
measurements were calculated relative to the mean
coordinates (mX, mY, mZ) at each position: the jitter
J is the standard deviation of the Euclidean dis-
tances

i@Xi Yi Zi#
T 2 @mX mY mZ#

Ti (1)

normalized for the sample population; its compo-
nentsJX, JY, and JZ are the normalized standard
deviation of each of thex, y, and z coordinates.
These are estimates of the total jitter and its com-
ponents along each axis for a given sensor location.

RESULTS
A review of the raw data revealed that a small
subset of the sample data appeared to be affected
by time-varying external disturbances to the cam-
era or LTA. Typical disturbances consisted of a
constant velocity or oscillation predominantly in
the x-axis direction, resulting in highly correlated
sample sequences. Since the purpose of this study
was to examine jitter under undisturbed (static)
conditions, these sequences were removed from the
dataset.

Figure 4 shows the mean jitter as a function
of distance from each camera along thez-axis. The
mean of the lowest 95% of the jitter values in each
constant-z set was computed and plotted againstz.

These points were used to find a least-squares fit for
a quadratic model of mean jitter as a function ofzm

(z measured in meters):

J~z! <
azm

2 1 bzm 1 c

10000
(2)

The figure shows the coefficientsa, b, and c for
each camera. Also shown are the ranges inz for
which each camera’s jitter was calculated.

Figure 5 shows the relative magnitudes of the
jitter components and how they vary within the
reported volume. The legend indicates the meaning
of the dimensions of the ellipse pairs; the details
follow below.

Each pair of concentric ellipses in a given
plane represents the extremes of the separate com-
ponents of jitter in that plane for the set of all
sensor positions that share the coordinates of that
ellipse pair’s center. The set may be visualized as
the set of all sensor positions along a line which is
perpendicular to the plane of the ellipses and inter-
sects that plane at the center of the ellipse pair.

The distance along the vertical axis of an
ellipse, from its center to its boundary, shows the
jitter component along the vertical axis of the
graph. Likewise, the horizontal distance shows the
jitter component along the horizontal axis. The
outer ellipse shows the maximum of the individual
jitter components’ magnitudes, and the inner ellipse

Fig. 3. Left: The relative position of the camera, the LTA plate, and theX, Y, andZ axes. Right: The actual digitizing volume
reconstruction. The reported results for A, B, C, and D were used to reconstruct the other quadrant values based on symmetry.
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shows the magnitudes of the minimum individual
jitter components at the set of positions defined
above. The extremes of the jitter components along
separate axes are selected independently and do not
necessarilycorrespond to common sensor posi-
tions. The ellipses have been scaled up by a factor
of 400. The full curve of the ellipse is shown to
facilitate an interpretation of the relative magni-
tudes of the jitter along each axis; the curve itself
gives no information other than the lengths of its
axes.

Figure 6 shows the worst-case, or maximum,
jitter values of each camera: first considering all the
jitter values, and second considering only the low-
est 95% of the jitter values. The lowest 95% of
jitter values exhibit an RMS jitter range of 0.0286
0.012 mm for the FlashPoint 300 mm camera,
0.051 6 0.038 mm for the 580 mm model, and
0.0596 0.047 mm for the 1 m model. The Polaris

camera had an RMS jitter range of 0.0586 0.037
mm with an active DRF and 0.1156 0.075 mm
with a passive DRF. Table 3 details these results.

DISCUSSION
The data show that jitter is dominated by jitter in
the z direction, which increases with increasingz.
This confirms the hypothesis that the best method
to improve OTS precision is to decrease the dis-
tance between the target and tracking apparatus.
The x and y jitter components are insignificant
compared to thez component, and are roughly
equal in magnitude.

These findings can be used to design an OTS
and working field configuration that optimizes pre-
cision. First, the OTS camera should be as close as
possible to the surgical field. Other requirements
limit how close the camera can be to the surgical
field, such as the need to work between the two,

Fig. 4. Jitter as a function of depth.
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Fig. 5. Three-dimensional distribution of jitter values.
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and the need for a digitizing volume large enough
to encompass the field. Second, the orientation of
the camera should be such that the direction that is
least clinically significant — the direction in which
the most imprecision can be tolerated — is aligned
with the cameraz-axis. Once this constraint has
been met, the camera can be rotated to any orien-
tation around thez-axis without any sacrifice in
precision.

The data also show that the active NDI Po-
laris camera has a much higher maximum jitter
than the passive configuration or any of the IGT
FlashPoint cameras. However, if outliers are ex-
cluded, the 580 mm FlashPoint camera and the NDI
active systems are comparable, and both are more
accurate than 300 mm FlashPoint or Polaris passive
configurations. In testing, the IGT active systems
were more predictable in their jitter error than the
NDI active configuration. Applying a moving av-
erage filter on the data can increase the predictabil-
ity in the reported reading at the expense of inher-
ent lag. This delay, for instance, is equivalent to
half of the averaging window length for a constant
window, but can be shorter for other window de-
signs. Further investigations on the effects of these

findings on specific applications and ways to re-
duce them are planned.

The method presented for jitter measurement
and analysis is independent of the tracking technol-
ogy, and can be used for investigating the precision
of future tracking systems. Precision of position
readings, however, is only one consideration in
selecting an optical tracking system. In surgical
navigation applications, coordinates need to be
continuously sampled for moving objects. The er-
rors associated with this kind of utilization are
more complicated than the error associated with
static measurements. While jitter and other static
errors give an estimate of the camera’s inherent
inaccuracies, it is expected that true overall error in
tracking dynamic targets depends on more complex
parameters that will be addressed in future work.

This study considered DRF positions that
were parallel to the camerax-y plane, which does
not accurately reflect the typical use of a tracking
system. In clinical use of an OTS, the DRF can be
in any orientation as long as all the LEDs or re-
flecting spheres are visible to the camera. A study
of how the OTS precision varies with DRF orien-
tation is underway.

The precision of position measurements made
by five commercially available optical tracking sys-
tems has been quantified throughout a volume. For
every OTS, the jitter component in the direction
away from the face of the camera dominates the
total jitter for any DRF position in the volume.
Both the IGT and NDI systems have been shown to
have roughly equivalent jitter magnitudes for cam-
eras of the same length.
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