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In this article, a micro-organism tracking system using a high-speed vision system is reported. This
system two dimensionally tracks a freely swimming micro-organism within the field of an optical
microscope by moving a chamber of target micro-organisms based on high-speed visual feedback.
The system we developed could track a paramecium using various imaging techniques, including
bright-field illumination, dark-field illumination, and differential interference contrast, at
magnifications of 5 times and 20 times. A maximum tracking duration of 300 s was demonstrated.
Also, the system could track an object with a velocity of up to 35 000mm/s s175 diameters/sd,
which is significantly faster than swimming micro-organisms. ©2005 American Institute of
Physics.fDOI: 10.1063/1.1857632g

I. INTRODUCTION

Continuous observation of individual motile micro-
organisms is difficult, since their swimming speed is fast
compared with their diameters. In fact, some bacteria can
swim as fast as 50 diameters/s;1 this corresponds to
324 km/h on the human scale for a human body 1.8 m in
length. At this speed, micro-organisms can quickly go out of
the range of static measurement instruments, such as the field
of view of optical microscopes.

Biologists have developed various methods to solve this
problem, including:sid Securing sufficient time for observa-
tion by enlarging the field of view, andsii d tracking a target
micro-organism to keep it within the measurement range by
developing special instruments.

As an example of methodsid, Strickler developed an
instrument having a large field of view using a Schlieren
optical configuration2 to observe the three-dimensional tra-
jectory of motile micro-organisms with a fixed video
camera.3 However, it was difficult to attain high optical reso-
lution with this configuration, and, consequently, detailed ob-
servation of the target was difficult.

The alternative methodsii d is to track the target micro-
organism. Berg1 developed a tracking system ofE. coli based
on an optical microscope. This system measured the target
position using a quadrant photodetectorsPDd connected to
the image plane of an optical microscope by optical fibers.
Using this instrument, Berget al.4 measured the three-
dimensional trajectories ofE. coli. However, this instrument
was specially designed forE. coli, that is, the fibers were
placed with a certain spacing based on the size ofE. coli and
signal processing circuits were designed for its specific vi-
sual condition, and was thus limited in terms of its observa-

tion conditions, such as illumination and magnification.
Thus, this instrument lacks versatility.

In this article, we report a new micro-organism tracking
system that was developed to observe “galvanotaxis” of
paramecia;5,6 galvanotaxis is an intrinsic locomotor response
toward or away from an external electrical stimulus. For our
application, continuous measurement of the position and ori-
entation of individual paramecia for a duration of at least
60 s is required. To accurately measure the orientation, high-
resolution images must be acquired. Also, our system is re-
quired to work with various imaging techniques, since the
most suitable imaging technique depends on the purpose of
the measurement. Hence, the required specifications for our
new system aresid at least 60 s continuous observation,sii d
high-resolution images, andsiii d operation with various im-
aging techniques.

II. VISUAL FEEDBACK

The optical microscope is an important instrument to
measure the motion of small micro-organisms, since it can
measure them with adequate resolution in a noncontact man-
ner. By using it with various imaging techniques, it has the
ability to observe, for example, phase objects; micro-
organisms belong to this category. However, optical micro-
scopes cannot observe such motile targets continuously be-
cause of their limited field of view.

This problem can be solved by tracking the micro-
organism within the field of view by moving the chamber of
the micro-organism. In principle, this tracking can be real-
ized by visual feedback control using a vision system
mounted on the microscope. In this method, the position of
the chamber is controlled based on the visual information
captured by the vision system so as to keep the target within
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the field of view. This method allows continuous observation
with high resolution and can be used with various imaging
techniques by modifying its image-processing program.

However, conventional vision systems, such as charge
coupled devicessCCDsd, operate at standard video rates
f30 Hz for national television standards committeesNTSCd
or 24 Hz for phase alternation by linesPALdg and are, there-
fore, too slow for this application. Because motile micro-
organisms can swim very quickly, they can go out of the field
of view of the vision system within a fraction of a second.
For example, assuming that one target with a swimming
speed of 50 diameters/s is magnified to fill the field of view,
it will swim out in 1/50 s, which is shorter than the frame
period of such vision systems. Although such micro-
organisms can be observed continuously with a large field of
view using low optical magnification, in this case, detailed
observation cannot be achieved. This means there is a trade-
off between the size of the field of view and the resolution of
the observation. This trade-off depends on the frame rate of
the vision system.

Consider the observation of a micro-organism with di-
ameter, s.0d and swimming velocityv. A vision sensor
coupled with an optical microscope observes this micro-
organism in a field of diameterd, as shown in Fig. 1. The
maximum durationt for the microorganism to pass across the
field is

t =
d − ,

v
. s1d

Assuming that the vision system must acquire at least two
frames to measure its dynamic motion within this period, the
minimum frame ratef is

f =
,/d

1 − ,/d
v, s2d

wherev is the relative velocity in terms of the body diameter
sv=v,d. The ratio, /d is close to 1 when the image of the
microorganism is magnified to fit the field. Thus,, /d indi-
cates the resolution of the observation. This ratio must satisfy
, /dø1, otherwise the magnified image will exceed the field
size. The minimum frame ratef monotonically increases
with , /d when, /d satisfies 0,, /d,1.

To determine the frame rate, we assume a relative swim-
ming velocity v=50, and, /d must satisfy 4/5ø, /d. This
condition gives 200ø f. Thus, the minimum frame ratef is
200 fps. This is obviously higher than the conventional video
rate. Therefore, vision systems with a high frame rate are
essential for micro-organism tracking. In practice, accurate
control of , /d is difficult, because it depends on the target
cell-size, that varies between individual specimens. Consid-
ering margin of,, the frame rate of 1000 fps or more is
desirable.

III. HIGH-SPEED VISION SYSTEM: I-CPV

As described above, a vision system with high frame rate
is essential for the tracking of micro-organisms. As our high-
speed vision system, we adopted the so-called I-CPV system
developed by Hamamatsu Photonics K. K.7 This is com-
posed of a column parallel visionsCPVd system8 and an
image intensifier. A block diagram of the I-CPV is shown in
Fig. 2.

The CPV system captures and processes an eight-bit
gray-scale image with 1283128 pixels at 1 kHz frame rate.
It has a 1283128 PD array and the same number of pro-
grammable processing elementssPEsd. Each PE is based on
the S3PE architecture,9 which adopts single-instruction
multiple-data streamsSIMDd-type program control. The CPV
system can process image data completely in parallel. Each
PE is connected with a summation circuit, so that it can
extract global image features such as moments. With this
structure, the CPV can execute image acquisition and various
image processing operations, including feature extraction,
within 1 ms.

The sensitivity of the PD array is not high because its
exposure time is limited to 1 ms. However, vision systems
for microscopes should have high sensitivity, since the light
intensity of microscope images tends to be relatively low. To
overcome this problem, the I-CPV has an image intensifier
that can amplify the input image intensity several thousand

FIG. 1. Schematic diagram showing the relationship between the size of the
field of view and the swimming velocity of the target micro-organism.

FIG. 2. Schematic diagram of I-CPV system.
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times; its specifications are shown in Table I. Therefore, the
I-CPV system is suitable for use as the high-speed vision
system for micro-organism tracking.

IV. SPECIFICATIONS AND EXPERIMENTAL SETUP

A. Specifications

We will now discuss the specifications of a micro-
organism tracking system to two dimensionally track a freely
swimming target micro-organism within the field of an opti-
cal microscope by moving the micro-organism’s chamber.
This mechanism needs four components:s1d A high-speed
vision system,s2d an XY automated stage to actuate the
chamber,s3d a control processor, ands4d an optical micro-
scope. The specifications for each component are listed be-
low.

s1d High-speed vision system: The high-speed vision system
should be able to:sid Acquire and process images every
1 ms, andsii d have adequate sensitivity for microscope
images with low luminance.

s2d XY Automated stage: TheXY automated stage should
have: sid High resolution, andsii d high mobility to re-
spond to the motion of a micro-organism.

s3d Control processor: The control processor should have
adequate processing power to conduct tracking control
of theXY stage sufficiently quickly based on image fea-
tures transmitted from the high-speed vision system.

s4d Optical microscope: The microscope shouldsid Have ad-
equate resolution for measurements of microorganisms,
and sii d provide various imaging techniques, such as
dark-fieldsDFd illumination and differential interference
contrastsDTCd.

B. System setup

Based on the specifications above, a microscope-based
micro-organism tracking system has been developed. This
system was designed to trackParamecium caudatum, a kind
of protozoa. A photograph of the system and its connections
are shown in Fig. 3.

The I-CPV system, which was adopted as the high-speed
vision system, is mounted on a microscope. It captures and
processes magnified images, and extracts image features.
The control processor controls theXY stage position to track
a target micro-organism within the field based on the image
features.

LAL00-X70 sSMCd was adopted as theXY automated
stage; its specifications are shown in Table II. Each axis has
a linear coil actuator consisting of a linear core and a mov-
able coil. The coil is combined with a moving part of theXY
stage so that the part can be actuated along the core by ap-
plying current to the coil. This structure provides quick mo-
bility. Also, this stage has an encoder with a resolution of
1 mm, almost the same as the resolution of the optical mi-
croscope.

BX50WI sOLYMPUSd was adopted as the optical mi-
croscope. This upright microscope has adequate optical mag-
nification and provides various imaging methods, such as DF
illumination and DIC. Thus, this microscope meets the re-
quired specifications. This microscope has two ports for
cameras. The I-CPV system and a CCD camera were
mounted on these ports so that the operator could monitor
the images acquired by the high-speed vision system.

A personal computersPCd with a Celeron 1.80-GHz pro-

TABLE I. Specifications of image intensifier in I-CPV system.

Photocathode Multialkalis350–900 nmd
Phosphor screen P43s10% fall time=1 msd
Size 18 mm square
Gate time 100 nssmin 3 nsd

FIG. 3. Photograph and block diagram of the developed
microscope-based micro-organism tracking system.

TABLE II. Specifications of theXY automated stage.

Specifications X axis Y axis

Stroke 25 mm 25 mm
Weight of moving part 1.25 kg 0.25 kg
Maximum force per unit current 14 N/A 7.8 N/A
Resolution 1mm 1 mm
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cessor and running a real-time operating systemsOSd sART-
Linux, Moving Eyed was adopted as the control processor.
This PC could perform the tracking control in 1 ms.

C. Chamber for micro-organisms

This system cannot track a micro-organism swimming
along the optical axis of the microscope. Therefore, to pre-
vent axial movement, a special chamber with a low depth
was fabricated.

The chamber was designed for paramecia whose body
length ranges from 100 to 200mm. The chamber was a
small tank with dimensions 15 mm315 mm3150 mm. Fig-
ure 4 shows the structure of the chamber. The target parame-
cia were put in the chamber, together with a medium. The
chamber was made of a glass slide and cut cover glasses that
were bonded together using optical glue. It was fixed on the
XY stage so that its horizontal position could be controlled in
two dimensions by the control PC.

D. Image processing

For every image, the I-CPV system extracted:sad The
area of objects,sbd the target micro-organism among the ob-
jects, andscd the position and the tilt angle of the target in
this order. Proceduresbd is required when several micro-
organisms are in the field of the I-CPV system. In this case,
the I-CPV system needs to extract one tracking target from
two or more objects.
sad The method used to extract the area of objects differed
depending on the imaging mode. In this article, three kinds
of imaging methods, bright-fieldsBFd illumination, DF illu-
mination, and DIC, were considered. Methods to extract the
area of objects for these illuminations are described below.

s1d In the case of BF illumination, objects are shown in
black on a white background. Thus, black areas were
extracted as objects using a given threshold.

s2d In the case of DF illumination, objects are shown in
white on a black background. Thus, white areas were
extracted as objects using a given threshold.

s3d In the case of DIC, the background is gray. Areas where
the object’s spatial phase distribution is not constant be-
come white or black. Therefore, areas whose light inten-
sity is different from the background by more than a
given threshold were extracted as objects. Even if the
object has areas in which the phase distribution is con-
stant, these areas do not cover its whole body. However,
micro-organisms rarely have such a distribution. More-
over, the purpose of this image processing is to extract

overall features, such as position and orientation, which
are not sensitive to detailed partial information.

sbd The self-windowing algorithm proposed by Ishiiet al.10

was adopted to extract an individual target from the objects.
This algorithm uses a one-bit mask that covers the target.
Figure 5sad shows how this algorithm updates its mask.
When a new image is acquired, a new mask is calculated by
performing anAND operation between a dilated version of
the previous mask and a binarized version of the new image.
Thus, the mask tracks the nearest object from the previous
target. This process works well since the target moves very
little between two consecutive frames at high frame rate. An
initial mask is generated when only one target exists within
the field.

FIG. 4. Schematic figure of the chamber for the para-
mecia. This chamber was made of glass.

FIG. 5. sad The self-windowing algorithm. This algorithm updates its mask
based on the previous mask and the binarized current image.sbd Image
features extracted by the I-CPV.
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When a target and another object collide and then divide
again, the I-CPV system should determine which object was
the previously tracked target. Although this algorithm in-
cludes methods to detect collision and division, identification
of objects is beyond the scope of the algorithm. In this ar-
ticle, we neglected this case.
scd Figure 5sbd shows image features extracted by the I-CPV
system. The target positionsxG,yGd and the tilt angleu were
calculated using the zeroth, first, and second moments of the
mask described above. Moments of imageM are defined as

Mm,n = o
x

o
y

xmynIsx,yd, s3d

wherex andy are coordinates in the image andIsx,yd is the
intensity at pixelsx,yd.

The centroid of the masksxG,yGd was adopted as the
position of the target. The centroid positionsxG,yGd
=sM1,0/M0,0,M0,1/M0,0d. The tilt angle of the target relative
to the x axis in the image is calculated using the following
relation:

tan 2u =

2SM1,1−
M1,0M0,1

M0,0
D

SM2,0−
M1,0

2

M0,0
D − SM0,2−

M0,1
2

M0,0
D . s4d

This tilt angle was not used for the tracking control.

E. Tracking controller

Image-based visual servoing11 was adopted for tracking
control, as shown in Fig. 6sad. The desired position in the
image was set to be the center of the field so that the target
would be tracked within the field of view.

This image-based visual servoing needs a position con-
troller for the XY stage. The design of the controller was
based on a Smith–Davison servo,12 which is based on a

mathematical model of the control target. According to the
structure of theXY stage, we assumed that axes of the stage
were physically independent of each other, and each axis was
modeled as the following mass and damper model:

m
d2

dt2
x + g

d

dt
x = u, s5d

wherem is the mass of the axis,x is the position,g is the
coefficient of dynamic friction, andu is the external force
generated by the electrical current of the coil. These param-
eters were estimated by the stage’s frequency response, mea-
sured in advance.

Figure 6sbd shows a block diagram of the position con-
troller. The observer shown in the diagram estimates the ve-
locity of the stage using a Kalman filter. 1 /s is the integra-
tion operator.F1 andF2 are constant vectors that determine
the characteristics of the controller. As a benchmark of this
controller, its step response is shown in Fig. 7.

V. RESULTS

Tracking experiments were conducted with three kinds
of imaging techniques, BF illumination, DF illumination,
and DIC, and two magnification levels, 5 times and 20 times.
Wild-type Paramecium caudatumcells were adopted as
specimens, which were cultured at 25 °C in a soy flour so-
lution. Cells were collected together with the solution, fil-
tered through a nylon mesh to remove debris, washed with
mineral water without gas, and infused into the chamber.

Figures 8–10 show continuous images captured by the
monitoring CCD camera and trajectories of the target when
the magnification was 20 times. Two-dimensional trajectories
of targets were calculated from both the position of theXY
stage and the object’s position in the image captured by the
I-CPV. sSee EPAPS material for the movie of these
results.d13

FIG. 6. Block diagram of the tracking
controller, showingsad the entire vi-
sual servocontroller andsbd the posi-
tion controller of theXY stage, which
is included in the gray box insad.
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As described above, the I-CPV can calculate the tilt
angle. Figure 11 shows the tilt angle sequence of the para-
mecium with DIC and 203magnification.

Since this system moves the chamber for tracking, the
force of acceleration acts on the specimens. According to the
result with differential interference contrast and 20 times
magnification, the standard deviation of acceleration was
about 0.2 m/s2, and the maximum acceleration was about
1.5 m/s2. In our experiments, the behavior of the paramecia
seemed not differ from that in the static environment without
tracking.

According to these results, the system we developed
could track a swimming paramecium in the center of the
field for more than 60 s with adequate resolution to calculate
its orientation. Also, the system could work under three kinds
of observation conditions. Therefore, the system satisfied the
requirements discussed in the Introduction.

VI. DISCUSSION

A. Target velocity limitation

As discussed above, the limitations of our system are
related to the swimming velocity of the target. To estimate
the limitations of our system, the maximum trackable veloc-
ity was measured. However, it is impossible to control the
swimming velocity of micro-organisms. To overcome this,
we approximately evaluated the velocity limitation by per-
forming a find and trackexperiment. In this experiment, a
static target was fixed on theXY stage. TheXY stage was
controlled to slide the target into the field of the I-CPV with
a certain velocity from outside the field, as shown in Fig. 12.
As soon as the I-CPV recognized the object sliding into the
field, the control method was changed from sliding control to
tracking control. Successful tracking suggests that the system
could handle the velocity. By varying the sliding velocity, the
target velocity limitation could be roughly estimated.

A transparent plastic sheet on which an ellipse was
printed in black was fixed on theXY stage. The ellipse had a
major axis diameter of 200mm and a minor axis diameter of
100 mm, that is, almost the same dimensions as an average
paramecium. Its major axis was parallel to the sliding direc-

tion. BF illumination and 203magnification were adopted.
The width of the field of the I-CPV system was 256mm in
this case. In terms of the notation introduced in Sec. II, these
conditions can be written as,=200mm, d=256mm, and
, /d.4/5.

Figure 13 shows stage trajectories at various sliding ve-
locities. When the sliding velocity was less than or equal to
10 000mm/s, the system could find the target and track it
adequately. The sliding velocity of 10 000mm/s equals the
velocity of 50 diameters/s that corresponds to the swimming
velocity of a bacterium. At a sliding velocity of 25 000mm/s
scorresponding to 125 diameters/sd, the center of the ellipse
came close to the boundary of the field, but the tracking was
successful. At a sliding velocity of 40 000mm/s scorre-
sponding to 200 diameters/sd, the tracking was unstable. At
faster sliding velocities, the tracking failed. However, the

FIG. 7. Step response trajectory of theXY stage. This plot shows the re-
sponse of theX axis.

FIG. 8. Tracking experiment results with bright field illumination, 203
magnification.sad Continuous images of the target paramecium captured by
the CCD camera for monitoring.sbd Trajectory of the tracked paramecium;
circles are plotted at the paramecium position every 2 s.
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I-CPV system could still detect the object entering its field of
view at these velocities.

These results suggest that the system we developed has

sufficient performance to track and observe micro-
organisms.

B. Reason for tracking failure

Here, the reason for tracking failure will be discussed.
First, the termtracking trial will be defined. In this article,
one tracking trial is defined as one temporally continuous

FIG. 9. Tracking experiment results with DF illumination, 203 magnifica-
tion. sad Continuous images of the target paramecium captured by the CCD
camera for monitoring.sbd Trajectory of the tracked paramecium; circles are
plotted at the paramecium position every second.

FIG. 10. Tracking experiment results with DIC, 203 magnification.sad
Continuous images of the target paramecium captured by the CCD camera
for monitoring.sbd Trajectory of the tracked paramecium; circles are plotted
at the paramecium position every second.
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tracking state of one target. If the I-CPV system fails to
recognize the target, the previoustracking trial is finished at
that point. Anothertracking trial starts when the system re-
covers tracking control, even if the new target is the same
object as the previous target.

Table III shows the reasons for tracking failure and the
number oftracking trial stopped by these failures. The rea-
sons were categorized into:s1d Recognized a number of ob-
jects, s2d recognized objects wrongly, s3d system failure, s4d
stopped by operator, and s5d unknown reasons. s1d Recog-
nized a number of objectsindicates that the I-CPV recog-
nized two or more objects as one object.s2d Recognized
objects wronglyindicates that the I-CPV erroneously ob-
served debris or a bubble in the chamber.s3d System failure
indicates that the target swam out of the range of theXY
stage, or that tracking control became unstable because of a
modeling error of the stage.

According to Table III, most failures were due to;s1d
Recognized a number of objectssmore than 80% of the
timed. This is because the self-windowing algorithm itself
could not handle collision and division of objects, as de-
scribed in Sec. IV D. Hence, the system could not handle
collision adequately. We are studying a new algorithm to
solve this problem now. Because of this problem, the achiev-
able durations oftracking trials depended on the density of

the paramecia. The possibility of collision was high when the
density was high.

In contrast, the frequencies ofs3d System failureands5d
Unknown reasonswere low. Therefore, the developed system
worked well except for the image processing.

Maximum, minimum, and average durations oftracking
trials are shown in Table IV. According to these results, a
maximum duration of 300 s was achieved, which is suffi-
cient to observe taxis of motile micro-organisms. The maxi-
mum duration was obtained in the case of BF illumination.
However, this does not indicate the relative merits of the

FIG. 11. Sequence of orientations of paramecium with DIC and 203 mag-
nification. Each line shows the long axis of the paramecium. These lines are
plotted at the position of the target every 0.2 s.

FIG. 12. Schematic figure of the configuration for mea-
suring the limitations of the system. A target, an ellipse
printed on a transparent sheet, slides into the field of the
I-CPV at a certain velocity. The sheet was fixed on the
XY stage so that its position could be controlled.

FIG. 13. Stage trajectories at various sliding velocities plotted against time.
sad Trajectories when the incoming velocity was less than or equal to
10 000mm/s, and sbd Trajectories when the velocity was faster than
10 000mm/s. When the stage position was in the shaded region, the center
of the ellipse was in the field of the I-CPV.
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imaging technique, because the durations strongly depend on
the density of the paramecia.

In this article, we reported on a micro-organism tracking
system using a high-speed vision system. A maximum track-
ing duration of 300 s and measurement of the position and
orientation of the specimen were achieved. Also, the system
we developed demonstrated its versatility by tracking a para-
mecium with various imaging techniques, such as BF illumi-
nation, DF illumination, and DIC, at magnifications of 5
times and 20 times. Therefore, the system achieved the re-
quired specifications, and thus had sufficient performance to
observe dynamic behavior of motile micro-organisms.
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a percentage oftracking trials compared with the total number of trials of the same configuration.

Reason BF5 BF20 DF5 DF20 DIC5 DIC20 Subtotal

s1d Recognized a number of objects 13s86%d 48 s92%d 17 s68%d 19 s82%d 15 s75%d 38 s86%d 150 s83%d
s2d Recognized objects wrongly 2s13%d 3 s5%d 4 s16%d 1 s4%d 4 s20%d 3 s6%d 17 s9%d
s3d System failure 0 1s1%d 2 s8%d 0 0 1 s2%d 4 s2%d
s4d Stopped by operator 0 0 0 0 0 2s4%d 2 s1%d
s5d Unknown 0 0 2s8%d 3 s13%d 1 s5%d 0 6 s3%d

Total 15 52 25 23 20 44 179

TABLE IV. Maximum, minimum, and average duration oftracking trials.
Labels BF5, etc., indicate system configuration, which are explained in the
caption of Table III.

Duration BF5 BF20 DF5 DF20 DIC5 DIC20 Total

Maximum fsg 300 229 125 84 62 184 300
Minimum fsg 1 1 3 1 2 1 1
Averagefsg 48 45 32 13 13 33 31
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