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Abstract—In this paper, an automated tracking system with
head and tail recognition for time-lapse observation of
free-moving C. elegans is presented. In microscale field, active
C. elegans can move out of the view easily without an automated
tracking system because of the narrow field of view and rapid
speed of C. elegans. In our previous works, we constructed an
automated platform with 3D freedom to track centroid region of
the nematode successfully. However, tracking time was not long
enough to support a full time-lapse observation. Our proposed
system in this study integrate the detection method in horizontal
plane with depth evaluation more tightly. Tracking time and
response speed have been greatly improved. Besides, we make
full use of curvature calculation to make the system recognize
the head and tail of C. elegans and the recognition rate can be up
to 95%. The results demonstrate that the system can fully
achieve automated long-term tracking of a free-living nematode
and will be a nice tool for C. elegans behavioral analysis.

I. INTRODUCTION
The nematode Caenorhabditis elegans (C. elegans) is
widely used in the areas of neuroscience, medicine
development and genetic control mechanism [1-3]. C. elegans
is a small worm with a length of about 1 mm. It has a fast life
cycle of approximately 3 days and a short lifespan of only 2
weeks [4-5]. Besides, it is one of the simplest organisms with
a nervous system comprising only 302 neurons [6-7].
Moreover, because of fully completely sequenced genome
and thorough development patterns, C. elegans becomes one
of the most useful model organisms. It plays a crucial role in
study of molecular mechanisms of apoptosis [8-9] and the
small RNAs gene silencing [10]. Thus, there is a great
demand for automatic observation and manipulation of C.
elegans. A variety of microscopic systems for observation
and analysis of C. elegans behavior have been described.
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However, most of them are constructed in microfluidic
devices [11-14] which includes many separate chambers on a
chip. Although they can achieve long-term observation, the
living space of the nematodes is highly restricted. Even worse,
the nematode is limited to a certain place when C. elegans is
fixed by the narrow channel. It is difficult to study real
behavior of C. elegans in nature environment through those
systems. Therefore, we are proposed to make an automatic
tracking system for free-moving C. elegans. Because C.
elegans is a typical example that the object can rapidly move
out of the microscope field without an automatic tracking
system during monitoring [15-19]. There are two main
challenges as follows: 1) due to the extremely narrow
microscope field and the agile movement of C. elegans,
objects disappear from the field of view frequently; 2)
captured images are often defocused by the small
microscopic depth.
In the previous work, we have developed an automatic
tracking system that can keep C. elegans always at the center
of the field of view [20]. However, our tracking time at that
time was not long enough to ensure a long-time observation
without any manual works. Current improved system can
track C. elegans more than 2 hours and find focal plane more
rapidly. In a variety of studies, we need to experiment with
particular regions like head region sometimes. Therefore, the
desire to recognize the head and tail efficiently arises. In the
meanwhile, head recognition can also help the system to
predict the movement of the nematode and improve tracking.
It is popular to use template matching to track particular
region of C. elegans [21] which is lack of applicability to
dynamically changing regions. Also, fluorescent protein is
used to help track particular region. We consider to use the
curvature for head and tail recognition, which is more
applicable and harmless. Because the bending of the head and
tail is very different during movement. Curvature can
represent the bending degree of C. elegans and has been
applied to many methods like corner detector [22],
curve-fitting [23] and so on. The curvature has ability to
reflect bending degree and help distinguish the head and tail.
However, we need face the challenge to apply the curvature to
discrete points in digital pictures.
The paper is organized as follows: in Section II, we
introduce details about curvature evaluation of captured
images. In Section III, we introduce methods about detection
in X-Y plane and depth evaluation in Z-axis. Section Ⅳ
describes experimental preparation and shows the
experimental results.
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Figure 1. Fitting results. (a) fitting directly. (b) fitting with pre-processing. (c)
the fitting curve with the skeletonized curve (the white one represents the
skeletonized curve and the green one represents the fitting curve). (d) fitting
of each segment
Figure 2. A temporal curvature map of an example of curvature changes at
every point of the nematode over a period of time. There is a linear
relationship between grey level of each pixel and curvature value: when the
curvature value is greater than or equal to 0.1, the grey level is 255 which
means white; in the meanwhile, if the curvature value is 0, the grey level is 0
which means black.

II. CURVATURE EVALUATION
A. Curvature calculation
For a plane curve, curvature can mathematically indicate
the degree of bending at a certain point. The center of
curvature is defined as the intersection point of two infinitely
close normals of the curve. And the radius of curvature is the
distance from the center of curvature to the curve. As for the
curvature, it is the reciprocal of the radius of the curvature.
The magnitude of the curvature is positively related to the
degree of bending of the curve. The greater the curvature of
the plane curve, the more severe bending the curve has.
When the curve is continuous, curvature has a strict
mathematical definition. For the case of a plane curve given
explicitly as the graph of a function y = f(x), we can process
curvilinear function easily to obtain the curvature k through
the equation as shown in the following:
y ''

k
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The equation cannot be applied to the images captured by the
system. We can skeletonize the nematode detected to get
corresponding representative curve whose width is only 1
pixel. However, in the field of visual and image analysis, what
we can get from the camera is digital images or digital curves.
Hence, the curve processed from the original captured picture
is actually a set of discrete points.
B. Curvature processing

There are numerous calculation methods for the curvature
in discrete cases, the most intuitive of which is difference
operator. For the difference operator, it can directly covert the
calculation formula into the equation about the neighbor
points. But it turns out the small noise on the curve will have a
catastrophic effect on the curvature calculation. Besides, it
only considers the information near a particular point rather
than the overall situation of this part of curve. In our case, the
curvature value calculated by the difference operator often
shows zero value which is seriously inconsistent with the
reality. In order to solve these problems, many researchers
have proposed a variety of calculating methods for the discrete
curvature, such as k-cosine curvature calculation method [24],
k-corner curvature calculation method [25] and so on. When
applying these mainstream discrete curvature methods to our
captured pictures, the changing trend of curvature was very
abnormal that obviously not in line with the degree of
curvature observed by the naked eye. Thus, we choose to fit
the discrete points into a function of continuous curve firstly to
get curvatures. Before fitting, we need to sort these points in
order so that we can fit properly from one end of the curve to
the other end.
The method of least squares is a mathematical
optimization method that can find the best function match for
the data by minimizing the sum of the squares of the errors. In
our system, we select the polynomial in a single indeterminate
x as the target function as shown in the following:
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It is almost impossible to fit all discrete points in the same
curve function. We should split the point set into m parts and
fit them separately. After a series of experiments and
comparisons, we find that when the value of m is 6 and the
value of n is 3, the result seems to be the best. However, the
curve obtained by the fitting still exists the problem that there
are some blank gaps (shown in Fig. 1(a)), which will affect
curvature calculation strongly. As marked in the figure, the
blank gaps appear frequently in the fitting curve. This is
because the same x value corresponds to multiple y values in
the segment of the curve which violates the definition of the
function. It leads to a serious deviation in the curve fitting
which brings blank gaps. Therefore, we will pre-process each
part of the point set: 1) count the number of points whose x
value corresponds to multiple y values; 2) calculate its
proportion in the segment; 3) if the proportion exceeds a
certain threshold, make a homogeneous coordinate
transformation that exchange the x value and y value. After
such pretreatment, curve fitting shows a good result in the
fitting of each segment as shown in Fig. 1(d). In every
segment, the method fits the discrete points to a continuous
curve which can represent the part of nematode body well.
When combining the fitting curve of each segment, we can get
the continuous piecewise curve function without any blank
gaps like Fig. 1(b). Comparing the fitting result with
skeletonized curve, the fitting error is small enough to ignore
(shown in Fig. 1(c)). Finally, the system can use the piecewise
function to calculate the curvature of every point in the fitting
curve. In order to more clearly illustrate the curvature changes
at every point of the nematode over a period of time, we
generate a temporal curvature map as shown in Fig. 2. We set
up such a linear relationship between grey level of each pixel
and curvature value: when the curvature value is greater than
or equal to 0.1, the grey level is 255 which means white; in the
meanwhile, if the curvature value is 0, the grey level is 0
which means black. For the curvature map, the horizontal axis
changes along the nematode length, and the vertical axis
changes with time. The curvature map shows the curvature of
each point along the nematode body as time goes by.
Obviously, the white part which means high curvature moves
along the nematode body.

model to improve detection method. The fast version YOLO
model runs at more than 150 frames per second in a good
configuration [26]. It is accurate enough to detect C. elegans
because the background in micro scale is simpler and more
monotonous. Aiming to achieve a more precise positioning,
we use the YOLO model firstly to search regions just include
C. elegans. Then the system can make full use of contour
detection to draw the outlines of nematodes within the range
detected previously. Besides, the system takes the area as one
of the judgement factors to filter wrong detections. Eventually,
we can calculate the real-time position of the target point like

(a)

(b)

III. PROCESSING METHOD
A. C. elegans detection
Under the microscope, the field of view is too narrow for
the movement of C. elegans, which causes that nematodes to
move out of the view easily without an automated tracking
system. It is necessary to use a fast and accurate detection
method in horizontal plane to update the position of the target
in real-time. Also, the background in the microscopic
environment is relatively simple and clean. Therefore, the
traditional method contour detection can basically meet the
detection requirement of the nematode. However, the
movement of C. elegans with long-time experiment can leave
traces which will affect contour detection. Thus, we take a
deep learning model to our detection method to make the
system perform better. Because our system requires real-time
processing and high accurate ratio, we apply YOLO (You
Only Look Once: United, Real-Time Object Detection, 2016)
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(c)
Figure 3. Autofocusing results on C. elegans. (a) Process of autofocusing
based on IQM value; (b) Relative curve between IQM value and the depth
information; (c) Autofocusing process on C. elegans.

the centroid from the detected contour information.
B. Depth evaluation
In order to track C. elegans all the time, we need to solve
the problem caused by depth of field restriction and make it
always in focus. In the microscopic environment, current
autofocus methods typically require a process of defocusing,
focusing, and defocusing repeatedly. The essential of
autofocus is the evaluation of fixing the image to focus. There
are many ways to analyze each image captured using different
evaluation functions, such as image gray-scale variance
functions.
In our system, the evaluation function is applied to all
pixels of a particular captured image as follows:
IQM ( j ) 

x
y
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Where IQM (Image Quality Measurement) is an evaluation
value that reflects the level of focus. When the IQM value is
larger, the number of pixels in the focus becomes larger. We
can get this value by applying a Laplacian filter and then using
a smoothing filter for each pixel of the captured image. In the
equation, (- Le, -Lr) - (Le, Lr) and (xi, yi) - (xf, yf) represents the
ROI (region of interests) using the Laplacian filter and the
smoothing filter. As for D, it represents the total number of
pixels in the ROI [27]. N represents the number of images we
apply to the evaluation function.

curvature value of each point in the region at both ends of the
skeletonized curve. Then we add these curvature values in two
regions separately to get two reference values. If the value is
bigger, we will identify the region is head region. However,
wrong recognitions appear frequently.

As shown in Fig. 3(a), the system begins to calculate the
IQM value of the image only when an object is detected by
YOLO model. Because the plane is clearly far from the focal
plane during the period when the system is difficult to detect
the target. In the ideal case, the local maximum does not
appear in the IQM values. Once the data is in a downward
trend, the system can determine the depth of focal plane.
However, local maxima often occur in real cases. To eliminate
this problem, the system does not stop the calculation until the
system cannot detect any objects multiple times. The system
then returns the depth at which the IQM value is greatest
during the calculation. By using this method, we achieved
autofocus during the experiment. Taking microbeads as an
example, the relative curve in Fig. 3(b) shows the relationship
between the calculated IQM value and depth information,
which can be applied to depth measurements under an inverted
microscope. In addition, the autofocus process on the
nematode typically takes 2 seconds for the first time when the
system detects an object (Fig. 3(c)). For subsequent
autofocusing procedures, the mean required time reduced to
less than 1s which can meet tracking in z-axis. Besides, the
success rate is nearly 95% if the system can detect the target.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

C. Head and tail recognition
Similar to the snake, C. elegans crawls in a “S” shape.
Intuitively, the head and tail of the nematode show different
degree of bending when moving forward. We believe that the
head bends more than the tail in the movement in most cases.
As mentioned previously, we can calculate the curvature value
of each point of the nematode with a high accuracy. In the
head and tail recognition, we only need consider the curvature
at both end regions of the curve. Therefore, we calculate the

Figure 4. Example of head and tail recognition. Red box: head region. Green
box: tail region. Blue line: a straight line obtained by fitting C. elegans

We found that the head region looks straight occasionally
during the process of large bending. In these cases, the
recognition only based on curvature does not work. Another
reference factor should be considered to help recognize head
and tail. Firstly, the nematode is fitted into a blue straight line
as shown in Fig. 4. After comparison and observation, the
head is always farther from the blue line than the tail when the
head region looks like a straight line. Therefore, in addition to
the sum of curvature values, we also compare the farthest
distance from the fitted blue line in the both end region of the
curve. With these two reference features, the system can
recognize the head and tail of C. elegans successfully.

A. Experimental preparation
Nematode culture and construction of the system were the
main contents of experimental preparation. We used wild
type Caenorhabditis elegans (C. elegans) Bristol strain N2 as
our experimental object to check the tracking performance of
the system. All the tacking experiments were carried out in
petri dishes containing solid NGM (Nematode Growth
Medium). The digital camera had a frame rate of 120 [fps]
and the size of images was 640 x 480 [pixels].
In this paper, the system is expected to allow for
time-lapse tracking of C. elegans. With robust image
processing, our automated platform should keep the object in
the center of the microscope's field of view and keep the
object constantly in the focal plane. The tracking system
consists of two subsystems: a visual part and an execution
part. The configuration of each subsystem is as follows:
The visual part provided the main image feedback
information for tracking and manipulation. It included an
inverted microscope (IX73, Olympus, Inc.) placed on a
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vibration isolation table (SAHT-1510K5, Meiritz, Inc.), a
digital camera connected to the microscope to collect
real-time images, and a Windows PC (Optiplex-9020, Dell,
Inc.) which processed the image captured by the digital
camera and sended the command to the execution section.
In the execution section, we built an automatic stage that
combined the movements in three directions. Most of the
platform included a fine X-Y-Z micromanipulator
(Sigmakoki, TAM-655) with a linear actuator (Sigmakoki,
SGSP-13ACT-B0) on each axis. All three actuators were
powered by a 5-phase stepper motor driver (Sigmakoki,
SG-55MA). In addition, the 3D printing platform was coupled
to a micromanipulator to maintain C. elegans. And the m-bed
linked to the PC made the vision part and the execution part
together.
B. Tracking results
Through a series of experiments, we confirmed that our
proposed system can track the centroid region of C. elegans
and keep the nematode always in focus during time-lapse. We
have accomplished automated tracking for about 2 hours. The
end of the tracking experiment was not because the target was
missing but due to memory limitations from computer
equipment at that time. Experiments show that the system can
make up for the position error between the target point and the
microscopic vision center for a long time. It indicates that the
system has the capability to achieve an automated time-lapse
observation. Fig. 5(a) shows an example of pictures that the
system can keep target point of C. elegans always in the center
of the field of vision for a long time. As shown in Fig. 5(b) and
Fig. 5(c), the response capability of the system is so fast that
the nematode can move to the center quickly. Steady-state
errors along the X-axis and Y-axis are basically less than 5
pixels in the tracking.
As for head and tail recognition, we have applied the
method to C. elegans several times. As so far, the recognition
rate is around 95%. The wrong recognition may come from
the lack of reference features. The sum of curvature of value
and the farthest distance are likely not to be sufficient to
distinguish all situations.

(a)

(b)

C. Discussion
Experiments so far indicate that our system performs well
in real-time tracking of nematodes. Also, the system can
recognize head and tail of C. elegans with a high success rate.
In the future work, the system can fully integrate head and tail
recognition and automatic tracking, as well as operating tools
such as pipettes to conduct further experimental analysis of
nematodes. Besides, our proposed system can be useful for
the analysis of the behaviors of C. elegans because
free-moving objects are more conducive to study.
V. CONCLUSION

(c)

We propose an automated microscopic feedback system
which tracks the particular region of free-moving C. elegans
for a long time. Typical contour detection is used to search C.
elegans in X-Y plane and IQM values is applied to achieve
autofocusing. Also, we train out a good YOLO model which
helps to accelerate autofocusing and improve the detection in
X-Y plane. Besides, the system can recognize the head and
9261

Figure 5. Experimental results. (a)Examples of images of automated
tracking of C. elegans by our proposed system. Pink point: target position.
Yellow point: real position. Blue contour represents detected body. The
passing time is written in the upper right corner. (b) Relative curve between
time and X-axis coordinates of the object. (c) Relative curve between time
and Y-axis coordinates of the object.

tail of C. elegans based on curvature calculation. According
to the experimental results, we can find that the system can
fully achieve automated long-term tracking of a free-living
nematode and will be a nice tool for C. elegans behavioral
analysis.
Manipulation of the platform is limited in 3D while there
is a large need to select a certain pose of C. elegans in many
experiments. Our future work is to expand the freedom of the
platform, such as increasing a freedom from the rotation on
X-Y plane. In Fig. 4, we have already generated a line to
represent one of features of posture of C. elegans. We can
control the direction of C. elegans with the generated line and
a rotary stage. Also, we should make experiments like head
tracking with head and tail recognition. Furthermore, we can
analyze motion mode of C. elegans with curvature map.
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