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Abstract— Touch-response experimentation in zebrafish helps
researchers better understand the link between genetics, drug
effects, and behaviors. However, commonly manually conducted
experimentation cannot fulfill a high-throughput screening and
often delivers low accuracy and lacks reproducibility. Thus,
the main aim of this work is to establish a fully automated
robot-assisted experimentation system with minimal human par-
ticipation to conduct the touch-response experimentation with
freely swimming zebrafish larvae. Our designed system is able
to undertake the role of repeated touch-response experiments
at predefined specific location of the larvae in different ages
and under different conditions, with high accuracy, robustness,
and repeatability, and can also get comparable experimental
results. The errors of the detection methods are less than 3 pixels
and the offset errors of the touching points are less than 5%.
Designed for high-efficiency experimentation, this system will
promisingly release a great amount of the burden for the bio-
logical operators from touch-response experiments and may also
have potential applications in other organisms for touch-evoked
response analysis.

Note to Practitioners—This article presented an automated
touch-response experimentation system on zebrafish larvae,
which can release a huge burden of the biological operators by
achieving accurate, efficient, and repeated touch-response experi-
ments. Manually conducted experiments are time-consuming and
has low accuracy as well as difficult to do the quantification of
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the behaviors of the larvae. Our proposed system introduced an
automated experiment pipeline and can also generate the behav-
ior quantification of the larvae automatically, as the verification
experiments confirmed. Basically, the research on the behaviors of
zebrafish larvae requires large-scale data collection and analysis,
so our system will play a vital role in such cases. Besides,
the system can also be potentially used in other organisms, such as
medaka larvae, and other related research, such as drug effects.
In the current system, only one single larva was considered in
each separate experiment, so our future work will be to achieve
the experiments with multiple larvae in large scale for more
high-throughput readouts and knowledge discovery.

Index Terms—Biological experimentation system,
processing, touch-response quantification.
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I. INTRODUCTION

EBRAFISH larvae are regarded as an ideal and important
biological model for studying the relationship between
behaviors and the underlying genetic framework of an organ-
ism [1]. Zebrafish is commonly used in drug discovery to
find new knowledge in the fields of biology and chemistry.
In particular, a high-throughput screening of their behaviors
is essential for statistically comparable outputs as well as
reliable scientific conclusions. During the very early stage
of development, zebrafish larvae have already established
sensory and motor circuitry and respond to several stimuli
including touching [2]-[6], tactile [7], startling [8], vibra-
tional [9], visual [10]-[13], or chemical stimuli [14]. Par-
ticularly, the touch-response behavior has emerged to help
in investigating the mechanisms underlying locomotion [3],
learning and memory [15], as well as in identifying muta-
tions [16]. Touch response is an escape response behavior of
a zebrafish larva elicited by physical touching with a needle
or the end of a regular Pasteur pipette or similar instruments
[3]-[5]. This response is highly repeatable and distinguishable,
as the response occurs similar to larvae under the same
condition and is altered significantly in larvae exposed to
neuroactive or neurodegenerative substances and in larvae that
have sensory circuit and/or muscular mutations [2]. Conse-
quently, understanding the touch-response behavior promises
help in revealing the functioning of sensory and motor circuits
along with the functioning of the neuronal architecture.
Conventionally, the “touching” is applied to zebrafish larvae
manually and the response is captured in videos by using



Fig. 1. Demonstration of touching the tail of the larva manually. (a) Before
touching, the needle is moved close to the larva manually, and in this phase,
the position of the needle is difficult to control and the larva may be touched
accidentally. (b) Touching is conducted at the tail part of the larva manually.
The touching position, angle, speed, and time are difficult to control by hand.
(c) After touching, the larva has response immediately, and the beginning of
the response may be not observable as the result of the shadows caused by
the needle and hand.

a CCD camera or with a light microscope [6], [16]-[18].
However, the manual approach, as shown in Fig. 1
(as well as in Supplementary Material #M1, #M2, and #M3),
has some obvious drawbacks, like high time consumption,
low throughput, as well as lack of repeatability. Furthermore,
the nature of this response is dependent on the location of
the touch input on the zebrafish body and the force with
which the touch input is applied. In manual experiments,
nonetheless, these parameters cannot be strictly controlled for
consistency and will show significant variations even by the
same operator. Consequently, the response elicited may vary,
thereby resulting in faulty conclusions. Furthermore, the hand
or the needle may cause shadows that make the response of
the larva not observable, or fluid motions that shock the larvae
away, so the results in this way are usually not reliable and not
comparable for specific conclusions or knowledge discovery.
It is impossible to manually leverage the zebrafish model to
scientifically perform high-throughput behavioral screening,
so automated and intelligent systems need to be developed to
accurately provide the touch stimulus, record the data at high
speed and resolution, and automatically analyze the response
behavior itself. For some other species, such as C. elegans,
the automated systems have been developed to conduct touch-
evoked experiments. For instance, systems using a microfluidic
platform for C. elegans [19]-[22] limited the animal within
a small area or even in a channel, causing the limitation of
the movements of the animal but accelerating the experiment
process. A much more precise system [23] was proposed to
measure the force stiffness of specific parts of the C. elegans
body in nano-scale level. As well, other systems were also
proposed to conduct touch-evoke experiments on the freely
moving C. elegans, like [24], which only focused on the
mechanics of C. elegans to force-varied touching, and [25],
in which the pair of permanent magnets still limited the
movements of the animal and the touching angle cannot be
well controlled.

So far, to the best of our knowledge, there are no automated
systems that can be used to conduct touch-response experi-
ments for zebrafish larvae. Common automated systems for C.
elegans cannot be used for zebrafish larvae, as they have dif-
ferent size (2.5-3.7 mm from 30 to 96 hours post fertilization
(hpf) [26]) from C. elegans (in micro scale [25]) in length. The

design of an automated system for touch-response experiments
faces several challenges and requirements: 1) minimal or no
human intervention involved and high-throughput screening
(recording the responses of a large number of larvae in a
fast and unsupervised manner); 2) high accuracy and a good
robustness (repeatability)—touching the same location of the
larva and with the same speed (force) in each experiment;
3) comparable data acquired and automatically processed for
readouts and potential conclusions; and 4) easily extended to
other organisms and related experiments. Basically, the touch-
response experiments of zebrafish can also be conducted
in two ways as the experiments on C. elegans were done:
1) touching the fixed larva while observing brain activity
(by using fluorescent reporters) [5], [17], [18], [27] or other
tissues [28], [29] and 2) touching any anatomical positions as
well as observing the response in freely swimming larva to
understand the escape behavior itself and the kinematics [3].
The aim of our work is to study the locomotion behaviors of
zebrafish larvae, so the second method is our focus.

In this article, we propose for the first time a fully automated
touch-response system on freely swimming zebrafish larvae
extended from our previous work [30]. This system uses a
new image processing pipeline and new automatic behavior
quantification methods and introduces a new touch-response
experiment protocol. Based on image processing, we control a
robot to touch a zebrafish larva with defined touching parame-
ters [touching location, direction (angle), and speed (force)].
We analyze the behaviors of the zebrafish larvae by taking
videos of the touch response and defining important readouts
that can be generated automatically by using the behavior
quantification methods. To evaluate the system, we analyze the
accuracy and reproducibility of the detection algorithms and
the distribution of the touched points. Using these readouts,
we prove that the system can be used to quantify the influence
of touching positions and the age as well as the impact of
chemicals (drugs) on the response of the zebrafish. The design
of this mechanical system not only promotes the development
of the behavioral neuroscience research, but also contributes
much in the field of robotics and automation regarding its
technological design, the first use of automation technology on
the study of the zebrafish model, new criteria and concepts of
touch-response behavior quantification, and high repeatability
of experiments for statistically scientific conclusions.

Organization of the article is as follows. Section II describes
design structure, concepts, and image processing methods used
in this system as well as the evaluation methods for them.
Section IIT provides experiment pipelines, the accuracy and
evaluation results of the designed system, and also details the
statistical comparison of the behaviors of zebrafish to verify
the effectiveness of the proposed system. According to the
above results, conclusions are drawn in Section IV.

II. TOUCH-RESPONSE SYSTEM STRUCTURE

The system designed works for data acquisition and analy-
sis of the touch-response experimentation in an automated
manner. Fig. 2(a) provides the pipeline of the whole system
which is composed of four steps. Step 1 is the sample
preparation where zebrafish larvae are obtained for the exper-
iments, as discussed in detail in Section II-A. Step 2 is
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Fig. 2.

(a) System architecture for the proposed touch-response system. Step 1. Preparation of the larvae used in the experiments according to a consistent

protocol detailed in Section III-A. Step 2. Single larvae are mounted into each well and the blunt needle upright is moved between all wells to conduct the
touch-response experiments, with videos of the larvae captured by a high-speed camera (objective Lensation CMFA1520ND). Step 3. Two sets of algorithms
used, the image processing for the automatic experiments and data acquisition, and later on behavior quantification for analysis of the collected video data.
Step 4. The processing of the videos results in four kinds of parameters, including latency time, C-Bend radius average, response time, and moving distance.
(b) The real image and main components of the designed system, detailed in Section II-A. (c) Three coordinate systems were established: the image, larva,
and percentage coordinate systems (I, L, and P). The origin of I is the first pixel at the top-left of the image, and the origin of IL at the head beginning point
of the larva. Also, the larva is scaled in the range of [0%, 100%] as PP, with three predefined touching points for head (in red), body (in blue), and tail (in

green) as py, pp, and p;.

the actual touch-response system for video data acquisition,
which operates on the samples obtained from Step 1. The
designed system automatically conducts the touch-response
experiments and outputs the collected video data based on
image processing algorithms (indicated in Step 3). Also, based
on behavior quantification algorithms in Step 3, Step 4 obtains
relevant readouts and provides a statistical analysis of the
results. Fig. 2(b) vividly displays the main components of
the proposed system, and the individual concepts used in this
system will be further discussed below.

A. System Design

The system is composed of a blunt needle for applying
the touch input, a microtiter (well plate), a high-speed cam-
era, and a data processing software [Step 2 and Step 3 of
Fig. 2(a) and (b)]. In order to give the larva enough space to
move and also to collect as many videos as possible, we chose
a 12-well plate with one larva in each well and added an
agarose ring at the edge of each well to keep the larva inside
the view. The video capturing and needle touching should
be conducted at the same time, so the needle mounted with
a light source was set over the well plate with the camera
under the well plate [displayed in Fig. 2(b)]. They are both

controlled by the actuator systems correspondingly described
in Section II-B4. The experiments are conducted repeatedly by
moving the needle and the camera to each target well one by
one, with resulting videos captured by the camera for later-on
analysis.

B. Concepts

1) Experiment Subject: The aim of the system is to evoke a
response to a touching input on zebrafish larvae. The zebrafish
model is amenable to high-throughput experiments owing to
the high fecundity. Zebrafish larvae develop very rapidly and
start responding to touching at about 21 hpf when they are still
inside the chorion (egg shell) [8] by demonstrating vigorous
body coiling. The larvae hatch between 48 and 72 hpf [26].
At this age, they do not exhibit spontaneous locomotion and
there is no movement before the application of tactile stimuli
or with minor mechanical stimuli. However, when subjected to
touching, they show an escape response which consists of three
components: a bending of the body into a C-Bend, a reverse
C-Bend, and a swimming bout to escape from the position
where the input was applied [8]. Therefore, zebrafish larvae
from 30 to 78 hpf (dechorionated at 27 hpf) were used to do
the touch-response experiments by our system. Furthermore,



Fig. 3. Sequence of key frames (with frame number in blue) in one video
collected in a tail touching experiment. The black arrow line is the moving
trajectory of the needle (details in Section II-C). The touching input is applied
at #2745, and the response happens from #2761 to #4256. The C-Bend, for
an example, is visualized at #2781.

the embryos are contained in a well plated with 2.5 mL of
medium (in Table I), which ensures that the movements of
the larvae are essentially restricted to 2-D.!

2) Coordinate System: In touch-response experiments,
the larvae may respond differently with different anatomical
points? touched: the head, the body (trunk of the larvae), or the
tail as shown in Fig. 2(c). Therefore, the image and larva
coordinate systems were predefined (shortened as I and L)
in Fig. 2(c), where o is the orientation angle of the larva in
I. The coordinates in image coordinate system are formulated
as iy = {i.,is} with the origin as i,, and the coordinates
in larva coordinate system are formulated as I, = {l,} with
the origin as l,. Assumed that the origin of L is expressed as
i = {iix, 1y} in I, a point m (I, = {/,,} in L), for example,
could be transferred to I as follows:

. Nimx | _gay, | —cosa ||l
lm_[im),}_TLl'”_[—sina i;y:|[1i| @

where Tlf is the transformation matrix from L to I. To for-
mulate the touching points, the larva is mapped in the range
of [0%, 100%] as percentage coordinate system P, with the
head beginning point at 0% and the tail ending point at 100%.
The percentages in P are formulated as p, = {p.} with the
origin as p,. Ideally, it is possible for the system to touch any
region of the larva, and to clearly show the performance of the
system, the three touching points are defined in P (py,, pp, p:)
with corresponding coordinates in both L (I;,1;,1;) and I
@n, ip, Ir).

3) Experiment Criteria: Many unanswered questions could
be revealed by the locomotor behaviors of zebrafish larvae
during response to stimuli, which needs collaborative work of
a variety of cell or neuron types. The tail touching experiment,
for example, is conducted as listed in a sequence of Fig. 3.

1Zebrafish larvae normally start swimming in 3-D after six days post
fertilizations.

2In this study, all zebrafish larvae used were raised and collected in
conformity with the Animal Ethical Requirements.

In total, we describe four parameters to be estimated to
quantify the larva behaviors. Throughout the experiment, three
time points of importance are: 1) the time at which needle
stops and touch begins (7, #2745 in Fig. 3); 2) the time
at which response begins (f;, #2761); and 3) the time at
which response stops (f3, #4256). The first parameter to be
estimated is the latency time (#;) before response: The larva
takes some time to respond after being touched (; =1, — t;).
During the response, the larva shapes into a C-Bend [31]
between f, and #3 (as #2781 shows), and the amplitude of it
indicates the strength of the larva’s response. Thus, the average
radius of the C-Bends during the whole response is also
quantified. Moreover, the response time (¢, = t3 — ;) and total
distance of the larva moving also differ under various stimuli
[32], [33]. To summarize, this quantification involves latency
time, C-Bend radius average, response time, and moving dis-
tance, which will potentially help construct a working model
that represents the response pattern of zebrafish to touching
or other stimuli. How to achieve the quantification methods is
detailed in Appendix D.

4) Actuator System: The actuators used in the system
include four stepping motors (ST4118L1804-B—STEPPER
MOTOR-NEMA 17, Nanotec — Munich) and one linear actu-
ator. Two stepping motors, mounted by two linear drives (Der
isel — Zahnriemenvorschub LEZ 1, Germany) orthogonally,
work together to move in the 2-D plane and the linear actuator
is used to achieve the movement in the z-axis [as shown
in Fig. 2(b)]. Besides, two switches are fixed at the initial
and end positions of each actuator for providing a correct
positioning as well as for the safety of the actuators. Each
stepping motor moves 1.8°/step, and the translational distance
is 0.3 mm/step. Additionally, each full step is subdivided into
16 microsteps to be well controllable.

C. Image Processing

Image processing is used to detect the needle and different
parts of the zebrafish larva and thus to generate touching
trajectories. Therefore, we aim to robustly segment needle
and larva, based on the introduction of a larva-centered
coordinate system [L, seen in Fig. 2(c)], which is used to
define touching points of the larva and trajectories. As men-
tioned in Section II-B1, we characterize early embryonic and
eleutheroembryonic stages of zebrafish larvae where they are
still immotile and do not exhibit any spontaneous locomo-
tion. Movements are elicited only with tactile inputs and
are reflective of the developmental processes in an organism.
Thus, this means that we do not need image processing
a second time after the larva and the needle were detected for
each well.

To begin with, a circle Hough transform [34] is used to crop
the image within the target well, as shown in Steps 1 and 2 of
Fig. 4. Afterward, two objects should be detected. The first one
is the needle which is the darkest part of the image in most
cases. Thus, a binarization with a lower heuristic threshold
(T,) is used to find the needle area, probably with some noise
caused by such as uneven distribution of the light and the larva.
In most cases, however, the noise is smaller than the needle
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to be easily filtered. The position of the needle is computed
as the center of gravity of the found area i, = {i,., i,,} in the
image coordinate system.

The second object to detect is the larva, which is more
difficult as it is transparent and relatively small with only a
few pixels in the whole image. The head, body, and tail of the
larva are required to be detected. Binarization with a higher
heuristic threshold (7;) is applied to the cropped image, and
the resulting binary image contains two objects (the needle
and the larva) and some noisy areas, which is optimized by
morphology (kernel size mentioned in Table I) to find the
closing objects seen in Step 3 of Fig. 4. Here, the two biggest
areas are the needle and the larva, so we can locate the area of
the larva as the position of the needle is already known. From
this area, orientation angle « [in the range of (—180°, 180°)]
of the larva is calculated. After a rotation of a, as shown
in Step 4 of Fig. 4, the center of gravity I, = {l,} in L is
computed by averaging the coordinates of the whole detected
larva area. Besides, the head part of the larva has more pixels
than the transparent tail part, so the center of gravity of the
larva is closer to the head part. With the rotation range «,
the head beginning point of the larva is rotated to the left side,
asl, = {l,} in L, and three touching points of the larva—head,
body, and tail in the larva coordinate system—are decided by

using a fixed ratio as follows:

=g —1,) x 2 @)
8

b=y —1,) x 2 3)
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Iy = (g —1,) x P 4)
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where {pn}, {p»}, {p:} are the coordinates of the head, body,
and tail of the larva in P, respectively (predefined as shown
in Table I), and {/;;}, {l;}, {/,} are the corresponding coordinates
in L, respectively. These three touching points (head, body, and
tail) of the larva are then transformed from L to I according
to the transformation matrix mentioned in Section II-B2.
Having detected the larva, we need to generate a touching
trajectory and control the motors correspondingly. In order
to touch the larva in the same angle and speed for each
experiment, a two-step moving strategy was designed from the
needle point to a defined starting point, then to the touching
point (the fish part). Both the touching angle 6, and the
distance between the starting point and the touching point
dg are predefined. To compute the starting point, a line /, is
defined, crossed with the skeleton of the larva with the angle 6,
at the touching point, as shown in Step 5 of Fig. 4. Afterward,



a circle ¢, around the touching point is also defined with a
radius being dy. The crossing between [, and ¢, generates
two points, the closer one of which to the needle is the
starting point. Additionally, the speed of moving needle from
the needle point to the starting point is set at s; and then to
the touching point at s,.

D. Evaluation Method

The needle and larva detection methods are the key of the
proposed automated touch-response system. For the accuracy
of them, the locations of the center (needle and larva) are
of importance. Therefore, the error between manually labeled
ground-truth center (as {icey,icgey}) and detected center (as
{icax,icay}) is calculated as

€ed = \/(ngx - iCdx)2 + (ngy - iCdy)z- (5)

Additionally, the detected area of the larva is also vital to
find out the center of gravity and orientation of it. Assuming
the detected bounding box of the larva is By, its ratio of
overlap (R,) with labeled ground-truth box B, is computed
as follows:

_ A{B4N By)

0= 6
A(By) (6)

where A{x} is the area of the bounding box. Generally,
the threshold (7,) of R, is defined to decide whether the
larva is successfully detected (recalled). R, gives the “degree”
of how the detection output covers the ground-truth box.
Thus, the threshold (7,) of R, is the minimum “degree”
deciding whether the detection output is successful. For vivid
demonstration, the ratio of recall (R,) of the larva detection
is also defined with 7T, fixed, as follows:

R,
Ne 7,

(N
where N, is the number of the successfully detected larvae,
and N, is the number of the ground-truth larvae that are
expected to be detected.

III. EXPERIMENTATION AND RESULTS
A. Experimental Setup

Three sets of verification experiments were conducted on the
zebrafish larvae: 1) experiments on three larva parts (E,)—the
influence of touching points; 2) experiments on ages (E ;)—
analysis of their development according to response; and
3) experiments on treatments ( E;;)—the influence of the treat-
ments on their behaviors. The protocol of these experiments is
shown in Appendix C. Normally, the zebrafish larva hatches on
the third day (around 72 hpf), so the larva was dechorionated
(at 27 hpf during the first day, 3 h before the experiments) as
described in Appendix C. The detailed experimental setup is
as follows.

1) The experiment E, was conducted by touching the head,
body, and tail (py, = 5%, p, = 30%, p;, = 65% as listed
in Table I) of the controls at only 54 hpf.

TABLE I

PARAMETERS USED IN THE EXPERIMENTS

Parameters  Value
Image size 480 x 480 pixels
Diameter of well plate  22.1 mm
pn 5%
pr 30%
pg  30%
Pt 65%
Frame rate 1000 FPS
Maximum length of videos  10s
Volume of water in each well 2.5 mL
Tn 30 pixels
T; 180 pixels
Tm 20%
Morphology kernel size  5x5
0; 90°
dst 30 pixels
s1 80 steps/s
s2 400 steps/s
Number of controls 12
Number of treated larvae 12

2) The experiment E;, was conducted by touching the
body of the controls, and three time points were con-
sidered, including 30, 54, and 78 hpf.

3) As for the experiment E;,, larvae were treated with
Tricaine (an anesthetic) at 54 hpf and taken out from the
treatment after 60 min at 55 hpf, and the experiments
were conducted every 30 min by touching the body of
the controls and treated larvae at 54, 54.5, 55, 55.5, 56,
56.5 hpf, respectively.

For each collected video, the maximum length is 10 s.
Thresholds and filter size used in image processing are also
outlined in Table I. In addition, to introduce less changing
factors, we fixed 6, at 90°, s, at 80 steps/s (lower speed to
not shock the larva) and s, at 400 steps/s (higher speed to
simulate the response), which were selected heuristically to not
generate flow disturbance or vibration of water. The distance
between the starting point and the touching point was set to
30 pixels also in order to not shock the larva before touching.
The graphical user interface (GUI, shown in Appendix A) of
the system together with image processing used in this system
was coded in C#, and the behavior quantification algorithms
were implemented offline by Python.

B. Evaluation of the Touch-Response System

To evaluate the methods of detection mentioned in
Section II-C, we collected an evaluation dataset (806 videos,
as DA-I) and used the first frame of each video (with manual
annotations) to quantify the performance of these methods
according to the evaluation methods in Section II-D. The
center errors eyq of the needle and larva detection are shown
in Table II, and the R, with respect to 7T, of R, is drawn
in Fig. 5(a). Both egq are less than 3 pixels, which ensures an
accurate detection of the needle and larva. The ratio of recall
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Fig. 5. Evaluation of the system. (a) Ratio of recall of larva detection with
respect to 7, on DA-I. According to (7), the threshold of R, could be chosen
for successful recall of the larva detection, and the ratio of recall drops with
the increase of this threshold. (b) Distribution of the touched points with
the proposed system tested on DA-III. The touched points are mapped to P
(seen in Fig. 2(c), red for the head, blue for the body, and green for the tail).
The x-axis is the percentages of the touched points in L, with the y-axis
being the frequency (number). Three optimized normal distributions show the
robustness of the touching task, with their means and standard deviations.

TABLE 11
RESULTS OF EVALUATION METHODS

Evaluation Method  Value
egq for needle on DA-I (pixels)  1.04
egq for larva on DA-I (pixels) — 2.64
Hardware error on DA-II (pixels)  2.52
Head touched point error on DA-III (%)  0.82
Body touched point error on DA-III (%) 1.13
Tail touched point error on DA-III (%)  4.46

[according to (7)] is between 90% and 100% when T, < 0.3
and decreases significantly from 7, = 0.5 and converges to 0
after 7, > 0.9 (more evaluation in Appendix B). Combined
with the result of eg4 in Table II, we can see that the detection
methods could ensure an accurate location of the larva with
error less than 3 pixels. However, the tail part of the larva is
not that easy to be found, as it is the most transparent part,
so our methods may lose some information of the larva with
a low ratio of recall in Fig. 5(a). Thus, it is reasonable and
practical to locate the different parts of the larva by using
(2) to (4). Apart from the errors from the detection methods,
the hardware of the system (stepping motors) also result in
some error (hardware error) and we calculated it by moving
the stepping motors to 12 random points (as DA-II), and the
results are shown in Table II.

To evaluate the repeatability of this system for touching
tasks, by using 300 videos (as DA-III), touched points in P
were analyzed by comparison with the predefined touching
points (ps, pp, py) in Table I. These touched points are figured
as a histogram in Fig. 5(b), including their corresponding fit
normal distributions (with mean u and standard deviation o).
The accuracy of three parts touching is also shown in Table II,
which is computed by the difference between predefined
touching points in Table I and the mean of the distributions
of the touched points (u1, 2, 13) in Fig. 5(b). The head
touching has the highest accuracy with touched point error
being 0.82%, the body touching has an accuracy of 1.13%, and
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Fig. 6. Results of the behavior quantification on DA-IV with different points
touched at 54 hpf of the larvae, including four quantification indexes: latency
time, C-Bend radius average, response time, and moving distance. (a) Latency
time. (b) C-Bend radius average. (c) Response time. (d) Moving distance.

the tail touching has an accuracy of 4.46%. The robustness of
three parts touching can also be observed from the standard
deviations of the fit normal distributions in Fig. 5(b). The
body touching has a better robustness than the other two, and
the tail touching is still the worst with the highest standard
deviation. These three parts are clearly in different positions
of the larva, thereby leading to comparable inputs to the
experiments compared with manually touching. In addition,
the repeatability of the touching tasks is shown by a1, 02, 03
in Fig. 5(b), the tail touching has the least repeatability (o3 =
8.53% compared with o1 = 6.96%, 6, = 5.69% of the head
and body touching) since the center of gravity may be slightly
disturbed because of the transparent tail part. A small error at
the center of gravity may be enlarged at the other two parts
as a result of (2) to (4).

C. Touch-Response Analysis With Different Touching Parts

The zebrafish larva’s response may be dependent on the
touched anatomical points; thus, to verify this hypothesis,
we acquired 36 videos (touching the head, body, and tail
of 12 controls at 54 hpf, as DA-IV, see examples in Sup-
plementary Material #A2, #A3, and #A4) using our systems.

For the behavior analysis during response, Fig. 6 displays
the difference between each touching point, including four
quantification indexes: latency time, C-Bend radius average,
response time, and moving distance. As the result of latency
time in Fig. 6(a) shows, the head touching caused the quickest
response of the larvae and the tail touching caused the slowest
response. Fig. 6(b) shows the result of the averaged radius of
the C-Bends that the larvae shaped, which gives a clue of
the strength (amplitude) of their response. The larvae with
head and tail touched responded in C-Bend with a larger
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Fig. 7. Temporal line charts of the behavior quantification on DA-V with the
body touched at 30, 54, and 78 hpf of the larvae. (a) Latency time. (b) C-Bend
radius average. (c) Response time. (d) Moving distance.

radius compared with the body touching stimuli. The larger
the radius is, the less the strength of the response is, so the
larvae having body touching stimulus had a higher response
amplitude. Besides, Fig. 6(c) and (d) shows the results of
response time and moving distance during the whole response.
These two results are consistent, more response time with more
moving distance. In short, the head touching caused the larva
a quick and lasting response, but the body touching made the
larva respond more strongly but less lasting. The results above
verify that different inputs of the touching points could bring
valid and comparable readouts.

D. Touch-Response Analysis With Different Ages

The development of the larvae may also influence the
behaviors of the larvae. In this case, we collected 36 videos
(touching the body of 12 controls at 30, 54, 78 hpf, respec-
tively, as DA-V, see examples in Supplementary Material #A1,
#A3, and #A6) based on our system.

Verification results could be observed in Fig. 7. The line
charts with corresponding mean value (blue triangle) and error
bar display the tendency of four quantification indexes (latency
time, C-Bend radius average, response time, and moving
distance) with the development of the larva. Fig. 7(a) shows
no significant changes in latency time with the larva growing
older, and Fig. 7(b)—(d) describes a consistent trend, older
larvae (78 hpf) responded with less amplitude (larger C-Bend
radius) but longer lasting (more response time and moving
distance) compared with younger larvae (30 and 54 hpf). These
comparable experimental results confirm that the ages of the
larvae are an important factor to their touch-evoked response
and that our system could also take the role of touch-response
behavior analysis in such case.
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Fig. 8. Results of the behavior quantification on DA-VI with the body touched
at 54, 54.5, 55, 55.5, 56, and 56.5 hpf of the controls and treated larvae,
including four quantification indexes: latency time, C-Bend radius average,
response time, and moving distance. (a) Latency time. (b) C-Bend radius
average. (c) Response time. (d) Moving distance.

E. Comparison of Touch Response Between
Controls and Treated Larvae

As indicated in many previous studies on zebrafish [2],
[14], [16], chemicals or drugs were commonly used for the
changes of the behaviors of zebrafish. In order to verify the
performance of our system on experiments between controls
and chemically treated larvae (detailed in Section III-A),
144 videos (as DA-VI, see examples in Supplementary Mate-
rial #A3 and #A5) were collected by touching the body
of 12 controls and 12 treated larvae at 54, 54.5, 55, 55.5, 56,
and 56.5 hpf, respectively. The treated larvae were expected to
not move within the treatment (being anesthetized) and begin
to wake up after taken out from the treatment, and the controls
were assumed to have no obvious behavior changes during
such period of time. The line charts of four quantification
indexes in Fig. 8 verify our assumption. The response of the
controls differs only slightly from 54 to 56.5 hpf, but the
treated larvae scarcely had response within the treatment (at
54 and 54.5 hpf) and began to respond more quickly (less
latency time), less strongly (higher C-Bend radius average),
and more lasting (more response time and moving distance)
after taken out from the treatment (at 55 hpf). The results
above still provide a verification that our system could play
a role in the analyzing behavior changes of the larvae under
treatment.

IV. CONCLUSION

In this article, we presented an automated touch-response
experimentation system based on image processing. The
presented system works, with minimal human participation,
to carry out touch-response experiments as well as analyze the
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Fig. 9. GUI used in the touch-response experimentation system.

results automatically. The proposed image-processing methods
finished the detection work with less than 3 pixel errors, and
the touching tasks were fulfilled with less than 5% offsets
of the expected touching points. As three verification experi-
ments (experiments on three parts, three ages, and treatment)
confirmed, this system has high accuracy and robustness, and
repeatability. In these verification experiments, this system
worked as expected to input valid and specific touching
inputs to the experiments, so more experiments on other
locations (percentages) of the larva can also be carried out
by the proposed touch-response system accordingly. Besides,
further experiments with our system are needed to study other
stages of development of the larvae. In such case, our proposed
system is expected to take a vital role in acquiring large-scale
data from these repeated experiments. Finally, although we
only considered one treatment with one concentration, more
experiments can be further conducted to find out the influence
of other drugs (or compounds) on zebrafish’s behaviors, such
as the concentration of them. In these experiments, statisti-
cal analysis on large-scale data is also of vital importance,
in which our designed system is also essential to help. Our
future work will be, based on these experiments, to build
a statistical model between the changes of the touch-evoked
response and the input stimuli on zebrafish larvae.

APPENDIX A
GRAPHICAL USER INTERFACE

The GUI contains two main areas: the visualization and
operation area (as shown in Fig. 9). In the visualization area,
the video captured by the camera is shown in real time
when the motors move, and the “Motor Steps” of the GUI
also visualizes how many steps the motors move on. In the
operation area, there are a group of buttons (1-12 in columns,
A-H in rows). Specific target wells can be selected by the
click of these buttons. The “Begin Experiment” button is
used to start the experiments. The “Stop Motors” button is
designed for stopping the experiments during the process.
After experiments are finished, the “Reset Motors™ button can
be used to reset the whole system.

APPENDIX B
EVALUATION OF LARVA DETECTION METHOD WITH
INTERSECTION OVER UNION

Besides the ratio of overlap (R,) mentioned in Section II-D,
intersection over union (IoU) is also commonly used for the
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Fig. 10. Ratio of recall of the larva detection with respect to 7, of IoU

(in blue) and R, (in red), evaluated on DA-I.

evaluation of detection methods. As defined in Section II-D,
the detected bounding box of the larva is By, so its
IoU with labeled ground-truth box B, is computed as
follows:

_ A{BsN B}
~ A{B;UB,)}

where A{x} is the area of the bounding box. Similarly, the ratio
of recall (R,) with IoU is also defined as (7) in Section II-D,
with result shown in Fig. 10. The ratio of recall with IoU
is slightly lower than that with R, when T, is over 0.5,
which supports the result and conclusion in Section III-B.
As we aim to evaluate the “degree” of how the detection result
covers the ground-truth box, ratio of overlap (R,) is used in
Sections II-D and III-B.

IoU ®)

APPENDIX C
EXPERIMENTAL PROTOCOL

As mentioned in Section III-A, three sets of experiments
(E,, Eqp, E;p) were conducted (as shown in Fig. 11). In each
experiment, 4 mL of agarose was added to each well and
then a ring of agarose was cut out at the edge of the well.
The volume of the fish water was 2.5 mL and speed to touch
the larva s, was set 400 steps/s. Basically, the embryos were
collected at 9:00 A.M. one day after crossing as 0 hpf and were
dechorionated at 27 hpf, since the experiments were conducted
even before they normally hatched (around 72 hpf). For E g,
the body of 12 controls was touched every 24 hpf from 30 to
78 hpf, and for E,, 12 controls were used to touch their head,
body, and tail at 54 hpf. As for E;;, the treatment was added
to 12 larvae at 54 hpf for 60 min and the experiments were
conducted on these 12 treated larvae and another 12 controls
every 30 min from 54 to 56.5 hpf.
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APPENDIX D
BEHAVIOR QUANTIFICATION

A. Latency Time Analysis

The latency time # is defined as the difference of two time
points: 1) the needle stops and touch begins at #; and 2) the first
response of the larva begins at #,. Since the detection method
mentioned in Section II-C has risks of missing the needle and
the larva, the positions of them should be tracked with the help
of tracking procedure. Normally, without stimuli, the larva will
keep stable and has not any response, so in the phase before
touching, only the needle needs to be tracked. Moreover,
the needle moves slightly without significant changes between
frames, so the optical flow-based tracking procedure [35], [36]
is suitable in this case. Optical flow is based on Taylor series,
and the next position of the needle is estimated according to
the gradients. Let f{x,, y,,;} be the pixel value at the old
needle position at frame i, and f{x,, y,,ti+1} be the pixel
value at the new needle position at frame i + 1, then the
position change between these two frames is estimated as
follows:

|:ui|:|: Zi fo’ Zi fxff>=f]_l[—zi fx,ft,-:|
v > fof 2 yz, _Zi Sy fu

Xi, yi € U{xo, Yo)3x3 9)

of of of
A =L =L 10
fx axa f} ay’ .fl 8t ( )

dx dy

_ - 11
PTRERY (1)
{xm yn}:argmin{f{xo +u, Yo +U>ti+1}}7><7 (12)

where u and o are the estimated changes in the x-axis and
y-axis, respectively, and they are calculated according to the

partial derivatives within a 3 x 3 adjacent area of the old
needle position. The estimates from optical flow may miss
the needle after the touching task, since the pixels around the
needle may change a lot with the movement of the larva. Thus,
we optimized the tracking strategy by finding the position with
the lowest pixel value within a 7 x 7 adjacent area of the
estimated needle position, as formulated in (12).

For the movement of the larva, unfortunately, optical flow
is not useful as the larva has obvious changes to the touching.
Thus, the difference method [seen in Fig. 12(a)] based on
gradients, which could find the number of changing pixels of
the larva, fits better to detect the movement of the larva. The
percentage of these changing pixels in the larva area gives a
clue of whether the larva begins to move, so we set 7, to be the
threshold of moving. Basically, T,, is vital to the quantification
results—too small value generates negative result and too large
value generates only zero result—so to choose a suitable 7,,,
we changed it from 0% to 30% of the larva area and outlined
the results of 12 controls (expected to have response, as pos)
and 12 treated larvae (expected to have no response, as neg) at
54.5 hpf. After T,, was set at 20%, the pos showed clear results
and the neg showed zero result, so 20% was chosen as T,,.
According to the time points at which the needle stops and
the response begins, the time difference 7, — #; is the latency
time #; of the larva.

B. C-Bend Radius Average Analysis

The average radius of the C-Bends that larvae form conveys
much information related to the amplitude of their touch
response. The difference method mentioned above could give
the positions of the moving larva as well as the area of it,
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larva changed the pixels around in a considerable scale, causing a difference
frame (the third picture in each row) between the previous (the first) and
current (the second) frames. (b) Curve fitting includes three steps: binarization,
skeleton detection, and iterated curve fitting (described in Algorithm 1).
The fourth picture shows the third-order curve (in blue) fit by inliers after
iterations, which is mapped to the original image patch in a green curve.

which could be cropped to detect the C-Bend. The skeleton
of the larva was first extracted and an iterative curve fitting
algorithm was used to compute the radius of the C-Bend in
each frame. Assumed that there are totally n points along
the skeleton and that a mth-order based curve should be
fit, the algorithm of this iterated curve fitting comes as
Algorithm 1 shows.

For each step of curve fitting, the least square method was
used to optimize the variables {p;};—1.,,. Fig. 12(b) shows the
result of one fit curve. This algorithm outputs the inliers of one
C-Bend curve to compute the radius (by using also the least
square method) and the C-Bend radius average was calculated
by averaging all the radii.

C. Response Time and Moving Distance Analysis

The duration time (response time) and the total distance
(moving distance) that the larva moves are also considered

Algorithm 1 Iterated Curve Fitting for C-Bend Detection and
Radius Computation
1: Input: {X;, Yi}i=1., (Skeleton points)
2: Initialization:

{pj=0.1}j=1m

€ <10

threshold < 2.5
3: while ¢ > threshold do
4 Optimize {Pj}j=1:m
5: }/}(—p()+p,\]XX+~'~—|—p,,,XX"I
6: oY <Y —-Y
7
8
9

€ < max{a‘yi}i:l:n
I <~ argmax{&yi}izlzn
. if € > threshold then
10 remove{X;, Y;}

11: n<n-—1
12: else

13: break

14:  end if

15: end while
16: return {p;};—i.,, with inliers of the curve

for the whole response. The difference method was applied
to every frame of the video, detecting moving areas with the
centers of their gravities. The sum of all the distances between
these centers was computed as the larva’s moving distance
to touching, as similarly done for the response time #,—by
computing the time difference between the response begins at
t» and ends at 73.
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