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3 Posture key points
4 Convolutional Neural Network

! Pose estimation
2 Encoder-decoder
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12 Transfer learning

13 Data labeling

14 Hyperparameter

> F-CNN: Fully Convolutional Neural Network
16 FC: Fully Connected

7 Deconvolutional layer

18 Stride

3 Confidence map

¢ Backpropagation

7 DLC: DeepLabCut

8 Open source

° Semantic segmentation
10 Feature extraction

11 Data augmentation
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2 Active learning
3 Clustering
26 Unsupervised learning

19 Binary

2 Training epoch
2! Ground truth
22 Bottom-up

2 Top-down
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» Thresholding
30 Pigmented

" Closed-loop
28 Kernel



O')miw°%°“\‘rw

b eSS ol ,oalas ) olaben piir <Sad o (g 5o IS5T
i> TELEA o,68 7 poas mao s Ui, 5 ooliiul
sl Jow gl p (29990 Swle S b laml 09l o
Sl yiiS Gl g e blas Bas 5l e T s 4 4
@l el 5 sl pls Bla Jias by, 93 ¢pslas
Sly dgdb oo oolitul Seoye glads 5 5,0 (55, K]
Sape (giloloz (gl lysBlS Ghg,y 50 Sedye b,
a5 o Jloel (6,38 wlinl pgal 55, » akmajm S
| 3 o g Ol graug o 4 az gl Ll T wslew]
ool 5 Swdye 0 (29990 neal 3 2 2hssl
Fro ol b 4 pan Ailn b &5 09d e pati
led Glsie @ 5 o glads 5 Sooye S50 plsie 4 ol
Slp Bla bas wlce cad 4 (29,5 0 Sedge
s so oolial ol wiile g 3l ool JIS! gl
S5 ol v (05 patie b glopls Sla )5l
Slopls J8al sommns 4 £4,0 paai ;o wpls glad
445 0o o (29,5 polia jlopls plad g 35 0 0 e
ko Lol dig o 185 515 )0 S0 Elad g 35 10 lgie
Shbgze jlre a5 Sedye pg jl gpslal slp S
Dgdee b s siis 55 >
‘DLC}laowlbm&oﬁ&usfﬁww sly
@ols Bl ol (S 5o ol @Sy L Sl illas
e gl Glam b sy » pdz Sedye Slb

NS Slarsls sllan 955 0 558z g

183k (51 DLC A8l b pal
1o B3 0 S B
+

S slagiaig B0

3
D el i oS DI 0 S
M{ﬁ"l

Kot ye Joo Sl 4 et 53150

DLC 5l ooliul b oo yo glass 5 55 0 dnnslons ¥ S

el S )18 paglas ¢ o> Bo,e b g WSS, s cde &
Jlgdd ) Sedye g drmie (Al o wis () 2g g omb
C85 05 (8l B (5,50l (loaSl Sl oolainl g atilas 3
Sloolainl b piiz polar (3ls  anlol jo ol (65950 (o3lo
0l 0.5)5] DLC Lgllbd.xuu 9 (o 61.&)‘@..\.:)9;” 0)13.5) 9o ®

5 baemme 598 Ol psd 4 Aty Jlewy (S by g, a5 bl

Al ge Wools adgl hils oo 4 5l s gal CoblS
w..v)ﬁ P W PXWFRIRS L)&AJLN (?) ‘5.»» B f“"")?i” L.S‘):" J.‘>|).A
Sy 32 o § 09 Jad (5SS ST gl 4 ol o
9 Sod LSLQ’}.'.}'. B> 6‘)-.’ YxY dwd )JL..; L ijlf ).J.J C)i

Sgdse Jlasl T Jals

i
e 4l pyai Yidei
PP SN g Tl

3 5 Suke staul
ot g
2y o s 381 St
TELEA

Sl 7S a3t

sl |

‘-“-"‘)'u'u}“: ¥

il ppEte

”.ulfblbj b 031
Sadp

Pyl @Lw
L g ool odill piir o 4y 50,8 (yg0le )95 (5,0 p el 1y
O8> ol ;o igh oo Cod e polal il ;0 B3 (g0
CLL Glas a5 098 o0 oanlin piz (55, S5y b las]
Slp &5 oy @ azg bl 453 ) e eole e

3* Hough circle transform
35 Contour extraction

3! Albinism
32 Salt and pepper noise
3 Image inpainting
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36 IMU: Inertia Measurement Unit
3TIR: Infrared
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Accurate and quantitative monitoring of laboratory animals’
behavior, particularly in neuroscience models, is essential for
understanding the neural-circuit function and its relation with
complex behaviors. In computational ethology, novel systems
and algorithms have been developed to make experiments
automated, more precise, and less reliant on human observers,
which could improve the reproducibility and repeatability of the
results. In this research, a system composed of behavior-
monitoring cameras and a miniature cranial implant for rats was
designed and fabricated to record the animal’s body movement,
track eye movements, and measure head orientation. The implant
integrates an Inertial Measurement Unit (IMU) to measure head
acceleration and angular velocity, as well as an infrared miniature
camera for pupillometry; the total weight was about 4.5 g. A
custom-developed software tool is designed to capture, process,
and visualize the data. Sensor fusion of accelerometer and
gyroscope data was used to compute the Euler angles of head
motion. Classical computer-vision and deep neural-network
algorithms were utilized for image analysis. Thresholding and
edge-detection algorithms enabled real-time tracking of the pupil
in pigmented rats and the body center, with a processing speed of
25 frames per second, which is suitable for closed-loop neural
control. For body-pose estimation and pupil tracking in albino
rats, the DeepLabCut networks were used along with data
augmentation and transfer learning methods. This approach
reduced the pupil detection error to 3.31 pixels after training on
448 labeled images for 30,000 iterations. While deep learning
methods provide high accuracy, they impose substantial
computational demands; therefore, the suitable algorithm should
be chosen based on the experimental objective and available
hardware resources. The proposed behavioral monitoring system
can be used simultaneously with optogenetics and
electrophysiological recordings, which provides a versatile and
beneficial tool for advancing research in cognitive neuroscience.

Keywords: Optogenetics, computational ethology, automated video

behavior analysis, pupil tracking, neural network
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