OPS/images/fnins-17-1148191/math_12.gif
=
T = anh(WESE + WEVAES + Y W Ve )
el
(12





OPS/images/fnins-17-1148191/math_13.gif





OPS/images/fnins-17-1148191/math_14.gif
4

‘O tanh(c;™)

‘Where

(cue € {pose, hand, face}

(14)





OPS/images/fnins-17-1148191/math_15.gif





OPS/images/fnins-17-1148191/inline_9.gif





OPS/images/fnins-17-1148191/math_1.gif





OPS/images/fnins-17-1148191/math_10.gif
.
7 = oW + WREVI + § WiVehl_y) (10
e





OPS/images/fnins-17-1148191/math_11.gif
=
0" = G (WSS + WV + ) WhVel_) (1)
=l jEcue





OPS/images/fnins-17-1148191/inline_7.gif





OPS/images/fnins-17-1148191/inline_8.gif
X





OPS/images/fnins-17-1148191/math_7.gif
QG+ OG





OPS/images/fnins-17-1148191/math_8.gif





OPS/images/fnins-17-1148191/math_9.gif
=
= o(WEES + WV + Y WyVe) )
=l jEcue





OPS/images/fnins-17-1148191/math_3.gif





OPS/images/fnins-17-1148191/math_4.gif
=0 (Wi + Wghey + by)

(4)





OPS/images/fnins-17-1148191/math_5.gif





OPS/images/fnins-17-1148191/math_6.gif





OPS/images/fnins-17-1148191/math_16.gif
Hy e RT xNxkx2
(16)





OPS/images/fnins-17-1148191/math_17.gif
o
Le == yelogye 7)





OPS/images/fnins-17-1148191/math_2.gif





OPS/images/fnins-17-1148191/inline_15.gif





OPS/images/fnins-17-1148191/inline_16.gif
b





OPS/images/fnins-17-1148191/inline_11.gif





OPS/images/fnins-17-1148191/inline_12.gif





OPS/images/fnins-17-1148191/inline_13.gif





OPS/images/fnins-17-1148191/inline_14.gif
F=(h1,.

P
Yo





OPS/images/fnins-17-1148191/fnins-17-1148191-t005.jpg
Multi-cue architecture = Sequential Selected attributes (# classes)
architecture

Non Circ. Rep. Non Rep. Mono. Comp.
(669) (457) (287) (375) (369)
ST-GCN - 80.76 88.33 91.00 8538 85.52 86.64 81.29 90.68 85.86
Hand (L) LSTM 77.87 79.70 77.05 7736 7929 78.87 74.05 8425 78.89
ST-GCN 84.55 90.40 91.80 88.20 88.39 88.84 86.24 90.92 88.21
Hand (L) + Face MC-LSTM 81.57 81.53 81.85 81.50 82.15 80.57 77.59 8552 81.48
Hand (L+R) + Face 83.70 88.11 88.90 86.48 88.09 84555 83.10 90.44 86.59
ST-GCN + Hand (L) MC-LSTM 84.83 91.17 89.82 89.11 89.19 89.16 85.01 93.41 89.20
ST-GCN + Hand (L+R) 85.23 91.95 91.98 89.60 90.33 89.06 86.77 92.96 89.81
ST-GCN + Face 88.61 91.69 89.98 90.81 90.63 90.86 88.37 93.09 90.08
ST-GCN + Hand (L) + Face 90.00 93.79 93.33 92.52 92.84 9221 90.76 94.48 92.58
ST-GCN + Hand (L+R) + Face 89.58 92.68 90.84 91.80 92.13 91.02 89.90 9353 91.79

Numbers below each attribute show the number of classes belonging to that attribute.
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Multi-cue architecture  Sequential Selected attributes (# classes)
architecture

One Two . Circ. Rep. Non Rep. Mo
handed handed (219) (139) (194)

(105) (121)
ST-GCN - 84.93 87.89 9055 8638 86.62 8645 85.87 9039 86.67
Hand (L) LSTM 59.29 61.78 41.23 60.76 61.10 59.57 59.45 64.44 60.35
ST-GCN 85.16 89.71 87.03 87.61 87.88 87.42 86.87 92.00 87.63
Hand (L) + Face MC-LSTM 63.67 63.63 6255 63.68 62.16 6458 62.91 68.15 63.85
Hand (L+R) + Face 65.47 76.14 81.83 70.84 7198 7068 69.78 79.66 7131
ST-GCN + Hand (L) MC-LSTM 88.33 90.75 90.39 89.60 89.58 89.65 88.97 93.60 89.68
ST-GCN + Hand (L+R) 85.24 89.97 85.98 87.83 87.80 87.76 86.80 93.68 87.68
ST-GCN + Face 85.89 89.73 90.60 87.86 88.16 8781 8731 9179 87.97
ST-GCN + Hand (L) + Face 89.46 92.01 89.65 90.86 91.54 90.38 90.30 94.03 90.85
ST-GCN + Hand (L+R) + Face 87.02 91.04 90.60 89.13 89.94 88.69 88.53 93.06 88.92

Numbers below each attribute show the number of classes belonging to that attribute.
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General
capability

Behavioral
test/use®

Software Article Algorithm:

H2, ML,
DL€

Functionality and features Software properties

Input Validation or Modular

Background | Real-time

Operating |Packages

modality

optimization

subtraction

architecture

systems

AlphaTracker Chen et al., 2020 Social interaction DL Tracking, pose RGB Validation Yes Yes Yes Windows™, Python
estimation, behavior MacOS™, Linux Package
AnimalTracker | Gulyds etal, 2016 Not specified H Tracking Grayscale None Yes Yes Yes Windows GUI, JAVA
Behavior Atlas Huang et al,, 2021 OFT, rearing, ML Behavior RGB Validation No No Yes Windows™, MATLAB App
grooming MacOSt, Linux*
BehaviorDEPOT| Gabriel etal, 2022 | OFT, EPM, NORT, H Behavior Pose and tracking Validation No No Yes Windows, MacOS GUI,
fear conditioning data MATLAB App
B-SOiD Hsu and Yttri, 2021 | Locomotion, itching, ML Behavior Pose and tracking Validation No Yes Yes Windows, MacOS, | GUI, Python
rearing, grooming data Linux Package
CaT-z Geros et al., 2020 OFT, EPM ML Tracking, behavior RGB-D Validation Yes No Yes Windows GUI
DBscorer Nandi et al., 2021 FST, TST H Behavior Grayscale Validation Yes No No Windows GUI,
MATLAB App
DeepAction Harris et al., 2022 Homecage DL Behavior RGB Validation No No Yes Windows™, GUI,
monitoring MacOS™, Linux™ |MATLAB App
DeepCaT-z Gerbsetal, 2022 | Locomotion, rearing, DL Tracking, behavior RGB-D Validation Yes Yes Yes ‘Windows, MacOS GUI
grooming
DeepEthogram | Bohnslav et al., 2021 OFT, EPM, FST, DL Behavior RGB Both No No Yes Windows, MacOS, | GUI, Python
social interaction Linux Package
DeepLabCut Mathis et al, 2018 | OFT, EPM, MWM DL Tracking, pose RGB Both Yes Yes Yes Windows, MacOS, | GUI, Python
estimation Linux Package
ezTrack Pennington et al., OFT, EPM, FST, H Tracking, behavior Grayscale Validation Yes Yes Yes ‘Windows, MacOS, Python
2019 NORT, fear Linux Package
conditioning
JAABA Kabra etal.,, 2013 Locomotion ML behavior Tracking data Validation No No No Windows, MacOS, GUI,
Linux MATLAB App
LabGym Huetal, 2022 Test agnostic DL Tracking, behavior RGB Validation Yes Yes Yes Windows™, GUI, Python
MacOS™, Linux™ Package
LiveMouse de Chaumont et al., OFT, rearing, ML Tracking, pose RGB Validation Yes Yes No ‘Windows GUI
Tracker* 2019 grooming, head estimation, behavior

movements
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Term Definition

Open-source

“Software that is free to use and can be studied or improved by anyone because it is based on a code that anyone can use” (Cambridge Dictionary, 2023)

Open-access

“Available for everyone to use” (Cambridge Dictionary, 2023)

Algorithm “A set of rules used to calculate an answer to a mathematical problem” (Cambridge Dictionary, 2023)
Artificial intelligence | “A research field concerned with understanding and building intelligent entities—machines that can compute how to act effectively and safely in a wide
(AD) variety of novel situations” (Russell and Norvig, 2003, p. 19)

Machine learning
(ML)

“Machine learning is a subfield of Al that studies the ability to improve performance based on experience” (Russell and Norvig, 2003, p. 19)

Deep learning (DL)

“Machine learning using multiple layers of simple, adjustable computing elements (e.g., artificial neurons)” (Russell and Norvig, 2003, p. 44)

Precision

“A performance measure that indicates the ratio of model predictions of a class which actually belong to the predicted class” (Géron, 2019, p. 139)

Graphical user
interface (GUI)

“A way of arranging information on a computer screen that is easy to understand and use because it uses icons (pictures), menus, and a mouse rather
than only text” (Cambridge Dictionary, 2023)

Source code

“The set of computer instructions that have been written in order to create a program or piece of software” (Cambridge Dictionary, 2023)

Feature extraction

“Obtaining useful information from raw data by applying a series of computations” (Russell and Norvig, 2003, p. 988)

Key-point

“Points of a shape that are prominent according to a particular definition of interestingness or saliency” (Tombari et al., 2013, p. 198)

Clustering

“An unsupervised learning technique which aims to group similar data instances together into clusters” (Géron, 2019, p. 307)

Active learning

“A learning strategy where human experts interact with the learning algorithm, providing labels for specific instances when the algorithm requests them”
(Géron, 2019, p. 332)

Supervised learning

“Learning a function that maps from input to output by observing input-output pairs” (Russell and Norvig, 2003, p. 671)

Unsupervised “Learning patterns in the input without any explicit feedback” (Russell and Norvig, 2003, p. 671)

learning

Dimensionality “Reducing the number of features in the data in order to improve the performance of machine learning models, or to visualize the data” (Géron, 2019,
reduction p.279)

Neuronal networks

“A very simplified model of our neuronal circuitry, composed of a stack of layers of artificial neurons” (Géron, 2019, p. 5)

programming

Accuracy “A performance measure that indicates the ratio of correctly classified data instances.” (Géron, 2019, p. 22)

Heuristics “Experience-based techniques for problem-solving, learning, and discovery. Heuristic solutions are not guaranteed to be optimal, but heuristic methods
are used to speed up the process of finding satisfactory solutions where optimal solutions are impractical” (Marti et al,, 2018, p. V)

Modular “A design technique that divides a complex system into several parts, where each part performs a single function, and can be developed or tested

independently” (Yau and Tsai, 1986, p. 714)
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Tasks Limb Features Methods Subjects  Experimental Decoding

paradigms performances
ME Lower limbs EV MLR 6 ‘Walk on a treadmill at Pearson’s r:0.75+0.1
(2011) (hip, knee, and their self-selected SNR values (dB):
ankle joints) comfortable speed while |~ 4.1322.03

receiving visual
feedback of their lower

limbs.
Presaccoetal. | ME Lowerlimbs | EV MLR 6 Walkona treadmill at  Worst-case:
@012) (hip, knee, and their self-sclected Pearsonis 106
ankle joints) comfortable speed while | SNR values (dB): 2

receiving visual
feedback of their lower

limbs.
Bradberry etal,, | ME Hand EV MLR 5 Center-out righthand | Pearson's r:
2010) movements in xvelocity:0.19
horizontal 3D space. y velocit
Zvelocity:0.32
Kim etal ME Hand EV MLR, 4 Subjects were instructed | NRMSE:
(20140) KRR to move their right arm | KRR:0.22
continuously and along (2,400 samples)
the infinity shape MLR0.28
trajectory (o) symbol (2,400 samples)

and® symbol when

viewed from y-z axes

and x-y axes
Korik etal ME,MI Hand EV, BP MLR, 1 Repeated movementof  Pearson's r: MLR:0.43
(015 NN right dominant hand (best case)
between a home NN:0.73 (best case)
position and one of five
target position:
Korik etal ME,MI Hand EV, BP MLR 12 Executed orimagined  Pearsonls r: ME:
(2018) arm movements from BTS04
the home position to PTS0.15
target(four targets). Mz
BTS02
PTSO
Sosnikand Zur | MEMI Hand, elbow,  EV MLR 7 Executed orimagined  Pearson's r: ME:
(2020) and shoulder arm movements from  Hand:0.24~0.49
the home position to Elbow:0.41~0.48
four targets. Shoulder:0.18~0.40
MI: Hand:0.09~0.23
Elbow:0.20~027
Shoulder:0.11~0.18
Sosnikand ME,MI Hand, elbow, | BP MLR 9 Executed orimagined  Pearson's r:
Zheng (2021) and shoulder arm movements from  ME0.36:£0.13
the home position to MI0.180.11
four targets.
Korik etal ME Hand EV, BP MLR 3 Perform 15 hand Pearsonls r: 0.45
(2016) movements between the
home position and one
of the six targets.
Heger et al. ME Hand FBCSP MLR 5 Fill water into aglass.  Pearson's r:
(2012) velocity:
x:041
¥:036
2048
speed: 0.17
Kim etal ME,MI Arm EV MLR, KRR 10 Execute a motor -
(2014b) trajectory, observe the
trajectory performed by
avolunteer’s hand and
imagine the motor
command for this
trajectory, and to
observe a trajectory
performed by a robotic
arm and imagine the
movement
Ofner and ME Arm EV MLR 5 Perform natural, round,  Pearson's r:
Miler-Putz and in speed varying position:
(012) arm movements x:070£0.1%
Y:078£0.09
206220.14
velocity:
X:070£0.13
y:0778011
#06220.15
Pancholietal. | ME Hand EV WPD?, ONN°, 12 Reach and grasp the Pearson's r:
(2022) LST™® objectand liftitstably  position:
fora couple of seconds.  x: 0.86
:089
2082
Jeongetal. MEMI Am EV CNN-BILSTM 15 Perform and image Pearsol
(2020) center-outarm reaching | ME:0.4712
in'six MI:04575
NRMSE:
ME: 0.1780
MI:0.1685
Shakibaee etal. | MEMI Knee EV NARX® neural 10 Extend and flex their MSE error:
(2019) network right kneeslowlyata  ME:5.81E-07
constant speed. MI: 236E-07

Imagine the movement
of folding and unfolding

the knee

OKernel ridge regression, @Neural network, ©Band power time-series, @potential time-series, @Wavelet packet decomposition, ®Convolutional neural network, @Long short-term memory,
ONonlinear autoregressive exogenous.
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Authors Methods  Subjects Experimental Decoding performances

paradigms
. Move a pen at their Pearsons r: x:0.37£0.08
Lyetal. (2010) ME" Hand 3 5 DSP?, CSP* own pace alonga y:0.2440.06
Smoother
zigzag route. SNR®: x:0.81£0.38 y:0.27+0.13
Centre out right hand
Robinson et al.
o3) ME Hand MLR* ¥ DWT? movements in Pearson’s r:0.56:+0.16
: horizontal 2D space.
DWT Center-out right-hand
‘movement tasks in
four different Pearsons
ME Hand KF 7
directions at two :0.60£0.07
different speeds in
random order.
Center-out right hand
Robinson Neethu Pearsons
ME Hand MLR 7 DWT movements in
etal. (2014) .63
horizontal 2D space.
Pearson’s r:
Control the position of
(position)
acursor moving
x:0.46£0.11

towards four different
Sun etal. (2017) ME Hand MLR 5 Phase y:0.43£0.08
directions according

velocity:
1o the target-cue on
x:0.48+0.11
the screen.
y:0.44£0.09
Follow the line and FR-SR™:69.46%
Linear SVM®, ) ‘move your hand to FL-SL™:68.99%
ME Hand 21 BP*, FBCSP™
(2021) KE MLR touch the target in the Pearson’s r: KF:0.3799£0.08
GUL (best case)
MLR:0.3968+0.08
(bestcase)
“Track a moving object
Mondini et al. with a robotic arm
ME Hand PLSKF” 10 EV® Pearson’s r:0.32
(2020) through EEG-based
decoded trajectorics,
Tap ight index finger
Pack et al. (2014) ME Finger D™ 5 ED™ three times in Pearson’s r: 0.36
succession.
Imagine horizontal or
Ofterand Miller- | vertcal repetitve
MI® Arm PLS” 9 EV Acc:64% £ 10%
Putz (2014) rhythmic arm
movements
Acc: Configuration
A:29.0% £ 11.8%(chance level 12.5%)
B:51.3%£19.2%
Subjectactivelyor | (chance level 25%)
Upper ssively grasped the  C: 52.3%2035%
Ubedactal. (2017) | ME PP MR s B i
limb planner to performa (chance level 25%)
center-out task. D:79.6%2 159%
(chance level 50%)
E:75.6%£17.0%
(chance level 50%)

©Movement execution, GKalman flter, ODiscriminative spatial pattern, @Commonspatial pattern, GSignal-noise ratio, ®Multiple linear regression, @Discrete wavelt transform, GSupport
vector machines, @Band power, (0 Filter-bank common spatial pattern, (DAccuracy; (2Partial least squares, (9EEG voltage, (9Linear decoder, (SEEG derivative, (9Motor imagery, ()Partial
east squares, (9Fast-slow, (9Fast right-Slow right, ODFast leftslow lef.
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Experimental Task
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Motion Excution
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Data pre-processing

Kinematic data
registration

EEG data registration

EEG data pre-processing

+ Downsample
+ Channel selection
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Kinamatic data pre-
processing

Actual movements

Imagery movements
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Filter
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Feature extraction
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* bwr
« DSPCSP
Band power feature
. PsD
Phase Feature
« Remove noise

Baseline correction
Standerlize

I

]

Construct database comprising the
kinematics and its coressponding
feature

Decoding method

* MLR (Most common)

« Kalman filter

« PLS (Solve multiple collinearity)
KRR (Complex trajectory)

NN (Compex trajectory)

Parameter optimazition
EEG montage
Tiem lag
Other parameters for different
methods

Final results
« Training and testing the BCI
+ Evaluation and cross validation
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System must be nown

LQR direct Yes No Yes
LQG oracle Yes Yes No Yes
RL No No No No

Note that observability can be achieved by adding a (non-)linear Kalman filter, provided that the system equations are known.
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Multi-cue architecture Sequential Residual BosphorusSign22k AUTSL (Test Set)
Architecture
Top-1 Acc Top-5 Acc Top-1 Acc Top-5 Acc
(%) (%) %) (%)

ST-GCN LST™M v 8821 98.43 87.63 98.08
Hand (L) - 78.89 9474 60.35 85.18
Hand (L) + Face MC-LSTM b 8148 96.20 63.85 86.82
Hand (L+R) + Face 86.59 9731 7131 90.38
ST-GCN + Hand (L) MC-LSTM v 89.20 96.20 89.68 98.53
ST-GCN + Hand (L+R) 89.81 98.83 87.68 98.13
ST-GCN + Face 90.08 98.56 87.97 98.40
ST-GCN + Hand (L) + Face 92.58 99.07 90.85 98.74
ST-GCN + Hand (L+R) + Face 91.79 99.20 88.92 98.18
ST-GCN + Hand (L) + Face MV-LSTM v 9162 99.09 89.94 98.56

L: Left hand and R: Right hand, the features extracted from pre-trained DeepHand model). MV-LSTM experiment is performed using@ = 1 and § = 1 parameters.
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References Method Channels Top-1 Top-5
Acc (%) Acc (%)
Full Hand Face Pose
Ozdemir et al. (2020) MC3 ResNets v - - - 78.85 94.76
Kindiroglu et al. (2019) Temporal accumulative features - - - v 81.37 97.47
(General subset)
Gikge et al. (2020) MC3 ResNets + ST Sampling v - - - 86.91 98.17
Ozdemir et al. (2020) Improved Dense Trajectories v - - - 88.53 94.76
Sincan and Keles (2022) 13D + RGB-MHI Fusion (pretrained v - - - 94.83 -
on AUTSL)
Gokge et al. (2020) MC3 ResNets + ST Sampling + v v v - 94.94 99.76
Weighted Score Fusion
Ours ST-GCN + MC-LSTM - v v v 92,58 99.07
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References Method Channels Top-1 Top-5

Acc (%) Acc (%)

Full Hand Face Pose Depth Of
Sincan and Keles (2020) 2D CNN + BLSTM v - - - - - 49.22 -
Moryossef et al. (2021) OpenPose + Holistic v - - v - - 81.93 -
De Coster etal. (2021) VTN-PF v - - v - - 92.92 -
Sincan and Keles (2022) 13D + RGB-MHI Fusion v - - - - - 93.53 -
Gruber etal. (2021) 13D + VLE-Transformer v v v v - - 95.46 -
Vazquez-Enriquez et al. MS-G3D + S3D v - - v - - 96.15
(2021)
Jiang et al. (2021) SAM-SLR v2 v - - v v v 98.42 -
Ours ST-GCN + MC-LSTM - v v v - - 90.85 98.74

of: the optical flow modality.
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Architecture Residual BosphorusSign22k AUTSL (Test set)

Top-1 Acc (%) Top-5 Acc (%) Top-1 Acc (%) Top-5 Acc (%)
ST-GCN - 85.86 97.83 86.67 98.16
+1x LSTM - 84.93 97.83 8592 97.97
+2x LSTM - 84.01 97.28 85.82 98.02
+3x LSTM v 88.21 98.43 87.63 98.08
Details of the ablation study for ST-GCN parameters can be found in the (tg = 7 is the temporal kernel size and, t; = {2,3} is the temporal stride size of the ST-GCN

architecture).
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