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Abstract

This paper discusses the problem of decoding gestures represented by surface electromyography (SEMG) signals in the
presence of variable force levels. It is an attempt that multi-task learning (MTL) is proposed to recognize gestures and force
levels synchronously. First, methods of gesture recognition with different force levels are investigated. Then, MTL framework
is presented to improve the gesture recognition performance and give information about force levels. Last but not least, to solve
the problem that using the greedy principle in MTL, a modified pseudo-task augmentation (PTA) trajectory is introduced.
Experiments conducted on two representative datasets demonstrate that compared with other methods, frequency domain
information with convolutional neural network (CNN) is more suitable for gesture recognition with variable force levels.
Besides, the feasibility of extracting features that are closely related to both gestures and force levels is verified via MTL. By
influencing learning dynamics, the proposed PTA method can improve the results of all tasks, and make it applicable to the
case where the main tasks and auxiliary tasks are clear.

Keywords Neural decoding - Multi-task learning (MTL) - Pseudo-task augmentation (PTA) - Convolutional neural network

(CNN)

Introduction

Neural decoding based on electromyography (EMG) sig-
nals has attracted many researchers to explore [I]. It is
a technology translating bioelectrical signals in muscles
into corresponding instructions [2]. Compared with other
human—computer interaction modes, neural decoding is more
convenient and less constrained by the surrounding envi-
ronment, resulting in tremendous development potential in
medical, entertainment and military fields [3, 4].

There has been a lot of literature about neural decoding
of gestures. Naik et al. [5] associated independent compo-
nent analysis with Icasso clustering to extract features of
surface electromyography (SEMG), then classified gestures
by linear discriminant analysis (LDA). Lima et al. investi-
gated relevance vector machines and fractal dimension to
identify seven gestures [6]. Besides, convolutional neural
network (CNN) has benefited from the success in the com-
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puter vision field, and is applied in neural decoding [7-11].
Wei et al. [12] combined information detected from elec-
trodes in different methods, and input them to a multi-stream
CNN framework. Hu et al. [13] considered time-series infor-
mation by recurrent neural network based on this work,
which improved the recognition accuracy. In addition, Allard
et al. [14] and Zhai et al. [15] proposed a novel method
by calculating the feature matrices from time—frequency
domain information and classified gestures with CNN mod-
els.

While all these methods usually recognize gestures under
a fixed force level. The combination of data preprocessing
and classifiers is not discussed in the various force levels
situation, which means the neglect of strength information.
Considering this factor, force myography was selected to
recognize sixteen gestures at three force levels from nine
subjects [16]. Different from the force sensing resistor (FSR)
signals, SEMG signals cannot present information related to
force directly. Jiang et al. [17] upgraded hardware with iner-
tial measurement units (IMU) and sEMG sensors, analyzed
information from both surface gestures and air gestures.
But the force levels considered were only medium and low,
the effect of high force level was not investigated. Besides,
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EMG signals affected by different force levels may reduce
the performance of the gestures recognition task. To elimi-
nate the force influence, Al-Timemy et al. [18] adopted an
energy-based feature set in the circumstance of six gestures
at three force levels. Although this method obtained good
results, it ignored the usefulness of force information in real
life.

Intuitively, gestures recognition is always not an isolated
problem. When a gesture is performed, the subject would
provide different force levels according to the needs of the
environment. As discussed in [19-21], these levels can also
be decoded by analyzing the EMG signals. This naturally
motivates us to explore the multi-task learning (MTL) frame-
work to decode gestures and force levels in SEMG signals
[22].

MTL is a method aiming to learn multiple related tasks
simultaneously [23]. By sharing features representation
between tasks, it makes models generalize better than learn-
ing independently one task [24]. Besides, the introduced
inductive bias also leads to a risk reduction of over-fitting.
However, most prior jobs either treat the importance of tasks
equally or search them by greedy search, which usually
cannot find the optimal parameters of models [25]. For con-
quering this problem, pseudo-task augmentation (PTA) is
employed for influencing learning dynamics. As comple-
mentary, it is validated to result in performance gains for
both single-task learning (STL) and MTL [26].

The main contributions of this paper can be summarized
as follows:

1. Different from datasets that collect various gestures with
constant force, a dataset containing eight gestures at three
force levels is provided. On this basis, matches of data
preprocessing and classifiers are compared to find appre-
ciate methods for gestures recognition.

2. Different from a single task of gestures recognition or
force estimation as most works do, neural decoding in
this job is formulated as an MTL problem. The feasibil-
ity of whether gestures and force levels can be decoded
synchronously from sEMG signals is explored, which
boosts the performance of gestures recognition tasks and
gives additional force information.

3. To modify the equal importance of tasks, a PTA strategy
is followed with interest. Different from the method pro-
posed in [26], a PTA strategy with weight coefficients
is introduced, which considers the relationship between
tasks and demonstrates efficient performance in experi-
mental results.

The remaining parts of the paper are summarized as
follows. Datasets and materials are discussed in Sect. 2. Pro-
posed methods of multi-task CNN models associated with
PTA are presented in Sect. 3. Experiments and results on two
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Fig. 1 sEMG signals collection device

datasets are demonstrated in Sect. 4. Finally, the conclusions
of the paper are summarized in Sect. 5.

Dataset and materials

In this paper, two datasets are used in experiments. One repre-
sents amputees and the other represents subjects with healthy
limbs.

Amputees dataset

In [18], nine amputees conducting six gestures with three
force levels participated in the experiment. SEMG signals
were sampled at a frequency of 2000 Hz. The gestures are
separate thumb flexion, index flexion, fine pinch, tripod grip,
hook grip and spherical grip. Each gesture was performed 5-9
trials and each trial lasts 2.5-20 s according to the amputees.
The force levels are represented by high, median, and low.
Following the protocol, the first eight EMG electrode chan-
nels are utilized in experiments. To solve sample imbalance,
this paper first sorts the trials in each gesture according to the
file size and then selects the first five largest ones for experi-
ments. The first, third and fourth are used as the training set,
the second and fifth are used as validation and testing set.

Healthy subjects dataset

For experiments of subjects with healthy limbs, a wearable
device is developed to collect the SEMG signals (see Fig. 1).
The device consists of 16 acquisition modules. Each mod-
ule contains a pair of electrodes with a vertical distance of
10 mm. All the 16 SEMG signals were amplified with gain
of 960 and filtered with a bandwidth of 20500 Hz. Besides,
signals were sampled at 1000 Hz with an analog-to-digital
converter, resulting in an 8-bit digital signal in each module.
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Fig.2 Eight gestures with
variable force levels
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Fig. 3 sEMG signals from eight
channels

Key pinch

Palm press

Three-fingers grasp Pinch

Thumb press Index finger press

Channel index

For comparison, signals from acquisition modules with odd
number indexes are chosen in experiments.

As for the collection period, seven subjects aged from 25 to
30 volunteered, including two females and five males. During
collection, a force sensor was first used to test the maximum
voluntary contraction (MVC) of each subject. Then, subjects
were asked to perform eight gestures with three force lev-
els, representing 20%, 40% and 60% of MVC, respectively.
These gestures are separately palm press, thumb press, three-
finger grasp, grasp, pinch, fist press and key pinch (see Fig. 2).
All of them are selected from the commonly used gestures
with strength, such as grasp or contact with a surface. For each
gesture, five trials were collected and each trial continued for
five seconds. Considering muscle fatigue, there was a rest
for several seconds between every two trials. SEMG signals
detected from the selected eight channels are shown in Fig. 3.

MTL and PTA strategies

Data preprocessing and CNN models

Given the raw sEMG signals, we divide them into small seg-
ments by the sliding window method. Considering the large
amount of dataset required by the CNN model, overlapped
windowing scheme is utilized. Drawing on the past exper-
iments, window length should be shorter than 300 ms to
satisfy subjects imperceptible in real-life applications [27,
28]. In this work, it is set to 200 ms for both datasets, with
an overlapped window size of 140 ms.

Before inputting to CNN, segmented data in each elec-
trode was transformed into frequency information by Fast
Fourier Transform. Considering the majority of SEMG
energy ranged from O to 500 Hz, for the dataset of amputees,
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the first 100 spectrums were used as input [14, 29]. And the
first frequency band was removed to reduce baseline drift
and motion artifact. With respect to the dataset of healthy
subjects, the first five frequency bands were removed due to
filters of the hardware.

To make full use of information in electrode channels, a
multi-stream CNN model is designed as seen in Fig. 4. In
this way, spectrums from each electrode are used as the input
of each stream. And there are three blocks in the stream,
which are batch normalization (BN) layers, convolutional
layers, and max-pooling layers. The convolutional layer has
32 kernels sized 1*3, and the max-pooling layer is sized 1%2
with a stride of 2. By stacking blocks, CNN model exacts
features through a hierarchy of spectrum abstractions. All
the streams will converge into fully connected (FC) layers
for classification. There are three FC layers in the model, and
the nodes of the first two are separately 512 and 256, with a
dropout probability of 0.5. While the last FC layer consisted
of two parts connecting to the second FC layer independently,
namely the number of gestures and force levels.

MTL framework

As described before, two tasks are finished by the last FC
layer of the model simultaneously, which means they share
the same features as most MTL frameworks do. The specific
information of MTL framework is introduced below.

Given a training set with 7 samples D = {s;, yi}iTzl,
where s; is the ith signal segment, y; are the corresponding
labels made up of gesture label (y;.g ) and force level label
(yif ). For clarity, the index i is eliminated, then the shared
feature vector x € RC*! of the last max-pooling layer can
be formulated as:

X = f(S; ke, be, Y, B) ey

where f donates the non-linear function from the input sig-
nals to features. k. and b, are the parameters of kernels and
bias vectors of convolutional layers. y and B are the set of
scales and shifts in the BN layers.

After feature representation from the last pooling layer,
three FC layers are employed for classification. Suppose
W; € RPi-1xDi and b; € RP*! are the weight matrices
and bias vectors of the ith FC layer with output number of
D; (Dg = C), then the prediction score of the ith FC layer
y! is as follows:

v/ =Wyl +b; )

1
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where i = 1,2,3, yP = x. Specifically, the third FC layer
contains both gestures and force levels. Let W3g, W3g,bsg, bag
donate the weight matrices and bias vectors of the two-part
in the last layer, the outputs yP¢ and yPf can be represented
as:

yP¢ = Wi X +b3, 3)
¥ = Wlx + by 4
The probabilities of x belonging to gestures (§P8) and force

levels (§°1) are calculated by feeding y into a softmax func-
tion.

5 exp(ym )
softmax(yP%),, = p(HP& = m|x) = — "7 5)
: D exp(yl.p %)
. R exp( pf)
Softmax(ypt)n = p()ﬁpf =nlx) = PO ©)

f b
Zj exp(yﬁ.’ )

where ylP £ and y?f are the ith element in yP® and the jth

element in yP'. The softmax function converts the output
yP2 and yPf into a probability distribution over respective
labels. Finally, the predicted gesture $P2 and force level HPf
are obtained via:

yP& = argmax softmax(yP®),,, 0
m

Pl = argmax softmax(yP"),, ®)
n
The cross-entropy losses are employed:

M
Ly ==Y yilog(p(ht = ya)Ix, Wi, b1, Wa, by, Wag, bsy)

m=1
)

N
pf
Li=— Z i log(ph = yh)Ix, Wi, b1, Wa, by, Wi, bsp)
n=1

(10)

where M and N are the number of gestures and the number
of force levels, respectively. Let the parameters of the whole
model donate as ®, compared with STL, the loss function
consisted of two parts is as follows.

min(Ly +arLy) (11)
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Fig. 4 Multi-stream CNN structure

where o represents the importance of the auxiliary task. In
real life, the force levels prediction will be valuable on condi-
tion that gestures are recognized correctly, so « ranges from
Oto 1.

PTA strategy

PTA strategy adopts the idea from MTL that training related
tasks drawn from the same feature space [30]. If the last
layer of the MTL framework is seen as a decoder for each
task, the PTA mean numbers of distinct decoders are made
within the task. It has been proven that the PTA strategy has
a fundamental effect on learning dynamics, which leads to
further improvements in both STL and MTL. For MTL with
T tasks and D decoders in each, the learning problem of PTA
strategy can be expressed as follows:

T D
1
O* = argmin — > > L(y', § 12
argmin 7.y 22 Ly (12)

where y' is the true label of the rth task, and $' is the pre-
dicted score of the dth decoder in the ¢th task.

However, this method gives equal importance to all tasks
by default, which is usually unreasonable in MTL. For exam-

Conv2:1%¥3/32
Pool2:max/1%¥2/2

Conv3:1¥3/32
Pool3:max/1¥2/2

ple, only when the gestures are predicted correctly, can
the prediction of force levels be meaningful. Therefore, an
approximate range of weight is first determined through
grid search, then learning dynamics is further affected by
PTA strategy. The modified PTA strategy during the training
period is conducted as follows:

D
1
O = argmin — E {L(y&, 98 +a - LY, 5')
o D d=1

13)

where $24 and 19 are prediction scores of the dth decoder for
the gestures and force levels, respectively. For validation, the
best performing decoder for each task is selected as follows:

Oeval = argmin{L(y®, )A;gdl) + ()[L(yf, )A)fdz)}
®

(14)

where dy,d> € [1, D]. Because the two parts of the loss
function are independent, the weight parameter o does not
influence the final result. So it is ignored during the exper-
iments. To distinguish it from the original PTA strategy,
the algorithm in this paper is expressed as a weighted PTA
(WPTA). The specific implementation of WPTA is shown in
Algorithm 1.
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Algorithm 1 WPTA Strategy

1: Given the CNN framework with 7" tasks and one decoder of each task

2: Select «¢ which makes best results with Eq. 11 by grid search

3: Given the parameters ® of CNN framework with 7" tasks and D decoders of each task

(parameters of decoders are initialized independently in ®)

4: while training is not done do

5 fori=1to M(training meta-iteration) do

6 Freezing all decoders except the first one in all tasks

7: Update parameters ® with Eq. 13

8 end for

9 fort=1toT do

10: ford=1toDdo

11: Select the best performance of decoders of each task for validation with Eq. 14
12: end for

13:  end for

14:end while

15: return all parameters ©

In this way, the parameters of each decoder are initial-
ized independently to ensure the learning dynamics work.
Furthermore, by updating ® while freezing parameters of
decoders except the first one of all tasks every iteration, the
optimal model can still be learned for each task. Finally, for
validation and testing progress, the best performing decoder
of each task is selected, which contributes to improving com-
putational efficiency.

Experiments and analysis

In this section, the proposed methods are evaluated with a
dataset of amputees and healthy subjects, respectively. With
each dataset, a range of settings are conducted as follows:
(1) gestures recognition with different methods; (2) multi-
task recognition for gestures and force levels; (3) MTL with
WPTA strategy. All these mentioned experiments are con-
ducted three times and the average performance is shown
below.

Recognition results of amputees
Gestures recognition with different methods
Gestures recognition under different force levels is an impor-

tant topic. Combining with previous experience, data pro-
cessing and algorithm are firstly discussed in this paper. To
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verify the rationality of the proposed method, methods in [12,
17] are used for comparison. The former uses downsampling
and low-pass Butterworth filter for amplitude estimation and
then proposes a multi-stream CNN based on the processed
data to classify sSEMG signals, which has a strong contrast
with the proposed method. The latter solves similar tasks of
this paper. It first extracts features including mean absolute
value, zero crossing, slope sign changes and waveform length
from the raw signal, and then adopts LDA to recognize ges-
tures with two force levels. For the dataset of amputees, the
results of nine patients using three methods separately are
shown in Fig. 5.

It shows that the CNN model based on frequency domain
information makes the best result (about 5.57% higher
than CNN with time-domain information, and 2.14% higher
than the traditional method). The phenomenon means that
compared with the time domain information used in [12],
frequency domain information is more sensitive to the vari-
ance of force. And different from the traditional method, the
CNN model can extract implicit information in the data more
effectively, which verifies the effectiveness of the proposed
method.

Multi-task recognition for gestures and force levels

On the basis of multi-stream CNN with spectrums as inputs,
an MTL framework is employed as described in Sect. 3. Con-
sidering the particularity of the task, gestures recognition
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Table 1 Gesture recognition -
results in different weight Subject
coefficients (%) 00 01 02 03 04 05 06 07 08 09 10
S1 9195 9227 92.65 9293 9277 9297 9291 9247 93.17 9279 92.71
S2 90.46 92.52 92.11 9250 9228 9276 9228 91.94 9198 92.07 92.37
S3 88.78 89.84 91.35 9141 91.24 91.12 91.19 90.52 90.00 90.92 90.35
S4 87.92 91.33 91.14 91.09 91.04 9120 9128 9125 9144 91.01 91.06
S5 83.33 83.97 84.79 84.51 84.15 8477 84.03 8431 8424 8400 84.58
S6 89.74 9224 91.75 92.07 92.17 9147 9191 9191 9183 91.71 91.27
S7 86.73 83.25 87.62 8320 87.60 83.02 8825 88.60 88.74 88.28 87.81
S8 9345 9379 9388 93.88 94.09 93.82 9398 94.00 93.85 93.66 93.72
S9 7548 7734 77775 78.63 7844 7759 78.89 78.05 7854 77.08 78.59
AVG 87.70 89.12 89.31 89.56 89.41 89.37 89.52 89.33 89.40 89.15 89.24
Table 2 Force levels recognition -
results in different weight Subject @
coefficients (%) 00 01 02 03 04 05 06 07 08 09 10
S1 - 86.37 87.55 88.19 8827 8833 8839 88.67 8311 8331 88.65
S2 - 86.43 87.00 86.74 8641 86.87 86.89 8693 86.15 87.00 86.76
S3 - 82.15 83.94 83.84 83.67 8296 8339 8389 8335 83.28 83.80
S4 - 80.11 81.67 81.19 8242 8049 8191 81.16 80.92 81.59 80.97
S5 - 76.73 7836 7843 78.19 7724 7850 7857 7736 77.62 78.57
S6 - 71.66 7258 7254 7202 72.06 72.02 72.10 7242 72.82 72.26
S7 - 69.88 71.77 7395 7334 7386 7335 73.79 7400 73.65 73.88
S8 - 87.18 8748 88.09 87.64 87.55 87.86 87.83 8742 8837 8751
S9 - 88.34 8891 89.08 89.47 89.21 89.34 8932 8990 8893 8§9.42
AVG - 81.17 8229 82.67 8255 8230 82.58 82.68 8241 82.62 82.63

task is more important than force levels recognition task, the
weight coefficient is searched by setting « from 0.0 to 1.0,
with an interval of 0.1. Results of both gestures and force
levels prediction are shown in Tables 1 and 2.

Notably, « is 0.0 means that a single task is performed
without force levels prediction. So there is no result. From
Table 1, it is seen that compared with the single gestures
recognition, MTL can effectively improve the accuracy of
gestures. This suggests that the gestures and force levels
share a uniform feature space, which verifies the feasibility
that both tasks can be classified within a MTL framework.

Specifically, features learned from force levels recognition
task maybe helpful for gestures recognition task, and vice
versa. Thus both tasks can have a preferable performance
with MTL. Besides, this method provides additional infor-
mation about force and makes it more practical in real life.
On this basis, MTL using a grid search can improve the accu-
racy of gestures recognition task, which further proves that
there is a correlation between the two tasks, and the variable
force levels affect the gestures recognition.
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Fig.6 Results of WPTA method

Decoders

(a) Gestures recognition accuracy

Multi-task recognition with WPTA method

Table 1 shows that when « is equal to 0.3-0.6, the gestures
recognition accuracy performs best. So the weight coeffi-
cients in Eqgs. 13 and 14 are set to 0.3, 0.4, 0.5 and 0.6,
separately. For comparing the method in [25], training with
Eq. 12 is also performed, which donates as No on « axis in
Fig. 6.

The green plane donates the best results obtained in MTL
methods with grid search (« is 0.3, number of decoders is
1). It is seen that with MTL and WPTA, improvements are
achieved in both tasks, demonstrating the superiority of the
proposed method. This is reasoned by the WPTA character-
istics which change the learning dynamics adaptively, which
can be regarded as a process of fine-tuning importance of aux-
iliary tasks. So it improves the disadvantage of fixed weight
coefficient among all subjects in a grid search. By increasing
the number of decoders, the results get better, which draws the
same conclusion with [26]. Theoretically, the original PTA
method may achieve the same results when there are enough
decoders. However, it is a waste of computing resources of
hardware.

Recognition results of healthy subjects

As for the dataset of healthy subjects, following the above
conduct, we have successively carried out experiments on
different settings. For further analysis, experiments on seg-
mented data with length of 150 ms are also carried out. The
best performance of gestures prediction and corresponding
force levels prediction scores are shown in Table 3.

For MTL and MTL with WPTA in Table 3, the « is equal
to 0.3 in the data segment length of 150 ms and 0.4 in 200 ms.
It is seen that the algorithm proposed still has certain advan-
tages compared with other methods. As the spectrums in
200 ms contain detailed information in the frequency domain,
it shows better performance compared with 150 ms.

In particular, a comparison between STL and MTL with
WPTA for each subject based on frequency information is
demonstrated in Table 4. It is seen that for most subjects,
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Accuracy

Decoders = No

(b) Force levels recognition accuracy

Table 3 Results of healthy subjects (%)

Methods 150 ms 200 ms
Gestures Traditional methods [17] 89.43 90.84
CNN with time information [12]  93.63 94.20
Single task 93.81 94.61
Multi-task 94.16 95.40
Multi-task and WPTA
Decoder number = 2 94.71 95.65
Decoder number = 3 94.85 95.53
Decoder number = 4 95.03 95.73
Force levels  Traditional methods [17] - -
CNN with time information [12] - -
Single task - -
Multi-task 89.00 90.17
Multi-task and WPTA
Decoder number = 2 89.18 90.39
Decoder number = 3 89.12 90.44
Decoder number = 4 89.18 90.34

the proposed method makes performable results, no mat-
ter what the time window size is. This is the reason that
with MTL, features learned from force levels recognition
task improve the main task performance. By introducing an
additional loss, MTL also acts as a regularizer preventing
over-fitting. Besides, via WPTA, the disadvantage of equal
tasks importance is overcome, and a reasonable importance
weights distribution is obtained. Rather than one decoder of
each task, WPTA provides choices by more decoders, thus
further improving the performance. In addition, due to the
different physiologic states according to the subjects, the
comparison also differs. In detail, stronger subjects can better
resist to muscle fatigue during collection, resulting in a more
stable EMG signal at each force level. While for others, EMG
signals will be affected by muscle fatigue, and the proposed
method cannot make much improvement in this situation.
In addition, compared with the experimental results of
amputees, results of healthy subjects perform better although
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Table 4 Comparison of STL and -
MTL with WPTA (%) Window length (ms)  Method S1 S2 S3 S4 S5 S6 S7
150 STL 9641 9456 9829 88.51 9332 9251 93.06
MTL and WPTA  96.85 96.64 98.87 88.86 94.04 9459 93.55
200 STL 97.88 9547 9873 9044 89.62 9248 94.49
MTL and WPTA 97.96 97.71 99.31 9044 9449 9579 9444
there are more gestures under the same electrode chan- References

nels condition, and accuracy differences among methods are
smaller than that of amputees. This is reasoned that without
damage to the forearm, SEMG signals of healthy subjects are
more regular.

Conclusions and future work

Gestures recognition based on sEMG signals has been
greatly investigated in recent years. Compared with existing
methods, neural decoding under variable force levels situ-
ation is still a difficult problem. This paper firstly explores
the combinations of data preprocessing and classifiers, prov-
ing that frequency domain information is more sensitive to
strength. Considering the importance of force information
in real life, MTL framework is leveraged to decode the ges-
tures and force levels simultaneously. Experimental results
validate the efficiency of MTL. Considering that grid search
is so rough that may lead to local optimal solutions, PTA
strategy is proposed here. However, it cannot improve the per-
formance because all tasks are assigned as the same weight
by default. By combining the above two methods, WPTA
technology is applied, which boosts the performance of all
tasks in MTL. It is worth noting that similar optimization
forms are not only suitable for SEMG signals decoding, but
also for any other MTL tasks.

In the future work, we will continue to study the adaptive
weight method, and replace the grid-search with it.
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