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A BSTRACT
Assessing older adults’ motor control ability is crucial for early diagnosis of Parkinson’s Disease (PD). In this paper, we investigate
how to use deep learning to detect motor impairment of older adults
via analyzing touchscreen typing data, which could result in the
early diagnosis of PD. Our investigation shows that deep learning
is promising in analyzing touchscreen typing data. Among the four
deep learning models (LSTM, LSTM-CNN, CNN-LSTM, and 1D
CNN), LSTM-CNN yields the best performance. On a 102-subject
dataset [53], LSTM-CNN achieved an AUC of 0.95 and an F1-score
of 0.90 in leave-one-out PD classification, improving the performance of previously used SVM method (AUC = 0.88, F1-score =
0.73) [53]. LSTM-CNN also performed well on an in-the-clinic
typing dataset [27] (AUC = 0.86, F1-score = 0.86), and significantly improved the F1-score of the previously proposed 1D CNN
method (AUC = 0.89, F1 = 0.80). The promising performance of the
LSTM-CNN model can also be generalized to other touchscreen interactions including flick, drag, handwriting, and pinch. It achieved
better performance than the previous SVM method [53]. Our research showed that deep learning is effective in detecting early PD’s
motor symptoms via analyzing smartphone interaction data, and the
proposed LSTM-CNN model is a promising neural network structure for performing such analysis. Overall, our research advances
the understanding of how to assess the motor control ability of older
adults via smartphone interactions.
Index Terms: Human-centered computing—Human computer
interaction (HCI)—Interaction techniques—Text input; Computing
methodologies—Machine learning—Machine learning approaches—
Neural networks
1

I NTRODUCTION

Parkinson’s Disease (PD) is a chronic neurological disorder that
causes progressive disability which can cause significant physical
and mental impairment and decreased quality of life [52]. PD is
now the most prevalent movement disorder in older adults: it affects
more than one million Americans and more than 6.3 million people
in the world [11, 32].
Early detection of motor impairments associated with PD is crucial for providing early intervention and treatment. However, as
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frequent clinic visits could increase the physical and economic burden on patients and their families, patients may not seek professional
assessment or clinical visits until the symptoms become severe. For
example, a prior study [48] showed that most presentations of motor
impairments associated with PD occurred within 2 years before the
first clinical diagnosis of PD, and the incidence of the tremor was
already higher in PD subjects compared with the control group at
up to 10 years before diagnosis. Having a screening method that
can detect motor symptoms of PD without clinic visits is of great
interest to older adults and our society.
One promising direction for detecting motor symptoms of PD
is to analyze typing data on a soft keyboard of a smartphone, because of the following reasons. First, typing requires intensive and
consecutive target acquisition on a soft keyboard, which exposes
the motor control ability of a user during a short period of time.
Second, typing is one of the most common activities people perform
daily on smartphones. Emailing, messaging, social networking, and
searching are common tasks on smartphones that all involve intensive typing on soft keyboards. Thanks to its prevalence, it is possible
to assess and monitor a user’s motor control ability via analyzing
his/her touchscreen typing data [26]. Indeed, previous research [53]
has shown that using the traditional SVM machine learning methods
to analyze the typing data could reach an F1-score of 0.73 and AUC
of 0.88, in detecting the motor impairment of early PD users.
Although the previous work [53] showed the feasibility of detecting the motor impairment via touchscreen typing, the accuracy
of the detection is unsatisfying: the AUC value was 0.88, and the
sensitivity (true positive) value was only 0.7. One weakness of the
previous work [53] was that it used SVM methods for classification,
which might be suboptimal compared with the state-of-the-art deep
learning models.
In this research, we aim to understand whether using deep learning models would improve the accuracy of detecting motor impairment of early PD users. Although it is expected that deep learning
models would likely outperform the SVM methods, it is nontrivial
to find out which model structure work bests for analyzing the touchscreen typing data, given various deep learning model structures
proposed in the past decade. Furthermore, it is also important to
understand whether the proposed deep learning model could be generalized to different typing datasets, and other types of touchscreen
interaction. These are the research questions we aim to answer in
this paper.
We investigated the effectiveness of four deep learning models in
detecting PD motor symptoms, including Long Short-term MemoryConvolutional Neural Network (LSTM-CNN), CNN-LSTM, 1D
CNN, and LSTM only. Our investigation on two existing datasets
shows it is appropriate to use deep learning models to analyze typing data. In particular, the proposed LSTM-CNN model in which
a recurrent block is followed by a convolutional block, substantially improved the classification performance over the SVM method
adopted by the previous work [53] on the same 102-subject dataset:
the LSTM-CNN model achieved an AUC of 0.95 and an F1-score
of 0.90 in leave-one-out PD classification, improving the perfor-

mance of previously used SVM method (AUC = 0.88, F1-score =
0.73) [53]. This LSTM-CNN model also outperformed other three
deep learning models including an LSTM model, a previously used
1D CNN model [24, 25] and a CNN-LSTM model [46] which is
commonly used in video analysis [14, 31]. This LSTM-CNN model
also performed well in analyzing an in-the-clinic typing dataset [27],
which contained normalized pressure, timestamps, touch-down/up
events, but no x-y coordinate data. It achieved an AUC of 0.86 and
an F1-score of 0.86. Furthermore, the promising performance of
the LSTM-CNN model can also be generalized to other touchscreen
interaction data. It outperformed the previous SVM method in analyzing pattern drawing, handwriting, and sliding data. Overall, our
investigation shows that deep learning is a promising method for
detecting motor impairment of older adults in touchscreen typing,
and the proposed LSTM-CNN model is a promising structure for
performing such analysis.
2
2.1

R ELATED W ORK
PD Assessment

Since the treatment of PD requires regular and close monitoring
related motor function symptoms, designing mobile tools for remote
monitoring of PD symptoms has attracted a lot of attention. The
eddy-current detector [13], portable multichannel recorder [23],
wearable sensor [57], and inertial sensor [45] have been used to
measure hand tremors.
With the rapid development of mobile computing technology and
wide adoption of mobile devices, using smartphones to measure
various movement-related metrics of PD patients has attracted a lot
of research interest. For example, Fontecha et al. [17] used tri-axels
accelerometers in smartphones to assess frailty in elderly people.
Liddle et al. [36] used the global positioning system (GPS) sensor
to evaluate lifespace of people with PD. Galan-Mercant et al. [18]
utilized the accelerometer and gyroscope to measure sit-to-stand
posture transition in elderly persons. Pan et al. [40] developed a
mobile App to collect and analyze PD-related motion data using the
smartphone 3D accelerometer. Lee et al. [33] created a smartphone
APP to conduct a timed finger-tapping test (SmT) to monitor bradykinesia. These methods require patients either to wear extra devices or
sensors which are obtrusive and introduce new cost [13,23,45,57], or
operate the devices/software with specific procedures which requires
learning [10, 20, 33, 39].
Our research is particularly related to previous work that detects
motor impairment of older adults via analyzing touchscreen typing.
Tian et al. have performed an comprehensive feature analysis and
applied the SVM method to analyze the touchscreen typing data of
102 users (35 PD and 67 controls) [53]. Their method reached an
AUC of 0.88 and an F1-score of 0.73. Iakovakis et al. extracted features from in-the-clinic typing data collected from 33 users (18 PD
and 15 controls), and applied linear regression for classification [26].
Their method reached an AUC of 0.84 with an estimated rigidity
index and 0.80 with an estimated brady-/hypokinesia index on an
in-the-wild harvested dataset. Inspired by the recent progress in
deep learning techniques, which eliminate the need for heavy aheadof-time feature engineering, we investigated using deep learning
models to analyze the typing data.
2.2

Pre-screening PD with a Deep Learning Method

In the recent past, many studies have been carried out to explore the
effectiveness of deep neural networks on PD pre-screening. Previous research applied deep learning methods to different types of PD
data, such as electroencephalogram (EEG) signals [34], underfoot
sensor [4, 56], wearable on body sensors [3, 54], drawing [7], handwriting [2,19], speech signals [1,28,44], and smartphone sensor data
and typing dynamics [24, 25, 41]. A few previous studies detected
the presence of early PD symptoms via analyzing a combination of

several aforementioned types of data [35, 43, 55]. However, acquiring certain types of data (i.e., EEG signals, underfoot sensor, and
wearable on body sensor data) requires devices that are not always
accessible, and thus could not passively pre-screen PD symptoms
in users’ daily life. Since smartphones are ubiquitous nowadays,
detecting motor impairment in early PD via analyzing smartphone
typing dynamics becomes more and more promising. Papadopoulos
et al. [41] proposed a deep learning framework that unobtrusively
detected tremor, FMI, and PD from passively captured multimodal
sensing data from smartphone. Iakovakis et al. [25] applied a one
dimensional Convolutional Neural Network (CNN) with two input
channels on both in-the-clinic and in-the-wild collected datasets.
Inspired by previous works, we further investigate whether different types of deep learning models could improve the performance,
including the previously proposed 1D-CNN model [25] as a baseline. Our investigation shows the pros and cons of different models,
and contributes a new LSTM-CNN model which has promising performance on different types of datasets, including the Tian et al’s
dataset [53] with touch coordinates, accelerometer and gyroscope
data and Iakovakis’ dataset [27] which has no touch-coordinates,
accelerometer, or gyroscope data.
2.3 Time Series Classification
Researchers have proposed hundreds of algorithms to solve the Time
Series Classification (TSC) problem [5]. Previous work has defined
various new elastic distance measures for nearest neighbor classifiers
to solve the TSC problem [29, 51]. Other work in this domain
explored dictionary [37, 47] and interval-based approaches [12].
Researchers also proposed transformation-based techniques [22, 30]
and ensemble methods [6, 38] to perform time series classification.
Recent work using deep neural networks achieved accurate results for TSC problems. In [59], a 1D CNN has been used for
multivariate time series classification where filters are applied on
each channel and features are flattened across channels as input to a
fully connected layer. Cui et al. proposed a CNN-based approach
for univariate time series classification [9]. Fawaz et al. proposed
the InceptionTime [15], an ensemble of deep Convolutional Neural
Network models, for TSC problems. In recent works [14, 31, 50, 58]
CNN-LSTM based models were widely adopted to process, classify, and label video (time sequence of images) and text data (time
sequence of words).
3 D EEP L EARNING M ODELS
We considered four different deep neural networks: an LSTMCNN model, a CNN-LSTM [46], a previously used 1D CNN based
model [24, 25] with multiple input channels, and an LSTM model.
3.1 Problem Definition
We formulated the early PD detection problem as a binary classification problem: Given a sequence of touch events generated during
the user typing on a smartphone touchscreen, predict whether the
user is diagnosed with PD or not. For a user i, his/her touch events
sequence is denoted by a vector Xi = {x1 , x2 , ..., xT }, xt ∈ Rd , where
xt denotes the d-dimensional raw feature vector collected at time
t. We also used a label Yi to indicate whether the user is diagnosed
with PD, i.e. Yi = 1 indicates the ith user is diagnosed with PD while
Yi = 0 means the user is free of PD. We observed N random samples
(X1 ,Y1 ), (X2 ,Y2 ), ..., (XN ,YN ) from N distinct users in a dataset. Our
goal is to predict the label Yi for any given input Xi in the N samples.
3.2 LSTM-CNN Model
We first proposed an LSTM-CNN neural network model containing
the following layers (Fig. 1).
• Input Layer: It inputs the initial data to the neural network and
sets its dimensions.

Figure 1: The proposed LSTM-CNN model contains an input layer, a recurrent block, two convolutional blocks, a flatten layer, a dropout layer, and
two fully connected layers. It takes a sequence of d-dimensional raw feature vectors and outputs a probability score p for the positive class. The
LSTMs are firstly used to process both local and global time-related information. The CNN layers then extract features based on spatial relations
in the LSTM output for classification.

• Recurrent Block: It consists of a masking layer and a two-layer
stacked LSTM.
The masking layer allows the model to identify and ignore all
missing time-steps by using a mask value, and to skip these
time-steps during processing the data. It enables the LSTM
layers to accept input sequences with different lengths.
The stacked LSTM contains two LSTM layers, each consists
of K hidden units. An LSTM layer takes a sequence (length
= T ) of d-dimensional feature vectors (x1 , x2 , .., xT ), xt ∈ Rd
as input, and generates a higher-order feature representation
at each time-steps, (h1 , h2 , .., hT ), where ht ∈ RK . In a twolayer stacked LSTM, the input of the second LSTM layer is
the higher-order features generated by the first LSTM layer.
We concatenated the last hidden state hT and the last cell state
CT from the second LSTM layer to form the output of the
reccurrent block, as shown in Fig. 1.
• Convolutional Block: It contains a convolutional layer and
a max-pooling layer. The stacking of convolutional blocks
allows a hierarchical decomposition of the features extracted
by the recurrent block.
The 1D convolutional layer applies filters to its input and creates a feature map that summarizes detected features. We used
tanh as the activation function.
The 1D max-pooling layer calculates the maximum value for
each patch of the previous feature map and outputs a new
feature map containing the most prominent features.
• Flatten Layer: It collapses the dimensions of the extracted
features to a vector for classification.
• Dropout Layer: It prevents the model from overfitting by randomly setting input units to 0 at a rate at each step during
training.
• Fully Connected Layer: It is a standard feed-forward layer
connecting the convolutional block to the scaler output. The
last fully connected layer compiles the features extracted by
previous blocks and computes the binary cross-entropy loss to
predict the final classification output. The total loss (Loss) is
calculated as follow,
Loss = −

1 n
∑ (yi · log pi + (1 − yi ) log(1 − pi ))
n i=1

where pi is the scalar value of the ith model output, yi is the
corresponding class label, and n is the sample size.
We designed this LSTM-CNN model in order to leverage the advantages of both LSTM and CNN. LSTMs, as a special type of RNN,
are able to capture temporal dynamics, and also enable arbitrary
lags between important time events, which make them well-suited
for processing and classifying time series data. CNN is capable of
capturing distinctive features from input that has spatial relations.
Stacked layers of CNN can extract discriminative feature maps in
a hierarchical manner. Therefore, we expect the LSTM-CNN network structure can extract high-quality features that also contain
time-related information, making the LSTM-CNN model suitable
for analyzing and classifying typing data.
3.3 CNN-LSTM Model
As CNN-LSTM is also a common model for analyzing time-series
data [46], we swapped the order of LSTM and CNN blocks in the
LSTM-CNN model to form a CNN-LSTM model as another option.
We also made the following adjustments to make the CNN-LSTM
model work. We configured the CNN-LSTM model to contain two
time-distributed convolutional blocks, a recurrent block, a dropout
layer, and two fully connected layers in sequence. In convolutional
blocks, convolution is applied to raw feature vectors at each time
step, and the output is passed through a time-distributed flatten
layer before being processed by the recurrent block. The kernel
sizes, pooling stride, dropout rate, and hidden units in CNN-LSTM
network components are the same as the LSTM-CNN model in
Section 3.2.
This CNN-LSTM model first exploits CNN to extract features
based on spatial relations in the input, and reduces the dimensions
of the sequence. Then, a stacked LSTM further extracts time-related
dependencies in the data from the processed sequence. Finally, the
fully connected layers compile the output of LSTM and compute
the probability score for classification. This architecture is appropriate for time sequences that have a spatial structure in their data
dimensions, such as the 2D structure of pixels in an image, or the
1D structure of words in a paragraph.
3.4 1D CNN Model
We also included the previously proposed 1D-CNN model [25] as the
third option. The 1D CNN model contains two convolutional blocks,
a flatten layer, a dropout layer, and two fully connected layers. We
also used the same kernel sizes, pooling stride, and dropout rate as
in the convolutional blocks of the LSTM-CNN model. The 1D CNN

Event
Touch-up/down

Timestamp
t

Pressure
p

Touch point x, y coordinates
(x, y)

Accelerometer values
(acc1 , acc2 , acc3 )

Gyroscope values
(gy1 , gy2 , gy3 )

Table 1: Raw data of each touch record. A touch record contains touch-down and touch-up event. 10 features were recorded at each touch event.

Time
HT , FT

Distance
d, dx , dy

Speed
v, vx , vy

Acceleration
a, ax , ay

Other first derivatives
dp dacc1 dacc2 dacc3 dgy1 dgy2 dgy3
dt , dt , dt , dt , dt , dt , dt

Table 2: Additional features added to the input vector of the neural network. HT, FT are the hold time and flight time defined in previous work [26].
dx , dy are distances in x, y directions while distance is in the 2D-pixel coordinates. vx , vy /ax , ay are speed/acceleration in x, y directions. First
derivatives of other features over time are also considered in the input feature vector.

model treats dimensions in a raw feature vector as channels of the
input, and applies filters to perform 1-dimensional convolution along
the temporal axis across all channels. It is capable of detecting local
patterns in the temporal axis and extracting features based on those
temporal relations.
3.5

LSTM Model

The LSTM model is the LSTM-CNN model in Section 3.2 without
convolutional blocks and the flatten layer. It exploits LSTMs to
extract important long and short-term features for classification
in the final fully connected layer. We included it as an option to
evaluate whether adding a CNN block after LSTM would improve
the performance.
The four aforementioned deep learning models have components
at the same scale, and thus can be compared in early PD classification. We implemented the four deep learning models using the
Keras Python deep learning API [8].
4

R ESULTS

We evaluated the performance of the four deep learning models on
Tian et al.’s smartphone touch interactions dataset [53] and Iakovakis
et al.’s in-the-clinic typing dataset [27], and compared the results
with a baseline SVM model [53].
4.1

Evaluation on Tian et al.’s Typing Data [53]

Tian et al. collected the PD smartphone touch interactions dataset to
investigate the feasibility and performance of detecting early PD motor impairment from smartphone typing and common gestures [53].
In total, they collected the touch events sequences of 102 subjects,
45 years or older, during a transcribing user study. Among the 102
subjects participating in this study, 35 were early PD patients, and 67
were age-matched healthy controls. All of the patients recruited in
their study were at early PD stages (Hoehn-Yahr stages I or II2 , mean
UPDRS Part III score/std 8.4/3.7) [21]. The dataset includes raw
features such as touch point pixel coordinates, timestamps, pressure,
and measurements from the accelerometer and the gyroscope. It
investigated typing and four common gestures, including flick, drag,
handwriting, and pinch. For typing tasks, excerpts were selected
from a Chinese short-text conversation corpus [49]. We used the
2266 touch records collected from 101 subjects (35 PD patients
and 66 controls) typing on a custom QWERTY keyboard. Each
touch record contains a touch-down event and a touch-up event, and
contains the following information as shown in Table 1. In total, we
used data of the 4532 touch events in this dataset.
4.1.1

Input Features

The input to all four deep learning models is a sequence of 36dimensional raw feature vectors describing each touch record. In
addition to the 18 dimensions (9 for each touch event, timestamp and
type not included) in Table 1, we also included features in Table 2
to form the input to the network.

Model
SVM
LSTM-CNN
1D CNN
CNN-LSTM
LSTM

AUC [5%, 95%]
0.88 [0.80, 0.93]
0.95 [0.90, 1.00]
0.92 [0.86, 0.99]
0.85 [0.75, 0.92]
0.94 [0.88, 1.00]

Sens
0.74
0.89
0.86
0.80
0.86

Spec
0.85
0.96
0.85
0.87
0.96

F1
0.73
0.90
0.80
0.78
0.88

Table 3: Classification results of the five models on Tian et al.’s typing
data. The four NN models have better performance than the SVM
method. In particular, the LSTM-CNN network outperformed other
models in terms of AUC, sensitivity, specificity, and F1-score.

4.1.2

Classification Results

We performed leave-one-out cross-validation (LOOCV) on the four
deep learning models and the SVM model [53]. More specifically,
in each pass, we trained the four deep learning models with the
data from 101 subjects and predicted the probability scores of the
excluded one subject. In this manner, the results obtained below are
subject-independent. Similar to previous work [53], we evaluated
and compared the aforementioned models using the following metrics: sensitivity (i.e. true positive rate), specificity (i.e. true negative
rate), F1-score (i.e. the harmonic mean of precision and recall), Receiver Operating Characteristic (ROC) analysis, and Area under the
ROC Curve (AUC). These metrics provide a consistent measurement
even given imbalanced class sizes. More specifically, we computed
the ROC curve by plotting sensitivity against (1 − specificity) (i.e.
false positive rate) at different classification thresholds [16, 24]. We
estimated the distribution of the ROC curve and calculated the average and 95% confidence interval of the AUC values with 1000
bootstraps. In addition, we applied the closest-to-(0, 1) criterion
to define the cut-off point (i.e. decision threshold) for calculating
sensitivity, specificity, and the F1-score [42].
Table 3 summarizes the results of SVM with manually extracted
features [53] and the four deep neural network models. The LSTMCNN model achieved an AUC of 0.95 [0.90, 1.00] and an F1-score of
0.90 in discriminating early PD. Both values outperform other models, indicating that LSTM-CNN is more suitable for pre-screening
early PD with smartphone touchscreen typing data. A higher sensitivity over other models enables the LSTM-CNN network to better
identify PD motor impairment. The LSTM-CNN model also has the
highest specificity of 0.96 among all five models, meaning that false
alarms of PD are rare compared to other methods. A pre-screening
test with low specificity may not be applicable, since many users
without PD will screen positive, and potentially receive unnecessary
diagnostic procedures that add to their financial burden. Given that
the LSTM-CNN model also achieved a decent sensitivity value, a
high specificity of 0.96 is preferred in practice. Fig. 2 shows the
ROC curve distributions estimated from different methods, and further demonstrates the classification performance of each model. The

mean ROC curve of the LSTM-CNN model is the closest to the (0, 1)
point among all five model candidates, indicating that LSTM-CNN
outperformed other models in classifying PD.

Model
SVM
LSTM-CNN
1D CNN
CNN-LSTM
LSTM

AUC [5%, 95%]
0.87 [0.75, 0.99]
0.86 [0.73, 0.99]
0.89 [0.78, 1.00]
0.46 [0.26, 0.66]
0.73 [0.55, 0.90]

Sens
0.83
0.83
0.79
0.72
0.78

Spec
0.80
0.87
0.79
0.33
0.73

F1
0.83
0.86
0.80
0.63
0.78

Table 4: Classification results of the five models on Iakovakis et al.’s
in-the-clinic typing dataset [26]. The 1D CNN model outperformed
other models in AUC. The LSTM-CNN model performed best in terms
of sensitivity, specificity, and F1-score.

Figure 2: Smoothed ROC curves demonstrating the classification
performance of the five models on Tian et al.’s typing data [53]. The
curves show the mean ROC. The bands are the mean ROC ± 1 standard deviation. The grey dashed line indicates a random prediction.
Mean ROC curves of the four deep learning models are closer to
the (0, 1) point compared to the SVM baseline, meaning that deep
learning models have better classification performance. Among five
ROC curves, the red one is closest to the upper left corner in the
figure, indicating that LSTM-CNN outperformed other models in ROC
analysis [42].

4.2

CNN network, We followed Iakovakis et al.’s work [25] and generated similar results using a 1D CNN model with multiple input
channels. Since the in-the-clinic dataset only contains 33 subjects,
we reduced the complexity of the four neural networks to avoid
overfitting with the following modifications: (1) we decreased the
hidden size in LSTMs to 32; (2) we only used one LSTM layer; (3)
we removed the first fully connected layer.
Table 4 shows the classification results on Iakovakis et al.’s inthe-clinic dataset. The LSTM-CNN model achieved the highest
sensitivity, specificity, and F1 score at 0.83/0.87/0.86 respectively.
In terms of AUC estimations, the LSTM-CNN model achieved an
AUC of 0.86 [0.72, 0.99], which is lower than the results of the SVM
model (0.87 [0.75, 0.99]) and the 1D CNN network (0.89 [0.78,
1.00]). The LSTM-CNN model shows advantages in sensitivity,
specificity, and F1 score, but not in AUC. One possible reason is
that Iakovakis et al.’s in-the-clinic dataset was small with only 33
subjects, which could not fully demonstrate the power of different
deep learning models.

Evaluation on Iakovakis et al.’s In-the-Clinic Dataset

We further evaluated models on the Iakovakis et al.’s In-the-Clinic
touchscreen typing Dataset [27] which has no touch point (x, y)
coordinates and smartphone sensor data. The in-the-clinic PD smartphone typing dataset was acquired from 33 subjects (18 PD patients
and 15 healthy controls). It consists of smartphone typing data and
a clinical evaluation for each subject. For the typing data, Iakovakis
et al. collected the normalized pressure (0.000-1.000), as well as
the timestamps at touch-down and touch-up events for each touch
record on a QWERTY soft keyboard. However, touch point (x, y)
coordinates and smartphone sensor data were not included. We used
data of the 26288 touch events from this dataset.
4.2.1

Input Features

The input to all models is a sequence of 4-dimensional raw feature
vectors, which contains pressure (p), hold time (HT ), flight time
(FT ), and the first derivative of pressure over time ( ddtp ). HT is the
time difference between a touch-down event and its corresponding
touch-up event, and FT is the time difference between a touch-down
event and its previous touch-up event [26].
4.2.2

Classification Results

We followed the same procedures as in 4.1.2 to perform LOOCV
on Iakovakis et al.’s in-the-clinic dataset. In each pass, we trained
the four models with 32 subjects’ data and predicted the probability
scores for the excluded one. We calculated pressure-based features
described in [53] and the min/max/mean/median/standard deviation
values of HT /FT as input to the linear-kernel SVM. For the 1D

Figure 3: Smoothed ROC curves demonstrating the classification
performance of the five models on Iakovakis et al.’s in-the-clinic typing
dataset [53]. The curve shows the mean ROC. The band is the mean
ROC ± 1 SD. The grey dashed line indicates a random prediction.
The ROC curves of the LSTM-CNN and the 1D CNN model are closer
to the upper left corner than the other three models, indicating a better
classification performance [42].

Fig. 3 plots the ROC curve distributions estimated from different
models. In terms of average ROC curves, the LSTM-CNN model
generated a curve that is the closest to (0, 1), the left top corner in
the figure. A closer ROC curve means that the LSTM-CNN model
outperforms other models in distinguishing PD typing data from

Time
dt

Pressure
p

Coordinates
(x, y)

Accelerometer
(acc1 , acc2 , acc3 )

Gyroscope
(gy1 , gy2 , gy3 )

Distance
d, dx , dy

Speed
vx , vy , v

Acceleration
a, ax , ay

Other first derivatives
dp dacc1 dacc2 dacc3 dgy1 dgy2 dgy3
dt , dt , dt , dt , dt , dt , dt

Table 5: Raw input features of single-handed gestures, including flick, drag, and handwriting. dt is the time difference between timestamps of two
adjacent touch records.

Finger distance
q
q
Fdist =
x12 + y21 − x22 + y22

Change of angle
dθ

Distance in x

Distance in y

Angular velocity

Finger distance velocity

y1 − t2

dθ
dt

dFdist
dt

x1 − x2

Table 6: Additional features for the pinch gesture. Finger distance is the distance on the screen between touch points generated by two hands at
the same timestamp. Change of angle is the change in rotation angle from the previous timestamp in pinch gestures.

healthy controls given the optimal decision threshold defined by
Perkins and Schisterman [42] in practice. The results on Iakovakis
et al.’s in-the-clinic dataset show that our LSTM-CNN model is
promising in PD pre-screening via smartphone typing data even with
limited information.
4.3
4.3.1

Evaluation on Tian et al’s Touch Gestures Data [53]
Touch Gestures

Although this paper mainly focuses on analyzing touchscreen typing
data, we further analyzed the model performance on other touchscreen interaction data, to understand whether the benefits of deep
learning models could be generalized beyond touchscreen typing.
We evaluated the four deep learning models on touch gestures in
Tian et al’s dataset and compared its performance with the SVM
model [53]. Tian et al. collected four common types of gestures that
approximately cover daily touch gestural interactions on smartphone
touchscreens, including flick, drag, handwriting, and pinch.
Since the four common gestures are also composed of touch input
sequences, detecting PD motor impairment via analyzing common
smartphone gestural interactions can also be defined as a binary
classification problem on time series. Therefore, aforementioned
four deep learning models for typing can be generalized to common smartphone gestures with modifications in input dimensions.
For touch gestures that are performed with one hand, i.e. flick,
drag, and handwriting, we define a 26-dimensional raw feature vector in Table 5 for every touch event regardless of its type (touch
up/down/move). For bimanual gestures like pinch, we added pressure, the first derivative of pressure, touch point (x, y) coordinates,
distance, speed, and acceleration on top of Table 5 for the second
hand (13 dimensions). We also considered another 7 features in
Table 6. In total, the input vector of the pinch gesture has 46 dimensions. (Fig. 4) [53].

Figure 4: Common gestures defined in [53]. (a) flick gestures; (b)
drag gestures; (c) handwriting gestures; (d) pinch gestures.

4.3.2

Classification Results

We performed LOOCV on the data of the four gestures individually,
so that the results obtained below are user-independent. Table 7
summarizes the performance of the five models on the four common

gestures. The LSTM-CNN also showed promising performance. It
outperformed the other four models for flick and handwriting in
AUC values and performed the best among all five models in terms
of F1-score for all types of gestures. The LSTM-CNN model also
achieved the highest specificity in every gesture, indicating that our
model will generate fewer false alarms in early PD pre-screening
tests. The sensitivity value of our model is also the best for flick
and handwriting, making it competent in effectively detecting true
positive cases.

Gesture

Model

AUC [5%, 95%]

Sens

Spec

F1

Flick

SVM
LSTM-CNN
LSTM
CNN-LSTM
1D CNN

0.88 [0.80, 0.94]
0.91 [0.85, 0.98]
0.89 [0.82, 0.97]
0.51 [0.34, 0.62]
0.89 [0.82, 0.97]

0.77
0.89
0.86
0.60
0.86

0.75
0.88
0.88
0.49
0.82

0.68
0.84
0.82
0.47
0.78

Drag

SVM
LSTM-CNN
LSTM
CNN-LSTM
1D CNN

0.92 [0.84, 0.96]
0.92 [0.84, 0.96]
0.92 [0.85, 0.98]
0.83 [0.74, 0.92]
0.84 [0.75, 0.93]

0.86
0.83
0.83
0.80
0.80

0.88
0.93
0.90
0.81
0.81

0.82
0.84
0.82
0.74
0.74

Handwriting

SVM
LSTM-CNN
LSTM
CNN-LSTM
1D CNN

0.89 [0.82, 0.94]
0.90 [0.83, 0.97]
0.90 [0.83, 0.97]
0.73 [0.63, 0.84]
0.88 [0.80, 0.96]

0.71
0.89
0.83
0.83
0.83

0.85
0.88
0.84
0.57
0.82

0.71
0.84
0.77
0.62
0.76

Pinch

SVM
LSTM-CNN
LSTM
CNN-LSTM
1D CNN

0.92 [0.85, 0.96]
0.86 [0.77, 0.94]
0.85 [0.77, 0.94]
0.81 [0.72, 0.91]
0.84 [0.75, 0.93]

0.80
0.80
0.80
0.83
0.80

0.82
0.84
0.79
0.69
0.78

0.75
0.76
0.73
0.68
0.72

Table 7: Classification results of the five models on four common
gestures on Tian et al’s touch gestural interactions dataset [26]. The
LSTM-CNN model outperformed other models on flick and handwriting
gestures in terms of AUC and achieved the best F1-score among all
five models.

In summary, this evaluation shows that deep learning methods
can be easily generalized to other data, and can produce promising
results which outperform the traditional SVM model. In particular,
the proposed LSTM-CNN model is also a promising structure for
using deep learning to detect early PD motor impairment with data
from other touchscreen interactions in addition to typing.
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5.1

D ISCUSSION
Implicit PD Detection

Our results demonstrate that the deep learning models, especially
the LSTM-CNN model performed well compared to the previously
used SVM model [53] in distinguishing PD typing data from healthy
controls. The LSTM-CNN model achieved an AUC of 0.95 and
an F1-score of 0.90 for Tian et al.’s dataset [53], improving the
performance achieved by the SVM approach (AUC = 0.88, F1-score
= 0.73). The LSTM-CNN model also performed well on Iakovakis et
al.’s in-the-clinic dataset [27], especially in terms of F1-score (AUC
= 0.86, F1-score = 0.86). Moreover, the proposed LSTM-CNN
model can be easily generalized to other smartphone interactions
and achieved the best results among the aforementioned four models
in AUC and F1-score for flick, drag, and handwriting gestures. These
results indicate that deep learning is promising in detecting PD from
touchscreen interaction data, and the proposed LSTM-CNN model
advances the understanding of how to implicitly assess early PD
motor impairment of older adults via smartphone interactions.
5.2

Deep Learning for Early PD Detection

Deep learning has several benefits over traditional machine learning
methods, such as an SVM model or a logistic regression model.
These benefits contribute to better performance on the PD classification problem. Firstly, a deep neural network fully utilizes the
input data and delivers high-quality results. Compared to traditional
methods such as SVM, deep neural networks also take into account
the dependencies among different dimensions of the data, which
leads to better empirical results because dimensions in real-world
data are usually not independent. Secondly, neural networks also
process data non-linearly. In practice, detection of early PD motor
impairment via keyboard typing is probably not a linear problem.
Therefore, its decision boundaries cannot be well approximated with
linear representations in methods such as a logistic regression model.
Moreover, deep learning neural networks eliminate the need for
ahead-of-time feature engineering where input features are carefully
determined through various statistical tests, such as features input to
an SVM model. Descriptive features can be automatically extracted
directly from the input data based on the desired outcome.
In addition, deep learning also has the following merits that make
it a promising approach for detecting early PD motor impairment in
future applications and research. Deep architectures are generalizable to fit different data and applications, and they are also flexible
to be adapted for solving new problems. The proposed LSTM-CNN
model can be applied to other PD typing datasets and adapted to classify PD on other collected time sequences rather than smartphone
typing data. Since deep networks automatically learn variations in
the input data, it also has fault tolerance to corruption in internal
units and thus can generate robust results.
5.3

Performance and Limitations of LSTM-CNN Model

Our evaluation indicates that the proposed LSTM-CNN model is
promising for detecting early PD motor impairment with smartphone
interactions data. One possible reason is that the recurrent block in
LSTM-CNN captures both local and long-term time-related information, and stacked layers of CNN further extract distinctive features
from the LSTM output. In such a manner, the LSTM-CNN model
automatically selects distinctive features that also contain temporal
information, making it suitable for analyzing touchscreen typing
data, which contains sequences of touch inputs.
However, the benefits of LSTM-CNN on a small dataset are not
as strong as on a big dataset. For example, the LSTM-CNN model
improves specificity, sensitivity, and the F1-score, but not the AUC
score on Iakovakis et al’s in-the-clinic dataset [27] which contains
only 33 subjects and has no touch-coordinates, accelerometer, or
gyroscope data. Another limitation of the LSTM-CNN model is that

we assume that possible patients are capable of typing on a smartphone. How learning disabilities due to genetic or neurobiological
factors other than PD affect PD pre-screening using deep learning
models remains unclear and is worth conducting future research.
6

C ONCLUSION

In this paper, we investigated the effectiveness of using deep learning
for detecting motor impairment in early PD by analyzing smartphone
touchscreen typing data of older adults. We evaluated four deep
learning models (LSTM-CNN, CNN-LSTM [46], 1D CNN [25],
and LSTM only) on two datasets: Tian et al.’s dataset [53] and Iakovakis et al.’s in-the-clinic dataset [27]. Our evaluation shows that
deep learning is an appropriate approach to analyze touchscreen typing data. In particular, the LSTM-CNN model is a promising model.
It achieved an AUC of 0.95 and an F1-score of 0.90 in leave-one-out
PD classification and outperformed the previous SVM method [53].
The LSTM-CNN model also performed well on Iakovakis et al.’s
in-the-clinic dataset (AUC = 0.86, F1-score = 0.86) and significantly
improved the F1-score of the previously used 1D CNN method. Furthermore, the promising performance of the LSTM-CNN model can
be generalized to other types of touchscreen interaction data, including flick, drag, handwriting, and pinch. Overall, our research shows
that deep learning is promising in detecting PD from touchscreen
interactionss, and the proposed LSTM-CNN model is a promising
neural network structure to perform such analysis.
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[19] M. Gazda, M. Hireš, and P. Drotár. Multiple-fine-tuned convolutional
neural networks for parkinson’s disease diagnosis from offline handwriting. IEEE Transactions on Systems, Man, and Cybernetics: Systems, 52(1):78–89, 2022. doi: 10.1109/TSMC.2020.3048892
[20] C. G. Goetz, G. T. Stebbins, D. Wolff, W. DeLeeuw, H. Bronte-Stewart,
R. Elble, M. Hallett, J. Nutt, L. Ramig, T. Sanger, A. D. Wu, P. H. Kraus,
L. M. Blasucci, E. A. Shamim, K. D. Sethi, J. Spielman, K. Kubota,
A. S. Grove, E. Dishman, , and C. B. Taylor. Testing objective measures
of motor impairment in early parkinson’s disease: Feasibility study of
an at-home testing device. Movement disorders: official journal of the
Movement Disorder Society, 24(4):551–556, 2009.
[21] C. G. Goetz, B. C. Tilley, S. R. Shaftman, G. T. Stebbins, S. Fahn,
P. Martinez-Martin, W. Poewe, C. Sampaio, M. B. Stern, R. Dodel,
et al. Movement disorder society-sponsored revision of the unified
parkinson’s disease rating scale (mds-updrs): scale presentation and
clinimetric testing results. Movement disorders: official journal of the
Movement Disorder Society, 23(15):2129–2170, 2008.
[22] J. Hills, J. Lines, E. Baranauskas, J. Mapp, and A. Bagnall. Classification of time series by shapelet transformation. Data mining and
knowledge discovery, 28(4):851–881, 2014.
[23] J. Hoff, E. Wagemans, and van Hilten BJ. Ambulatory objective
assessment of tremor in parkinson’s disease. ClinNeuropharmacol,
24(5):280–283, 2001.
[24] D. Iakovakis, K. Chaudhuri, L. Klingelhoefer, S. Bostantjopoulou,
Z. Katsarou, D. Trivedi, H. Reichmann, S. Hadjidimitriou, V. Charisis,
and L. J. Hadjileontiadis. Screening of parkinsonian subtle fine-motor
impairment from touchscreen typing via deep learning. Scientific
reports, 10(1):1–13, 2020.
[25] D. Iakovakis, S. Hadjidimitriou, V. Charisis, S. Bostanjopoulou, Z. Katsarou, L. Klingelhoefer, S. Mayer, H. Reichmann, S. B. Dias, J. A.
Diniz, et al. Early parkinson’s disease detection via touchscreen typing
analysis using convolutional neural networks. In 2019 41st Annual
International Conference of the IEEE Engineering in Medicine and
Biology Society (EMBC), pp. 3535–3538. IEEE, 2019.
[26] D. Iakovakis, S. Hadjidimitriou, V. Charisis, S. Bostantjopoulou,
Z. Katsarou, L. Klingelhoefer, H. Reichmann, S. B. Dias, J. A. Diniz,
D. Trivedi, et al. Motor impairment estimates via touchscreen typing
dynamics toward parkinson’s disease detection from data harvested
in-the-wild. Frontiers in ICT, 5:28, 2018.

[27] D. Iakovakis, S. Hadjidimitriou, V. Charisis, S. Bostantzopoulou,
Z. Katsarou, and L. J. Hadjileontiadis. Touchscreen typing-pattern
analysis for detecting fine motor skills decline in early-stage parkinson’s disease. Scientific reports, 8(1):1–13, 2018.
[28] N. H. Ismail, M. Du, D. Martinez, and Z. He. Multivariate multistep deep learning time series approach in forecasting parkinson’s
disease future severity progression. In Proceedings of the 10th ACM
International Conference on Bioinformatics, Computational Biology
and Health Informatics, pp. 383–389, 2019.
[29] Y.-S. Jeong, M. K. Jeong, and O. A. Omitaomu. Weighted dynamic time warping for time series classification. Pattern recognition,
44(9):2231–2240, 2011.
[30] R. J. Kate. Using dynamic time warping distances as features for
improved time series classification. Data Mining and Knowledge
Discovery, 30(2):283–312, 2016.
[31] O. Koller, N. C. Camgoz, H. Ney, and R. Bowden. Weakly supervised
learning with multi-stream cnn-lstm-hmms to discover sequential parallelism in sign language videos. IEEE transactions on pattern analysis
and machine intelligence, 42(9):2306–2320, 2019.
[32] A. Lang and A. Lozano. Parkinson’s disease. first of two parts. N Engl
J Med, 339(15):1044–1097, October 1998.
[33] C. Y. Lee, S. J. Kang, S.-K. Hong, H.-I. Ma, U. Lee, and Y. J. Kim. A
validation study of a smartphone-based finger tapping application for
quantitative assessment of bradykinesia in parkinson’s disease. PLoS
ONE, 11(7):e0158852, July 2016.
[34] S. Lee, R. Hussein, and M. J. McKeown. A deep convolutionalrecurrent neural network architecture for parkinson’s disease eeg classification. In 2019 IEEE Global Conference on Signal and Information
Processing (GlobalSIP), pp. 1–4, 2019. doi: 10.1109/GlobalSIP45357.
2019.8969309
[35] W. Li, W. Zhu, E. R. Dorsey, and J. Luo. Predicting parkinson’s disease
with multimodal irregularly collected longitudinal smartphone data.
In 2020 IEEE International Conference on Data Mining (ICDM), pp.
1106–1111. IEEE, 2020.
[36] J. Liddle, D. Ireland, S. McBride, S. Brauer, L. Hall, and H. e. a.
Ding. Measuring the lifespace of people with parkinson’sdisease using
smartphones: proof of principle. JMIR Mhealth Uhealth, 2(1):e13,
2014.
[37] J. Lin, R. Khade, and Y. Li. Rotation-invariant similarity in time series
using bag-of-patterns representation. Journal of Intelligent Information
Systems, 39(2):287–315, 2012.
[38] J. Lines and A. Bagnall. Time series classification with ensembles of
elastic distance measures. Data Mining and Knowledge Discovery,
29(3):565–592, 2015.
[39] D. Pan, R. Dhall, A. Lieberman, and B. D. Petitti. A mobile cloud-based
parkinson’s disease assessment system for home-based monitoring.
JMIR mHealth uHealth, 3(1):e29, Mar 2015. doi: 10.2196/mhealth.
3956
[40] D. Pan, R. Dhall, A. Lieberman, D. B. Petitti, et al. A mobile cloudbased parkinson’s disease assessment system for home-based monitoring. JMIR mHealth and uHealth, 3(1):e3956, 2015.
[41] A. Papadopoulos, D. Iakovakis, L. Klingelhoefer, S. Bostantjopoulou,
K. Chaudhuri, K. Kyritsis, S. Hadjidimitriou, V. Charisis, L. J. Hadjileontiadis, and A. Delopoulos. Unobtrusive detection of parkinson’s
disease from multi-modal and in-the-wild sensor data using deep learning techniques. Scientific Reports, 10(1):1–13, 2020.
[42] N. J. Perkins and E. F. Schisterman. The inconsistency of “optimal”
cutpoints obtained using two criteria based on the receiver operating
characteristic curve. American journal of epidemiology, 163(7):670–
675, 2006.
[43] J. Prince and M. De Vos. A deep learning framework for the remote
detection of parkinson’s disease using smart-phone sensor data. In
2018 40th Annual International Conference of the IEEE Engineering
in Medicine and Biology Society (EMBC), pp. 3144–3147. IEEE, 2018.
[44] C. Quan, K. Ren, and Z. Luo. A deep learning based method for
parkinson’s disease detection using dynamic features of speech. IEEE
Access, 9:10239–10252, 2021.
[45] A. Rodrı́guez-Molinero, A. Samà, A. D. Pérez-Martı́nez,
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J. Orozco-Arroyave, and E. Nöth. End-2-end modeling of speech
and gait from patients with parkinson’s disease: Comparison between
high quality vs. smartphone data. In ICASSP 2021-2021 IEEE International Conference on Acoustics, Speech and Signal Processing
(ICASSP), pp. 7298–7302. IEEE, 2021.
[56] Y. Xia, Z. Yao, Q. Ye, and N. Cheng. A dual-modal attention-enhanced
deep learning network for quantification of parkinson’s disease characteristics. IEEE Transactions on Neural Systems and Rehabilitation
Engineering, 28(1):42–51, 2019.
[57] M. Yang, Y. Sheu, Y. Shih, and M. Yong. Portable tremor monitor
system for real-time full-wave monitoring and analysis. Review of
Scientific Instruments, 74(3):1303–1309, 2003.
[58] A. Yenter and A. Verma. Deep cnn-lstm with combined kernels from
multiple branches for imdb review sentiment analysis. In 2017 IEEE
8th Annual Ubiquitous Computing, Electronics and Mobile Communication Conference (UEMCON), pp. 540–546. IEEE, 2017.
[59] Y. Zheng, Q. Liu, E. Chen, Y. Ge, and J. L. Zhao. Exploiting multichannels deep convolutional neural networks for multivariate time
series classification. Frontiers of Computer Science, 10(1):96–112,
2016.

