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Abstract: The automatic recognition of human activities with sensors available in off-the-shelf mobile
devices has been the subject of different research studies in recent years. It may be useful for
the monitoring of elderly people to present warning situations, monitoring the activity of sports
people, and other possibilities. However, the acquisition of the data from different sensors may fail
for different reasons, and the human activities are recognized with better accuracy if the different
datasets are fulfilled. This paper focused on two stages of a system for the recognition of human
activities: data imputation and data classification. Regarding the data imputation, a methodology for
extrapolating the missing samples of a dataset to better recognize the human activities was proposed.
The K-Nearest Neighbors (KNN) imputation technique was used to extrapolate the missing samples
in dataset captures. Regarding the data classification, the accuracy of the previously implemented
method, i.e., Deep Neural Networks (DNN) with normalized and non-normalized data, was improved
in relation to the previous results without data imputation.

Keywords: human activities; data imputation; data classification; sensors; mobile devices;
missing data

1. Introduction

The evolution of Internet of Things systems and multi-sensor devices contributed to the
development of systems for human activity monitoring. One set of applications of these technologies is
improving the independent living and rehabilitation of older adults and people with special needs [1].
Likewise, there are approaches for fall detection and risk assessment [2,3]. Usually, the human activity
monitoring systems transmit the collected data to the cloud for real-time processing and further
analysis [4]. In light of that, the network conditions become an important factor in facilitating data
transfer [5]. Therefore, the development of optimized online systems and test pilots are important.
Moreover, these systems should be prepared for older adults, which raises other sets of challenges
related to usability and ergonomics; therefore, the resilience of these is essential [6,7].

Different types of activities may be detected with the inertial sensors available in the mobile devices,
including running, walking, walking upstairs, walking downstairs, and standing [8,9]. For the detection
of human activities, one of the possibilities is the use of artificial intelligence methods combined with
the capabilities of the mobile devices for the development of monitoring tools anywhere at any time [10].
Still, the data acquisition may have problems related to low memory, power processing, and battery

Future Internet 2020, 12, 155; doi:10.3390/fi12090155 www.mdpi.com/journal/futureinternet

http://www.mdpi.com/journal/futureinternet
http://www.mdpi.com
https://orcid.org/0000-0002-3394-6762
https://orcid.org/0000-0001-9812-7488
https://orcid.org/0000-0002-3195-3168
https://orcid.org/0000-0001-7664-0168
http://www.mdpi.com/1999-5903/12/9/155?type=check_update&version=1
http://dx.doi.org/10.3390/fi12090155
http://www.mdpi.com/journal/futureinternet


Future Internet 2020, 12, 155 2 of 18

capacity [6], causing missing or incorrect samples in the acquired data, and consequent incorrections
in the recognition of the activities. Likewise, in the case of wearables, frequently, the devices can be
misplaced, causing inaccurate, invalid, or missing data. It is one of the main problems related to the
development of intelligent systems for the monitoring of different people. To reduce such faulty data
and improve the reliability of these systems, data imputation techniques might be applied. The data
imputation methods used in the different systems depend on the timing of missing data, which it
can be missing completely at random (MCAR), missing at random (MAR), or missing not at random
(MNAR) [11,12]. Generally, the data imputation relies on tree-based approaches [13,14], multi-matrices
factorization model (MMF) [15], clustering techniques, e.g., K-means [16] and K-Nearest Neighbor
(KNN) [17], multiple imputation [18], hot/cold imputation, maximum likelihood, Bayesian estimation,
and expectation maximization [13–16]. In this study, we considered the case of not using imputation as
a competitor for the data imputation with KNN, as it was commonly used in other data imputation
problems in different industries [19,20].

The motivation of this paper is to improve the results on the human activity recognition (considering
five activities, i.e., walking, running, standing, walking upstairs, and walking downstairs) by integrating
the data imputation algorithm in the data processing pipeline. After this, the whole pipeline consists
of data acquisition, data cleaning, identification of the number of missing samples, data segmentation,
data imputation, and data. For the data acquisition and cleaning, the previously implemented
techniques were used [8,9]. After the identification of missing samples and data segmentation, the data
imputation was implemented with the KNN imputation algorithm [17] for the estimation of the values
of the different datasets to fulfill the number of outputs correctly. The values of each axis separately in
the raw sensory measurements were imputed separately.

The proposed method in this paper uses three inertial sensors, i.e., accelerometer, magnetometer,
and gyroscope, with the same frequency of acquisition. After performing the data imputation,
the feature extraction process should be performed, which commonly includes a variety of time and
frequency domain features, such as the mean, energy, correlation, entropy, frequency of maximum
values, standard deviation, maximum, minimum, median, variance, 75th percentile, inter-quartile range,
average absolute difference, binned distribution, energy, Signal Magnitude Area (SMA), zero-crossing
rate, number of peaks, absolute value of short-time Fourier transform, power of short-time Fourier
transform, skewness, kurtosis, and power spectral centroid [9,21]. After the extraction and selection
of different features, different machine learning methods may be included in the pipeline, such as
Random Forest, Artificial Neural Networks (ANN), Support Vector Machine (SVM), Naïve Bayes,
Logistic regression, decision tree, K-Nearest Neighbor (KNN), among others.

The rest of the paper is organized as follows: Section 2 presents the methodology implemented in
this study. The consequent results are presented in Section 3 and are discussed in Section 4. This study
is finalized with the conclusions in Section 5.

2. Methods

2.1. Overview

The methodology of this study proposes the automatic identification of five human activities,
including walking, running, walking upstairs, walking downstairs, and standing. Figure 1 shows the
flow diagram of the proposed methodology to perform the classification of the different samples with
the extrapolation the missing samples before the classification of the data. The method is composed
by seven modules, including data acquisition (Section 2.2), data imputation (Section 2.3), denoising
(Section 2.4), features integration (Section 2.5), data normalization (Section 2.6), model training and
evaluation (Section 2.7), and performance comparison (Section 2.8). These stages are explained in the
next sections.
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Figure 1. Workflow of the proposed methodology.

2.2. Study Participants and Data Acquisition

The data acquisition process is performed with non-intrusive equipment based on the use
of a mobile device that incorporates different sensors, including an accelerometer, magnetometer,
and gyroscope sensors. During the data acquisition, some failures may occur, and the missing samples
were detected (Section 2.4). The data acquired includes the performance of different activities, including
walking, running, standing, walking upstairs, and walking downstairs [22]. The different activities
were performed and labeled by 25 individuals aged between 20 and 60 years old with different lifestyles
and health states.

In general, the dataset is composed by 2000 captures of 5 s for each activity that corresponds to
around 2.78 h of captures, representing 169.44 h of captures related to each activity. Thus, this dataset
is composed by 13.9 h of captures shared by different individuals. The data were acquired using an
Android application installed in a mobile device to record the mobile sensors data while performing
the activities. All the participants kept the mobile phone in the front pocket of their pants while
performing activities. The mobile device used is the BQ Aquaris 5.7 smartphone with a Quad Core
CPU and 16 GB of internal memory [23]. Next, the data were used for the implementation of different
techniques for data classification (Section 2.7). The mobile devices have different constraints related to
the low memory, battery, and power processing, which may cause different failures [6,24]. After the
acquisition, the original dataset without the application of the data imputation technique is available
in [25], and the dataset with the application of the data imputation technique is available in [26].

2.3. Data Imputation

Once the dataset was collected, the next step was to analyze the missing samples and then
extrapolate the missing samples using the data imputation technique. Figure 2 shows the flowchart for
extrapolating the missing samples. It can the seen that the data imputation was performed in four
major steps, which include missing samples identification, NULL values insertion, data segmentation,
and data imputation.

2.3.1. Missing Samples Identification

After data acquisition and cleaning, the existence of missing samples in each record was performed.
Regarding the training of the artificial intelligence methods, the existence of missing samples causes
some impact in the correct recognition of human activities. It may occur by different reasons, including
the user not performing an activity for a complete defined activity duration, failures of the sensors,
environmental noise, or problems with the mobile device used for data acquisition.

Firstly, the number of missing samples in each record of the dataset was identified, analyzing the
duration of each activity and the frequency rate of the sensors. The frequency rate differs from the
sensors, where the frequency rate of the accelerometer and gyroscope was 100 Hz, and the frequency
rate of the magnetometer was 10 Hz. Thus, the methods analyzed 500 samples for the accelerometer
and magnetometer sensors, and 50 samples for the magnetometer sensor for each 5 s of activity.
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Next, the number of missing samples for each capture was analyzed, excluding the samples
that had less than 4 s of the data. Thus, the captures with more than 100 missing samples in the
accelerometer and gyroscope sensors and the captures with more than 10 missing samples in the
magnetometer sensor were discarded. This was done to be closer to the originality of the data than
filling all synthetic samples to fulfill the space of missing samples.

From the above analysis, the missing samples count was identified with Equation (1).

Missing Samples Count = (Frequency rate × Activity Duration) − Samples Count in the Given Excerpt (1)

Now, based upon the accelerometer and gyroscope specifications, Equations (1) and (2) were used,
while in case of the magnetometer, Equations (1)–(3) were used:

Missing Samples Count for Acc. and Gy = (100 Hz × 5 s) − Samples Count in the Given Excerpt
Missing Samples Count for Acc. and Gy = 500 − Samples Count in the Given Excerpt

(2)

Missing Samples Count for Magnetometer = (10 Hz × 5 s) − Samples Count in the Given Excerpt
Missing Samples Count for Magnetometer = 50 − Samples Count in the Given Excerpt.

(3)
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2.3.2. NULL Values Insertion

After identifying the missing samples, the next step is to insert the NULL values to fill the space
of the missing samples. Before inserting the NULL values, it was verified whether the missing samples
count is greater than the sample frequency rate, i.e., the number of samples recorded in one second;
then, the NULL values are not inserted, and the excerpt is ignored. Thus, if the missing samples
count in each excerpt is more than 100 missing samples in case of the accelerometer and gyroscope
or more than 10 missing samples in case of the magnetometer, then the excerpt is ignored. It is done
to be closer to the originality of the data than filling all synthetic samples to fill the space of missing
samples. On the other hand, if the missing samples count is less than or equal to the sample frequency
rate, then NULL values are inserted after every constant time interval, i.e., after 1/100 s in case of an
accelerometer and gyroscope and 1/10 s in case of a magnetometer, to fill the space of missing samples.
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2.3.3. Data Segmentation

After filling the space of missing samples with NULL values, the segmentation of the samples was
performed to apply the imputation technique to extrapolate the missing samples. The samples were
segmented in each excerpt with respect to its sample frequency rate. In the case of the accelerometer
and gyroscope, the samples were segmented into a window of 100 samples having 90 known samples
and the first 10 unknown samples. While in the case of the magnetometer, the samples were segmented
into a window of 10 samples having 9 known samples and one unknown sample. If the missing
samples count was less than or equal to 10 in the case of the accelerometer and gyroscope, then all
unknown samples were included with the known samples to make a window of 100 samples. While in
case of the magnetometer, if the missing samples count was less than or equal to 2, all unknown
samples were included with the known samples to make a window of 10 samples.

2.3.4. Data Imputation

The KNN imputation technique is a method to identify k samples in the used dataset by its
similarity or closeness in the space [27]. The k samples are used to estimate the value of missing points.
Generally, the value is imputed with the mean value of the k samples that are neighbors in the dataset.

Once the data were segmented, the KNN imputation technique was applied to extrapolate the
missing samples. In the KNN imputation technique, we first found k-closest neighbors to the missing
samples, and then these missing samples were imputed based upon the known k-closest neighbors.
The data points having the shortest distance based on Euclidean distances were considered as the
closest neighbors. The value of every missing sample was interpolated using the mean value of the
k-closest neighbors. The missing samples count every time was noticed before applying the KNN
imputation. If the missing samples count was less than 10, then the missing samples were filled in
the first iteration. However, if the missing samples count was more than 10, then the window was
moved 10 steps forward to make another chunk of data and apply the KNN imputation technique to
extrapolate the missing samples. As shown in Figure 1, this process continued until all the missing
samples were extrapolated.

In short, each recorded activity of the given dataset was analyzed, and the missing samples count
was identified. Based upon the missing sample count, the comparison of the missing sample count with
the sample frequency rate was performed. If the missing sample count is greater than the frequency
rate of given excerpt, then that particular excerpt was ignored, and the next excerpt was analyzed.
However, if the missing sample count is less than or equal to frequency rate, then the NULL values
are inserted after a fixed time interval until all the missing sample are filled with the NULL values.
Once the NULL values are inserted, then the samples were segmented into a window of 100 samples.
Finally, the KNN imputation technique was applied for extrapolating the missing samples values based
upon the known samples and this process was repeated as all the unknown values were extrapolated.

2.4. Denoising

The data cleaning process is important to remove the environment noise, effects of involuntary
movements, and other artifacts, to improve the results of the recognition of human activities. According
to the type of sensors used, the implemented method was the low-pass filter [28], which allows extracting
features more clearly and is reliable for the implementation of classification methods.

2.5. Features Integration

After the data imputation, all three sensor excerpts of all datasets along with their activity labels
were integrated to make a feature vector. The features extracted for each sensor are the five greatest
distances between the maximum peaks, the average, standard deviation, variance, and median of the
maximum peaks, and the standard deviation, average, maximum value, minimum value, variance,
and median of the raw signal.
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2.6. Data Normalization

After the extraction and integration of the different features, two different analyses were performed,
i.e., one with raw features, and another one with the normalized features. According to the literature,
there are different normalization techniques, but the most adapted to the implementation of the Deep
Neural Networks (DNN) method with the DeepLearning4j framework [29] consists in the use of the
mean and standard deviation [30].

2.7. Model Training and Evaluation

Once the feature vector was split into a training and test set, the deep learning model was
trained over the training set for recognizing the human activities. After the extraction of the different
features, the Deep Neural Networks (DNN) method was implemented with the DeepLearning4j
framework [29]. During the hyper parameter tuning with a grid search approach [31], we considered
the following values for each of the parameters: learning rate (100, 10−1, 10−2, 10−3, 10−3, 10−5, 10−6,
10−7) with an adaptive learning rate approach [32], number of hidden layers (1–4), regularization
(L1, L2), normalization (min–max normalization), and mean and standard deviation. The following
parameters were selected with the grid search and were configured for the final DNN model:

• Activation function: Sigmoid;
• Learning rate: 0.1;
• Maximum number of training iterations: 4 × 106;
• Number of hidden layers: 3;
• Weight function: Xavier;
• Backpropagation: Yes;
• Regularization: L2 [33];
• Normalization: By mean and standard deviation [30].

Finally, the evaluation of the performance of the trained model was performed, and it was tested
over the unseen data, i.e., the test set. Note that the experiments were repeated five times with different
seeds causing different training and test splits, as well as different initializations of the DNN network.
During the experiments, the hyperparameters were fixed to the above values. Based upon the testing
results, the confusion matrix was constructed, which is further used to evaluate the performance of the
trained model with respect to different performance metrics. The results and metrics are discussed in
Section 3, and they represent the averages of the five repetitions.

2.8. Performance Comparison

Since a data imputation technique was applied to extrapolate the missing samples,
next, the evaluation of the effectiveness of the proposed data imputation technique was performed.
For this purpose, the dataset was trained and tested with a deep learning algorithm first without data
imputation. Afterwards, the dataset was trained and tested with the same deep learning model over
the imputed dataset. Finally, the comparison of the performance of both the traditional approach
and the proposed imputation approach was performed. The results of this experiment are discussed
in Section 3.

3. Results

3.1. Data Imputation

This stage started with the identification of the number of missing samples. A sample rate of
100 Hz for the accelerometer and gyroscope sensors was considered, which corresponds to 500 samples
per activity, and a sample rate of 10 Hz for the magnetometer sensor was considered, which corresponds
to 50 samples per activity. Thus, as presented in Table 1, there are a lot of missing samples related to the
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accelerometer sensor. It shows the number of complete and missing values related to the accelerometer,
where the same analysis was performed for the other sensors. The major number of missing samples
was verified during walking upstairs.

Table 1. Analysis of missing samples from the accelerometer sensor.

Activity Total Records Complete Records
Records with Missing Samples

≤10 >10 & ≤100 >100

Walking 2000 1217 317 327 139

Running 2000 1513 403 72 12

Standing 2000 1601 360 37 2

Walking upstairs 2000 1293 173 115 419

Walking downstairs 2000 1636 111 75 178

Next, the data segmentation for the further implementation of data imputation techniques was
performed. Table 2 shows an excerpt of accelerometer data during walking activity, where it is possible
to observe that 50 samples of data are missing. Next, the frequency of 100 Hz was considered, and the
values of the next 50 samples were measured. However, Table 3 shows the start of the process, filling
the missing values in the missing rows as NULL. After all the missing values were filled as NULL,
the data segmentation process was performed, as shown in Table 4. Finally, the KNN imputation
method was implemented to extrapolate the NULL values, as shown in Table 5.

Table 2. Excerpt of accelerometer sample for walking activity.

# Timestamp X Y Z

1 1493996698893 −2.145 −9.174 3.802

2 1493996698902 −0.612 −9.625 3.984

3 1493996698914 −0.641 −10.678 3.84

. . .

448 1493996702662 −0.641 −8.533 3.84

449 1493996702663 −0.632 −8.399 3.61

450 1493996702672 −0.526 −8.322 3.39

Table 3. Excerpt of accelerometer sample for walking activity with missing samples filled as NULL.

# Timestamp X Y Z

450 1493996702672 −0.526 −8.322 3.39

451 1493996702682 NULL NULL NULL

452 1493996702692 NULL NULL NULL

. . .

499 1493996703162 NULL NULL NULL

500 1493996703172 NULL NULL NULL
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Table 4. Data segmentation before applying the K-Nearest Neighbors (KNN) imputation technique.

# Timestamp X Y Z

441 1493996702582 −0.526 −8.322 3.39
442 1493996702593 −0.392 −8.102 3.208
443 1493996702604 −0.507 −8.207 3.112

. . .
449 1493996702663 −0.632 −8.399 3.61
450 1493996702672 −0.526 −8.322 3.39
451 1493996702682 NULL NULL NULL
452 1493996702692 NULL NULL NULL

Table 5. Missing samples filled after applying the KNN imputation technique.

# Timestamp X Y Z

449 1493996702663 −0.632 −8.399 3.61

450 1493996702672 −0.526 −8.322 3.39
451 1493996702682 −0.329 −9.866 −1.05
452 1493996702692 −0.332 −9.197 2.405

This technique is implemented for the files that have less than 100 missing samples in the case of
the accelerometer and gyroscope and 10 missing samples in the case of the magnetometer. If more
than 100 samples are missing, this capture should be discarded. Thus, the captures with more than
100 records missing from the accelerometer or gyroscope and the captures with more than 10 records
missed from the magnetometer were ignored. The pattern of imputed data is similar to the other
values in each capture, as explained in Section 2.

Next, Figure 3 shows the representation of the different axis of one capture during walking
downstairs, where only 375 records are available. The number of records should be normalized
to obtain reliable results in the data classification, i.e., all experiments must have 500 records. It is
verified that 125 samples are missing. The KNN imputation method was implemented and the result is
presented in Figure 4. However, the results obtained have the same pattern, but its amplitude is higher.
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Figure 3. Accelerometer sample related to moving downstairs.
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3.2. Data Classification

3.2.1. Non-Normalized Data

Considering the accelerometer data, the results obtained with non-imputed and non-normalized
data are reported in the confusion matrix presented in Table 6. The implemented method reported an
accuracy of 22.9%, a precision of 19.65%, a recall value of 22.9%, and an F1 score of 21.15%.

Table 6. Confusion matrix related to non-normalized and non-imputed data from the accelerometer sensor.

Predicted Class

Walking
Downstairs

Walking
Upstairs Running Standing Walking

Actual Class

Walking Downstairs 290 0 0 1709 1

Walking Upstairs 210 0 0 1790 0

Running 3 1 0 1996 0

Standing 0 0 0 2000 0

Walking 1 0 0 1999 0

Considering the accelerometer and magnetometer sensors’ data, the results obtained with
non-imputed and non-normalized data are reported in the confusion matrix presented in Table 7.
The implemented method reported an accuracy of 40.69%, a precision of 56.4%, a recall value of 40.69%,
and an F1 score of 47.27%.
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Table 7. Confusion matrix related to non-normalized and non-imputed data from the accelerometer
and magnetometer sensors.

Predicted Class

Walking
Downstairs

Walking
Upstairs Running Standing Walking

Actual Class

Walking Downstairs 179 2 20 1791 8

Walking Upstairs 67 13 8 1912 0

Running 1 0 1877 121 1

Standing 0 0 0 2000 0

Walking 4 0 2 1994 0

Considering the accelerometer, magnetometer, and gyroscope sensors’ data, the results obtained
with non-imputed and non-normalized data are reported in the confusion matrix presented in Table 8.
The implemented method reported an accuracy of 74.46%, a precision of 78.24%, a recall value of
74.46%, and an F1 score of 76.3%.

Table 8. Confusion matrix related to non-normalized and non-imputed data from the accelerometer,
magnetometer, and gyroscope sensors.

Predicted Class

Walking
Downstairs

Walking
Upstairs Running Standing Walking

Actual Class

Walking Downstairs 99 1534 2 5 360

Walking Upstairs 31 1618 0 7 344

Running 0 38 1879 29 54

Standing 0 14 0 1986 0

Walking 1 80 0 55 1864

Considering the accelerometer data, the results obtained with imputed and non-normalized data
are reported in the confusion matrix presented in Table 9. The implemented method reported an
accuracy of 20%, a precision of 20%, a recall value of 20%, and an F1 score of 20%.

Table 9. Confusion matrix related to non-normalized and imputed data from the accelerometer sensor.

Predicted Class

Walking
Downstairs

Walking
Upstairs Running Standing Walking

Actual Class

Walking Downstairs 0 0 2000 0 0

Walking Upstairs 0 0 2000 0 0

Running 0 0 2000 0 0

Standing 0 0 2000 0 0

Walking 0 0 2000 0 0

Considering the accelerometer and magnetometer sensors’ data, the results obtained with imputed
and non-normalized data are reported in the confusion matrix presented in Table 10. The implemented
method reported an accuracy of 20.1%, a precision of 73.34%, a recall value of 20.1%, and an F1 score
of 31.55%.
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Table 10. Confusion matrix related to non-normalized and imputed data from the accelerometer and
magnetometer sensors.

Predicted Class

Walking
Downstairs

Walking
Upstairs Running Standing Walking

Actual Class

Walking Downstairs 0 0 0 2000 0

Walking Upstairs 0 0 0 2000 0

Running 0 0 5 1995 0

Standing 0 0 0 2000 0

Walking 0 0 0 1995 5

Considering the accelerometer, magnetometer, and gyroscope sensors’ data, the results obtained
with imputed and non-normalized data are reported in the confusion matrix presented in Table 11.
The implemented method reported an accuracy of 20.19%, a precision of 60.02%, a recall value of
20.19%, and an F1 score of 30.22%.

Table 11. Confusion matrix related to non-normalized and imputed data from the accelerometer,
magnetometer, and gyroscope sensors.

Predicted Class

Walking
Downstairs

Walking
Upstairs Running Standing Walking

Actual Class

Walking Downstairs 0 0 0 0 2000

Walking Upstairs 0 19 0 0 1981

Running 0 0 0 0 2000

Standing 0 0 0 0 2000

Walking 0 0 0 0 2000

3.2.2. Normalized Data

Considering the accelerometer data, the results obtained with non-imputed and normalized data
are reported in the confusion matrix presented in Table 12. The implemented method reported an
accuracy of 85.89%, a precision of 86.21%, a recall value of 85.89%, and an F1 score of 86.05%.

Table 12. Confusion matrix related to normalized and non-imputed data from the accelerometer sensor.

Predicted Class

Walking
Downstairs

Walking
Upstairs Running Standing Walking

Actual Class

Walking Downstairs 1334 510 9 4 143

Walking Upstairs 230 1639 4 14 113

Running 20 34 1909 9 28

Standing 0 11 0 1985 4

Walking 109 128 9 32 1722

Considering the accelerometer and magnetometer sensors’ data, the results obtained with
non-imputed and normalized data are reported in the confusion matrix presented in Table 13.
The implemented method reported an accuracy of 86.49%, a precision of 86.75%, a recall value of
86.49%, and an F1 score of 86.62%.
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Table 13. Confusion matrix related to non-normalized and imputed data from the accelerometer and
magnetometer sensors.

Predicted Class

Walking
Downstairs

Walking
Upstairs Running Standing Walking

Actual Class

Walking Downstairs 1359 455 2 13 171

Walking Upstairs 214 1631 1 18 136

Running 20 32 1914 26 8

Standing 1 12 0 1984 3

Walking 60 125 1 53 1761

Considering the accelerometer, magnetometer, and gyroscope sensors’ data, the results obtained
with non-imputed and normalized data are reported in the confusion matrix presented in Table 14.
The implemented method reported an accuracy of 89.52%, a precision of 89.74%, a recall value of
89.51%, and an F1 score of 89.62%.

Table 14. Confusion matrix related to normalized and non-imputed data from the accelerometer,
magnetometer, and gyroscope sensors.

Predicted Class

Walking
Downstairs

Walking
Upstairs Running Standing Walking

Actual Class

Walking Downstairs 1545 325 1 3 126

Walking Upstairs 204 1684 1 5 106

Running 5 46 1917 21 11

Standing 0 13 0 1987 0

Walking 19 118 2 43 1818

Considering the accelerometer data, the results obtained with imputed and normalized data are
reported in the confusion matrix presented in Table 15. The implemented method reported an accuracy
of 94.56%, a precision of 94.63%, a recall value of 94.56%, and an F1 score of 94.59%.

Table 15. Confusion matrix related to normalized and non-imputed data from the accelerometer sensor.

Predicted Class

Walking
Downstairs

Walking
Upstairs Running Standing Walking

Actual Class

Walking Downstairs 1883 117 0 0 0

Walking Upstairs 84 1787 0 14 115

Running 4 18 1946 0 32

Standing 0 6 0 1989 5

Walking 12 130 7 0 1851

Considering the accelerometer and magnetometer sensors’ data, the results obtained with imputed
and normalized data are reported in the confusion matrix presented in Table 16. The implemented
method reported an accuracy of 98.24%, a precision of 98.28%, a recall value of 98.24%, and an F1 score
of 98.26%.
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Table 16. Confusion matrix related to normalized and imputed data from the accelerometer and
magnetometer sensors.

Predicted Class

Walking
Downstairs

Walking
Upstairs Running Standing Walking

Actual Class

Walking Downstairs 2000 0 0 0 0

Walking Upstairs 0 2000 0 0 0

Running 14 9 1959 0 18

Standing 0 0 0 2000 0

Walking 34 86 15 0 1865

Considering the accelerometer, magnetometer, and gyroscope sensors’ data, the results obtained
with imputed and normalized data are reported in the confusion matrix presented in Table 17.
The implemented method reported an accuracy of 99.82%, a precision of 99.82%, a recall value of
99.82%, and an F1 score of 99.82%.

Table 17. Confusion matrix related to normalized and imputed data from the accelerometer,
magnetometer, and gyroscope sensors.

Predicted Class

Walking
Downstairs

Walking
Upstairs Running Standing Walking

Actual Class

Walking Downstairs 2000 0 0 0 0

Walking Upstairs 0 2000 0 0 0

Running 0 18 1982 0 0

Standing 0 0 0 2000 0

Walking 0 0 0 0 2000

4. Discussion

Table 18 summarizes the results obtained after all previously discussed experiments.
Thus, 12 different experiments with respect to the different combinations of sensors and tests were used
to analyze the effect of data imputation and data normalization, along with different combinations
of sensors, as illustrated in Table 18. These results are presented in Figures 5–7, based on the
sensors combinations, i.e., accelerometer (Ac) only, accelerometer and magnetometer (Ac + Mg),
and accelerometer, magnetometer and gyroscope (Ac + Mg + Gy).

In Figure 5, only accelerometer sensor data are utilized to perform the experiments with respect to
four scenarios of data normalization and data imputation combinations. Each scenario is evaluated
across four performance metrics, i.e., accuracy, precision, recall, and F-measure. It can be observed that
the deep learning model performance across all metrics is highest with the application of normalization
and imputation on the given dataset.
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Table 18. Summarized results of all previous experiments.

Scenario Sensors Accuracy Precision Recall F-Measure

Non-Normalized, Non-imputed

Ac 22.9 19.65 22.9 21.15

Ac + Mg 40.69 56.4 40.69 47.27

Ac + Mg + Gy 74.46 78.24 74.46 76.3

Non-Normalized, Imputed

Ac 20 20 20 20

Ac + Mg 20.1 73.34 20.1 31.55

Ac + Mg + Gy 20.19 60.02 20.19 30.22

Normalized, Non-imputed

Ac 85.89 86.21 85.89 86.05

Ac + Mg 86.49 86.75 86.49 86.62

Ac + Mg + Gy 89.52 89.74 89.51 89.62

Normalized, Imputed

Ac 94.56 94.63 94.56 94.59

Ac + Mg 98.24 98.28 98.24 98.26

Ac + Mg + Gy 99.82 99.82 99.82 99.82
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Figure 5. Performance of deep learning model when utilizing only accelerometer data to classify the
human daily living activities across four data normalization and data imputation scenarios.

Similarly, Figure 6 shows the results when utilizing the accelerometer and magnetometer (Ac + Mg)
sensors values to test the trained deep learning model with respect to four scenarios of data normalization
and data imputation combinations. Each scenario is evaluated across four performance metrics,
i.e., accuracy, precision, recall, and F-measure. It can be noticed that the deep learning model
performance across all metrics is highest with the application of normalization and imputation on the
given dataset.
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Figure 6. Performance of deep learning model when utilizing accelerometer and magnetometer data to
classify the human daily living activities across four data normalization and data imputation scenarios.

Likewise, Figure 7 displays the results when utilizing all three sensors data—i.e., accelerometer,
magnetometer, and gyroscope—to test the trained deep learning model with respect to four scenarios
of data normalization and data imputation combinations. Each scenario is evaluated across four
performance metrics, i.e., accuracy, precision, recall, and F-measure. It can be observed that the deep
learning model performance across all metrics is highest with the application of normalization and
imputation on the given dataset.

Future Internet 2020, 12, x FOR PEER REVIEW 15 of 19 

 

 

Figure 6. Performance of deep learning model when utilizing accelerometer and magnetometer data 

to classify the human daily living activities across four data normalization and data imputation 

scenarios. 

Likewise, Figure 7 displays the results when utilizing all three sensors data—i.e., accelerometer, 

magnetometer, and gyroscope—to test the trained deep learning model with respect to four 

scenarios of data normalization and data imputation combinations. Each scenario is evaluated across 

four performance metrics, i.e., accuracy, precision, recall, and F-measure. It can be observed that the 

deep learning model performance across all metrics is highest with the application of normalization 

and imputation on the given dataset. 

 

Figure 7. Performance of deep learning model when utilizing accelerometer, magnetometer, and 

gyroscope data to classify the human daily living activities across four data normalization and data 

imputation scenarios. 

As results of this study, it was verified that the pattern of the imputed data is similar to the 

original data. However, its frequency and amplitude are higher than in the original data. Regarding 

the data classification, depending on the number of sensors, the accuracy was between 22.9% and 

74.46% for non-normalized data, and between 85.89% and 89.51% for normalized data. After the 

Figure 7. Performance of deep learning model when utilizing accelerometer, magnetometer, and
gyroscope data to classify the human daily living activities across four data normalization and data
imputation scenarios.

As results of this study, it was verified that the pattern of the imputed data is similar to the original
data. However, its frequency and amplitude are higher than in the original data. Regarding the data
classification, depending on the number of sensors, the accuracy was between 22.9% and 74.46% for
non-normalized data, and between 85.89% and 89.51% for normalized data. After the data imputation
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process, depending on the number of sensors, the accuracy changed to between 20.00% and 20.19% for
non-normalized data, and between 94.56% and 99.82% for normalized data.

In summary, all the experimental results depict that the deep learning model better distinguishes
daily living activities when both data normalization and data imputation techniques were applied.
Moreover, the deep learning model gives the best results when imputed and normalized data from
the combination of all three sensors are used, i.e., the accelerometer, magnetometer, and gyroscope.
Furthermore, the use of data imputation reported an improvement of 25.36% in accuracy, 21.58% in
precision, 25.36% in recall, and 23.52% in F-measure values over the normalized and imputed dataset
across all three sensors, as compared to the non-normalized and non-imputed dataset across all three
sensors. Therefore, from the above experimental results, it is verified that the performance of the deep
learning model significantly increased when normalization and imputation techniques were applied to
the dataset across all three sensors.

As we are using a proprietary dataset, the results are not comparable with others. However,
several limitations were found that are related to the acquisition and positioning of the mobile device,
the power processing of the methods implemented, and other involuntary limitations of the study [6,24].

The results obtained are affected by the reduced sample size. Initially, the data normalization
was performed, and the maximum accuracy was around 89.51% [34,35] with the recognition of the
same activities and with the use of the same sensors of this study. The implementation of imputation
techniques increased the results with a maximum accuracy of 100%. Thus, we can conclude that the
data imputation techniques increased the different results.

5. Conclusions

The missing samples in the dataset affect the performance of deep learning models. Therefore,
in this paper, a methodology was proposed to extrapolate the missing samples of human activity
recognition dataset captures to make deep models better classify the human daily living activities.
The proposed methodology utilizes the K-Nearest Neighbors (KNN) imputation technique to extrapolate
the missing samples in dataset captures. Thus, 12 experiments were performed to analyze the effect of
data imputation and data normalization, along with different combinations of sensors.

The proposed methodology, when compared to a non-normalized and non-imputed dataset across
all three sensors, reported an improvement of 25.36% in accuracy, 21.58% in precision, 25.36% in recall,
and 23.52% in F-measure values over the normalized and imputed dataset across all three sensors.
The experimental results revealed that the performance of the implemented model increased with the
implementation of the data imputation method.
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