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Abstract

Among wheelchair users, cardiovascular disease is very common. This is mainly because of
their lower daily energy expenditure (EE), which is a result of less physical exercise. A good
EE estimation method could help wheelchair users with their exercise and researchers with
health studies. Current research on EE estimation for wheelchair users is still limited but
active, and progress in EE estimation that worked for non-wheelchair users is actively being
converted to work for wheelchair users. In this thesis, an activity-specific EE estimation
method was developed based on random forests, which first predicts the activity type and uses
that information to help estimate EE for spinal cord injury (SCI) and lower limb amputation
(LLA) patients. Two different activity type models were assessed, a fine grained approach
using twelve activities and a broader approach using three activity levels. To assess a baseline
score, a basic random forest regression model was used, which had a MAPE of 0.367 in
the SCI group. Although multiple versions showed insignificant performance differences, the
activity-specific model that used three classes and was trained on the actual activities showed
improvement with a MAPE of 0.350. The LLA group was too small to show any significant
performance differences. Overall, we showed that an activity-specific EE estimation method
can bring improvements, although only minimal, and further research is needed before any
practical use.
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1 Introduction

For wheelchair users, cardiovascular disease is a major problem. For example, cardiovascular disease
is the leading cause of mortality for people with spinal cord injuries, compared with the able-bodied

population | |. When someone does less physical exercise, and thus has a lower energy
expenditure (EE), the chances of contracting cardiovascular disease become much higher. According
to Myers et al. | ] the risks include a greater change of contracting conditions like obesity, lipid

disorders, metabolic syndrome, and diabetes. This is mainly because the daily EE is significantly
lower in patients with spinal cord injury (SCI) and since it is difficult for many wheelchair users to
get the needed amount of proper exercise, this is a big issue. The reason for the lower amount of
exercise in wheelchair users is not only because of a lack of motor function, but also because of
a lack of accessibility and fewer opportunities to engage in physical activity. It has been shown
that physical activities (PA) can reduce these risks and help improve the quality of life for these
patients | ], so it is important to promote PA specifically for this population.

For this purpose, it is important to improve accessibility and opportunities for physical activities for
wheelchair users by improving PA monitoring techniques. Monitoring PA’s can help patients with
their exercise by giving them more insight into their daily activities and exercise, but it can also,
among other things, help researchers or trainers decide which training schedules work and which
do not. Despite all of this, PA monitoring support for wheelchair-bound individuals is mediocre at
best and many wheelchair users choose not to use them | ]. The aim of this study was to
improve EE estimation based on accelerometer data to improve PA monitoring for wheelchair users
so it can become more useful.

Commercially available wearables help able-bodied individuals with physical exercise by providing
EE estimation methods. These methods make use of supervised regression algorithms that can use
the sensors of the wearable to estimate the EE of the user. EE can be roughly divided into two
categories: Resting EE (sometimes called passive EE) and active EE. Resting EE is the amount
of energy that the body uses to stay alive. This includes the digestive system, circulatory system
and respiratory system, but also our brain, cell growth and controlling body temperature. This
is also referred to as the basal metabolic rate. Active EE is the energy that is used to volun-
tarily move the body. This includes both exercise and non-exercise. The daily EE is the sum of
the total resting EE and active EE of a whole day. This thesis focuses on both resting and active EE.

Wearables usually contain heart rate sensors and accelerometers to detect precise movement, but in
some cases also more advanced sensors e.g. blood pressure sensors or blood oxygen level sensors.
This data is then processed into information that is easier to interpret by humans, like EE or the
activity type. More advanced wearables can even help the user by recommending when to exercise,
rest, eat or hydrate, which are estimations made by algorithms based on the data that is captured
by the sensors. These wearables unfortunately do not work well for people in wheelchairs, because
they often over- (or in some case under-)estimate EE. This is mostly because the models these
wearables use are not trained for the movement patterns and EE of wheelchair users. Movement is
different is different due to movement being constricted to the upper body, which also results in a
lower resting EE | ].



Researching PA and EE for wheelchair users is challenging, because the models that are used to
predict PA and EE that exist for non-wheelchair users do not work for wheelchair users. Their
movement patterns are too different for a model that is not specially trained for wheelchair users
to make accurate prediction. Self-reported measures, like questionnaires can be used, but they
have been shown unreliable | |. For instance, activity intensity is very subjective for humans
(light /heavy), compared to computers and sensors (kcal/min). Other measuring tools are either
unreliable (current wearables) or unpractical (oxygen intake measuring masks or regular interviews).
By building a model which can more accurately estimate the energy expenditure using only the
data from a typical wearable, accessibility can be greatly improved.

1.1 EE estimation challenges and proposal

Besides improved feedback to wheelchair users, researchers conducting health studies could really
benefit from an accurate algorithm for wheelchair users to estimate EE from just wrist-worn
wearables, since it would prevent the need for the subjects to wear an expensive and uncomfortable
oxygen intake measuring mask. EE data gives both researchers and health coaches a way to
quantify the intensity of the activities, which in turn can be used to study how PA might help
wheelchair users with their health problems. A recent example is Popp et al.’s study where EE
and acceleration data was measured in 30 subjects during a multitude of physical activities, which
was used to develop an EE estimation model | ]. Using the collected data and reference
values from literature they were able to recommend daily physical activities for a healthy lifestyle to
wheelchair-bound SCI patients. More accurate EE estimation methods would make health research
for wheelchair users more accessible and more reliable.

More research in EE can also help wheelchair users with common diseases like obesity. Measuring
EE is an important part of studies that help wheelchair users balance their calorie intake [ ].
Estimating EE has its challenges. Similar signals can have widely different EE, and widely different
signals can have similar EE. Solving this is especially challenging for wheelchair users, because of
their limited movement. Also, just the activity type, movement data and heart rate are not the
only things that determine EE. EE is also highly dependent on the user’s stamina/fitness and BMI.
A higher BMI often correlates with a higher EE | |. While statistics like height and BMI
can just be asked from the user, stamina/fitness is a lot more subjective and harder to incorporate.

We can however use the acceleration and heart rate data to estimate the intensity of the activity. A
higher intensity means a higher EE. While this can be very challenging, heart rate can give a decent
indication of EE, but its relation is not perfect. The problem with having only accelerometery data
for the movements is that in physics, work is the product of distance and force in that direction.
Distance can be derived from measuring acceleration over time, but force can not. If someone were
to pick up an empty bottle or a heavy metal object, the accelerometery data would be roughly the
same. Only when you know what kind of activity the user is doing exactly, can you more accurately
predict their EE. The goal of this thesis is to combine the activity type with acceleration and heart
rate data which should give a regression algorithm better chances of accurately estimating EE.



The process of classifying the activity type is challenging, especially for wheelchair users. Many
different signals can belong to one activity type. Let us take propulsion as an example. Some
people will make a few long strokes, while others may make shorter strokes in quicker succession.
The differences between users is also a challenge in itself. People could not only move their body
differently because of different habits, but also because they might have different conditions, which
is why this is especially a challenge for classifying the activity type for wheelchair users compared to
non-wheelchair users. For example, someone with a lower limb amputation might sit less firmly /move
their hips more freely which will lead to them having different movement patterns. Not only can
different signals have the same activity type, but multiple activity types can also have the very
similar signals. Since the accelerometery sensors are only on the wrists, the data only presents the
movement of the wrist, not the whole body.

We propose a method to more accurately estimate EE for wheelchair users, where first the activity
type is classified, which is then used to estimate the EE using regression. A supervised classification
model is trained to predict the activity type. After adding the predicted activity to the other
features, the specialised regression model for that specific activity can be used to estimate the
energy expenditure. By building a model where the regression models are specialised in one specific
activity type or class, we expect it to better interpret the accelerometery and heart rate data. Since
it has more context on what the subject is doing, it should be able to perform better than a method
without activity-specific EE estimation.

The dataset we used was provided from the DACT-Wheel (from Data to ACTion in Wheelchair
users) project. During this project, a sample group was selected to partake in various physical
activities, ranging from light to intense. The participants belonged to either of two groups: spinal
cord injury (SCI) and lower limb amputation (LLA). During this project, the activity was also
noted, which was used to develop a classification model. More information about the dataset is
given in section 2. We evaluated the performance of our activity specific method and compared the
results with those of a regular regression model, which are all based on random forests.

1.2 Background

Although research in EE estimation for wheelchair users is limited, there are many recent and
ongoing studies to convert practices from non-wheelchair EE estimation to new methods for EE
estimation in wheelchair users | |. Activity-specific methods have also already been studied
for non-wheelchair users. This will function as a starting point for this thesis. Albinani et al. tested
multiple methods of using the predicted activity type to improve EE estimation, with their MET
lookup method being the most effective | |. MET stands for ‘metabolic equivalent’, with 1
MET being equal to the EE during a seated rest. During this study they experimented with different
ways of using activity type detection to improve EE estimation. With one of their methods, instead
of using some form of regression algorithm after having classified the activity type, they used a
lookup table with MET values | | for the activity values. After predicting the activity type,
their method looks up the MET value for that activity and multiplies that with the EE for seated
rest.



Albinali et al. noticed that with a perfect classifier, the MET lookup method would often underesti-
mate the measured EE, which led to a MAPE of 88.9%. When they used their own classification
method, which is not perfect, the MAPE would drop to 37.3%. They suspected that when a subject
has a higher EE when doing an activity than usual, the classification method would classify it
as a more intense activity, which made up for the underestimation of the MET table. One of the
advantages of such a method is that it does not require EE measurements for training, like an
oxygen measuring mask, which can generally only be used in lab settings.

For our method we decided on a different method to use activity types for EE estimation. A similar,
well tested MET lookup table does unfortunately not exist for wheelchair users. Albinali et al. also
touched upon using a method that was very similar to what we have done, were they used activity
specific regression models to estimate EE; which was based on work by Crouter et al. | .
For our method we decided upon random forest classification and regression models instead of C4.5
decision trees for classification and a linear, exponential or cubic regression model, which were used
by Albinali et al. and Crouter et al. This was mainly for their wide range of application and ease of
use.

It has been shown that current algorithms for EE estimation of wheelchair users are often far from
adequate to support clinical research. Shwetar et al. | | evaluated the performance of five
modern algorithms and concluded that with MAPE (see section 2.5) scores ranging from 31% to
206% none of the algorithms were good enough. The goal of this research is to research if, and how,
predicting the activity type would improve EE estimation.

Concerning the placements of the sensors for predicting EE of wheelchair users, studies have shown
that a wrist-mounted accelerometer is the best choice. Nightingale et al | | tested an
ActiGraph accelerometer on the waist, upper arm and wrist of wheelchair users to predict EE
during multiple activities. What they saw was that the EE predictions were most accurate when
the accelerometer was placed on the wrist.

1.3 Thesis outline

Section 2 gives information about the data, preprocessing, features, labels and models that were
used. The experiments and results are discussed in section 3. A conclusion is given in section 4,
after which we further discuss the method and results in section 5, where also suggestions for future
research are given.



2 Methods

In this section the workings of the activity-specific method are discussed in detail. First, information
about the dataset that was used (section 2.1 and 2.2) will be given. Then we will explain how
that dataset was preprocessed into features and labels (section 2.3) after which an explanation
of what classification and regression models were used (section 2.4) and how their performance
was measured (section 2.5) will be given. Lastly, an explanation on our proposed models is given
(section 2.6). An overview of the activity-specific EE estimation method is given in Figure 1.

LOSO-CV
EE estimation models
Activity 1
Preprocessing
- — Activity 2
Selecting activity types
\ | Activity type Activity 3
Feature creation 7 | classification —
- Acceleration SVM Activity 4
- Rolling windows Activity 5
EE calculation

Figure 1: Schematic overview of the activity-specific EE estimation method.

The data used for this research was collected during the DACT-Wheel project, which is an ongoing
project that started in 2017. The main goal of this project is to research potential positive effects
that lifestyle and sports applications can have on wheelchair users.

The benefit of this data was that it was labelled and collected in a controlled environment, but it
also has its downsides, because its generalisation with free living situations may be limited, which
will be discussed in section 5. Several sensors were used, namely heart rate and accelerometery
sensors on the wrists. This data would be similar to what a standard wearable, like a smartwatch,
could produce, except for there being acceleration data from both wrists. Data was collected during
exercises and daily activities, all while tracking the activity type.



2.1 Participants

The participants were wheelchair users with either a spinal cord injury (SCI) or a lower limb
amputation (LLA). A spinal cord injury is damage to (part of) the spinal cord. Loss of muscle
function and thus loss of limb control are symptoms which affects large parts of a patient’s life. This
often means that many SCI patients eventually end up in a wheelchair. Because people with SCI are
limited in their daily movement, they often have a significantly lower energy expenditure | ]. As
was described in the methods section of Hoevenaars et al. | |, the participants were recruited
by advertisement via the Dutch SCI patients’ association, social media and rehabilitation centre
Reade in Amsterdam. All participants had to be between 18 and 75 years old, had SCI for at least
one year, were not dependent on a ventilator and were wheelchair dependent for longer distances.
If they had any of the following, they could not participate: presence of a pacemaker, severe edema,
progressive illness, pressure ulcers, metabolic diseases, severe co-morbidities, psychiatric disorders,
being pregnant, insufficient understanding of the Dutch language to understand the study. These
characteristics were obtained by having the participants fill in a questionnaire and partake in an
interview.

SCI LLA
Male/Female | 26/13 6/6
Age mean 48.8  49.8

Age std 11.9 171
BMI mean 241 26.8
BMI std 4.6 9.0

Table 1: Information on the SCI and LLA participants

Extra information on the SCI and LLA groups are given in Table 1. The mean and standard
deviation of age and BMI are given, together with the proportions of male and female subjects. The
LLA group is considerately smaller, which results in less extensive training and a lower statistical
power.

Two versions of the EE estimation model were built, which are identical in their workings, but
use either the data from the SCI group or from the LLA group. Because of the differences in
EE | , ], the data of these two groups were handled separately. In sections 3 and 5 the
EE estimation performance differences are shown and discussed.

We discarded the measurements of subject where data was missing. Data could be missing because
of various reasons, for instance one or more sensors were not working correctly, or when a patient
did not complete all ADLs. After removing these subject from our dataset, there were 27 SCI
patients and 10 LLA patients.



2.2 Sensors

The participants were fitted with a GENEActiv and an Activ8, which both contain accelerometers
and were fitted on the left and right wrist respectively. A Fitbit containing a heart rate sensor was
fitted on the wrist on the participant’s non-dominant arm. A COSMED face mask which measures
oxygen intake and carbon dioxide outtake was also fitted covering the mouth and nose. Other
sensors were also used during the project, like an Activ8 on the right wheel of the wheelchair, but
since our goal was to develop a model that could eventually be used for a wrist worn wearable, this
data was not used. The locations of the sensors on the participants’ body can be seen in Figure 2.

Fitbit

Heart rate

Activ8 &

Accelerometry

GENEactiv

Accelerometry

Figure 2: Locations of the sensors on the participants.

e GENEACctiv

The GENEActiv is a wrist-worn accelerometer designed by Activinsights. It outputs raw
tri-axial accelerometery data, together with light and temperature measurements. It was
designed to be used for health research and to be low burden for the user. It is lightweight,
waterproof and ergonomic to make it easy to wear for long periods of time. Because it is a
small, aesthetically neutral, wireless device that needs practically no maintenance besides
charging every couple of days, it is excellent to use for monitoring everyday behaviours
reliably [Act15].



During the DACT-Wheel project, the participants were equipped with a GENEActiv on their
left wrist. It can continuously record accelerometery data at a sampling rate of 10 to 100 Hz
and during the research, it was set to 100 Hz. It has been shown by third-party research to
be reliable and give comparable results to other proven accelerometers. | ].

Activ8

The second accelerometer was attached to the right wrists of the participants. It also outputs
raw tri-axial accelerometery, but at 12.5 Hz. While the GENEActiv measures continuously,
the Activ8 records one second every three seconds (record 1 second, wait 2 second, repeat).
These ‘gaps’ made the interpolation of this acceleration data extra challenging. The device
was originally developed to be worn on the subject’s thigh, but this was intentionally ignored,
because the wrist and arm movements were deemed more relevant for this study, especially
for wheelchair users.

Fitbit

The Fitbit would be classified as a ‘sportwatch’: a commercially available wearable with as
main goal to help users with physical exercise. It is a consumer-grade wrist-worn device that
was designed and marketed for consumer use, but its heart rate data has shown reliable enough
to be used for health research [ |. The device continuously measures the changes in
blood pressure, which correspond with blood volume changes. An internal algorithm can
estimate the actual heart rate using this data, which it then logs every 5 to 15 seconds. The
Fitbit can also record and estimate multiple other variables, but for this research we only
used the heart rate data.

COSMED Mask

COSMED provides face masks for measuring the amount of oxygen a person consumes and
the amount of carbon dioxide they exhale. The energy expenditure can be derived from the
oxygen intake and carbon dioxide outtake using Weir’s formula | |. The face mask is
designed to be comfortable for multiple hours and at both light and heavy exercise intensities,
while creating an airtight seal around the mouth and nose to prevent any leaking and false
measurements.

Sensor SCI LLA Total
GENEActiv | 1459361 569026 2028387
Activ® 400575 164814 565389
Fitbit 3048 1362 4410
COSMED 7132 2908 10040

Table 2: Number of measurements per sensor.

As is shown in Table 2, the amount of measurements per sensor is very different. This is partially
because the devices were not activated and deactivated at the same time when the research was
conducted, but the main reason for the differences in number of samples is because of the sampling
rate. The GENEActiv has a sampling rate of 100 Hz, while the Activ8 measures at 12.5 Hz | .
The Fitbit logs the heart rate every 5-15 seconds | |. Using the timestamps, the acceleration
data (GENEActiv and Activ8) could be down-sampled and up-sampled respectively to 32 Hz (every
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0.03125 seconds), to make it easier to work with. While the GENEActiv measures continuously,
the Activ8 measures one second every three seconds (there are 32 samples in one second, then two
seconds nothing, repeat). The COSMED mask measures at an unfixed sampling rate, based on
breath rate, with on average one sample per 6 seconds. These numbers also show that there will be
very few lines in the dataset were all sensors created a datapoint all at the same time. The next
section gives an explains how this issue was solved.

2.3 Preprocessing

The aforementioned sensors produce both raw data and processed information. For instance, the
Activ8 has an internal algorithm to classify movement and estimate EE for healthy users. Since it
was worn on the wrists by wheelchair users instead of the thigh by healthy users, this information
is not used. For this research we developed features from the raw data.

GEN _acc.x
GEN _acc.y Tri-axial accelerometery from the GENEActiv on the left wrist
GEN _acc.z

ACT8RWrXYZ x
ACT8RWrXYZ._y | Tri-axial accelerometery from the Activ8 on the right wrist
ACT8RWrXYZ z

FBsec_value Heart rate from the FitBit on the right wrist

GEN _Activity The activity type

COS_V.02 The measured oxygen intake from the COSMED mask
COS_V.CO2 The measured carbon dioxide outtake from the COSMED mask

Table 3: All selected data to build features and labels.

The GENEActiv accelerometery was downsampled to 32 Hz and the Activ8 accelerometery had
to be upsampled. The ‘gaps’ in the Activ8 measurements (as described in section 2.2) were not
interpolated, so they were still present in the data.



2.3.1 Features

Firstly, we also calculated the signal vector magnitude (SVM) for both the accelerometers with the
formula \/x2 4+ y? + z2. The vector magnitude is the length of the vector, or total accelerations of
the sensors. This resulted in four data-points per accelerometer: x, y, 2 and SVM. Because of earth’s
pull there will always be a downward component, but since the orientation of the accelerometers is
not fixed, this cannot simply be corrected for without knowing the orientation of the accelerometer,
which is constantly changing. Just subtracting earth’s gravitational acceleration from the downwards
acceleration is only possible if you know what way downwards is. In other words, if the vector
magnitude is equal to zero, the accelerometer is accelerating towards earth at the same rate as
the gravitational acceleration, also known as ‘falling’. If the vector magnitude is exactly earth’s
gravitational acceleration, the accelerometer could be stationary, but also accelerating horizontally
while falling, accelerating downwards at twice earth’s pull or a combination of both. Because we
use random forests for our classification and regression models the features do not need to be
normalised to values between 0 and 1. The reason for this is explained in section 2.4. There are
methods to subtract the gravitational acceleration from the measured signal | |, but
these were not used in this research.

Just using the raw acceleration data as features would not work, since that would only give an
indication of what direction and speed the participant’s arm is accelerating at that single moment.
Features relating to the acceleration data would optimally capture the exact patterns of the
movements. This pattern would then relate to the type of activity, so a classification model can be
trained on those features.

Another challenge is both the uneven sampling rates between the sensors and the gaps in the data.
The classification and regression models from scikit-learn only work when no values are missing,
but due to the different sampling rates the data rarely lines up. This means that any samples with
missing values either have to be filtered out, be shifted to line up or be imputed with new values
by interpolation.

Both challenges can be solved by using a moving average (also known as a rolling mean), which
for every sample calculates the mean acceleration of the previous n samples. This way, we get
information about the movement of a timeframe instead of one moment. If the window size is big
enough to cover the gaps in the data, it can be used to interpolate the data from sensors with a
lower sampling rate. This can all be implemented using the rolling function from the Pandas
library. This function allows us to perform calculations on rolling windows. Using this, we can
set a window size and calculate the moving average, which for every sample calculates the mean
acceleration of the last n samples. If n is big enough to cover the gaps in the data, which are rarely
bigger than 2 seconds (64 samples at 32 Hz), the created feature will continuously fill every sample
with a value. Any missing samples will be ignored when calculating the moving average by setting
min_periods to 1. The size of the rolling window was set to 400 samples for acceleration and 150
samples for heart rate (12.5 seconds and 4.7 seconds at 32 Hz). This means that for all features
relating to acceleration, calculation are done from all previous samples that are no more than 12.5
seconds old. Likewise for heart rate features with samples of no more than 4.7 seconds old. These
separate window sizes were required through optimisation.
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Using the same rolling window technique, we can also calculate the moving median, standard
deviation, minimum and maximum values of the acceleration and heart rate. These statistics give a
decent indication of the movement and heart rate trend of the user and were used as features.

A complete list of all features can be seen in Table 7. As you can see, the rolling standard deviation
for the heart rate was left out. This was done because for the window size we used, there were not
enough values to calculate a meaningful standard deviation and Panda’s std function was undefined.

Figure 3 shows a correlation matrix of all the features that were used. It clearly shows a high
correlation between the minimum/maximum values and the standard deviation. This makes sense
because a high standard deviation would naturally lead to more extreme minimums and maximums.
What’s interesting is that the acceleration from the left and right wrist are also correlated, although
not as extreme. Also, the correlation of the means and median of the different sensors can be seen
through the diagonal lines in the upper left corner of the correlation matrix. Lastly, the thing that
stands out through the red colouring is the negative correlation between the minimum values and
the other values, especially maximums and standard deviations of the accelerometer data. This
means that a low minimum will often be paired with a high maximum and deviation, which is
exactly what happens during quick or extreme movements.

As can also seen in Figure 3, the maximum, minimum and standard deviation of the acceleration
and heart rate features are all correlated with EE, just like the acceleration magnitudes of both
sensors. This is a promising sign for their use as features for EE estimation. If a feature is not
directly correlated with EE, that would not always mean that feature should be left out for EE
estimation. One feature might for instance only show a high correlation with EE when paired with
other features.
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Figure 3: Correlation matrix of the features and EE.
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2.3.2 Activities

The activity type can be seen as both the label for the classification model and a feature for the
regression model. During the DACT-Wheel project, the participants did both activities of daily
living (ADL) and strength exercises. Since the type of strength exercise varied from person to
person, we only used the data for the ADLs and the seated rest.

ADL Description

Move the wheelchair forward at slow speed for 60 seconds.

Move the wheelchair forward at medium speed for 60 seconds.

Move the wheelchair forward at high speed for 60 seconds.

Use of a hand ergometer for 60 seconds.

Handing over objects from a bag to the researcher one by one, while the wheelchair is
propelled by the researcher for 60 seconds. (Left hand and right hand alternately)
Simulate the process of setting a table with plastic cups and plates for 60 seconds.
Simulate the process of doing the dishes for 60 seconds.

Simulate the process of using a laptop positioned on a table for 60 seconds.

Perform slaloms around 5 pieces that are 1,5 meters apart from each other for 60 seconds.
Simulate playing wheelchair basketball for 60 seconds. (Rolling, bouncing and throwing
the basketball)

Perform a transfer from the wheelchair to a bed and vice versa for 60 seconds.

© 00 IO Ot bW

—_ =
= O

Table 4: Daily activities performed by the sample group.

Another option is to divide these ADLs into two activity classes to reduce the number of possible
labels and increase simplicity. As long as the activities in the same class are similar, the classification
model will be more accurate. The regression models will be less specialised, but if the relation
between movement patterns and EE within one class are similar, this would not be problematic.
One way to do this is by looking at activities with or without propulsion. As you can see in Table 5,
ADL 6, setting the table, is a combination of propulsion and no propulsion. We decided to classify
this as if it were propulsion, since this showed the best results during our testing.

ADL | Activity Activity class
1 Propulsion: slow Propulsion

2 Propulsion: normal Propulsion

3 Propulsion: fast Propulsion

4 Handcycling No propulsion
D Rummaging in bag No propulsion
6 Setting table Combination
7 Doing dishes No propulsion
8 Typing on laptop No propulsion
9 Manoeuvring wheelchair Propulsion

10 Basketball Propulsion

11 Transfer to chair No propulsion

Table 5: Activity class per activity type.
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Table 6 shows some of the differences between EE and acceleration data between the twelve
activity types for the SCI group. The mean and standard deviation of both the EE and acceleration
magnitude of the GENEActive sensors are given. As can be see the mean EE per activity type differs
a lot, and is clearly higher on more intense activities. The standard deviation for the acceleration
is lowest for a seated rest. A differences in EE and acceleration can be most easily recognised
when comparing slow, normal and fast propulsion (ADL1, ADL2 and ADL3). This shows how a
classification model can recognise activities and how a EE estimation method can benefit from
activity-specific approaches.

GEN_Activity | GEN_acc_.mean mean (std) EE mean (std)
rest L.011 (0.015) 1.853 (0.721)
adll 1.080 (0.064) 2.066 (0.651)
adl2 1.178 (0.125) 2.422 (0.851)
adl3 1.412 (0.278) 3.602 (2.693)
adl4 1.147 (0.113) 2.289 (0.619)
adlb 1.052 (0.047) 1.970 (0.549)
adl6 1.036 (0.032) 2.124 (0.715)
adl7 1.043 (0.020) 2.037 (0.513)
adl8 1.022 (0.020) 1.979 (0.346)
adl9 1.162 (0.092) 2.507 (1.313)
adl10 1.194 (0.072) 2.695 (1.105)
adlll 1.075 (0.045) 3.022 (1.419)

Table 6: Statistics on the differences in EE and acceleration properties per activity type for the
SCI group.

2.3.3 Target

The energy expenditure was calculated from the data from the COSMED mask using Weir’s
formula | ]:
EE =3.942-VO2 + 1.106 - VCO2

VO2 and VCO2 are the oxygen intake and carbon dioxide outtake respectively, both in litres per
minute. The result is the energy expenditure in kilo-calories per minute. The sampling rate of the
COSMED mask is much lower than that of the accelerometers, since it is linked to breath rate, but
this means the data file contained mostly empty values. Naturally, EE could only be calculated
for the non-empty values. The sampling frequency was not changed during this progress, so the
target sampling rate is equal to that of the COSMED mask, which is dependent on the breath rate,
averaging at one sample per 6 seconds.

Summarised, the preprocessing went as follows: first the data from unused activities were filtered
out. Then rolling windows were applied on the acceleration and heart rate data, which also filled
all gaps, so there were no empty values in the features. EE was then calculated for every sample of
the COSMED mask. All rows without an EE value were removed and the end result was a table of
features and labels without any empty values.
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Rolling mean

Rolling median

Rolling maximum

Rolling minimum

Rolling standard deviation

GENEACctiv magnitude
GENEActiv x-axis
GENEACctiv y-axis
GENEAC tiv z-axis
Activ8 magnitude
Activ8 x-axis

Activ8 y-axis

Activ8 z-axis

Fitbit heart rate

GEN_acc_mean
GEN_acc.x_mean

GEN _acc.y_mean
GEN_acc.z_mean
ACT8RWr_acc_mean
ACT8RWrXYZ_x_mean
ACT8RWrXYZ_y mean
ACT8RWrXYZ_z_mean

FBsec_value_mean

GEN_acc_median
GEN_acc.x_median

GEN _acc.y_median
GEN_acc.z_median
ACT8RWr_acc_median
ACT8RWrXYZ_x_median
ACT8RWrXYZ_y_median
ACT8RWrXYZ_z_median
FBsec_value_median

GEN_acc_max
GEN_acc.x_max
GEN_acc.y_max
GEN_acc.z_max
ACT8RWr_acc_max
ACT8RWrXYZ_x_max
ACT8RWrXYZ_y_max
ACT8RWrXYZ_z_max
FBsec_value_max

GEN_acc_min
GEN_acc.x_min

GEN _acc.y_min
GEN_acc.z_min
ACT8RWr_acc_min
ACT8RWrXYZ_x_min
ACT8RWrXYZ_y_min
ACT8RWrXYZ_z_min

FBsec_value_min

GEN_acc_std
GEN_acc.x_std

GEN _acc.y std
GEN_acc.z_std
ACT8RWr_acc_std
ACT8RWrXYZ_x_std
ACT8RWrXYZ._y std
ACT8RWrXYZ_z_std

Table 7: All features that were used by the random forest models.



2.4 Models

Activity type classification was done using a random forest classification model. Multiple random
forest regression models were used for the energy expenditure regression. These models combine
the advantages of using decision tree algorithms and bagging algorithms. The descriptions of these
methods are based on Witten’s book on data mining | ].

e Decision trees

One of the most popular predictive models are decision trees, mainly because of their
simplicity. It operates by labelling every non-leaf node with an input feature and labelling
the branches with a ‘decision’ based on those input features. The leaves contain the category
(with classification) or a continuous value (with regression). Training is done by calculating
the information entropy before and after splitting on an input feature. The difference between
these entropies is the information gain and the higher the information gain, the better that
split is. Decision trees do not require data normalisation, because of the way the trees are
trained. By solely looking at information gain and entropy, the range of the values does not
matter. Decision trees are unfortunately non-robust, prone to overfitting and are biased to the
majority class when working with imbalanced classes | ]. The first two problems can
be partially solved by pruning setting a maximum depth, which both reduce the complexity
of the decision tree.

e Bagging

Bagging, which is short for bootstrap aggregating, is a ensemble meta-algorithm to improve
the performance of a black box estimator (a prediction model). It works by drawing random
samples with replacement which results in multiple sets of the same size as the original training
set. This part is called bootstrapping. Multiple instances of the black box estimator are
trained on these sets and their result is either the most common category (with classification)
or the mean output of estimators (with regression). This technique makes it possible to
‘combine strengths’ of multiple weak learners and make it perform better than a single learner
would. The technique does not alter the way the individual learners operate, so overfitting is
still a challenge when working with decision trees, but by aggregating those learners, this can
be significantly improved. Lastly, having to train multiple instances is naturally a lot more
computationally expensive, but because the individual learners do not interact with each
other in any way, training and prediction can be performed in parallel.

e Random forests

Random forests are an ensemble of multiple decision trees and it is basically a combination of
the techniques used in decision trees and bagging. By introducing randomness in the training
process, diversity can be achieved among multiple decision trees. This randomness is mainly
implemented in two ways. The first random factor is that the training set for each decision
tree in the forest is a random sample (with replacement) from the total training set (bagging).
By randomising the subspace, only a subset of the features are used by each decision tree.
This is also known as ‘feature bagging’. The second factor is that the decision tree training
procedure is modified to be random instead of deterministic.
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Decision Tree-1 Decision Tree-2 Decision Tree-N

Result-1 Result-2 Result-N

l

Majority Voting / Averaging

Final Result

Figure 4: Diagram of a random forest model. Source: www.analyticsvidhya.com

Random forests work as follows: Multiple decision trees are constructed and during test-
ing/predicting, each tree will give a predicted value. In case of classification, this will be
a class and the most predicted class will be the output of the random forest classification
model. This is known as a majority vote, because the class with the majority of the votes
will be selected as the output. In case of regression, the trees will output a continuous value
which can be averaged. The main benefit of using random forests over decision trees is that
although decision trees often tend to overfit, training multiple randomised decision trees on
randomised data, the average of their outputs will be less likely to overfit. A diagram of a
random forest can be seen in Figure 4.

For our implementation, scikit-learn’s default hyperparameters were used for all random forests,
besides the maximum depth being set to 12 (instead of no maximum) to reduce overfitting and
the number of trees being upped from 100 to 200 for a slight performance increase. During
experimentation, other hyperparameters were tested, but this showed no significant performance
increase.

2.5 Performance evaluation

Training and testing on the same dataset should never be done, because a model that performs well
on the data it has trained on often will perform worse when presented with new data. To prevent
this overfitting problem, we needed to split the dataset into independent subsets. For the training
and test set to be independent the training and test group would ideally include different subjects
to prevent bias | |. If data from one subject is in both the training and test set, a model
may be overfitted to this subject’s data, which would make it perform well on the test set. If it
was then presented with data that is actually new and independent data, the overfitted model will
perform worse than on the test set. For this reason, we used a subject-wise cross-validation method
known as leave-one-subject-out cross-validation (LOSO or LOSO-CV) to make sure the training
and test set contained no mutual subjects so they are independent.
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The simplest and most common cross-validation (CV) methods are k-fold CV and leave-one-out
CV. With k-fold CV, the original dataset is split into k£ subsets. One of those subsets will be the
test set and the other £ — 1 sets will be the test set. This process is then repeated k times until
every subset has been used as test set exactly once.

LOSO works by taking a single subject (participant) as the test set and all other subjects as the
training set, which is then repeated for every subject. In this way, the training and test sets will
never include samples from the same subject. We implemented LOSO using the LeaveOneGroupQOut
function from the scikit-learn Python library. In our implementation, every sample from one subject
was assigned to the same group.

To evaluate the performance of a regression model, you need to compare the predicted labels

with the labels in the test set. For a regression model, this can be done using the mean absolute

percentage error (MAPE):

At - Ft
Ay

100 w—
MAPE = - E:

t=1

A, is the actual value and F; is the predicted (forecast) value. MAPE can be calculated using the
mean_absolute_percentage_error function from the scikit-learn library. This function returns a
floating point between 0 and 1, so not as an actual percentage.

The performance of the classification model can be evaluated with accuracy, precision and recall:

B TP+ TN
Y = P Y TN+ FP+ FN
L TP
pI'eClSlOIl = TP_|_—FP
recall = L
TP+ FN

TP = True Positive
T'N = True Negative
F'P = False Positive
F'N = False Negative

To evaluate the performance of our models, we calculated the performance for every fold, or subject.
This was then all added up and divided by the number of subjects to give a total score/error. For
example, the accuracy scores that are mentioned in the methods sections are actually the mean
average over all folds. For simplification, these evaluation methods will just be named by their
usual names.
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2.6 Model comparison

To be able to measure any potential improvements that our new method would bring, a basic
random forest regression model was built to assess the expected performance in estimating EE.
This model only uses the features (Figure 7) and EE as the target. The activity type was not used
for the baseline model. The dataset was split using LOSO-CV and evaluated using MAPE (see
section 2.5).

Just like we can use a random forest model for regression, there is also a version available in
the scikit-learn library for classification. We can modify the regression model for activity type
classification by changing the model to classification, switching the label from EE to the activ-
ity type and changing the performance metrics. The resulting model will classify the activity
instead of estimating EE. If we use all ADLs as labels, there are 12 labels in total (11 ADLs and
rest), and when we divide the ADLs into two classes, there are 3 (propulsion, no propulsion and rest).

After training the activity type classification model, we had to find a way to use the predicted
activity to improve the EE estimation process. We ended up with two versions; one with twelve
regression models and one with three. After splitting the dataset using LOSO cross validation,
the classification model is trained using the training set and then predicts the activity type of all
samples in the test set. The training set is then split into subsets based on the actual activity types.
These subsets are used to train each of their respective regression models. The test set is then split,
but based on the predicted activity types. EE is then estimated for all of these test subsets, also by
their respective regression models. This whole progress is then repeated until the LOSO algorithm
is done. The result is essentially a list of either three or twelve regression models, each trained for

their specific activity type, where a classification model chooses which regression model to use to
predict EE.

The training of the regression models can be done in two ways. The first option is to split the
training set into subsets using the actual activity type. This way, each regression model will be
trained completely for a specific activity. The second option is to first train and run the classification
model and use the activities that it predicts to split the training set on. Training on the actual
activity type will make the individual regression models more specialised for their activity. Training
on the predicted activity, on the other hand, may lead to the regression models being trained for
what the classification model will predict the activity to be e.g. normal propulsion might often
mistakenly be classified as fast propulsion, which might cause the regression model to better at
predicting these cases and less over-estimations. We tested both options in section 3.
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3 Results

To understand if and how our proposed method had any effect on the performance of EE esti-
mation, we first fitted a baseline model to assess baseline performance. To then be able to assess
the performance and limitations of activity-specific EE estimation, the performance of both the
classification model and regression model were evaluated, to see what parts of the activity-specific
EE estimation could be limiting the overall performance. In summary, the performance of the
baseline method and the activity-specific method (both classification and regressions parts) will all
be discussed in this section.

We experimented with both types of labels for the classification model (section 2.3.2). The first
variant, where the twelve activity types are used, consists of twelve regression models. The second
variant uses the three activity classes, so there are only three regression models, and thus more
training (and testing) samples per model. As was mentioned in section 2.1, the models can use
either the data from the SCI patients or from the LLA patients.

3.1 Classification

The results from the activity type classification model for the SCI and LLA groups will be evaluated
in the next two subsections. Because of the differences in EE (see section 2.1 and Table 1), the
data of these two groups were handled separately.

3.1.1 Spinal cord injury classification

When classifying the twelve activity types, the SCI classification model has an accuracy of 0.732.
By noting the predicted activities alongside the actual activities, we can construct a row-normalised
confusion matrix (Figure 5). A confusion matrix allows as to visualise and interpret the performance
of the classification model. The values are normalised on the actual labels (rows), so the numbers
in any field are the fraction of samples in that actual activity (row) that were classified as that
predicted label (column). The numbers are presented as percentages to improve readability. As a
result, the values on the diagonal are equal to the recall scores. As can be seen in the confusion
matrix depicted in Figure 5, the mistakes were made on the rest label, with 91% being recognised
as such by the random forest classification model.

It is interesting to see how for instance the classification model often mistakes normal propulsion
(ADL2) for slow propulsion, fast propulsion and slalom (ADL1, ADL3 and ADL9). This is most
likely because the movement patterns for these activities are similar and are all propulsion (see
Table 4 and 5). The confusion matrix also clearly shows the distribution of the classes. While rest
is a lot more common, all other classes are well balanced. Since tree-based methods are usually
biased towards the majority class, it is important to pay extra attention to the precision scores
of the majority class. A low precision of the majority class could mean that the model is biased
to (falsely) classifying any activity type as the majority class. Despite this class imbalance and
tree-based methods usually being biased towards the majority class, which is rest in this case, the
precision for the majority class is as high as 0.85. A high precision for rest means that few other
classes are mistakenly classified as rest.
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Figure 5: Confusion matrix of the SCI classification model with all 12 activity types.

From the results of such a classification model, the precision and recall score for every
activity type can be calculated:

Activity | Precision Recall
Rest 0.85 0.91
ADL1 0.64 0.67
ADL2 0.59 0.53
ADL3 0.76 0.76
ADIL4 0.94 0.83
ADL5 0.69 0.66
ADLG6 0.55 0.69
ADL7 0.65 0.64
ADLS 0.79 0.55
ADL9 0.59 0.56
ADL10 0.83 0.88
ADLI11 0.83 0.79

Table 8: The precision and recall scores with all 12 activity types for the SCI model.
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Scaling down the number of labels leads to a higher accuracy, but less specialised regression models,
so it is a trade-off. When the number of labels are scaled down from twelve to three by using activity
classes instead of activity types as described in section 2.6, the accuracy improves to 0.882, which
means that significantly less mistakes are made (—44%). As can be seen by the confusion matrix
depicted in Figure 6, the classification model sometimes confuses propulsion with no propulsion,
but the overall fraction of false predictions is much lower. Just like with the twelve activity type
classification, the three classes are imbalanced, with propulsion more common than the other classes.
(1087 rest, 2392 propulsion and 1452 no propulsion in SCI group). While this is usually problematic

for decision tree based models, the precision for the propulsion class is 0.91, which is the highest of
the three classes (see Table 9).

rest

o | |

no propulsion

True label

rest propulsion no propulsion
Predicted label

Figure 6: Confusion matrix with the 3 activity classes for the SCI model.

Activity ‘ Precision Recall
Rest 0.89 0.87
Propulsion 0.91 0.91
No propulsion | 0.84 0.85

Table 9: The precision and recall scores with the 3 activity classes for the SCI model.
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3.1.2 Lower limb amputation classification

When we repeat this process with the model for the LLA subjects, we get an accuracy of 0.660
when classifying the twelve activity types. We can again construct a confusion matrix (Figure 7)
and a table of precision and recall scores (Table 10) to analyse the performance.
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Figure 7: Confusion matrix with the 12 activity types for the LLA model.

Notice how less of the samples are on the diagonal, which means the LLA classification model
more often predicted labels differently than their actual class compared with the SCI model. This
results in a lower accuracy score (0.660 versus 0.732) and recall scores as low as 0.30. ADL5 is more
often mistaken for ADL6 than correctly predicted. It is difficult to say with full certainty what the
exact reason for the lower accuracy is, but a much smaller training set will generally result in worse
performance.
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Activity | Precision Recall
Rest 0.76 0.92
ADL1 0.78 0.65
ADL2 0.51 0.53
ADL3 0.61 0.65
ADIL4 0.74 0.64
ADL5 0.42 0.30
ADLG6 0.38 0.46
ADL7 0.77 0.50
ADLS 0.70 0.56
ADL9 0.56 0.43
ADL10 0.73 0.87
ADLI11 0.75 0.69

Table 10: The precision and recall scores with all 12 activity types for the LLA model.

When we use the three activity classes as labels, the accuracy increases to 0.810, which follows the
same pattern as the SCI classification model. The LLA model still does not perform as well as the
SCI model (accuracy = 0.882), most likely for the same reasons as when using the twelve activity

types as labels. The confusion matrix can be seen in Figure 8 and the precision and recall scores in
Table 11.

rest

propulsion

True label

no propulsion

rest propulsion no propulsion
Predicted label

Figure 8: Confusion matrix with the 3 activity classes for the LLA model.
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Activity ‘ Precision Recall

Rest 0.81 0.88
Propulsion 0.84 0.86
No propulsion | 0.80 0.71

Table 11: The precision and recall scores with the 3 activity classes for the LLA model.

3.2 Energy expenditure estimation

As described in section 2.6, a baseline score is required to be able to understand if and how the
activity-specific estimation method would result in improved EE estimation. When the baseline
regression model is ran, which does not make use of the activity type data and is a basic random
forest regression model, it gets a mean MAPE score of 0.367 for the SCI group and 0.336 for the
LLA group. The target frequency is equal to that of the COSMED mask, which is unfixed and
averages to 6 seconds per sample.

In this thesis we proposed four variants of using the activity type for the activity-specific EE
estimation. Firstly, you can either use the actual activity types to train the individual random forest
regression models for every activity, or the activity types that were predicted by the classification
model (see section 2.6). Secondly, you can either classify the twelve activity types or the three
activity classes. More classes means less accurate classification, but more specialised regression.
The MAPE scores for each of these four variants are noted in Table 12.

Trained using MAPE
predicted 12 types | 0.368
actual 12 types 0.360
predicted 3 classes | 0.358
actual 3 classes 0.350
Baseline regression | 0.367

Table 12: MAPE for ways of training the SCI regression models.

As can be seen in Table 12, using the actual activity instead of the predicted activity to train the
models in both cases results in a slightly lower error. Using the three classes instead of all twelve
activity types, lowers the MAPE a bit further. This can partially be because the classification
algorithm makes significantly fewer mistakes (accuracy increase from 0.732 to 0.882) and because
activity types within the same class are indeed very similar. Also, more samples per class often
means the models can be trained to perform better.

By analysing the individual MAPE scores per fold using a Kolmogorov—Smirnov test, we can see that
the data does not differ significantly from a normal distribution (p = 0.35 for baseline regression).
For this reason, we can use a paired t-test the see if the different methods are significantly better.
A paired t-test can be used to assess of population means differ with two samples, where the groups
are related. Fach fold represents a subject, and we performed LOSO-CV on the same set of subjects
for every method.
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The t-values are noted in Table 13 and significant ¢-values (v = 0.05) are marked. Since the differences
in performance are small, only the model that was trained on the actual three activity classes
performed significantly better than the baseline regression model. The difference in performance
of the other models compared with the baseline model is so small, that it is too likely that the
performance differences are just by chance.

Baseline

predicted 12 types

actual 12 types

predicted 3 classes

actual 3 classes

Baseline

predicted 12 types
actual 12 types
predicted 3 classes
actual 3 classes

X
0.4032
0.2849
1.7536
3.1312*

X

1.3907 X
2.1161* 0.9964
3.0499* 1.9284

X

2.5692%*

X

Table 13: t-values for paired t-tests on the MAPE scores of all folds of the SCI group.

When we repeat these experiments for the LLA group of the activity-specific EE estimation method,
we get the results that are noted in Table 14. As can be seen, none of our methods improved
over the baseline method and when we again perform paired t-tests on the MAPE scores of the
individual folds (Table 15), the differences between the performance where all so small, that there
were no significant differences at all.

Trained using MAPE
predicted 12 types | 0.346
actual 12 types 0.350
predicted 3 classes | 0.347
actual 3 classes 0.343
Baseline regression | 0.336

Table 14: MAPE for ways of training the LIA regression models.

Baseline predicted 12 types actual 12 types predicted 3 classes actual 3 classes
Baseline X
predicted 12 types | 0.2647 X
actual 12 types 0.3729 0.3602 X
predicted 3 classes | 0.4821 0.0350 0.1977 X
actual 3 classes 0.3589 0.1567 0.3707 0.7368 X

Table 15: t-values for paired t-tests on the MAPE scores of all folds of the LLA group.
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4 Conclusions

In this thesis, we used an activity-specific EE estimation method specifically for wheelchair users.
With this method the knowledge of the activity type was combined with the acceleration and heart
rate data to estimate EE. The baseline model that used a basic random forest regression model
resulted in a MAPE af 0.367 when using the SCI group. Using twelve activity types gave a result
that was not statistically significant enough to consider it an improvement over the baseline model.
Using three regression models that were trained on the actual activity classes gave the best result
with a MAPE of 0.350. When using the LLA group, the activity-specific method did not beat the
baseline method and the results were not statistically significant.

The accuracy of the classification methods ranged from 0.660 for twelve-type LLA classification
to 0.882 when classifying the three activity classes for the bigger SCI group. By dividing the
twelve activity types into three classes, the performance of both the activity classification and EE
estimation parts showed improved performance. Despite tree-based methods tendency to do so,
the activity type prediction models showed no particular bias towards the majority classes when
analysing the precision scores.

Two variants of activity types were used. First by using the twelve activity types that were recorded
during the data collection, and then by dividing the ADLs into two classes, based on propulsion
or no propulsion, which resulted in better performance of the activity type classification. The
advantages for the overall EE estimation were however very small (see Table 12 and 13) and mostly
statistically insignificant. Two ways of training the individual specialised regression models were
also tested. They could either be trained on the actual activities or on the activities that were
predicted by the classification method. Using the actual activity showed slightly better results,
although only significant in the three-class version of the model in the SCI group.

When using the LLA group, the performance of the activity classification was considerably worse.
The differences in results of the EE estimation methods were all deemed insignificant due to a small
number of observations and small differences in MAPE scores.

All in all, the activity-specific model that was introduced in this thesis performed marginally better
than the baseline regression model for the SCI group. The differences in performance were small
and more optimisation and testing is needed to be able to consider the use of activity classification
to estimate EE an improvement.
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5 Discussion

As it is now, this activity-specific method brings no practical improvements over a more basic
EE estimation method, like our baseline model. We have shown that improvements are definitely
possible and that by using three activity classes the activity-model performed significantly better
in the SCI group, with a MAPE drop from 0.367 to 0.350. Most versions of the activity-specific
method showed minimal performance differences from the baseline model or no significant difference
at all.

The classification model was substantially more accurate when classifying the three classes instead
of the twelve activity types, but that brought little to no performance increase in the EE estimation.
This could be because of a combination of two things. The first possibility is that the mistakes
the classification algorithm makes are between activities that are already similar in movement
patterns and EE, so it does not really matter as much when the activity classification is not very
accurate. The second possibility is that the activities in the same class do not always have matching
propulsion and EE patterns, which would mean the ‘specialised’ regression models are not really
specialised in this case.

The data from the DACT-Wheel project was gathered in a controlled environment, which may
not represent movement patterns for free living situations. People are often doing multiple things
simultaneously, like watching a video, talking with someone and doing the dishes. This does not
match the controlled lab environment where the subjects only did a small set of specific activities,
with no more than one activity at a time and with a resting period inbetween. Further studies
could train activity-specific models on data that is collected in a way that is more true to real life
to see how they would perform.

As was stated in the introduction, the goal is to eventually develop a model that can estimate EE
in real-time for wrist-worn wearables. With the way we implemented our model in Python, this is
not possible, although there is nothing that would keep someone from developing a similar model
to the one described in this thesis, but for real-time use. Every time EE is predicted, features can
be calculated from the previous samples.

There are two main ways to increase the statistical significance of the performance of the activity-
specific method compared to that of the baseline regression method. Assuming that there is an
actual difference in performance, a bigger test set with more subjects would result in more degrees
of freedom and thus a higher confidence. The second way would be to improve the performance
difference by improving the performance of the activity-based method by studying potential
improvements.
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5.1 Future research

Since the scikit-learn’s default hyperparameters for the random forest models were deemed adequate,
only basic tuning was done. The maximum depth of the trees in the random forests was set to 12 to
reduce overfitting and the number of trees was set to 200 for a slight performance increase. Other
hyperparameters that could be optimised to potentially improve performance are the maximum
number of features per random subset of features, which increases variance but increases bias, and
both minimum number of samples per split and minimum number of samples per leave to further
reduce overfitting.

Another way to improve the performance of activity-specific EE estimation would be to try out other
methods of classification and regression. Montoye et al. showed that artificial neural networks are
very promising for energy expenditure estimation from accelerometer data, especially for wrist-worn
accelerometers | ].

Different implementations of activity-specific EE estimation could also bring some improvements.
One of the challenges of splitting the dataset into subsets based on activities is that the training set
per regression model becomes significantly smaller, especially when classifying many (imbalanced)
activities. A way to convert the categorical activity types into continuous values is by using a
one-hot encoder. This creates a binary array for every activity with a 1 on the place of that activity
in the array and all others as 0. In this way, there is no need to split the dataset into subsets,
because this can be fed into a single regression model.

As was discussed in section 1.2, some form of MET lookup table has also shown potential for
non-wheelchair users, but more research on MET in wheelchair users still needs to be done to form
an extensive and reliable list of MET values per activity. Besides linear regression, MET lookup
tables and activity-specific regression, Albinali et al. also experimented with a custom MET lookup
method | |. This method uses a linear model which is trained to output the EE based on age,
height, weight and resting heart rate. Before the start of the DACT-Wheel project, each participant
filled in a questionnaire and many measurements were done, so a lot of data is available to build
such a linear model for future studies.

Another approach to improve the performance of both the activity type classification and of the
specialised EE estimation models, is by researching what activity classes could results in the most
optimal performance. Less activity classes can improve the accuracy of the classification part, put
the EE estimation will be less specialised. On the other hand, more activity classes might make
the regression models more specialised, but it will also lead to smaller subsets and less specialised
regression models. The difference in performance we saw was in most cases insignificant.
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