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ABSTRACT

Objectives: The development of a reliable method for the identification of sedentary, light and moderate
physical activities in older adults. The method consists of a validated set of definitions for the identifica-
tion of the initiation and termination of physical activities performed by older adult participants, video
recorded during free-living and a laboratory setting.
Design: Inter-rater reliability assessment in a fully crossed design.
Methods: An iterative consensus process was used to define the initiation and termination of common
activities of daily living. These definitions were then tested using videos recorded in two scenarios (1)
by 9 raters who annotated a video recording, of a free-living protocol in a home environment, recorded
in a first person view, using a body-worn camera and (2) by 7 raters who annotated a video recording,
of older adults performing a semi-structured protocol in a living-lab environment, recorded in a third
person view, using wall mounted cameras.
Results: Inter-rater reliability was excellent for all items, with Krippendorff's alpha and Fleiss’ kappa
all above 0.84 and a percentage of agreement above 88%. All ICC(C,1) inter-rater values for the activity
quantity and duration were all above 0.9.
Conclusions: This set of physical activity initiation and termination definitions offers independent
researchers a gold standard method to allow for the consistent annotation of high-frequency video footage
(25fps), in both a free-living and laboratory setting. When synchronised with body-worn or ambient
sensors, this annotation will allow for the development and validation of physical activity classification
systems to a higher resolution than before.

© 2018 Sports Medicine Australia. Published by Elsevier Ltd. All rights reserved.

Practical implications

1. Introduction

¢ Validated definitions developed for the identification of the initi-
ation and termination of sedentary, light and moderate physical
activities, video recorded from older adults.

¢ Definitions suitable for the development of gold-standard data-
sets of older-adult physical activities in a free-living and a
laboratory setting.

e Developed definitions will improve human activity recognition
algorithm development by providing a validated method to
develop a gold-standard data-set.

* Corresponding author.
E-mail address: alankevinbourke@gmail.com (A.K. Bourke).

https://doi.org/10.1016/j.jsams.2018.11.011

Accurate human activity recognition (HAR) in the older adult
population, using ambient! or body-worn? sensors, is important
for understanding the role of physical activity in health and phys-
ical function, for measuring the effect of interventions aimed at
promoting independent living and reducing the incidence of falls.?
The development of algorithms for HAR suffers from a lack of gold
standard data-sets annotated to an adequately high detail. The
majority of the frequency components of human body motion are
contained in a range below 10 Hz* with 99% of body motion energy
contained between 0 Hz and 15 Hz.> Since many existing data-sets
are often labelled with a resolution of approximately 1s (1Hz),
developed algorithms do not fully capture the details of human
movement and thus are prone to excess error. Thus, in order to
develop more accurate HAR algorithms it is necessary, according to
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the Shannon-Nyquist Sampling Theorem,® to sample at twice the
upper limit of the frequency of interest to fully capture the details
of human physical activity.

Video recording technology offers benefits over existing
methods of physical activity annotation, such as; self-report ques-
tionnaires, direct human observation labelled on paper,” using a
portable device (e.g. touch screen tablet) or laptop.® All these meth-
ods suffer from a reported human cataloguing error of between one
and three seconds,® since a delay between initiation and termina-
tion of activities and real-time cataloguing is inevitable.

Video validation of HAR systems have previously been per-
formed, however the resolution of the annotation was between
15210 and 10s."!

With the abundance of body-worn high-frequency (>25fps)
video recording technology (e.g. GoPro), the potential now exists to
label free-living physical activity to a higher resolution than before.
The video data can be synchronized with signals from body-worn?
or ambient sensor! systems, allowing for the development of more
accurate HAR systems and a more detailed validation of existing
systems. Thus, a requirement exists for clear definitions of the initi-
ation and termination of common physical activities recorded using
high frame-rate video camera technology.

Development of definitions for the classification of physical
activities in a real-world setting, using body-worn camera technol-
ogy has been previously attempted by multiple studies. Doherty
et al.'? captured images approximately every 17 s. Dijkstra et al.!3
defined walking (including stair climbing), shuffling, sitting, stand-
ing and lying, and labelled physical activity to resolution of 0.1s
(10fps) using a video camera recording in the second person view.
Fokkenrood et al.'# outlined an annotation protocol for the iden-
tification of 5 types of activities of daily living and the transitions
between them in a study using video camera technology annotated
to a resolution of 0.1 s (10fps). The above-mentioned studies have
thus ignored higher frequency movement, due to the frame rate
employed, or used specially designed definitions for low frame rate
video. Furthermore, Haché'!> defined the initiation and termina-
tion of changes-of-state of physical activities as part of a scripted
routine, recorded using a digital video camera. However, these def-
initions were created as part of a routine where the preceding
and subsequent activities were scripted and anticipated. Several
studies have also used the technique of a combination of video
camera technology and a visualisation of the raw signals from body
worn inertial sensors to identify the initiation and termination of
physical activities,'6-18 the sensor data were subsequently used for
algorithm development. This is contradictory in its nature, as the
annotation should be performed independently of the system being
developed. By allowing the data that will be used to construct the
data-driven prediction algorithm, to also be used in the construc-
tion of a ground-truth dataset, will thus ultimately contaminate this
dataset since it will be influenced by the very data used to construct
the algorithms.

Previous methods of video annotation have either allowed the
sensor data to influence the annotation of the video recordings or
have used a frame rate that ignores higher frequency movement. In
summary, no previous study has been able to develop a robust set
of definitions to identify the initiation and termination of human
activities suitable as a gold-standard for the development of HAR
algorithms.

Thus, the aim of this study is to develop a robust set of defini-
tions for identification of the initiation and termination of human
physical activities recorded using video camera technology, in both
a first person view for activities in a free-living environment and
a third person view for activities in a laboratory setting, which is
suitable for annotation of video data recorded at a resolution that
captures the details of human movement.

[ standing, walking, shuffling, stair ascending, stair descending. ]

sitting

kneeling

transition

leaning

picking

Fig. 1. A finite state machine design model for the relationship between upright
activities, postures and transitions between physical activities. A person can change
between an upright activity (standing, walking, shuffling, stair ascending, stair
descending) without going through a postural transition (e.g. no defined postural
transition exists here between standing and walking). However between an upright
activity and any posture (sitting, lying, leaning, picking and kneeling) and between
each posture, subjects perform a postural transition, for the purposes of the state
machine model.

2. Method

The aim of this study was achieved in three stages. Stage (1);
development of preliminary physical activity initiation and termi-
nation definitions. Stage (2); improvement of definitions through
rater consensus during the annotation process, and finally Stage (3)
inter-rater reliability testing of the developed definitions.

Stage 1: Development of the initiation and termination defini-
tions. A list of 11 postures, transitions and activities, commonly
performed in everyday life by older adults, was compiled.'? A finite
state machine design was then used to model the sequential pat-
tern of human physical activity between these upright activities,
postural transitions and postures, Fig. 1. This finite state machine
design facilitates the development of HAR algorithms by modelling
human movement in a manner commonly used in computational
modelling.2°

Based on the relationship between upright activities and pos-
tures, the transitions between the upright activities and sitting,
lying, leaning, picking and kneeling, are required along with def-
initions for the individual upright activities and postures. Previous
definitions of physical activity transitions have been developed for,
the sit-stand transition,?! sit-stand-sit,?? sit-to-walk,2> and lying-
to-sit-to-stand.2* These studies have developed these definitions
for these specific transitions in isolation, as part of a clinical phys-
ical assessment for fundamental research. For the purposes of this
study, definitions were developed that function within a frame-
work where the sequence of individual activities and transitions is
unlimited.

Preliminary definitions for the initiation and termination of
each upright activity, postural transition and posture were created
through incorporating existing dictionary® definitions that describe
the primary biomechanical aspects of the different activities and
postures along with existing definitions described in academic
literature.'3-1°> Through incorporating both types of definitions a
robust set of preliminary definitions was created.

Stage 2: Refinement of the definitions. An iterative process was
used to refine the preliminary definitions using 5 independent
raters of a data-set consisting of 43.93 h of data recorded from 20
older adults (5 male/15 female, age from 68 to 90 years (76.44+5.6
years), body mass from 56 to 93 kg (73.7 £ 11.4 kg) and height from
1.56 to 1.81 m (1.67+£0.072 m)) who were video recorded while
performing two task-based activity protocols, a free-living (out-of-
lab) protocol and a laboratory based (In-lab) protocol, incorporating
a variety of activity sequences in addition to unscripted activity.
Further details on the composition of the data-set are described

2 Oxford English Dictorary.
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(A)

(8)

Fig. 2. (A) The free-living unsupervised protocol recorded in a first person view (out-of-lab) using a body worn camera at the chest pointed downwards (GoPro HERO3+
Silver camera® attached using a harness, GoPro Chesty TM¢) and (B) the laboratory based (in-lab) protocol video recorded in a third person view using wall-mounted cameras

(Sony EVI-DSOP?),

in Bourke et al.'"® The Regional Committee on Ethics in Medical
Research in Central Norway approved the trial protocol and sub-
jects provided written informed consent.'® The In-lab protocol,
video recorded in a third person view using wall mounted cam-
eras, Fig. 2(B), is a semi-structured supervised protocol, performed
in a living-lab environment (Total: 9.52 h). The out-of-lab protocol,
video recorded in a first person view, Fig. 2(A), is a free-living unsu-
pervised protocol, where participants are requested to incorporate
defined task-based activities into their daily routine. This proto-
col is performed in the person’s own home environment (Total:
34.41 h). During the annotation of both the in-lab and out-of-lab
video data the definitions were refined and clarified in an iterative
exhaustive process through annotator consensus to arrive at the
final set of definitions. If an annotator was unsure about how to
apply an activity definition, this was discussed among the research
team and the definition was amended.

A description of the protocols and recording set-up is detailed in
the protocol paper from the study.!® Annotation of the video data
was performed using the Anvil software (Version 5.1.13) annota-
tion tool.

Stage 3: Inter-rater reliability. The reliability of the definitions
as a method for annotation of physical activity recorded in a third
person view and first person view was then examined. The defini-
tions were tested for inter-rater reliability in a fully crossed design
using two randomly selected 20 min videos (20:00:09 (mm:ss:mss)
36001 frames, frame rate 25fps, frame size 640 x 360), one for each
protocol type. A total of 9 and 7 raters independently annotated the
out-of-lab video and in-lab video respectively. The sub-sets of the
protocols performed by the subject during the out-of-lab and in-lab
videos respectively, are presented in the Supplementary Appendix
Tables 1 and 2.

Raters individually labelled each video. They were instructed
not to allow any space between any element in the Activities track
when labelling each activity using the definitions. This took place
in the PC laboratory in the Movement Science Department in the
Faculty of Neuroscience at St. Olav’s Hospital.

The Inter-rater reliability was determined by calculating the
intra class correlation coefficient (ICC(C,1)) for the duration and
quantity of the activities, for both the in-lab and out-of-lab videos,

b GoPro, Inc. 3000 Clearview Way, San Mateo, California, USA http://www.gopro.
com/.

¢ GoPro, Inc. 3000 Clearview Way, San Mateo, California, USA http://www.gopro.
com/.

4 https://pro.sony/en_AL/products/ptz-network-cameras/evi-d80-d80p-pal-.

using a two-way mixed effects, consistency, single measurement
model.26 Fleiss2’ considers ICC values above 0.75 may be taken
to represent excellent. Portney & Watkins?3 consider ICC values
above 0.90 as clinical measures and 0.75-0.90 as good. In addition,
the comparative statistics of percentage of agreement?® and Krip-
pendorff's alpha3® were also calculated for each rater pair and the
arithmetic mean was taken to provide an overall index of agree-
ment. This procedure is suitable for studies that have a fully crossed
design.?? Fleiss’ kappa>! was also calculated. Fleiss’ kappa is a sta-
tistical measure used to assess the reliability of agreement between
a fixed number of raters when assigning categorical ratings to a
number of items or classifying items.

Fleiss®? considers a kappa values over 0.75 as excellent.?®
Regarding alpha values, o is defined with two reliability scale
points with 1.00 for perfect reliability and 0.00 for the absence of
reliability.?3 Social scientists commonly rely on data with reliabili-
ties &« > 0.800 and consider data with 0.800 > o > 0.667 to only draw
tentative conclusions.?* Detailed descriptions can be found at Ref.33

Inter-rater agreement was further examined using the method
of Bland and Altman>” by comparing the mean and difference of the
quantity and duration of each activity for each rater pair for both
the in-lab and out-of-lab videos.

These selected statistics provide a measure of how repeatable
the definitions are. These comparative statistics were calculated
using the Anvil 5.1.13 and Matlab R2016a software packages.

3. Results

The complete list of definitions developed through the consen-
sus process in stage 2 and tested for inter-rater reliability in stage
3 is presented in the Supplementary appendix, Activity definitions
Appendix Table 3.

For the out-of-lab video recorded in the first person view, the
following activities were identified by all nine raters; leaning, lying,
picking, shuffling, sitting, stair ascending, stair descending, stand-
ing, transition and walking. For the in-lab video recorded in the
third person view, the following activities were identified by all
seven raters; leaning, lying, picking, shuffling, sitting, standing,
transition and walking.

The ICC(C,1) and 95% confidence intervals for the in-lab and
out-of-lab video for both the activity quantity and duration are pre-
sented in Table 1. The ICC(C,1) values for the in-lab and out-of-lab
are 0.92 and 0.94 for the activity quantity respectively, and 0.99
for the activity duration, thus representing excellent reliability. In
addition, for both sets of statistics the p-values indicate that the
observed agreement is not accidental.
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In-lab and out-of-lab intra-class correlation coefficient—two-way mixed effect consistency single measurement, mean difference between rater pairs and the 95% confidence
interval (CI) for activity quantity and duration, percentage of category agreement and Krippendorff’s alpha.

F-test Bland-Altman Percentage ofagreement (%)  Krippendorff's alpha
ICC(C,1) (95% CI) Mean 95% CI Within CI (%) Mean Max Min Mean Max Min
In-lab 88.2% 92.3% 82.1% 0.85 0.90 0.77
Activity quantity 0.92 (0.802-0.979) p<0.0001 -1.86 -39.66 35.94 90.5%
Activity duration 0.99 (0.964-0.997) p<0.0001 0.01 —46.17 46.18 94.6%
Out-of-lab 88.6% 93.3% 85.0% 0.84 091 0.80
Activity quantity 0.94 (0.877-0.981) p<0.0001 3.29 -14.85 2145 90.9%
Activity duration 0.99 (0.977-0.997) p<0.0001 0.00 —42.84 42.83 92.9%

The Bland-Altman summary statistics for inter-rater agree-
ment are presented in Table 1 along with in Bland-Altman plots,
Supplementary Appendix Figure 1. Visual inspection revealed no
systematic bias between raters when determining the quantity and
duration of the different categories of physical activities, with >90%
of activity quantity and >92% of the activity duration values are
within the 95% confidence interval.

For both the in-lab and out-of-lab videos, excellent reliability
coefficients were found for all items, with the mean Krippendorff’s
alpha above 0.84 and the percentage of agreement above 88%,
Table 1. Fleiss’ kappa values both for the in-lab and out-of-lab pro-
tocol were above 0.84, indicating an excellent level of agreement.

4. Discussion

A set of definitions to describe the initiation and termination
of physical activities was developed and refined using an iterative
consensus process. Inter-rater reliability data for the definitions
was compiled through raters using the definitions for the identifica-
tion and labelling (resolution 0.04s) of the participants’ movements
using video data recorded in two scenarios. The first, a 20 min
video of an out-of-lab free-living protocol, recorded in a first per-
son view, was annotated using 9 raters. The second, a 20 min video
of a laboratory-based semi-structured protocol, recorded in a third
person view, was annotated by 7 raters.

The statistical measures of inter-rater reliability produced excel-
lent reliability coefficients. Krippendorff's alpha and Fleiss’ kappa
were all above 0.84 with the percentage of agreement above 88%.
All ICC values for the activity quantity and duration were all above
0.90, thus demonstrating excellent agreement.

The Bland-Altman plots confirm that there is no systematic bias
between raters when determining the quantity and duration of the
different categories of physical activities, with more than 90% of val-
ues within the 95% confidence interval, Supplementary Appendix
Figure 1.

Even though the inter-rater reliability results demonstrate
excellent agreement some differences do exist. During the act of
sitting, if there is movement of the trunk to allow repositioning
(transition), this should be labelled as sitting-transition-sitting, this
was sometimes ignored by some raters and contributed to the
higher spread in transition quantity values observed, Fig. 2. Specif-
ically, if the person momentarily comes to rest in a seated position
and there is a change in trunk posture before repositioning on the
chair seat, this should be labelled as, transition-sitting-transition-
sitting, however some raters ignored the short sitting bout and
labelled the activity, transition-sitting.

The object picking and leaning activities can be very short and
often were no longer than one frame in duration, often signifying
the change in direction of the trunk. The identification of this single
frame event by each rater was not always identical. For the purposes
of this study the term “picking” refers to the activity of picking or
placing, an object on the floor. This is distinct from leaning as the
body angle during picking from the ground can be different than
leaning.

The definition of transition does allow some stepping in order
for the person to position their body to transition between upright
activities and postures and visa-versa. Thus, during some transi-
tions from postures to upright activities, some raters extended the
transition annotations into the walking/shuffling bout to include
when the trunk became fully upright, however the trunk was in a
stable posture before this and thus the transition had ended earlier.
This contributed to the higher spread in transition duration values
observed, Fig. 2. In our definition of transition, some steps can occur
during the transition.

If turning occurred during, or at the end of the transition, this
was sometimes labelled as shuffling before walking and visa-versa.
Turning is included in the transition, if the person’s trunk is in a sta-
ble upright posture and some turning occurs, this should be labelled
as shuffling.

Some raters observed shorter transition durations than others
during the transition to sitting, since some steps are permitted in
the definition of transition. This stepping is to allow the subject to
step into position to facilitate positioning of the body for sitting.
The transition begins with a forward lean of the trunk or with a
lowering of the centre of mass, but this was ignored by some raters.
This is also evident in the Bland-Altman plots, where the largest
variations are seen in the transition and standing activities in the
in-lab data and standing, shuffling, walking and transition in the
out-of-lab data.

Sometimes standing was confused as leaning. Leaning was
included as a category to describe the posture when a person
has lowered their trunk but are still supporting their body-weight
through their feet (e.g. when interacting with an object placed on a
low shelf or table). The category leaning was intended to describe
the difference between when a person is in a comfortable standing
posture and when they are not, bending at the hips for instance.

A momentary sitting posture between walking/shuffling and
lying was identified and labelled by some raters but not by others. If
there is a pause in the person’s movement during the act lying, this
can be labelled as transition-sitting—transition-lying, otherwise it
should be transition-lying.

The activity that was inconsistently classified the most
was the shuffling task. Certain raters interpreted a task
involving moving objects from one table to another as
walking-transition-leaning-transition-walking whereas oth-
ers identified a combination of walking-shuffling-standing. If the
amount of stepping is shorter than 1 stride, shuffling should be
annotated. If the person is in an upright posture without feet
movement, standing should be annotated.

The aim of this study was to develop definitions for the develop-
ment of a dataset of normal activities of daily living, thus vigorous
activities and exercise were excluded from this process. Another
limitation is that the upper-limit of the frame rate of the camera
was 25 frames/second. Implying that human movement between
0OHzand 12.5Hz can be detected according to the Shannon-Nyquist
sampling theorem and thus the majority of human movement
detail,* which is likely adequate for the activities performed here,
being of moderate intensity at most and recorded from an older
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adult population. Future work in this area should aim to record
at a frame-rate of 30fps or above, to fully capture the range of
0Hz-15Hz suggested earlier.” This would also compliment the
inclusion of vigorous activities and exercise as advocated for here,
and performed by subject cohorts of different age profiles.

The resources required to perform the complete video anno-
tation, by the 5 independent raters, was 3.4 person months. This
includes the video labelling, peripheral video file preparation and
all consensus discussions. It is estimate for video labelling alone
that it takes approximately 45 min-1.5h, for each 20 min in-lab
video and 1.5 h-2 h, for each 20 min out-of-lab video.

Future work could attempt to provide more detail to the defini-
tions for the initiation and termination of transitions, addressing
further the involvement of steps, as well as more detail to the
definitions for walking and shuffling.

The work presented here complements the efforts being
performed in the ARDUOUS project,6 the AIPHABET project,?” Sen-
sor Methods Collaboratory (National Institutes of Health),?® the
SBRN3? and the SIT project*® which aim to develop common tax-
onomies, definitions and annotation procedures for cataloguing of
human physical behaviour in daily life through international con-
sensus and collaboration.

5. Conclusion

This study presents the development of a set of definitions
for the identification of the initiation and termination of physi-
cal activities performed by older adult participants, recorded using
video camera technology in first and third person views, during a
free-living situation and laboratory setting respectively. Overall the
statistical level of agreement was excellent. We have thus produced
a validated set of definitions for the identification of sedentary,
light and moderate physical activities in older adults using annota-
tion of video recordings. These definitions facilitate high frame-rate
(25fps) labelling of video data, which can be synchronised with
ambient and body worn sensor data, for the development of HAR
algorithms for improved physical activity classification and valida-
tion. This validated set of definitions also allows for the creation of
a larger data-set through collaboration from independent research
groups.
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