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Abstract: Individual data are valuable for assessing the health, welfare and performance of broilers.
In particular, data on the first few days of life are needed to study the predictive value of traits
recorded early in life for later life performance. However, broilers are generally kept in groups,
which hampers individual identification and monitoring of animals. Sensor technologies may aid in
identifying and monitoring individual animals. In this study, a passive radio frequency identification
(RFID) system was implemented to record broiler activity, in combination with traditional video
recordings. The two main objectives were (1) to validate the output of the RFID system by comparing
it to the recorded locations on video, and (2) to assess whether the number of antennas visited per
unit time could serve as a measure of activity, by comparing it to the distance recorded on video
and to the distance moved as recorded using a validated ultra-wideband (UWB) tracking system.
The locations recorded by the RFID system exactly matched the video in 62.5% of the cases, and in
99.2% of the cases when allowing for a deviation of one antenna grid cell. There were moderately
strong Spearman rank correlations between the distance recorded with the RFID system and the
distance recorded from video (rs = 0.82) and between UWB and RFID (rs = 0.70) in approximately
one-hour recordings, indicating that the RFID system can adequately track relative individual broiler
activity, i.e., the activity level of a broiler in comparison to its group members. As the RFID tags
are small and lightweight, the RFID system is well suited for monitoring the individual activity of
group-housed broilers throughout life.
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1. Introduction

Knowledge of the relationships between behaviour and health, welfare and performance indicators
can be used to assess overall welfare in production animals. Broiler chickens are an example of a
livestock species for which insight into these relationships can be valuable. Broilers are, however, often
kept in intensive systems, where large numbers of birds (~75,000 per farm in The Netherlands on
average; [1]) are housed. This makes it difficult and time consuming to observe the animals and to
measure the health, welfare and performance of individual birds. The use of a proxy could potentially
help improve the ease with which the health, welfare and performance of the animals can be assessed.
A promising trait that could serve as a proxy for multiple indicators of health, welfare and performance
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is locomotor activity, given the relationship between (changes in) activity and, for example, disease [2],
gait problems [3], or body weight [4].

Specifically, information at the individual level is desired to obtain a good view of an individual’s
state. Furthermore, when individual data can be collected in a group setting with pen mates present,
a more realistic image of an animal’s performance in a production environment can be obtained.
In particular, data on individual activity levels of young broilers could be very valuable. For example,
it has been established that the activity level of broilers from a fast-growing stock early in life positively
correlates with activity later in life [5]. Furthermore, it has been reported that increased activity can
result in fewer leg problems [6,7]. Moreover, it has been suggested that increased activity, specifically
at an early stage in the growing period, may reduce leg disorders, as leg bone development might be
mostly affected in the first days of life (reviewed in [8,9]). Overall, activity levels in the first days of
life are potentially very informative for the health, welfare and production of animals later in life and
therefore an activity tracking system that allows tracking of individual broilers from the first day of life
is desired.

Given that broilers are generally housed in large groups in production systems, identification and
activity tracking of individual broilers is a challenge. Sensor technologies, such as computer vision (CV),
ultra-wideband (UWB) tracking and passive radio frequency identification (RFID) may offer solutions
(see [10] for a review of the applicability of sensor technologies for poultry). In particular, passive
RFID seems to have potential for tracking individual broilers from the first day of life, as passive RFID
tags do not require batteries and can therefore be small and lightweight [11]. Therefore, in the current
study, the suitability of a passive RFID system for tracking individual broiler activity throughout life
was investigated.

The implementation of a passive RFID system for tracking individual broiler activity can have
added value in comparison to existing tracking systems. For example, several studies on automated
activity recording of broilers and its relationship with different health, welfare and performance traits
have been performed (e.g., [12]), but many of these studies focused on group-level patterns. For example,
Van Hertem et al. (2018) implemented a camera-based automatic animal behaviour monitoring tool
(eYeNamicTM, Fancom BV, The Netherlands) to study flock activity [3]. They reported a linear trend
between flock activity and the average gait score of the flock, where a lower activity level was linked
to a worse gait in the flock. Another study, using optical flow patterns, reported, among other things,
that a lower average level of flock movement was related to a higher mortality percentage in the flock
and that skewness and kurtosis of flock movement were correlated with the percentage of birds in
the flock having hock burns [13]. Although such automated flock-level monitoring can be a useful
tool for monitoring the overall welfare of a flock, it does not provide information at the individual
level and may hereby overlook animals that deviate, which, for example, remain more active than the
flock mates and do not show gait problems. Therefore, an automated passive RFID tracking system
that provides information on activity levels of individual broilers can have added value. Furthermore,
passive RFID has more potential for tracking young broilers in comparison to some other tracking
technologies. For example, in our previous study [14], the suitability of an UWB system for tracking
individual levels of activity in group-housed broilers was determined. This system was concluded to
be suitable for tracking broiler activity, with, among other things, a correlation of 0.71 between video
and UWB recorded distances, but it has to be noted that the UWB tags were quite large and heavy,
rendering tracking of young broilers, i.e., of less than two weeks old, not feasible [14]. Given the small
and lightweight tags of passive RFID systems, passive RFID does have potential for studying birds
younger than two weeks old. Passive RFID has already been used for poultry—for example, to study
range use, nest box use and feeding behaviour (e.g., [15–17]; reviewed in [10]). Passive RFID has also
been used to study general locomotor activity [18]. In a study by Kjaer (2017), RFID antennas were
placed inside the central area of the pen of the birds in order to record the locomotor activity of laying
hens [18]. These antennas covered an area equal to 33% of the total pen area. Possibly, a more detailed
image of activity can be obtained using more antennas, covering a larger percentage of the pen.
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In this study, the suitability of a passive RFID system, covering the full pen, for tracking individual
broiler activity throughout life was investigated. The two main objectives of this study were (1) to validate
the RFID recorded locations by comparing these to the locations recorded on video, and (2) to assess
whether the moving distances calculated from the RFID data, using the recorded antenna positions over
time and the distances between antennas, could serve as a measure of activity. To this end, the RFID
recorded distances were compared to the total distance moved as recorded on video and using a validated
UWB tracking system.

2. Materials and Methods

2.1. Ethical Statement

Data were collected under control of Cobb Europe. Cobb Europe complies with the Dutch
legislation on animal welfare. This study is considered not to be an animal experiment under the Law
on Animal Experiments, as confirmed by the local Animal Welfare Body (20th of June, 2018, Lelystad,
The Netherlands).

2.2. Location and Subjects

This study was performed on a broiler farm in The Netherlands. In total, 40 male broiler chickens
from two genetic crosses were used. The birds were fitted with RFID tags on the day of hatching and
four birds, two from each cross, were marked visually using marker spray in four different colours.
Near-continuous RFID recordings were made from day of hatching to 34 days old. At 15 days old,
birds were also fitted with an UWB tag. Due to limitations in the number of tags, a total of 34 out of
40 birds were fitted with an UWB tag.

2.3. Housing

The broilers were housed in a rectangular pen, with a size of approximately 1.8 by 2.6 m and an
area of approximately 4.7 m2. In this pen, feed and water were provided ad libitum. Wood shavings
were provided as bedding. The birds were kept under a commercial lighting and temperature schedule
and were vaccinated according to common practice [19].

2.4. Radio Frequency Identification (RFID) System

To track individual broilers and monitor their activity throughout life, a passive RFID system from
Dorset Identification (Dorset Identification B.V., Aalten, The Netherlands) was used. All 40 broilers were
fitted with a high frequency (HF) tag operating at 13.56 MHz. These tags had a size of approximately
15 × 3.7 mm and a weight of less than one gram. The tags were fitted to the legs of the birds using rubber
bands and tape (Figure 1). The rubber bands were changed to a larger size once during this study in order
to fit the birds’ legs, and checked every couple of days.Sensors 2020, 20, 3612 4 of 21 
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Figure 1. Radio frequency identification (RFID) tag fitted to a broiler’s leg using a rubber band (shown
in the larger size) and tape.
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The pen in which the broilers were housed was fitted with 30 HF antennas of 32 by 41 cm, in a
grid covering the full pen (Figure 2). The antennas were located on the underside of a false floor in
order to protect them from water, moisture and dirt. The antennas were connected to one of two
readers (HF RFID reader DSLR1000, freaquent froschelectronics GmbH, Graz, Austria) that read the
tags at the antennas and sent the information to the custom-made RFID software from the same
company. The tags could generally be read in the 32 by 41 cm rectangle that each antenna covered
and up to a height of approximately ten centimetres. A log file was stored which included the time of
registration, the unique hexadecimal ID code of the tag and the location, i.e., antenna, at which the
tag was registered. Antenna 7 of the RFID system (see Section 2.6.1. RFID Distance Calculations) was
not recording birds due to a technical issue. The recording frequency used here was generally one
registration per second for each antenna. In the instances in which antenna switches occurred within the
same second, two different registrations could be observed. RFID recordings were made continuously
for 24 h per day, with exception of the periods in which the leg bands were being checked or the birds
were being weighed. Weighing was done four times during the trial and took approximately two to
four hours. This included checks of the leg bands, and UWB tags when applicable. Additional leg band
and UWB tag checks were performed three times during the growing period and took up to two hours
each time. Two broilers died during this study and for two broilers there were too much missing RFID
data (<75% of data available) due to loss of their leg tags during this study. The final sample size was
36 broilers—of which, 33 had an UWB tag. The weights of the broilers over time are shown in Table 1.
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Figure 2. Top view of the tracking pen during this study, with bedding on the false floor underneath
which the RFID antennas are situated. Lines on the pen walls indicate the position of the antenna grid.

Table 1. Overview of bodyweights of the subjects in this study (n = 36) at different ages. SEMs are
rounded to round numbers.

Age Weight (Mean ± SEM)

8 days 1 250 g ± 4 g
15 days 1 620 g ± 9 g

22 days 1,2 1160 g ± 17 g
29 days 1,2 1840 g ± 25 g
34 days 3 2414 g ± 27 g

1 Ten-gram precision; leg tags included. 2 Weighed including UWB tags; 25 g in weight subtracted for birds with
UWB tags. 3 Different scale used with two-gram precision; leg tags and UWB tags not included.
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2.5. Study A: RFID Location Validation

To study whether the RFID system correctly registered the location of individual birds over time,
the RFID log file was compared to video recordings. The implemented approach is visualised in
Figure 3.
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2.5.1. Video Selection

Top-view video recordings were made for approximately two hours per day, using a Zavio B6210
2MP video camera (Zavio Inc., Hsinchu City, Taiwan) with a frame rate of 25 frames per second.
From these recordings, four videos with a duration of approximately 7 min each were selected at
random: one from 0 to 6 days old, one from 7 to 12 days old, one from 17 to 26 days old and one
from 28 to 34 days old. These periods were selected because of the differences in activity, body size
and absence/presence of UWB tags between these periods, and excluded days closely after fitting the
UWB tags or when not all data were available. The details of the four videos are shown in Table 2.
Before placing bedding and birds in the pen, an image showing the RFID grid was taken. This image
was used as a reference for the location of the birds in order to score coordinates and associated areas of
the different antennas.

Table 2. Overview of the characteristics of the videos that were selected for the location validation
study. UWB = ultra-wideband.

Video Age of the Broilers
(Days)

Time of Day
(Start of Video) Duration (mm:ss) Average Expected

Activity Level UWB Tags Present

Video 1 1 09:48:49 06:47 Low No
Video 2 11 10:43:32 06:49 High No
Video 3 18 11:53:42 06:55 High Yes
Video 4 34 11:05:11 06:59 Low Yes

2.5.2. Annotation of Frame Images

The randomly selected video recordings were converted to frame images, with a rate of approximately
one frame per second, using VLC media player (VideoLAN, Paris, France). In these frame images,
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four colour-marked birds were annotated using LabelImg software [20]. The frames were annotated
by in total twelve different observers, all scoring a unique set of one-twelfth of the total number of
frames (i.e., ~136 out of 1629 frames), as well as an overlapping set of frames. This overlapping set of
frames consisted of 25 frames, randomly taken from the overall 1629 frames available, that were repeated
once, resulting in 50 frames that were the same for every observer. This overlapping data set allowed
for calculation of inter- and intra-observer reliability, in which 100 annotations, i.e., four animals from
25 frames, could be compared and missing annotations were deleted row-wise. For the inter-observer
reliability, 85 annotations were left for comparison between all observers after removal of missing
annotations. The number of annotations available for intra-observer calculations after removal of missing
annotations differed per scorer and ranged between 83 and 98.

2.5.3. Annotation Data Cleaning and Completion

The annotations of the unique sets of frames from all observers provided coordinates of the location
of the birds in the image. These coordinates were compared to the location of the different antennas from
the reference image in order to assign an antenna number to the location of the birds. Sometimes, a scorer
missed a bird—for example, because it was hidden or simply overseen, —or labelled two different birds
with the same ID. In these instances, the correct annotation was added later on, by a single scorer who
was already included in the group of annotators. It is important to note that this step was only performed
for the frames included in the location validation set and not for the frames used for determination of
inter- and intra-observer reliability, where only raw data were used. When a bird was positioned at
the side of the pen, leaning against the pen wall, it could happen that the bird was annotated outside
the antenna range. In these instances, a missing value was given and this observation was excluded
from the calculations. Upon visual inspection of the coordinate data, some incorrect annotations were
observed, where birds were located for only a single frame at a non-adjacent antenna. These incorrect
annotations were removed, resulting in a missing data point. Furthermore, if location 7, where the
antenna was not functioning, was scored on video, this value was replaced with a missing value and
not included in the analysis. The final output data from the videos that were used here included a
time stamp, the animal ID and the antenna at which the animal was located. This output was then
compared to the output of the RFID system, which included the same variables. For this location
validation, the output of the RFID system was manually completed after recording, as the RFID system
sometimes did not register birds when they were lying down, resulting in missing recordings. The RFID
system functions best when the tags are in a vertical position, i.e., at a 90 degree angle in comparison
to the antenna floor, which is the case when birds stand. When birds are lying down, the tags are in
a position parallel to the antenna floor and are often not registered. It was assumed that as long as a
bird was not registered elsewhere, the bird was still located at the antenna position where the bird was
last registered. This assumption was used to fill in the missing rows in the RFID data for the location
comparison. In later analyses of distances moved, and future implementations, this is not necessary,
as the main factor of interest in those cases are likely the antenna switches, and when studying these the
last recorded position can be used, regardless of the time between the last recorded position and the next
recorded position. However, for the location validation this would result in missing data, and therefore
missing rows were filled in based on this assumption. Both the overall registrations and the trajectory
walked by the birds were compared between the RFID system and video recordings. For the overall
registrations, the percentage of (dis)agreement was calculated, while for the trajectory analysis the path
of the animals was visually compared.

2.6. Study B: Moving Distance Validation

To study whether the distance moved as recorded with the RFID system was a good indicator of
activity, the RFID output, in terms of antenna switches per unit of time, was compared to the distance
moved that was recorded (1) from video and (2) using an UWB system. The implemented approach is
visualised in Figure 4.
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2.6.1. RFID Distance Calculations

The RFID recordings required conversion to metrical distances. The number of switches between
antennas was used as an initial measure of activity for the RFID system. The RFID antennas were all
the same size (32 × 41 cm), but were not exact squares, so a correction was made in the RFID output
to account for the difference in distance between centre points of antennas in the x and y direction.
Furthermore, antennas were mounted on a total of fifteen PVC panels, in sets of two with identical
configurations and the short sides of the antennas adjacent to each other, resulting in a difference in
distance between two antennas on the same panel and between adjacent antennas on different panels.
This was also accounted for in the RFID distance calculations. Figure 5 shows a schematic top view of
the antenna grid. The shortest distance between two centre points was 36 cm, and this distance was set
as ‘one switch’. All other switches were calculated in relation to this distance, e.g., a distance of 45 cm
was recorded as 1.25 switch. For each antenna switch, the distance between the last recorded and next
recorded antenna was calculated using the shortest possible route to this antenna, i.e., a straight line.
False switches could occur when an animal was on the boundary between two antennas, which could
result in alternating registrations at the two adjacent antennas. Therefore, if an animal was registered at
a new antenna and this same new antenna was also registered less than five seconds before, the switch
in between was not included in the calculation of the total number of antenna switches. Per tracking
period, the antenna switches were added up as an indicator of the activity level of that animal in that
period and could be multiplied by 0.36 to convert this to a distance in meters.
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Figure 5. Schematic top view of the RFID grid. One of the fifteen PVC antenna panels that includes two
RFID antennas is outlined as an example (antenna 29 and 30). Distances between centre points of antennas
are indicated, as well as the total size of the grid. The non-functioning antenna is marked with an X.

2.6.2. Video Observations

For the video comparison, Kinovea software (version 0.8.15; [21]) was used to calculate the
distances moved by four colour-marked birds. The length of one side of the tracking pen was used for
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calibrating the distances. The positions of the birds were marked in the video by drawing a circle around
each bird, closely matching the outline of the lateral sides of the bird. This was done to make it easier
to see when a bird changed position and to set a threshold for movement. In this study, movement was
only included if the bird shifted at least half a body width, i.e., the centre of the bird moved outside the
circle. When this criterion was met, the bird was marked with a tracker in the video and the movement
of the broiler was tracked automatically. Manual corrections were applied when the tracking algorithm
did not recognise the movement of the bird or tracked the path incorrectly. When a bird stopped
moving, the recording was stopped and the distance covered was noted, before placing the circle
around the bird again and resuming the video analysis. After completion of the video analyses, the
distances per animal and per time period were summed in order to provide the full distance moved by
each animal in the desired timeframe. Of the two-hour video recordings each day, approximately one
hour of video was analysed per day for a total of eight days, ranging from 25 to 33 days old. Day 27
was excluded as no RFID data were available due to a technical error. In these videos, the distances
moved of the four colour-marked birds were analysed, resulting in four data points per one-hour
video. Due to one colour marking fading away, three one-hour videos were analysed for three instead
of four animals. A total of 29 one-hour records was available for analysis. The distances recorded in
these videos were compared to the distances recorded with the RFID system during the same periods.

2.6.3. Ultra-Wideband Tracking

For the comparison with UWB tracking, a Ubisense UWB system with Series 7000 sensors and
compact tags (Ubisense Limited, Cambridge, UK) was used, in combination with TrackLab software
version 1.4 (Noldus Information Technology, Wageningen, The Netherlands). In total, 34 out of 40 birds
were fitted with an UWB tag, due to a limitation in the number of tags available during this study.
These tags had a size of 3.8 by 3.9 cm and a weight of approximately 25 g, and were fitted to the
birds using elastic bands around their wing base. This UWB system, the setup and validation are
described in more detail in [14]. A sampling rate of one sample approximately every 6.91 s was
implemented. The UWB system recorded the activity of the birds near continuously from 15 days
old, with exception of the periods in which the leg bands were being checked or the birds were being
weighed. The UWB output that was used here was the total distance moved in meters per individual per
tracking period, where the tracking periods were selected to match the duration of the analysed videos
and corresponding RFID recordings, with a possible shift of several seconds due to the sampling rate of
the UWB system. Furthermore, to study whether longer RFID and UWB recordings would average out
any shorter-term differences, the average hourly activity levels from the RFID and UWB systems were
calculated, per day and for each animal, and were corrected for the recording duration. Because we
ran out of batteries during the experiment and because of too much missing UWB data (<75% of data
available), near-complete UWB data was available for 25 animals. In total, approximately 18 days with
UWB and RFID data were included in the comparison between UWB and RFID recorded distances.

2.7. Statistical Analyses

All statistics were performed using R version 3.5.0 [22]. To validate the location output of the
RFID system, a comparison with the locations recorded on video was made. To study the inter-observer
reliability of the annotated video recordings, a Fleiss’ Kappa calculation was performed on one-half
of the data (i.e., no repetitions of the same frames within an observer), using the irr package [23].
To determine the intra-observer reliability of the annotation of the video recordings, Cohen’s Kappa
tests from the irr package were performed. Descriptive statistics were used to study the number of
matches and mismatches between video and RFID in terms of location where the birds were observed.
Visual comparisons were made of the trajectories walked by the birds. To assess whether the antenna
switches recorded per unit time could serve as a measure of activity, Spearman rank correlations
were determined between the distances recorded by the RFID system, on video and as recorded with
the UWB system, as the data were not normally distributed. The 95% confidence intervals for the
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Spearman rank correlations were calculated by bootstrapping using the RVAideMemoire package [24].
Strictly speaking, the data points in the correlations are non-independent, as the same animals have
been repeatedly measured across days. To determine the common within-day or within-individual
correlation, repeated-measures correlations were implemented [25] using the rmcorr package [26].
This analysis assumes, among other things, linearity of the relationship between the two variables and
normal distribution of the errors, and the assumptions were not fully met here. Therefore, interpretation
of these results requires some caution. However, the resulting correlational values fell within the 95%
confidence intervals of the overall correlations and are therefore not reported in the results. A Spearman
rank correlation was also used to determine the correlation between the hourly average activity as
recorded by the RFID and UWB system. Furthermore, for the analysis of the hourly average activity as
recorded by the RFID and UWB system, repeated-measures correlations were again implemented to
determine the common within-day or within-individual correlation, and are reported in the results.
Again, the assumptions were not fully met and the interpretation of these results requires some
caution. Visualisations were made using the trajr [27], ggplot2 [28], ggpubr [29] and rmcorr [26]
packages. The level of statistical significance was set at 0.05. In the text, reported results are rounded
to two decimals.

3. Results

3.1. Study A: RFID Location Validation

The overall inter-observer reliability for the annotated antennas was 0.90 (Fleiss’ Kappa,
subjects = 85, raters = 12, Z = 209, p < 0.001). The intra-observer reliability for the annotated antennas
was on average 0.92, ranging from a minimum agreement of 0.75 to a maximum agreement of 0.99
(see Table S1 in the supplementary data). Comparison of the locations on video and from the RFID
system showed that video 2 had the highest exact agreement with RFID (80.9% matches), while video
3 had the lowest exact agreement (47.4% matches; Table 3). Overall, 62.5% of the registrations exactly
matched between RFID and video. This percentage increased to 99.2% when allowing for a deviation
of one antenna, i.e., a registration at one of the maximum eight neighbouring antennas.

Table 3. Overview of the percentage of exact matches and near matches between video and RFID
registrations for the four videos.

Video Bird Age (Days) Expected Activity UWB Registrations Included 1 Exact Matches Near Matches 2

Video 1 1 Low No 1319 72.1% 100.0%
Video 2 11 High No 1576 80.9% 99.9%
Video 3 18 High Yes 1463 47.4% 97.0%
Video 4 34 Low Yes 1575 50.0% 99.9%

Total 5933 62.5% 99.2%
1 I.e., the number of available RFID and video locations to compare in the respective video. 2 Allowing for a
deviation of one antenna, i.e., a registration at one of the maximum eight neighbouring antennas.

Although there appeared to be more detail, or positional changes, in the video data compared
to the RFID data, the trajectories walked by the birds according to the RFID system and as observed
on video showed good agreement (Figure 6). Moreover, the RFID location of the individuals did not
deviate strongly from the location on video. In other words, no RFID registrations were observed in
regions where the animals were not near. However, although the trajectories from video and RFID
matched well, the timing of the recorded location switches sometimes differed between video and
RFID. To illustrate this, Figure 7 shows the video and RFID locations over time of two example tracks,
one from video 2 (high percentage of matches; animal ID 2) and one from video 3 (low percentage
of matches; animal ID 4). In both these examples, the animals were not very active and the RFID
and video trajectories matched completely (Figure 6). However, Figure 7a shows that the video and
RFID matched almost completely for the first of the two tracks, while Figure 7b shows that the video
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registered many switches between the two recorded antennas for the second track, causing mismatches
between RFID and video in terms of location for part of the recording.Sensors 2020, 20, 3612 11 of 21 
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Figure 7. Locations over time for two individuals in two videos. The solid black line represents the
RFID location, while the dashed black line represents the video location. In the boxes, zoomed-in parts
of the graph are shown. (a) Almost fully matching track from animal ID 2 from video 2; (b) track with
many mismatches occurring from animal ID 4 from video 3.
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3.2. Study B: Moving Distance Validation

There were moderately strong Spearman rank correlations in terms of distances moved between
RFID and video (rs = 0.82 (95% CI 0.61–0.92), S = 730, p < 0.001; Figure 8a), between RFID and UWB
(rs = 0.70 (95% CI 0.41–0.86), S = 1224, p < 0.001, Figure 8b) and between video and UWB (rs = 0.79
(95% CI 0.53–0.92), S = 854, p < 0.001; Figure 8c).
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Figure 8. Scatter plots of the relationships between two measuring techniques. Distances are depicted
in meters on both axes. The dashed line indicates the diagonal. Dots represent individual data points.
(a) RFID versus video; (b) RFID versus UWB; (c) video versus UWB.

There was a moderately strong Spearman rank correlation between RFID and UWB when using the
average distance moved per hour, calculated per day and animal (rs = 0.71 (95% CI 0.65–0.75), S = 4041800,
p < 0.001; Figure 9). However, the UWB system nearly always recorded higher distances than the RFID
system (Figure 9). When looking within days, a correlation of 0.65 was observed (repeated-measures
correlation, r = 0.65 (95% CI 0.59–0.70), df = 417, p < 0.001; Figure 10a). When looking within individuals,
or tags, a correlation of 0.73 was observed (repeated-measures correlation, r = 0.73 (95% CI 0.69–0.78),
df = 410, p < 0.001; Figure 10b). The repeated-measures correlations strongly resembled the overall
correlation without taking repeated-measures into account (Figure 10).
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Figure 10. Scatter plot of the relationship between RFID and UWB over a longer period of time,
as average distances moved per hour for each day and animal, looking at the correlation within days
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variable, i.e., indicating the overall correlation. Dots represent individual data points. (a) Scatter plot of
the relationship between RFID and UWB for different days; (b) scatter plot of the relationship between
RFID and UWB for different individuals.

4. Discussion

In this research, it was studied whether a passive high frequency RFID tracking system was
suitable for monitoring the individual levels of activity of broilers throughout life. On average, 62.5% of
the RFID recordings matched exactly with video in terms of the location of the animals and 99.2% of the
registrations matched when allowing for a deviation of one antenna, indicating that the RFID system
can give a good approximation of the location of individual birds. Furthermore, distances recorded
with the RFID system correlated well with both video and UWB measurements. These correlations
indicate that the RFID system can provide good estimations of the activity levels of individual broilers
in relation to their pen mates.

4.1. Study A: RFID Location Validation

Overall, almost two-thirds of the location registrations exactly matched between RFID and video.
Furthermore, the difference in position detected with the RFID system and on video was rarely larger
than one antenna, i.e., birds were rarely registered further away than an adjacent antenna compared to
the position on video, as indicated by the 99.2% near matches. This indicates that the RFID system can
give a good approximation of the location of individual birds and has potential to be implemented
to, for example, study locational patterns of individual birds over time. However, there was some
disagreement between video and RFID in terms of exact registered locations, which has several possible
explanations that are related to how RFID and video differ in the way they can be used to detect the
birds. These include the reference point used for location determination, the level of detail of the
recordings, the effect of intermittent tag registrations, and the tag orientation, and are outlined below.

4.1.1. Reference Point for Location Determination

On video the centre point of the birds is used to determine the location of the bird, while the RFID
tag is attached to a single leg. This could result in a bird being registered at a different antenna on video
than with the RFID system, as the centre point of a bird might be situated at a different antenna than the
leg of the bird. It has been reported that broilers generally place their feet in a lateral position relative to
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the hip [30]. In particular, when birds are larger, this may affect the results of the position recordings on
video and using RFID. A positive relationship between body weight and pelvis width, measured across
the back of a standing chicken as the distance between the exterior of the thighs, has been observed
in chickens [31]. Therefore, the absolute distance between the centre point of the birds and their legs
may increase further as the birds grow, which could explain why more mismatches were seen in video
3 and 4, in which the birds were larger. However, it must also be noted that video 3 and 4 included
birds with UWB tags, while video 1 and 2 did not. With the current data, it cannot be completely ruled
out that the UWB tags affected the RFID recordings, but given that the two systems communicate on
different radio frequencies, this is not expected. It is therefore hypothesised that the difference in size
of the birds was the main cause of the higher number of mismatches in video 3 and 4 and likely, if on
video the leg of the bird that was fitted with an RFID tag was annotated, fewer mismatches between
RFID and video would be observed. However, with the current setup using top-view video recordings,
it was not feasible to annotate single legs of birds as these were not always visible. Therefore, the centre
point of the birds was used as an approximation, likely resulting in an increase in mismatches between
RFID and video.

4.1.2. Level of Detail of the Recordings

As was shown in Figure 7b, there were more location switches registered on video, compared
to with the RFID tracking. One possible explanation for this higher number of switches on video is
that the video recorded more detailed changes than the RFID system. For example, when a bird was
situated on the edge between two antennas, even a slight shift of a few pixels could result in the bird
being registered at a different antenna than before. This shift might be registered on video due to a
slight movement of the birds, but can also be caused by an inaccuracy in the annotations of the birds.
Moreover, at the very edges of the antenna panels, there was not always full antenna coverage, as there
was some uncovered space between the individual antennas. Therefore, when the video registered a
bird at the edge of a new antenna, the RFID system was not always able to ‘see’ this bird and did not
register a new location for this bird.

4.1.3. Intermittent Tag Registrations

In some cases, the RFID system did see the tag when it was situated between two antennas.
This could result in the bird being registered in two positions intermittently, while the bird was not
moving on video, resulting in approximately half of the registrations being a mismatch. In the distance
validation, this was filtered out in order to exclude false positives for locomotor movement between
antennas, but in the location analysis these switches were kept to allow a full second-by-second
comparison of the positions of the animals using the raw RFID data as a basis. Such intermittent
registrations at two antennas were observed in the current study and have also been reported in other
studies using RFID technology to track positions of animals (e.g., low frequency RFID in rats [32];
ultra-high frequency RFID in mice [33]).

4.1.4. Tag Orientation

The RFID system sometimes could not register birds when they were lying down. The RFID
system functions best when the tags are in a vertical position, i.e., at a 90 degree angle in relation to the
antenna floor. This is often the case when birds stand upright. When birds are lying down, the tags are
in a position parallel to the antenna floor. Therefore, when a bird shifts position without fully rising
to stand, the RFID system may not register this movement. In the analysis performed here, missing
RFID registrations were completed using the last recorded position of the animal, because no ‘new’
information was available from the RFID system and therefore the last registered antenna was the
most likely current position of the animal. However, this position may potentially no longer have
been the correct one, for the reason mentioned above. For practice, the notion that birds are often not
registered when lying down is not a cause for concern. On the contrary, when one is interested in
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recording locomotor activity, it might even be preferable to not register movement of birds that are not
standing up, as this may not be considered as true locomotor movement of the bird. By not registering
birds while they are lying down, likely no relevant information is lost and it might reduce noise in the
data that could be caused by birds slightly shifting position, for example, because they are preening,
while lying down.

Altogether, the differences in the way RFID and video register the birds may underlie the
mismatches that are observed. However, the trajectory plots (Figure 6) show that when RFID and video
do not agree on the trajectory, the deviation is generally not larger than one antenna. In other words,
birds were, at least in these videos, never registered in locations where they really could not be located
near, i.e., at far-away antennas in relation to the position on video. It appears that the RFID system
might not always register all changes that are happening on video, because these changes might be too
subtle for the RFID system to detect or are not actually caused by birds walking. However, the RFID
system also does not register birds in locations where they are not located near based on the video
observations. Overall, it appears that the RFID system is not very sensitive to small changes, but does
provide a good approximation of the location of birds over time.

4.2. Study B: Moving Distance Validation

4.2.1. RFID Versus Video

In this study, it was assumed that the distance moved as recorded from video is the true distance
moved by the animals. There was a moderately strong rank correlation (0.82) between video and RFID
in terms of distance moved. This indicates that the RFID system is suitable for comparison of activity
levels between animals, and can be implemented to study individual differences in activity levels in
a more time-efficient and objective manner compared to visual observations from video recordings.
In terms of absolute distances moved, the distance as recorded from video was generally somewhat
higher than the distance registered by the RFID system. There are several explanations for this finding.

First, the RFID and video recordings could differ in the exact starting point of the distance recording.
In theory, the RFID and video recordings spanned the same time period, but, as explained earlier, the RFID
system did not always register birds, especially when they were lying down. Consequently, when a
recording started, the RFID system might only have registered a bird when something in the position
of the bird changed—for example, when it moved to a new antenna, as it was possibly no longer
registering the previous position of the bird. This could result in the first ‘switch’ between antennas
being missed, as only the second antenna might be registered, while on video, all movements from the
start of the recording can be observed. Consequently, the RFID system might show a slightly lower
recorded distance compared to video.

Second, as discussed earlier, the video can capture much smaller changes than the RFID system.
On video, all changes can be observed, while the RFID system only registers movement between
antennas, and not within antennas, which can cause the distance recorded with the RFID system to
be lower. The absolute difference between the recorded distances on video and using RFID appeared
larger when birds moved longer distances (Figure 8a). Redfern et al. (2017) used a low frequency RFID
tracking system in rats, with a setup similar to the setup in the current study, and compared RFID and
manual distance tracking [32]. They found a good correlation between the two (ICC = 0.83), although it
depended on the position of their implanted RFID tag, but noted that the RFID distance was lower than
the manual tracking for higher activity levels. One of their explanations for this discrepancy was that
faster locomotion could have impacted the tracking accuracy [32]. Indeed, other studies have reported
that when tags move faster, their probability of registration can decline [34]. In the current study, this
may have impacted the recorded distances in two ways. First, some movement to and from antennas
might be missed due to unrecorded antenna visits, resulting in a lower recorded RFID movement, and
second, via the way the RFID distances were calculated. The RFID moving distances were based on the
shortest possible straight line from one antenna to the other (see Figure 5). It is, however, unlikely that
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animals always walk in a straight line from one antenna to another. Therefore, a part of the true
distances moved may be missed by using the shortest possible route in the calculations. This influences
the recorded distances between antennas that are not adjacent. Specifically, when an animal is registered
at two subsequent antennas that are far apart, the absolute distance underestimation can become large,
as the absolute difference between the calculated shortest route and possible true routes is especially
large here. However, although in the current study the absolute difference between RFID and video
was observed to be larger at higher distances, the relative difference appeared to remain relatively
constant. Furthermore, the earlier-mentioned studies reporting an effect of movement speed of the tag
on recording reliability implemented low frequency RFID, while in the current study, high frequency
RFID was implemented, which has a faster read rate [35]. Therefore, it is less likely that fast movements
may have been missed in a similar way, and it appears more likely that the distances moved within
the antennas are the main cause of the difference between RFID and video, as opposed to the moving
speed of the birds.

Third, during this study, antenna 7 of the RFID system was not functioning and therefore not
recording birds. Moreover, after this study, it was discovered that the antennas close to the drinker
were no longer recording birds near the end of the tracking period, likely due to the moisture in the
bedding underneath the drinker blocking the RFID signal. This could have resulted in some missed
registrations, and hereby could have lowered the recorded RFID distance in comparison to video.

Overall, the distance moved calculated from the RFID data may not exactly represent true distances
moved. However, the moderately strong correlation between video and RFID does allow comparison
of activity levels between animals tracked with the same RFID setup.

4.2.2. RFID Versus UWB

There were moderately strong rank correlations between UWB and RFID in the one-hour sessions
(0.70) and in the longer recordings (0.71). This indicates that the RFID system and the UWB system generally
agree on the relative ranking of animals in terms of distances moved. Whether animals are tracked using
the RFID system or the UWB system, the same animals will likely be identified as relatively active or
inactive by both systems. In terms of absolute distances, the distance recorded with the UWB system was
higher than the distance recorded with the RFID system for nearly all data points. This could again be
explained by the RFID system not registering movement within antennas, while the UWB system can
theoretically pick up on all movements. However, the difference between RFID and UWB may be enlarged
by the localisation error or noise that may occur with the UWB system. There may be some noise in the
localisation of the UWB system, which could result in slight deviations from the actual position of the bird
over time, hereby increasing the recorded distance moved [14]. The repeated-measures correlations on the
longer-period UWB and RFID data showed that the distribution of data points differed somewhat between
days and individuals. The differences in distribution of data points between individuals can be explained
by differences in activity between birds, i.e., it can be expected that some birds are consistently more active
than others or move faster, or in a different way, compared to others, which may affect the RFID and
UWB recordings to some extent. The difference in distribution of data points between days is less intuitive.
Although differences in overall activity levels are expected across days, theoretically the UWB and RFID
systems function in a consistent manner and should therefore not show differences in the relationship
between them. However, the systems can be affected by the surroundings. For example, metals or water
in the environment may affect RFID systems [35], while UWB systems may miss registrations when tags
are in a (partially) covered position (e.g., [36]; also for a discussion on how to deal with missing UWB
registrations). In this study the surroundings were kept the same as much as possible, so it would be
expected that the influence of water, metals and coverage of tags was the same across the entire trial and
therefore the differences between days may simply reflect random noise. However, as mentioned earlier,
the antennas close to the drinker were no longer recording birds near the end of the tracking period,
likely due to the moisture in the bedding underneath the drinker blocking the RFID signal. This could
have reduced the RFID recorded distances over time, and hereby the correlation between UWB and
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RFID. Regardless, as is shown in Figure 10, the observed correlations did not differ much between the
repeated-measures and assumed-independent data and the direction of the relationship between RFID
and UWB appeared to be the same. In practice, the overall correlation across days and individuals seems
the most relevant, as this is the correlation that is representative of comparing animals that are tracked at
different timepoints, regardless of whether these same animals have been tracked before and on what
specific day. It is important to note, however, that an approach like this does not take changes in activity
over time within animals into account, so it would be advisable to only compare the activity of animals
that are approximately the same age at the time of measurement. Overall, although there are differences
between the two tracking systems in observed absolute distance moved, it appears that the RFID and
UWB systems show good agreement on which animals are relatively active or inactive.

4.2.3. Video Versus UWB

There was also a moderately strong correlation between video and UWB, with rs = 0.79.
This indicates that the UWB recorded activity reflected the ranking of the animals in terms of
distances moved well. In our previous study [14], a similar approach was used and a correlation
between video and UWB of 0.71 was reported. The correlation in the current study was somewhat
higher, but it must be noted that the confidence interval for the correlation of 0.79 ranges from 0.53 to
0.92 and thus includes the earlier reported correlational value. Therefore, no strong conclusions can be
drawn from this difference between studies. It is noteworthy, however, that in the current study the
observations were made later in the life of the birds. In our earlier study [14], the observations were
made from 15 to 33 days old, while in the current study the observations were made from 25 to 33 days
old. Given the decreasing trend in activity that is often reported as broilers age (e.g., [14,37,38]), it was
likely that in the current study somewhat lower average activity levels were included in the comparison
between video and UWB, compared to the earlier study. However, the median distance moved on
video, assumed to be the true distance moved, observed in the earlier study was approximately 20 m
(ranging from approximately 2 to 57 m in this study), while in the current study this was approximately
21 m (ranging from approximately 10 to 53 m). The setup of the current study did, however, differ in
comparison to our earlier study in terms of, among other things, the placement of water and food,
the density of the birds and the human scorer of the videos. Possibly, this may have influenced the
observed correlation, but this could not be confirmed with the data from the current study. Generally,
however, it is important to note that the distance comparisons in this study, with exception of the
RFID-UWB comparison over longer periods of time, were made using data from 25 to 33 days old,
and therefore the observed correlations are representative only of the later part of broiler production.
Although it is not expected that the relationships between systems are very different at different
timepoints, additional work involving RFID early in life is needed to confirm equal performance of the
RFID system at younger ages.

Overall, the moderately strong correlations between the different observation methods suggest
that the RFID system and the UWB system are both suitable for estimating differences in activity
levels between individual birds. However, as the RFID system allows for monitoring activity from
hatching onward, due to its small and lightweight tags, it is here deemed to be the preferable method
for tracking individual activity in group-housed broilers throughout life.

4.3. Future Prospects for Implementation of the RFID System

The RFID system that was implemented here shows great potential for recording individual
activity levels of broilers throughout life, on multiple animals simultaneously, in a time-efficient
and objective manner. The current setup provided a high level of detail, using antennas with a
size of 32 by 41 cm, and can be of great value in research into behaviour of group-housed birds.
However, as mentioned earlier, some difficulties were experienced with the RFID system. One antenna
was not recording animals due to a technical error that was related to a faulty contact in the antenna.
Further, several antennas were not recording birds at the end of the trial due to moisture in the bedding
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underneath the drinker. In general, the RFID system can be sensitive to the environment, which is
important to take into account when implementing the system in practice. Furthermore, the RFID
system used here is relatively easy to dismantle and move to a different location, but it would be
advisable to setup the system in a location where it can remain for longer periods of time, as the
transport and change in surroundings can result in recalibration of antennas being required for the
system to work as desired and cleaning of the antennas is difficult as no water can be used.

The intended purpose of implementing an RFID system is important to consider when selecting
a system, as this may affect the requirements for the RFID system. For example, the current setup
implemented high frequency RFID, among other things, to allow registrations of multiple animals
at an antenna and avoid data collision. However, the radio frequency also has consequences for
how much the system is affected by water and metal in the environment and what communication
ranges can be achieved [35], and it is therefore important to weigh up the benefits and downsides
when selecting a system. The level of spatial resolution can also vary, depending on the antenna
size and configuration. For more detailed position recording, more and smaller antennas may be
desired. However, for larger scale implementations in practice, a high spatial resolution may not be
realistic. Given that it is not feasible to fit large housings with a full grid of antennas of the current size,
an alternative could be to fit specific areas in the housing with antennas—for example, the feeders.
This would not provide the detail in the activity level that could be recorded in the present study,
but does allow one to keep track of feeder visits. Another option would be to use several line antennas
to divide the overall area into different zones, and to study how often birds switch between zones.
Future research could look into how well these crude measurements correlate with detailed data on
activity levels in order to determine whether these crude measurements can serve as a proxy for activity
in large scale production environments.

Future research should furthermore look into alternative methods for attaching the RFID tags
to the legs. The rubber bands used in this study were effective, i.e., the tags were well secured and
not often lost, and evoked little reaction from the broilers after a short habituation period in which
some pecking at the leg bands was observed, suggesting that the leg tags did not interfere with
the normal behaviour of the broilers. Furthermore, no issues were observed with the rubber bands
catching on objects in the environment, although it must be noted that all the objects in the pen and
the pen walls had smooth surfaces. However, the leg bands had to be checked every couple of days
and had to be switched to a larger size during the trial to avoid the rubber bands becoming too tight.
Therefore, there would be added value to leg bands that can keep up with the growth of the broilers’
legs in order to reduce the required manual labour.

Future research should also look into the potential of using RFID recordings to determine true
distances moved in more detail. The relationship between RFID and video, which seems to show a
linear pattern, indicates that there is potential to use RFID recordings to estimate true distances moved.
Although not studied here, the RFID system could possibly be implemented to study true distances
moved of group-housed birds, which could be a valuable tool in, for example, determining threshold
levels of activity for reducing leg problems.

5. Conclusions

It was studied here whether a passive high frequency RFID tracking system was suitable for
monitoring the individual levels of activity of broilers throughout life. In 62.5% of the cases, the RFID
system was in full agreement with video in terms of the location of the animals. In total, 99.2% near
matches, allowing for a deviation of one antenna, were observed between RFID and video in terms
of location. There were moderately strong correlations in terms of distances moved between RFID
and video (rs = 0.82) and between RFID and UWB (rs = 0.70). This indicates that the RFID system can
accurately register among-individual variation in activity. However, the absolute values of the RFID
recorded distances are generally an underestimation of the true distances moved. Overall, the RFID
system appears suitable for monitoring the relative activity of individual group-housed broilers and can
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contribute to obtaining activity measures at the individual level early, and later, in life. Main benefits of
the RFID system for tracking activity, compared to, for example, UWB tracking or video observations,
include its small, lightweight tags that allow tracking of broilers from hatching onwards, limited
manual labour and reliable identification of individuals. Data on activity levels early in life can
potentially aid in identifying and predicting health, welfare and production parameters, but more
research in this area is required.
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Author Contributions: Conceptualisation, M.v.d.S., Y.d.H., B.d.K., T.B.R. and E.D.E.; formal analysis, M.v.d.S.,
Y.d.H., T.B.R. and E.D.E.; investigation, M.v.d.S., B.d.K. and E.D.E.; methodology, M.v.d.S., Y.d.H., T.B.R. and
E.D.E.; visualisation, M.v.d.S.; writing—original draft, M.v.d.S., Y.d.H., T.B.R. and E.D.E.; writing—review and
editing, M.v.d.S., Y.d.H., B.d.K., T.B.R. and E.D.E. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was financially supported by the Dutch Ministry of Economic Affairs (TKI Agri & Food
project 16022) and the Breed4Food partners Cobb Europe, CRV, Hendrix Genetics and Topigs Norsvin.

Acknowledgments: The authors thank Twan van Rijswijck for his help with the experimental work, taking care of
the birds and his creative solutions to practical questions. The authors also thank the employees of Cobb Europe
for their help with the experimental work. The authors furthermore thank Kees van Oers and Roel Veerkamp
for their feedback on the manuscript, and the colleagues at Animal Breeding and Genomics and the Adaptation
Physiology Group at Wageningen University & Research, as well as the colleagues at Animals in Science and
Society at Utrecht University, for their help with annotating frames. The authors thank three anonymous reviewers
for their valuable feedback on, and suggestions for, the manuscript.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of this
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

Data Availability

The data that support the findings of this study are available from Cobb Europe but restrictions
apply to the availability of these data, which were used under license for the current study, and so are
not publicly available. Data are however available from the authors upon reasonable request and with
permission of Cobb Europe.

References

1. Centraal Bureau voor de Statistiek. Landbouw; Gewassen, Dieren en Grondgebruik Naar Gemeente.
Available online: https://opendata.cbs.nl/statline/#/CBS/nl/dataset/80781NED/table?fromstatweb (accessed on
2 March 2020).

2. Gregory, N.G. Physiological mechanisms causing sickness behaviour and suffering in diseased animals.
Anim. Welf. 1998, 7, 293–305.

3. Van Hertem, T.; Norton, T.; Berckmans, D.; Vranken, E. Predicting broiler gait scores from activity monitoring
and flock data. Biosyst. Eng. 2018, 173, 93–102. [CrossRef]

4. Reiter, K.; Bessei, W. Effect of reduced weight load on locomotor activity and leg disorders in broiler
chicken. In Proceedings of the 6th European Symposium on Poultry Welfare, Zollikhofen, Switzerland,
1–4 September 2001; pp. 113–118.

5. Bizeray, D.; Leterrier, C.; Constantin, P.; Picard, M.; Faure, J.M. Early locomotor behaviour in genetic stocks
of chickens with different growth rates. Appl. Anim. Behav. Sci. 2000, 68, 231–242. [CrossRef]

6. Reiter, K.; Bessei, W. Effect of locomotor activity on bone development and leg disorders in broilers.
Arch. Geflugelkd 1998, 62, 247–253.

7. Reiter, K. Effect of distance between feeder and drinker on exercise and leg disorders in broilers.
Arch. Geflügelkd 2004, 68, 98–105.

8. Bradshaw, R.H.; Kirkden, R.D.; Broom, D.M. A review of the aetiology and pathology of leg weakness in
broilers in relation to welfare. Avian Poult. Biol. Rev. 2002, 13, 45–103. [CrossRef]

http://www.mdpi.com/1424-8220/20/13/3612/s1
https://opendata.cbs.nl/statline/#/CBS/nl/dataset/80781NED/table?fromstatweb
http://dx.doi.org/10.1016/j.biosystemseng.2018.07.002
http://dx.doi.org/10.1016/S0168-1591(00)00105-2
http://dx.doi.org/10.3184/147020602783698421


Sensors 2020, 20, 3612 19 of 20

9. van der Pol, C.W.; Molenaar, R.; Buitink, C.J.; van Roovert-Reijrink, I.A.M.; Maatjens, C.M.; van den Brand, H.;
Kemp, B. Lighting schedule and dimming period in early life: Consequences for broiler chicken leg bone
development. Poult. Sci. 2015, 94, 2980–2988. [CrossRef] [PubMed]

10. Ellen, E.D.; van der Sluis, M.; Siegford, J.; Guzhva, O.; Toscano, M.J.; Bennewitz, J.; van der Zande, L.E.;
van der Eijk, J.A.J.; de Haas, E.N.; Norton, T.; et al. Review of sensor technologies in animal breeding:
Phenotyping behaviors of laying hens to select against feather pecking. Animals 2019, 9, 108. [CrossRef]

11. Finkenzeller, K. RFID Handbook: Fundamentals and Applications in Contactless Smart Cards, Radio Frequency
Identification and Near-Field Communication, 3rd ed.; John Wiley & Sons, Ltd.: Chichester, UK, 2010.

12. Aydin, A.; Cangar, O.; Ozcan, S.E.; Bahr, C.; Berckmans, D. Application of a fully automatic analysis tool to
assess the activity of broiler chickens with different gait scores. Comput. Electron. Agric. 2010, 73, 194–199.
[CrossRef]

13. Dawkins, M.S.; Cain, R.; Roberts, S.J. Optical flow, flock behaviour and chicken welfare. Anim. Behav.
2012, 84, 219–223. [CrossRef]

14. van der Sluis, M.; de Klerk, B.; Ellen, E.D.; de Haas, Y.; Hijink, T.; Rodenburg, T.B. Validation of an
ultra-wideband tracking system for recording individual levels of activity in broilers. Animals 2019, 9, 580.
[CrossRef] [PubMed]

15. Richards, G.J.; Wilkins, L.J.; Knowles, T.G.; Booth, F.; Toscano, M.J.; Nicol, C.J.; Brown, S.N. Continuous monitoring
of pop hole usage by commercially housed free-range hens throughout the production cycle. Vet. Rec. 2011, 169, 338.
[CrossRef] [PubMed]

16. Chien, Y.R.; Chen, Y.X. An RFID-based smart nest box: An experimental study of laying performance and
behavior of individual hens. Sensors 2018, 18, 859. [CrossRef] [PubMed]

17. Li, L.; Zhao, Y.; Oliveira, J.; Verhoijsen, W.; Liu, K.; Xin, H. A UHF RFID system for studying individual
feeding and nesting behaviors of group-housed laying hens. Trans. Asabe 2017, 60, 1337–1347. [CrossRef]

18. Kjaer, J.B. Divergent selection on home pen locomotor activity in a chicken model: Selection program, genetic
parameters and direct response on activity and body weight. PLoS ONE 2017, 12, e0182103. [CrossRef]

19. Cobb. Broiler Management Guide. 2018. Available online: https://cobbstorage.blob.core.windows.net/guid
es/5fc96620-0aba-11e9-9c88-c51e407c53ab (accessed on 12 May 2020).

20. Tzutalin. LabelImg, Git Code. 2015. Available online: https://github.com/tzutalin/labelImg (accessed on
15 August 2019).

21. Charmant, J.; Contributors. Kinovea. Available online: https://www.kinovea.org/ (accessed on 28 February 2020).
22. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing:

Vienna, Austria, 2018; Available online: https://www.R-project.org/ (accessed on 6 July 2019).
23. Gamer, M.; Lemon, J.; Fellows, I.; Singh, P. irr: Various Coefficients of Interrater Reliability and Agreement.

Available online: https://CRAN.R-project.org/package=irr (accessed on 28 November 2019).
24. Hervé, M. RVAideMemoire: Testing and Plotting Procedures for Biostatistics. Available online: https://CRAN.R

-project.org/package=RVAideMemoire (accessed on 28 November 2019).
25. Bakdash, J.Z.; Marusich, L.R. Repeated measures correlation. Front. Psychol. 2017, 8, 456. [CrossRef]
26. Bakdash, J.Z.; Marusich, L.R. Rmcorr: Repeated Measures Correlation. Available online: https://CRAN.R-p

roject.org/package=rmcorr (accessed on 3 July 2019).
27. McLean, D.J.; Skowron Volponi, M.A. trajr: An R package for characterisation of animal trajectories. Ethology

2018, 124, 440–448. [CrossRef]
28. Wickham, H. ggplot2: Elegant Graphics for Data Analysis; Springer: New York, NY, USA, 2016.
29. Kassambara, A. ggpubr: ‘ggplot2’ Based Publication Ready Plots. Available online: https://CRAN.R-project

.org/package=ggpubr (accessed on 28 November 2019).
30. Paxton, H.; Daley, M.A.; Corr, S.A.; Hutchinson, J.R. The gait dynamics of the modern broiler chicken:

A cautionary tale of selective breeding. J. Exp. Biol. 2013, 216, 3237–3248. [CrossRef]
31. Latshaw, J.D.; Bishop, B.L. Estimating body weight and body composition of chickens by using noninvasive

measurements. Poult. Sci. 2001, 80, 868–873. [CrossRef]
32. Redfern, W.S.; Tse, K.; Grant, C.; Keerie, A.; Simpson, D.J.; Pedersen, J.C.; Rimmer, V.; Leslie, L.; Klein, S.K.;

Karp, N.A.; et al. Automated recording of home cage activity and temperature of individual rats housed in
social groups: The Rodent Big Brother project. PLoS ONE 2017, 12, e0181068. [CrossRef]

http://dx.doi.org/10.3382/ps/pev276
http://www.ncbi.nlm.nih.gov/pubmed/26467008
http://dx.doi.org/10.3390/ani9030108
http://dx.doi.org/10.1016/j.compag.2010.05.004
http://dx.doi.org/10.1016/j.anbehav.2012.04.036
http://dx.doi.org/10.3390/ani9080580
http://www.ncbi.nlm.nih.gov/pubmed/31434210
http://dx.doi.org/10.1136/vr.d4603
http://www.ncbi.nlm.nih.gov/pubmed/21846686
http://dx.doi.org/10.3390/s18030859
http://www.ncbi.nlm.nih.gov/pubmed/29538334
http://dx.doi.org/10.13031/trans.12202
http://dx.doi.org/10.1371/journal.pone.0182103
https://cobbstorage.blob.core.windows.net/guides/5fc96620-0aba-11e9-9c88-c51e407c53ab
https://cobbstorage.blob.core.windows.net/guides/5fc96620-0aba-11e9-9c88-c51e407c53ab
https://github.com/tzutalin/labelImg
https://www.kinovea.org/
https://www.R-project.org/
https://CRAN.R-project.org/package=irr
https://CRAN.R-project.org/package=RVAideMemoire
https://CRAN.R-project.org/package=RVAideMemoire
http://dx.doi.org/10.3389/fpsyg.2017.00456
https://CRAN.R-project.org/package=rmcorr
https://CRAN.R-project.org/package=rmcorr
http://dx.doi.org/10.1111/eth.12739
https://CRAN.R-project.org/package=ggpubr
https://CRAN.R-project.org/package=ggpubr
http://dx.doi.org/10.1242/jeb.080309
http://dx.doi.org/10.1093/ps/80.7.868
http://dx.doi.org/10.1371/journal.pone.0181068


Sensors 2020, 20, 3612 20 of 20

33. Catarinucci, L.; Colella, R.; Mainetti, L.; Patrono, L.; Pieretti, S.; Secco, A.; Sergi, I. An animal tracking
system for behavior analysis using radio frequency identification. Lab. Anim. 2014, 43, 321–327. [CrossRef]
[PubMed]

34. Gebhardt-Henrich, S.G.; Fröhlich, E.K.F.; Burose, F.; Fleurent, J.; Gantner, M.; Zähner, M. Individual tracking
of laying hens with an RFID-system. Landtechnik 2014, 69, 301–307.

35. Ruiz-Garcia, L.; Lunadei, L. The role of RFID in agriculture: Applications, limitations and challenges.
Comput. Electron. Agric. 2011, 79, 42–50. [CrossRef]

36. Stadig, L.M.; Ampe, B.; Rodenburg, T.B.; Reubens, B.; Maselyne, J.; Zhuang, S.; Criel, J.; Tuyttens, F.A.M.
An automated positioning system for monitoring chickens’ location: Accuracy and registration success in a
free-range area. Appl. Anim. Behav. Sci. 2018, 201, 31–39. [CrossRef]

37. Weeks, C.A.; Danbury, T.D.; Davies, H.C.; Hunt, P.; Kestin, S.C. The behaviour of broiler chickens and its
modification by lameness. Appl. Anim. Behav. Sci. 2000, 67, 111–125. [CrossRef]

38. Tickle, P.G.; Hutchinson, J.R.; Codd, J.R. Energy allocation and behaviour in the growing broiler chicken.
Sci. Rep. 2018, 8, 4562. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/laban.547
http://www.ncbi.nlm.nih.gov/pubmed/25141063
http://dx.doi.org/10.1016/j.compag.2011.08.010
http://dx.doi.org/10.1016/j.applanim.2017.12.010
http://dx.doi.org/10.1016/S0168-1591(99)00102-1
http://dx.doi.org/10.1038/s41598-018-22604-2
http://www.ncbi.nlm.nih.gov/pubmed/29540782
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Ethical Statement 
	Location and Subjects 
	Housing 
	Radio Frequency Identification (RFID) System 
	Study A: RFID Location Validation 
	Video Selection 
	Annotation of Frame Images 
	Annotation Data Cleaning and Completion 

	Study B: Moving Distance Validation 
	RFID Distance Calculations 
	Video Observations 
	Ultra-Wideband Tracking 

	Statistical Analyses 

	Results 
	Study A: RFID Location Validation 
	Study B: Moving Distance Validation 

	Discussion 
	Study A: RFID Location Validation 
	Reference Point for Location Determination 
	Level of Detail of the Recordings 
	Intermittent Tag Registrations 
	Tag Orientation 

	Study B: Moving Distance Validation 
	RFID Versus Video 
	RFID Versus UWB 
	Video Versus UWB 

	Future Prospects for Implementation of the RFID System 

	Conclusions 
	References

