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Validation of a digital video tracking system for recording
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Abstract

We are introducing a system for automatically tracking pig locomotor behaviour. Transposing methods for the video-based tracking of
rodent behaviour engenders several problems. We have therefore improved existing methods, based on image-subtraction, to offer increased
flexibility and accuracy in tracking large-sized animals in situations with a constantly changing background. The improved tracking algorithms
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ntroduce a reference frame, which does not include the animal and is automatically updated, and implementation of an automat
etection algorithm. This makes the system more robust to the tracking environment, which could even be of the same colour as
nd allows the tracking environment to change during recording.
We validated the system by estimating the repeatability, accuracy, and basic noise level, and tested the system in different leve

ctivity evoked by administration of apomorphine (APO) to minipigs in an open field test.
Seven pigs each received the vehicle and three doses of APO (0.05, 0.1, and 0.3 mg/kg i.m.), and the locomotor behaviour of e

as recorded for 60-min. The calculated coefficient of repeatability was 0.6%, indicating high repeatability and the basic noise le
racking system was estimated to be 2%. Administration of the two lowest doses of APO was accompanied by increased locomo
f the pigs.
Thus, this digital video-based tracking system for automatically tracking the spontaneous locomotor behaviour of pigs is high

nd accurate, and was able to detect well-known effects of APO in pig locomotor activity.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Behaviour is an important parameter in several neuro-
cience disciplines. It is central to studies of animal welfare,
eurobehavioural genetics, and brain function, and the num-
er of behavioural studies is vast. Assessment of locomotor
ehaviour is especially crucial in neuro and psychopharma-
ology.

Pigs are most often studied in relation to animal welfare,
ut have recently been regarded with increased interest in
euroscience (Mikkelsen et al., 1999; Parrott et al., 2000;
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Danielsen et al., 2000; Cumming et al., 2001; Moustgaa
al., 2002; Arnfred et al., 2003a,b, 2004). In spite of the man
ethological studies that have been made of this specie
use of automated tracking is uncommon. Pig behavio
usually recorded manually, or semi-automatically with
aid of, for example, an event recorder. Since manual re
ing suffers from inherent problems of fatigue, drift, sub
tivity, and other error sources (Martin and Bateson, 1993),
automated recording is more reliable and accurate. Se
automated systems for laboratory use have been deve
for quantifying rodent locomotor behaviour, based on p
beams (Clarke et al., 1985; Sanberg et al., 1987; Gape
et al., 1990; Robles, 1990; Minematsu et al., 1991; Yo
et al., 1993), infrared (Kramer, 1998) or ultrasonic (Vatine et

165-0270/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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al., 1998) motion sensors, sensors detecting of mechanical vi-
bration (Van de Weerd et al., 2001), mechanical devices (joy
stick connected to neck collar) (Brodkin and Nash, 1995) and
video-based tracking systems (Torello et al., 1983; Vorhees
et al., 1992; Schwarting et al., 1993; Hoy et al., 1996; Spink
et al., 2001; Marchand et al., 2003).

Pig locomotion is commonly recorded manually; in terms
of the number of zones entered. However, this method is fairly
rough, as it is based on approximation and not on exact val-
ues. Automated methods for recording locomotor behaviour
in rodents based on photo beams likewise suffer from hav-
ing poor resolution in time and space. Tracking an animal is
more precise, and delivers a high resolution. The principles of
video-tracking analysis are often based on image-subtraction
algorithms (Hoy et al., 1996; Wu et al., 2000; Noldus et al.,
2001), grayscale threshold (Torello et al., 1983; Vorhees et
al., 1992; Schwarting et al., 1993; Hoy et al., 1996; Noldus et
al., 2001), statistical models (Tillett et al., 1997; Hu and
Xin, 2000), or colour (Noldus et al., 2001). The use of an
image-subtraction algorithm is advantageous when testing
takes place against a varied background, but often some de-
gree of contrast between the moving object and the track-
ing environment is required. Colour tracking is based on the
identification of a coloured mark, unique in terms of by sat-
uration and hue, placed on the animal (Noldus et al., 2001),
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Hedehusene, Denmark). The camera monitored the entire
arena through an 8 mm wide-angle CCTV lens (with auto
iris). The video was recorded and compressed to the MPEG2
format and stored on a 120 GB hard disk with a∼96 h
recording capacity. After completing the behavioural record-
ings, the hard disk was removed from the video recorder
and the recorded behaviour was analysed offline using a
PC (2.0 GHz Intel® Pentium 4 processor, 256 MB RAM,
WinFast GeForce4 64 MB). The raw video stream was
decompressed and adjusted to compensate for lens distor-
tion, which resulted in video frames with a resolution of
384 pixels× 288 pixels. These video frames served as the in-
put to the analysis algorithm. The video spatial resolution, or
pixel size, was less than 2 cm, which can be determined by a
simple calibration. As compensation for lens distortion is not
entirely perfect, there is a small deviation on the pixel size, the
effect of which will be discussed in a following section. The
system is currently configured to work offline, where track-
ing can be performed at normal speed or faster; the speed
only limited by computer specification (in the present study
∼4 times normal speed).

2.2. Software

The video sequences were analysed using software con-
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t too expensive for some research budgets.
In the present study, we chose to use a tracking a

ithm based on image-subtraction techniques. With high
rast between the object and background, a simple thre
rightness value can be estimated that separates the a

rom its background. However, this is not possible if the c
rast is low, i.e. if the colour of the animal is close to t
f the testing environment. However, if a reference fr
ontaining only the background, without the animal, is av
ble, it is possible to use the threshold technique with a s
odification.
We have developed inexpensive software (freeware

uantifying pig locomotor activity. The software is based
combination of image-subtraction and automatic thres
etection methods for tracking moving pigs. To validate
ideo-based tracking tool one must assess the accurac
epeatability of the system. Additionally we assessed the
ty of the software to detect different levels of animal acti
y using the compound apomorphine (APO) to evoke q

itative changes in locomotion (hyperlocomotion).

. Materials and methods

.1. Hardware

The system for recording of pig locomotor activity co
isted of a monochrome video camera (TOPICA TP-606
ideosystemer A/S, Hedehusene, Denmark) connect
digital video recorder (VSD-1000, Videosystemer A
l

aining a collection of purpose-written definitions and a
ithms, which will be described in detail in the following.

.2.1. Lens distortion compensation
To be able to cover the entire arena with one came

ide-angle camera lens was used. This, however, has t
ect of applying a fish-eye like distortion to the image. G
ral methods for geometric image transformation are

or correcting this distortion, and are described in detail e
here (Carstensen, 2001). Here we used the following exte
ion of the general polynomial transform, which results i
pproximate correction for the distortion:

x̃ = α0 + α1x + α2y + α3x
2 + α4y

2 + α5xy

γ3x2 + γ4y2 + γ5xy

ỹ = β0 + β1x + β2y + β3x
2 + β4y

2 + β5xy

γ3x2 + γ4y2 + γ5xy

(1)

here (x̃, ỹ) is the pixel location in camera frame and (x,y)
he pixel location in the corrected frame. The 15 mode
ametersα0,. . .,5,β0,. . .,5 andγ3,. . .,5, must be determined pri
o the processing.

To process a frame using Eq.(1), each pixel in the targ
rame (x,y) is taken from the corresponding location in
ecorded frame (˜x, ỹ). For speed optimisation, simple neare
eighbor interpolation was used.

The model parameters can be determined as the res
n optimisation problem. If a number of corresponding (x,y)
nd (x̃, ỹ) points are known (called ground control poin

or a sample frame, the model parameters can be determ
y minimising

∑
i (x̃i − xi)2 + (ỹi − yi)2 with respect to th
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parameters, wherei is the index of the known point. In our
experiments, the model parameters were determined using
eight ground control points: The four corners of the arena and
the center of each wall. The true positions (xi ,yi), of these
was determined by measuring the arena, and the recorded
positions (x̃i, ỹi), was located by examining the raw video
frames.

2.2.2. Tracking
The basis of the tracking algorithm is the image-

subtraction of a reference video frame from subsequent video
frames containing a moving object. We will here consider
tracking in a monochrome digital video recording, i.e. with
each pixel value representing a brightness level ranging from
black (0) to white (255) with 8-bit precision.

We denote the frame being analysedI and the background
referenceB, with I andB being matrices whose elements are
pixel values. Then an image for analysis,A, can be computed
by subtractingI andB:

A = |I − B| (2)

With this new image,A, the threshold technique can be used
(see example inFig. 1).

The location of the animal inA can be found as the
weighed average of the co-ordinates of all bright pixels,
where the weight is the pixel value and bright is defined as the
v erage
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It should be emphasised that this is not a weighed aver-
age of bright pixels in the video frame, but rather a weighed
average of differences from the background where the differ-
ence is greater thanτ. This is closely related to computing
the “centre of mass” of the pixel values with a difference
from the background greater than the threshold. The weigh-
ing procedure ensures that pixels with a value close to that
of the background colour assume less significance in the po-
sition computation, because there is a greater risk that these
are in fact only noise.

The threshold,τ, must be selected either manually or auto-
matically. Our software determinesτ automatically for each
frame by examining the histogram ofA. The total number of
pixels in the frame isMN, and we have used only the	MN/f 

brightest pixels to determine the position. Given this,τ should
be set to the value of the darkest of the	MN/f 
 brightest pix-
els. In other words, if we sorted allMN pixels by brightness
(in descending order), we would setτ to the value of number
	MN/f 
 in the ordered list. Settingf= 100 would mean that
we used 1% of the pixels.

The optimal value off depends on the digital video reso-
lution, the contrast between the animal and the background,
and the noise (electronic and MPEG2 artefact) in the video
recording. A large value off increases the separation of the
animal from the background, which can be necessary if the
c ing
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alue being above a certain threshold. The weighed av
s computed as follows:

=
∑M

i=1
∑N

j=1j × p(i, j)∑M
i=1

∑N
j=1p(i, j)

y =
∑M

i=1
∑N

j=1i × p(i, j)∑M
i=1

∑N
j=1p(i, j)

(3)

here (x,y) is the estimated animal location.M andN here
epresent the height and width of the video frame in pix
ndp(i, j) is defined as

(i, j) =
{

ai,j for ai,j ≥ τ

0 for ai,j < τ
(4)

hereai,j denotes an element inA.

ig. 1. An example of a video frameI (left), and the corresponding imag
or details.
olours are nearly identical. On the other hand, reducf
eans that more pixel values are used in the average

veraging more values is known to reduce noise. There
he choice off is a balance between good separation f
he background and the noise in the estimated positio
eneral, a range of 50–400 is suitable, but since the me

s not sensitive to choice off, finding the optimal value
ot imperative; in the present study we selectedf= 100 for
nimal tracking.

.2.3. Updating the background reference frame
Changes in the background during the recording pe

ffect A and, therefore, also the calculated position of
nimal (Eq.(3)). Consequently, the background referen

nalysisA (right). All bright pixels inA are clearly part of the animal. See t
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B, must be updated to include these changes. In the software
we have implemented an automatic update ofB every 25
frames. WhenB is updated, it is imperative that the animal
is not accidentally included, and that a single faulty frame,
because of a hardware glitch, does not ruin the reference. This
is avoided by computing the updatedB from the currentB,
the currentI , and four previous frames:

Let Bt andI t denote the current reference frame and video
frame, andBt+1 the updated reference. First, an estimate of
the background frame,Et, is created from onlyBt and I t.
Most of Et is copied fromI t, except for a square around the
animal which is taken fromBt. In Matlab notation this could
be written as follows:

Et = I t ; Et(y − r : y + r, x − r : x + r)

= Bt(y − r : y + r, x − r : x + r), (5)

wherer is a parameter determining the square size. In our
case the video frames are 384 pixels× 288 pixels, andr was
set to 64, which is sufficiently large to cover the animal. This
givesoneestimate of the background image. ThenBt+1 is
computed as the median ofEt and the corresponding matrix
from four previous updates,Et−1, Et−2, Et−3, andEt−4. The
median is here computed element wise, meaning that with a
frame rate of 25/s, information from the last 5 s of recording
is used to update the background reference. This algorithm
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using the formula

D = 1

4

4∑
m=1

T/4−1∑
i=1√

(x4(i−1)+m + x4i+m)2 + (y4(i−1)+m + y4i+m)2, (6)

whereT is the total number of frames and (xi ,yi) is the posi-
tion in framei after median filtering. The distance is computed
in steps of four frames to avoid the effect of noise and very
small movements. There are obviously four ways of choos-
ing every fourth frame, namely choosing either frame 1, 5,
9,. . ., frame 2, 6, 10,. . . or the next two sets. To obtain the
best distance estimate, we averaged these four sets, hence the
outer summation.

Furthermore, the software has an in-built capacity to es-
timate the time spent in user-defined zones. An unlimited
number of rectangular zones can be defined. In the present
study, we applied a central zone dividing the arena in two
equal-sized, 3.1 m2 zones, thereby providing information re-
garding both central and peripheral activity.

2.3. Experimental animals

Seven female G̈ottingen minipigs (G̈ottingen minipigsTM,
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or updatingB assumes that the background variation is s
o that not all of the background changes all of a sudden
s not an unrealistic assumption and posed no problems
xperiments.

.2.4. Position noise reduction
Even if the animal is not moving, the (x,y) position esti

ate computed may vary a few pixels because of noise
ideo recording and the changing background.

To reduce the effect of this “noise” on the position, thx-
ndy-values output from the tracking to the statistical an
is is median filtered. This is achieved by computing each
ut value as the median of the positions in the lastn frames
or both this position noise reduction and the backgro
eference computation, the median was chosen becaus
bility to suppress noise and ignore outliers in the data.

For the position median filtering,nwas chosen equal to
his value is sufficient to exclude single outliers in the d
ut small enough to avoid the “staircase” shape inhere
unning median smoothing. As described in the next sec
he method used for computing the distance travelled h
dditional build-in smoothing effect. We should note, h
ver, that if there is a need to compute velocity or acceler
rom the tracking results, more advanced smoothing met
re necessary (Hen et al., 2004).

.2.5. Estimation of travelled distance and
pecifications of user-defined zones

On the basis of the calculated position estimates fo
nimal, the software can estimate the travelled distancD,
almose, Denmark) aged 18 months and weighing 15–2
ere used in this study. A year prior to entry into the st

he animals had been trained in a series of cognitive an
avioural tasks for a period of 6 months. During this ti
ach pig was treated withd-amphetamine 5 times. The fin
xposure to amphetamine was at least 6 months prior
tudy. The minipigs were housed in three pens with bed
f wood shavings and straw, illuminated by natural dayli
nd an ambient temperature of between 18 and 20◦C. Ani-
als were fed according to the breeder’s recommenda
ith a commercial pelleted diet for minipigs (Altromin, Br
aarden, Denmark). Water was provided ad libitum. Hou
nd all experimental procedures were performed in a
ance with the Danish Animal Experimentation Act (ba
n the Council of Europe Convention ETS 123) under
ense granted by the Ministry of Justice.

.4. Drugs

Animal testing took place every third day, starting with
inistration of the vehicle (2 ml 0.9% NaCl) and followed

hree administrations of apomorphine hydrochloride (0.
n increasing doses of 0.05, 0.1 and 0.3 mg/kg. All inject
ere given i.m.
The dose regime was chosen on the basis of a prior stu

he effect of APO in pigs, which found increased locomot
hough with differing intensity, at the chosen doses (Terlouw
t al., 1992).

The study design was chosen on the basis of pilot st
howing that the APO-elicited behaviour had a pronou
arry-over effect, even with a test interval of one week. S
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this study is not a pharmacological study per se, but a method-
ological study, a more uniform carry-over effect was desir-
able.

2.5. Procedures

The animals were familiar with the testing arena
(2.00 m× 3.15 m) from prior behavioural testing carried out
seven months before this study. Thus, habituation to the arena
consisted of only three 30-min sessions in the week immedi-
ately before testing began. Testing took place between 10:00
and 15:00 h. After briefly isolating the minipig in a small cap-
ture pen, where it received the injection, it was immediately
led to the arena and left there for an hour undisturbed. The
arena floor was washed with tap water and swept between
sessions. The behaviour was video recorded for the entire 60
min post injection.

2.6. Repeatability

It is crucial that testing equipment have low variability
of accuracy between repeated measures. The precision term
“repeatability” refers, according to the International Organi-
zation for Standardization (International Standard ISO 5725,
1986), to an estimate of the variability of the results between
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The accuracy of the tracking process with regard to mov-
ing objects was estimated using a turntable. A 15 mm white
spot was placed 14 cm from the centre on a black disc (34 cm
in diameter), and using a mean speed of 0.02 m/s, the distance
estimated by the tracking software was compared to the actual
distance moved by the spot. The calculations were performed
on a recording of the spot moving exactly two rounds and the
degree of deviation between the two measures was expressed
in percent of the true distance. Due to differences in lighting
and background conditions, as compared to the arena, the ap-
propriate value for determining the threshold,f, was found to
be 500 in this tracking.

The effect of tail wagging on the estimation of travelled
distance was investigated by post hoc analysis. A 10 s se-
quence in which the pigs were standing still, and only wag-
ging their tails, was located for each of the pigs, as was a 10 s
sequence in which the same pigs were standing still without
any body movement. These sequences were compared with
respect to estimated travelled distance, thus quantifying the
effect of tail wagging on this measure.

2.8. Statistical analysis

Analysis of the effect of APO on distance travelled was
performed using repeated-measures ANOVA in the SAS sta-
t 01),
t ctors.
W om-
p ween
l d.

ea-
s in
t ne 1)
f ual
z ated-
m cant
e the
o

rav-
e
(

3

3
a

stance
t .6 m
( two
t us-
i d in
S wo
t dis-
t case
ests performed under conditions that are as constant a
ible, the tests being performed over a short period of t
n one laboratory by one operator using the same equipm
Repeatability” is, therefore, a measure of closeness of a
ent between mutually independent test results. Our c

ation of the repeatability of the tracking process was ada
rom suggestions byBland and Altman (1986). Since the bes
pproach to examine repeatability is to take repeated
urements of a series of subjects (Bland and Altman, 1986),
n a control session we tracked each of the seven animals
or a 10-min period, i.e. the very same 10-min sequence
racked twice for each animal separately. The starting p
or tracking was randomised within the 1-h recording of e
f the animals’ behaviour. Differences in distance (in me
etween the two trackings were calculated for each of th

mals, and a coefficient of repeatability was determined a
tandard deviation of these differences divided by the ave
esponse (mean distance for all the animals). The coeffi
f repeatability is low if the variability between the repea
easurements is low.

.7. Estimation of basic noise level and accuracy

The basic noise level arising from electronic and ana
ariation was estimated by tracking a stationary objec
ox of approximately same size (30 cm× 47 cm) and colou
light beige) as a minipig. The box was placed in the open
nd “tracked” for 10 min, and the travelled distance comp

rom this recording can be interpreted as an estimate o
ccuracy of the method for distance calculations.
-
istical package (version 8.2, SAS Institute Inc., 1999–20
reatment and time blocks being used as repeated fa

here significant effects were found, relevant post hoc c
arisons were made according to the differences bet

east-square means (t-test), and thep-values Tukey-adjuste
Due to the inherent dependency of the two zone m

ures, a one-sidedt-test was applied to the differences
he amounts of time spent in the two zones (zone 2–zo
or comparison of zone-specific activity. For the individ
one measures (i.e. peripheral or central zone), a repe
easures ANOVA was applied to investigate the signifi
ffects of drug treatment in the time interval, according to
utline given above.

The effect of tail wagging on the estimated distance t
lled was tested for statistical significance using a pairedt-test
two-tailed, level of significance 0.05).

. Results

.1. Repeatability, and estimation of basic noise level
nd accuracy

In the repeated-measurements study, the average di
ravelled of the seven pigs in the control session was 29
S.D. 9.6 m), while the average difference between the
rackings was 0.1 m (S.D. 0.02 m). A requirement for
ng the method for calculating repeatability, as mentione
ection2.6, is that individual differences between the t

rackings should not be related to the individual mean
ances. This was investigated and found not to be the
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Fig. 2. Illustration of the 1-pixel limitation of variation of the recorded position when recording a stationary object:x andy position resulting from tracking a
10 s period where the animal was not moving.

(data not shown). Thus, the coefficient of repeatability for
these trackings was 0.6%.

Estimation of the basic noise level by recording of a
stationary object (10 min) showed that the variation in the
recorded position was limited to 1 pixel (which also was
found to be the case for pigs standing still, as shown in an ex-
ample inFig. 2) and the estimated distance travelled was 2 m.
The impact of this error depends on the total distance travelled
by the pig in the recorded period. In our study the average
distance travelled in a 10-min time block ranged from 42 m
(S.D. 17 m) (mean of vehicle session) to 157 m (S.D. 46 m)
(mean of 0.05 mg/kg APO session) (Fig. 2) corresponding to
an expected error in the estimated distance of about 1–5%.

Tracking a moving spot on a turntable showed that the
path of the spot, as registered by the tracking system, agreed
very well with the actual path (Fig. 3). The actual moved
distance of the spot was calculated to be 176 cm, while the
tracking software estimated this distance to be 192 cm. This
corresponds to a general 9% overestimation by the track-
ing system of the distance travelled. Investigations into the
source of this bias found that it was primarily due to deviant
pixel size. The tracking system identified the spot as being
15.2 cm from the centre of the turntable. This corresponds to
a distance travelled of 191 cm, very close to the actual esti-
mated travelled distance as given by the tracking algorithm
(192 cm). Thus, the main component of the bias of the track-

a movin
Fig. 3. The estimated path (white line) of
 g spot on a turntable. Please see text for details.
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Fig. 4. The effect of APO on the distance travelled by pigs in an open
field. Values represent mean± S.E.M. for six time-blocks of 10 min each.
Effects of treatment within a time-period are indicated.*p< 0.05;** p< 0.01;
*** p< 0.001.

ing software in estimating the distance travelled is due to lens
distortion, resulting in a deviant pixel size.

To investigate the effect of tail wagging, it was possible
to locate 10 s sequences in which the pigs were standing still
with their tails wagging for 5 of the 7 pigs. The mean esti-
mated distance travelled for these samples was 0.17 m (S.D.
0.09 m), while for corresponding sequences where the pigs
were standing still without any other body movement it was
0.08 m (S.D. 0.05 m). Although the mean estimated distance
travelled for sequences with tail wagging was twice as high
as it was in sequences with no body movements, the paired
t-test comparing these two sequence types indicated that had
a non-significant effect of tail wagging (t= 2.26,p= NS).

3.2. Effect of apomorphine

Treatment with APO increased the amount of locomotor
activity. There was a significant dose–time-block interaction
[F(15, 132) = 2.73,p= 0.001] on the distance travelled, such
that animals when receiving the two lowest doses of APO
travelled significantly farther than when receiving the vehicle
in all time blocks except the first (Fig. 4).

In terms of zone-specific activity, the animals spent equal
amounts of time in the two defined zones in the control sit-
uation (p= 0.48) and when receiving the two highest doses
o ,

however, seem to be the case when they received the low-
est dose (0.05 mg/kg) of APO (p< 0.003). However, this was
not a significant finding when analysing peripheral activity
in a repeated-measures ANOVA for effects of drug treatment
and time block. Here, a main effect of treatment was present
[F(3, 152) = 3.93,p= 0.01], but post hoc analysis revealed no
differences in time spent in the peripheral zone between the
pigs administered the vehicle and those administered any of
the APO doses when these were adjusted for multiple com-
parisons. There was no main effect of time-block or inter-
action between time block and dose on the time spent in the
peripheral zone. An example of the results of tracking a repre-
sentative animal receiving the vehicle and APO (0.05 mg/kg)
is presented inFig. 5.

4. Discussion

We have presented a system for automatically tracking
the spontaneous locomotor behaviour of minipigs in an open
field. The basic tracking technique has previously been ap-
plied in a few systems for automatically tracking animal
movement, and is based on subtracting a previously recorded
image of the background that either does (Hoy et al., 1996,
1997) or does not (Spink et al., 2001) contain the animal.
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his procedure dramatically enhances the contrast bet
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acy of tracking of the animal. This technique is also ab
ompensate for a heterogeneous background.

We further improved this method, the better to suit the
ial needs connected with tracking of pig movements. F
e used a reference frame without the animal that is

omatically updated; second, we implemented an autom
hreshold-detection algorithm.

Preliminary studies showed that a former tracking me
ased on subtracting the previous frame (Hoy et al., 1996
997) was overly sensitive to the vigorous tail wagging t
inipigs perform as part of their natural behaviour. This s

tantial movement bias was problematic for two reasons:
ince the amount of tail wagging varies between individu
he bias is not systematic; and second, as tail wagging
ected by drug intervention, drug effects on the spontan
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locomotor activity cannot be recorded reliably. The present
algorithm applies a reference frame that does not contain the
animal; therefore, the result of the subtraction is not only the
part(s) of the animal that is (are) moving, but the entire an-
imal. This is important since it minimizes the error arising
from tail wagging, and furthermore increases the number of
pixels used in determining the position of the animal. This is
particularly relevant in calculating the position of large-sized
objects, such as pigs, since the use of a large number of pix-
els in the calculation minimises the frequency of recognition
errors on the part of the tracking system. A recognition er-
ror can cause substantial overestimation of the distance trav-
elled, since the distance from the animal to the erroneously
estimated position and back again is added to the total dis-
tance travelled. The extent of recognition errors in the present
study was limited to one pixel (Fig. 2). Furthermore, post hoc
analysis indicated that tail wagging was of no statistical sig-
nificance, illustrating how the effect of this phenomenon on
the calculation of the distance travelled had been reduced.

The technique of using a reference frame that does not
contain the animal is also used in a commercial tracking sys-
tem (Spink et al., 2001); we have, however, made an impor-
tant refinement to this tracking algorithm by extending it to
handle a background that itself varies during recording, by
implementing automatic updating of the reference frame.
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resolution (< 2 cm), which is important for more accurately
measuring path length, since higher resolution can detect
smaller meanderings of the path (Paulus and Geyer, 1993).
This is especially important in states of hyperlocomotion ac-
companied by circular movements, as is the case for APO-
treated animals. With low resolution the true path length is
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this error, so the bias is thus greater in the drug situation. This
renders the foundation for comparing the two states problem-
atic, since the degrees of error accrued in the two states are
unequal, high-resolution systems can decrease this bias.

We found that the tracking software overestimates the
distance travelled by 9%. However, this is a bias stemming
mainly from lens distortion, which renders it difficult to deter-
mine the pixel size accurately. It is not a result of difficulties in
recognising the true path pattern, as is the case with the low-
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Automatically updating of reference frame has also b
sed in model-based tracking (Hu and Xin, 2000), but this
ethod was not adequate for our purpose since still ob
ould gradually become part of the reference frame

ime.
The second improvement we made to the tracking me

as to modify the threshold technique. In principle, this
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s the animal, by adjusting the parameter,f, that determine
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ell, our software determines the threshold,τ, automatically
hile this is a manual procedure in other tracking softw
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ith respect tofwas less than it was toτ. Earlier methods wer
lso very sensitive to the choice ofτ, whereas with our sof
are, for example, settingf to 100 or 150 will not make muc
ifference. The method is adaptive, so that the same
esolution systems. The impreciseness in the lens corre
s partly due to the approximate nature of the correcting
edure, and partly due to the manual assignment of the
round control points, which may be a few pixels off the
ct locations.Fig. 3illustrates the precision in recognising

he path.
We also found that even when an object was not mo

here was a small bias present in estimating distance trav
his is the basic noise level, which stems from electr
s well as analytic variation. Recordings of pigs stan
till, however, showed that the estimated distance trav
as twice as high as was found from the recordings o
tationary object (4.8 m versus 2 m per 10 min). Since
ize of the animals and the stationary object (a box)
omparable, this most likely reflects the fact that the p
lthough standing still, indeed had minor body movemen

llustrates how tracking methods based on image-subtra
r grayscale thresholding detect motions of the entire
nd not only forward locomotion. The smoothing algorit
e use in the present study nevertheless proved able to r

he effect of tail wagging.
An important prerequisite of any method is a high de

f repeatability—we investigated this, and found a coeffic
f repeatability of 0.6%, indicating that the tracking proc
as a very high degree of repeatability.

The system has an in-built ability to display tracking
ults for user-defined zones, and we divided the arena
entral and a peripheral zone. We found no evidence of a
ial preference for either of the zones in the control situa
ndicating that healthy pigs explore a familiar arena with
patial preference. This is in contrast to rats, which dis
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thigmotactic scanning in an open field, a behavioural asym-
metry defined as locomotion along the walls, while main-
taining contact between the wall and the vibrissae on the side
facing it (Schwarting et al., 1993). Also, in pigs, the number
of entries into the centre of a circular arena was not affected by
administration of the anxiolytic drug diazepam (0.8 mg/kg)
(Andersen et al., 2000b) as is the case in rats (Stefanski et
al., 1992; Fernandez et al., 2004), factor analysis did not link
open-field activity to anxiety or fear of novelty (Andersen
et al., 2000a), further indicating that the behavioural moti-
vations behind open-field activity in rats and pigs are not
identical.

The user-defined zones can be applied with advantage to
other experimental situations involving zones of interest, such
as the spontaneous object-recognition task (Moustgaard et al.,
2002) or the novel-object test (Beattie et al., 2000; Herskin
and Jensen, 2000). In particular, this approach of placing an
animal in an empty arena containing an unfamiliar object has
been hypothesis generating in terms of defining the biology of
the exploratory behaviour of rodents (Drai et al., 2001), and
automated tracking would be advantageous in future studies
along this line in pigs. Also, investigations of how other large
animals react to a novel object (King et al., 2003; Van Reenen
et al., 2004) could well benefit from the use of an automated
tracking system.
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logical studies, our tracking system could be applied as an
additional tool in this kind of research.

We are also testing the use of the software for tracking mul-
tiple animals in a pen. We have already successfully tracked
a group of animals in their home pens, distinguishing them
by adding a unique identifying mark. The results of the group
tracking will be presented in another paper.

In conclusion, we have presented a digital video-based
tracking system for automatically tracking the spontaneous
locomotor behaviour of pigs. This system is based on an im-
proved tracking technique that makes tracking horizontal an-
imal motor activity very accurate, even under sub-optimal
recording conditions, such as those involving a changing
background. Furthermore, the system is inexpensive, highly
reliable, has high temporal and spatial resolution and was
able to detect the well-known effects of APO in pig locomo-
tor activity.

Acknowledgements

This study was financially supported by unrestricted
grants from the Lundbeck Foundation and the Copenhagen
Hospital Corporation Research Foundation. The software is
freely available by request (Dr. N.M. Lind).

R

I test
ility

ed.
land,

A ural
pigs.

A s of
odels

A id-

ysiol

A tion
l.

A ig
P300

B vi-
logi-

B nt be-
–10.

B Wie-
ping

B r be-

C st ed.
Administration of APO significantly increased locom
or activity (Fig. 4), which agrees with the findings of othe
Terlouw et al., 1992; Bolhuis et al., 2000), and the describe
ystem for tracking pig locomotor activity was able to de
ifferent levels of APO-evoked activity. However, cons
ring specific doses, the highest dose (0.3 mg/kg) wa

ound to increase the distance travelled in any of the
locks in contrast to the findings of a prior report (Terlouw
t al., 1992). Instead, when subject to the highest dose,
ere often occupied in stereotypic exploration with persis
nout contact with a limited area of the floor for much of
ecording period, decreasing the recorded travelled dist
his phenomenon is also in accordance with the finding
thers (Terlouw et al., 1992; Bolhuis et al., 2000), where suc
ehaviour had a large peak at the 0.3 mg/kg dose (Terlouw et
l., 1992).

Even though the tracking system has proved reliable
ccurate in recording pig locomotor behaviour, it has its l

ations. One is the confinement to the horizontal plane, w
oses no problem in recording of pig behaviour, since
arely perform vertical activity. Another limitation is the n
essity of lighting, a feature shared with most other v
racking systems. However, pigs are day active, so for
est situations this not problematic. We are currently in
igating possibilities for tracking in darkness using infra
ight.

The open-field test was chosen as the experimenta
ing, since this is a common way of studying the effec
opaminergic drugs on locomotor behaviour. However

est could also have been performed in a single-animal
ince such is often the case in toxicological or pharm
eferences

nternational Standard ISO 5725. Precision of
methods—determination of repeatability and reproducib
for a standard test method by inter-laboratory tests, 2nd
International Organization for Standardization: Geneva, Switzer
1986.

ndersen IL, Bøe KE, Færevik G, Janczak AM, Bakken M. Behavio
evaluation of methods for assessing fear responses in weaned
Appl Anim Beh Sci 2000a;69:227–40.

ndersen IL, Færevik G, Bøe KE, Janczak AM, Bakken M. Effect
diazepam on the behaviour of weaned pigs in three putative m
of anxiety. Appl Anim Beh Sci 2000b;68:121–30.

rnfred SM, Lind NM, Gjedde A, Hansen AK. Scalp recordings of m
latency AEP SEP and auditory gating in the Göttingen minipig: a new
animal model in information processing research. Int J Psychoph
2004;52:267–75.

rnfred SM, Lind NM, Hansen AK, Hemmingsen RP. Pre-pulse inhibi
of the acoustic startle eye-blink in the Göttingen minipig. behavioura
Brain Res 2003a;151:295–301.

rnfred SM, Lind NM, Moustgaard A, Hansen AK, Gjedde A. Minip
negative slow wave demonstrate target/non-target difference in
paradigm. Neuroimage 2003b;20:587–90.

eattie VE, O’Connell NE, Kilpatrick DJ, Moss BW. Influence of en
ronmental enrichment on welfare-related behavioural and physio
cal parameters in growing pigs. Anim Sci 2000;70:443–50.

land JM, Altman DG. Statistical methods for assessing agreeme
tween two methods of clinical measurement. Lancet 1986;1:307

olhuis JE, Schouten WGP, de Jong IC, Schrama JW, Cools AR,
gant VM. Responses to apomorphine of pigs with different co
characteristics. Psychopharmacology 2000;152:24–30.

rodkin J, Nash JF. A novel apparatus for measuring rat locomoto
havior. J Neurosci Methods 1995;57:171–6.

arstensen JM. Image Analysis Vision and Computer Graphics. 1
Denmark: Technical University of Denmark: Lyngby; 2001.



132 N.M. Lind et al. / Journal of Neuroscience Methods 143 (2005) 123–132

Clarke RL, Smith RF, Justesen DR. An infrared device for detecting loco-
motor activity. Behav Res Methods Instrum Comput 1985;17:519–25.

Cumming P, Kretzschmar M, Brust P, Smith D. Quantitative radiolu-
minography of serotonin uptake sites in the porcine brain. Synapse
2001;39:351–5.

Danielsen EH, Cumming P, Andersen F, Bender D, Brevig T, Falborg L,
et al. The DaNeX study of embryonic mesencephalic, dopaminergic
tissue grafted to a minipig model of Parkinson’s disease: preliminary
findings of effect of MPTP poisoning on striatal dopaminergic mark-
ers. Cell Transplant 2000;9:247–59.

Drai D, Kafkafi N, Benjamini Y, Elmer G, Golani I. Rats and mice share
common ethologically relevant parameters of exploratory behavior.
Behav Brain Res 2001;125:133–40.

Fernandez F, Misilmeri MA, Felger JC, Devine DP. Nociception/Orphanin
FQ increases anxiety-related behavior and circulating levels of corti-
costerone during neophobic tests of anxiety. Neuropsychopharmacol-
ogy 2004;29:59–71.

Gapenne O, Simon P, Lannou J. A simple method for recording of the
path of a rat in an open field. Behav Res Methods Instrum Comput
1990;22:443–8.

Hen I, Sakov A, Kafkafi N, Golani I, Benjamini Y. The dynamics of spa-
tial behaviour: how can robust smoothing techniques help? J Neurosci
Methods 2004;133:161–72.

Herskin MS, Jensen KH. Effects of different degrees of social isolation
on the behaviour of weaned piglets kept for experimental purposes.
Anim Welfare 2000;9:227–36.

Hoy JB, Koehler PG, Patterson RS. A microcomputer-based system
for real-time analysis of animal movement. J Neurosci Methods
1996;64:157–61.

Hoy JB, Porter SD, Koehler PG. A microcomputer-based activity meter

H oup-
85.

K imuli

K imal

M ated
ondi-

M bridge

M berg
em-

5.
M n-

wa-
l Sci

M nta-
ty

Noldus LPJJ, Spink AJ, Tegelenbosch RAJ. Etho vision: a versatile video
tracking system for automation of behavioral experiments. Behav Res
Methods Instrum Comput 2001;33:398–414.

Parrott RF, Vellucci SV, Goode JA. Behavioral effects of betacarbolines in
pigs: anxiety or aversion? Pharmacol Biochem Behav 2000;66:713–9.

Paulus MP, Geyer MA. Three independent factors characterize sponta-
neous rat motor activity. Beh Brain Res 1993;53:11–20.

Robles E. A method to analyze the spatial distribution of behavior. Behav
Res Methods Instrum Comput 1990;22:540–9.

Sanberg PR, Zoloty SA, Willis R, Ticarich CD, Rhoads K, Nagy RP, et al.
Digiscan activity: automated measurement of thigmoactic and stereo-
typic behavior in rats. Pharmacol Biochem Behav 1987;27:569–72.

Schwarting RKW, Goldenberg R, Steiner H, Fornaguera J, Huston JP. A
video image analyzing system for open-field behavior in the rat focus-
ing on behavioral asymmetries. J Neurosci Methods 1993;49:199–210.

Spink AJ, Tegelenbosch RAJ, Buma MOS, Noldus LPJJ. The etho vision
video tracking system—a tool for behavioral phenotyping of trans-
genic mice. Physiol Behav 2001;73:731–44.

Stefanski R, Palejko W, Kostowski W, Plaznik A. The comparison of
benzodiazepine derivates and serontonergic agonists and antagonists in
two animal models of anxiety. Neuropharmacology 1992;31:1251–8.

Terlouw EMC, De Rosa G, Lawrence AB, Illius AW, Ladewig J. Be-
havioural responses to amphetamine and apomorphine in pigs. Phar-
macol Biochem Behav 1992;43:329–40.

Tillett RD, Onyango CM, Marchant JA. Using model-based im-
age processing to track animal movements. Comput Electron Agr
1997;17:249–61.

Torello MW, Czekajewski J, Potter EA, Kober KJ. An automated method
for measurement of circling behavior in the mouse. Pharmacol
Biochem Behav 1983;19:13–7.

V Tol-
the

ocess

V uist
ten-

lysis.

V sys-
ls. J

V for
puter-
xicol

W for
als.

Y m
hav
for mutiple animals. J Neurosci Methods 1997;72:183–8.
u J, Xin H. Image-processing algorithms for behavior analysis of gr

housed pigs. Behav Res Methods Instrum Comput 2000;32:72–
ing T, Hemsworth PH, Coleman GJ. Fear of novel and startling st

in domestic dogs. Appl Anim Beh Sci 2003;82:45–64.
ramer KM. Inexpensive motion detectors for quantification of an

activity. Biotechniques 1998;25:385–8.
archand A, Luck D, DiScala G. Evaluation of an improved autim

analysis of freezing behaviour in rats and its use in trace fear c
tioning. J Neurosci Methods 2003;126:145–53.

artin P, Bateson P. Measuring behaviour. 2nd ed. Cambridge: Cam
University Press; 1993.

ikkelsen M, Moller A, Jensen LH, Pedersen A, Harajehi JB, Pakken
H. MPTP-induced Parkinsonism in minipigs: a behavioral, bioch
ical, and histological study. Neurotoxicol Teratol 1999;21:169–7

inematsu S, Hiruta M, Taki M, Fujii Y, Aburada M. Automatic mo
itoring system for the measurement of body weight, food and
ter consumption and spontaneous activity of a mouse. J Toxico
1991;16:61–73.

oustgaard A, Lind NM, Hemmingsen R, Hansen AK. Spo
neous object recognition in the Göttingen minipig. Neural Plastici
2002;9:255–9.
an de Weerd HA, Bulthuis RJA, Bergman AF, Schlingmann F,
boom J, Van Loo PLP, et al. Validation of a new system for
automatic registration of behaviour in mice and rats. Behav Pr
2001;53:11–20.

an Reenen CG, Engel B, Ruis-Heutinck LFM, Van der Werf JTN, B
WG, Jones RB, et al. Behavioural reactivity of heifer calves in po
tially alarming test situations: a multivariate and correlational ana
Appl Anim Beh Sci 2004;85:11–30.

atine J-J, Ratner A, Dvorkin M, Seltzer Z. A novel computerized
tem for analyzing motor and social behavior in groups of anima
Neurosci Methods 1998;85:1–11.

orhees CV, Acuff-Smith KD, Minck DR, Butcher RE. A method
measuring locomotor behavior in rodents: contrast-sensitive com
controlled video tracking activity assessment in rats. Neuroto
Teratol 1992;14:43–9.

u BM, Chan FHY, Lam FK, Poon PWF, Poon AMS. A novel system
simultaneous monitoring of locomotor and sound activities in anim
J Neurosci Methods 2000;101:69–73.

oung MS, Li YC, Lin MT. A modularized infrared light matrix syste
with high resolution for measuring animal behaviors. Physiol Be
1993;53:545–51.


	Validation of a digital video tracking system for recording pig locomotor behaviour
	Introduction
	Materials and methods
	Hardware
	Software
	Lens distortion compensation
	Tracking
	Updating the background reference frame
	Position noise reduction
	Estimation of travelled distance and specifications of user-defined zones

	Experimental animals
	Drugs
	Procedures
	Repeatability
	Estimation of basic noise level and accuracy
	Statistical analysis

	Results
	Repeatability, and estimation of basic noise level and accuracy
	Effect of apomorphine

	Discussion
	Acknowledgements
	References


