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Abstract: Body dimensions are key indicators for the beef cattle fattening and breeding process. On-
animal measurement is relatively inefficient, and can induce severe stress responses among beef cattle
and pose a risk for operators, thereby impacting the cattle’s growth rate and wellbeing. To address
the above issues, a highly efficient and automatic method was developed to measure beef cattle’s
body dimensions, including the oblique length, height, width, abdominal girth, and chest girth, based
on the reconstructed three-dimensional point cloud data. The horizontal continuous slice sequence of
the complete point clouds was first extracted, and the central point of the beef cattle leg region was
determined from the span distribution of the point cloud clusters in the targeted slices. Subsequently,
the boundary of the beef cattle leg region was identified by the “five-point clustering gradient
boundary recognition algorithm” and was then calibrated, followed by the accurate segmentation
of the corresponding region. The key regions for body dimension data calculation were further
determined by the proposed algorithm, which forms the basis of the scientific calculation of key body
dimensions. The influence of different postures of beef cattle on the measurement results was also
preliminarily discussed. The results showed that the errors of calculated body dimensions, i.e., the
oblique length, height, width, abdominal girth, and chest girth, were 2.3%, 2.8%, 1.6%, 2.8%, and
2.6%, respectively. In the present work, the beef cattle body dimensions could be effectively measured
based on the 3D regional features of the point cloud data. The proposed algorithm shows a degree of
generalization and robustness that is not affected by different postures of beef cattle. This automatic
method can be effectively used to collect reliable phenotype data during the fattening of beef cattle
and can be directly integrated into the breeding process.

Keywords: beef cattle point cloud; region segmentation; body dimension calculation; slice feature;
non-contact measurement

1. Introduction

Globally, the ever-increasing consumption of beef products poses high levels of stress
on environmental protection and the energy supply [1] and thereby the precise breeding of
beef cattle has become the mainstream activity for growers and breeders alike. The precise
acquisition of body dimension data plays a vital role in evaluating the body weight [2],
breeding value [3], dressing percentage [4], beef yield [4], body fat rate [5], and growth
performance [6] of beef cattle, and it is of great significance for beef cattle breeding man-
agement, disease warning, yield estimation, and selective breeding. The body dimension
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measurement of beef cattle is commonly carried out with the assistance of tape measures
and measuring sticks [7], which usually takes around 3-5 min per animal. However, the
on-animal measurement can induce severe stress responses among beef cattle and pose
high risks for farmhands [8]. It was also reported that the animal feed intake and weight
gain data were significantly reduced when the body dimensions were measured [9]. In
addition, the non-standard and less rigorous measurement adopted at different stages of
the cattle lifespan can directly affect the progress of beef cattle breeding [10].

To address the problems above, machine vision technology was used for beef cattle
body dimension measurements [11], thereby alleviating the interference caused by the
on-animal measurement and improving the accuracy of the final results. Several studies
have explored this idea, applied at different levels of complexity on various livestock
species. Ruchay et al. [12] manually marked several points in a reconstructed model for
non-contact body measurements in cattle, leading to an error of less than 3%. Similarly,
Kwon et al. [13] proposed an iterative offset-based method to establish a point cloud mesh
model of pigs, where the widest regions of the foreleg, hind leg, and middle torso were
manually determined, measuring the body dimensions based on geometric features. Weber
et al. [14] measured the hip width, body length, and shoulders from beef cattle images
using the Image] [15] software based on manual markers, through which the body weight
was well estimated. Guo et al. [16] developed a semi-automatic and open-access body
dimension measurement tool to deal with point cloud data of cattle and pigs sharing
similar characteristics, which helped to extract several parameters, such as the height, chest
girth, and body length, by labelling points manually, resulting in measurement errors of
2-7%. Kuzuhara et al. [17] collected 3D digital images of dairy cows using a single-view
depth camera, from which several inspection lines were extracted via the measurement
function in Artec Studio 9.2. The body dimensions were then successfully measured, and
the corresponding body condition score was evaluated afterward.

Although the methods mentioned above can measure the body dimensions of livestock
species using contact-free sensors, which greatly reduces the stress on animals during the
measurement, experienced workers are required to determine measurement points from
point cloud data to complete the task, which typically leads to a degree of contingency
and subjectivity in the results. To measure the beef cattle body dimensions automatically,
Xu et al. [18] detected the key points of the cattle body from RGB images through the
CentreNet network, and extracted the core parameters, including the body length, body
oblique length, and wither height, based on the location of key points. Weales et al. [19]
divided the cattle body area into three equal regions along the direction of the dorsal line,
and the widest slice in each region (from the top view) was recorded to extract the core
parameters, such as the wither height, chest girth, and heart circumference, whose average
errors were within the 1.9-2.3% range. Wang et al. [20] proposed a method to automatically
identify and measure the heart girth regions from pig point clouds, and the results showed
an average error of approximately 7.9%. Guo et al. [21] developed a fully automatic pose
normalization framework, which can be used to calibrate the principal direction of livestock
and automatically measure the body length, wither width, wither height, hip width, and
hip height with errors of 3-8%. Yin et al. [22] identified each inflection point of pigs based
on the middle point of the ear root and the point of the tail root, according to the distribution
law of the density of points. Shi et al. [23] adopted a similar strategy, where the inflection
point on the distribution curve was utilized as the key measurement point to extract the
core parameters of pigs, such as the wither height, body length, and body width, with
average errors of 2.97—4.67%. Li et al. [24] determined the body length values of pigs using
the line connecting the ear point and the buttock point. The midpoint of the line was set as
the measurement point of the wither height, the error limit of which was approximately
5 cm. These methods enable the automatic location and identification of the measurement
points for body dimension calculation, based on geometric relationships. However, the
measurement results are easily influenced by the changeable postures and the differences in



Agriculture 2022, 12,1012

30f18

body shape if the dimensions are only calculated based on the located ‘key points’, which
will eventually result in large deviations from the real values.

To cope with the problems described above, a measurement method was proposed
to extract the body dimensions of beef cattle, based on the distribution characteristics of
reconstructed three-dimensional point cloud data. This method was able to extract the
targeted point cloud regions automatically. More precisely, the shoulder, chest, buttocks,
abdomen, and other key regions were extracted without any manual intervention, and the
body dimensions for beef cattle with different postures were automatically measured. The
measurement results could provide solid support for beef cattle production performance
determination, body weight prediction, and breeding value estimation.

2. Materials and Methods
2.1. Acquisition of Beef Cattle Point Cloud Data

The 3D point cloud data were collected in the Xunchi Youniu farm (Gulang County,
Wuwei City, Gansu Province, China) in September 2021. The 3D point clouds of 10 Holstein
bulls aged 11-13 months were collected using the point cloud acquisition equipment for
beef cattle described in detail in Li et al. [25]. All the data were automatically collected
when the beef cattle passed through the device. A total of 182 sets of point clouds were
collected from the beef cattle in various postures. The details of the experimental acquisition
equipment and examples of collected point cloud data are shown in Figure 1.

Cattle Dimension Measuring System
Cow-RFID-number: 8193

Height: 1398mm
Leg Circumisrencet: 267mm
Abdominal Circumierencet:  2108mm
Bust Clrumierencel  1983mm

b

Figure 1. Beef cattle point cloud data acquisition equipment (a), user interface (b), and examples of
collected point cloud data (front view (c,d), top view (e)).

The unit scale of the beef cattle point cloud coordinate system was millimeters. The
coordinate calibration was carried out based on an integrated algorithm enabling both
the ground normal vector judgment and Principal Components Analysis (PCA) in the
acquisition device. The calibrated coordinate system was defined as follows: starting from
the origin of the center of mass, the direction from the ground to the head was recorded as
the positive direction of the z-axis, and the tail pointing to the head was recorded as the
positive direction of the y-axis, while the direction perpendicular to the y—z plane (pointing
to the right side of the cattle body) was recorded as the positive direction of the x-axis.
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2.2. Definition of Beef Cattle Body Dimensions

According to the assessment criteria of beef cattle body dimensions during the breed-
ing and fattening process, the key body dimensions include the wither height, body oblique
length, body width, chest girth, and abdominal girth. The measurement standards of these
parameters are listed in Table 1.

Table 1. The assessment criteria of beef cattle body dimensions.

Parameters Symbol Measurement Standard
Wither height BH The length of the vertical line from the beef stinger to the ground
Body oblique length BL Distance from shoulder to the ischial end of beef cattle
Body width BW Maximum horizontal width at beef wither
Chest girth BC Perimeter of the vertical body axis at the back of the wither
Abdominal girth BS Maximum vertical circumference of the belly of beef cattle

According to the definitions given in Table 1, the measurement site for each body
dimension is shown in Figure 2.

Figure 2. The measurement standard for key body dimensions of beef cattle.

2.3. Algorithm for Beef Cattle Body Dimension Calculation

The positions of the wither, ischium, and shoulder are the key regions for beef cattle
body dimension measurements. For beef cattle on a farm, the bulge on the wither can only
be examined by touching, so it is difficult to be identified by visual methods.

It can be clearly seen that the measurement positions of the chest and wither height are
closely related to the wither region located at the rear edge of the foreleg. The measurement
position of the body oblique length is linked to the shoulder region near the front edge of
the foreleg and the rump region near the rear edge of the hind leg. The region for girth
measurement is in the middle of the forelegs and the hind legs. Therefore, the key regions
for body dimension measurement can be determined by leg region analyses.

Firstly, the front and hind leg regions were located using the y-coordinate and the
corresponding three-dimensional point clouds were extracted. Subsequently, the cutting
lines of the key regions were identified. Finally, the key body dimensions were automati-
cally calculated based on the features of the extracted regions. A detailed schematic of the
algorithm is shown in Figure 3.
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Figure 3. A schematic showing the detailed process for beef cattle body dimension measurement.

2.4. Identification of Point Clouds of Leg Regions
2.4.1. Extraction of Continuous Slices and Span Characteristic Curves

To study the distribution characteristics of beef cattle point clouds, the three-dimensional
point clouds were continuously sliced along the y-axis direction with a span of 5 mm
in ascending order. For each slice, the span value in the z-axis direction was counted
successively. The red curve in Figure 4 represents the original data, and the green curve
represents the results after higher-order fitting. The maximum points of the fitted curve
were marked as black dots. It can be found that the areas near the two extreme points (A1,
A2) with the largest span values (highlighted by the black dotted line) correspond to the
leg regions.

Span in Z-coordinate /mn
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— fitted
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Figure 4. The distribution curve of span values for continuous slices.
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2.4.2. Location of the Leg Region

To preliminarily locate the leg region, the central point of the leg was first determined
and the regional boundary was then identified on both sides. According to the distribution
characteristics of the three-dimensional beef cattle point clouds, there must be extreme
points with large span values within the regions of the forelegs and hind legs. However,
multiple extreme points might be revealed on the curve (Figure 5).

4 Span in Z-coordinate /mm

1400

B —— original
1200 - —— fitted
A

1000 A

800

600

400 A

200

0._

=
>

T T

0 50 100 150 200 250 300 350 400
Point cloud slice number

Figure 5. The distribution curve of span values with multiple extreme points.

As Figure 5 shows, region A corresponds to the hind leg, and region B is assigned to
the foreleg, and there are two extreme points in region A. When the beef cattle are walking,
their legs are spread apart, thereby leading to two or more extreme points in region A or
B on the fitted curve. In this case, the approximate central point of the leg region cannot
be simply identified by a single extreme point. The algorithm showing the central point
extraction for the leg region is presented in Figure 6 by means of pseudocodes, where Pi is
the extreme point on the fitted curve (i =0, 1, 2...), T represents the point set including the
extreme points in the leg region, E is the point set excluding the extreme points in the leg
region, Pm refers to any point in the set E, D is the point set made up of an extreme point
and its surrounding extreme points, Pi.x is the x-coordinate value of a point, Pi.y is the
y-coordinate value of a point, span v, is the span value of the range domain for the fitted
curve, Xpay is the span value of the domain of the fitted curve, and X; and Xj represent the
x-coordinate values of the approximate midpoint in the leg region.

In this process, the extreme points with similar x-coordinate values are merged, and
meanwhile, the merged extreme points need to be located on both sides of the central
point of the abdomen, which can ensure that two core points belonging to the leg region
are successfully extracted, representing the x-coordinate positions of the fitted curve for
the regions of the forelegs and hind leg. The y-coordinate positions of the approximate
midpoint in the leg region are therefore determined.
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Input: Pi
foreach Pi do
if P,.y > 0.7span_yyaxthen
| PET;
else
| PEEL;
foreach Pi in T do
D=NULL;
Xq, X5=0;
add Piin D;
foreach Pj (except Pi) in T do
if | Pi.x - Pj.x| < 0.3span_xmax
if exist Pm in E whose Pm.x €(Pi.x, Pj.x) then
continue;
else do
| move Pj from T to D;
else
continue;
if X,=0and X, =0
X1 < (prxtpz.xto .+ pax)/n, (p1, P2... Pn ED)
if X;!=0and X, =0
Xy <« (p1xtp2xt.. t ppX) /0, (P, P2... Pn ED)
if X;!=0and X,!' =10
break;
Output: X; and X,;

Figure 6. The algorithm for the center point extraction for leg region.

After the approximate central point is determined, it is necessary to further identify
the regional boundary, to accurately locate the coordinate area corresponding to the leg
region along the direction of the body length (the y-axis direction of the three-dimensional
point clouds). On the original distribution curve of span values for continuous slices, the
span value at the boundary of the leg region shows attenuation. We proposed a “five-point
gradient boundary recognition algorithm” to perform the boundary identification task.
Assuming that the adjacent two “five-point clusters” on the span distribution curve are Al
(al, a2, a3, a4, ab) and A2 (a6, a7, a8, a9, al0), respectively, the average gradient P of these
five consecutive points can be calculated from Equation (1):

110

5
Pzg(zai—zﬂi) 1
iz =

where g; represents the discrete point on the distribution curve of span values. According
to the independent variables in ascending order, the average gradient distribution of all
the “five-point clusters” on the curve (Figure 5) was sequentially extracted, as shown in
Figure 7. The gradient characteristic distribution curve (blue curve in Figure 7) shows that
the maximum value (black dot) and the minimum value (red dot) appear at the boundary
of the leg region, which is consistent with the geometric distribution characteristics of
beef cattle point cloud slices. Therefore, the two points with the maximum gradient were
selected as the starting boundary positions for regional segmentation. The two points with
the minimum gradient were selected as the ending boundary positions, highlighted by
the red dotted line in Figure 7. Each central point of the leg, along with the starting and
ending boundaries, forms the regions of the forelegs and hind legs, which means that the
automatic extraction of the leg region is implemented.
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Figure 7. The gradient characteristic distribution curve of the “five-point clusters”.

2.4.3. Calibration of Boundaries for the Leg Region
Through the method described in Section 2.4.2, the leg region can be extracted along
the x-axis direction. However, for walking beef cattle, the located leg region would be
grossly inflated when there were obvious leg crossovers, as shown in Figure 8.
Original leg border ===~ Ideal leg border ——ea

Boundary shrink direction >

~

A3
&?’mi‘-

-

q.—--
&
e o e e e e

1
o

e

Y

&

0 s e
e Yo
i

v
v
A

a b c
Figure 8. The errors arising from boundary calibration for beef cattle leg region. ((a) Broadened
foreleg region, (b) broadened hind leg region, (c) broadened regions of forelegs and hind legs).

The area highlighted by the red dotted line represents the boundary of the leg region
identified by the proposed algorithm. However, for the point clouds of beef cattle in
a walking posture, the recognition result showed that the leg region was significantly
enlarged (the foreleg region in Figure 8a, the hind leg region in Figure 8b, and both the
foreleg and hind leg regions in Figure 8c), thereby lowering the accuracy. By contrast, the
area highlighted by the blue dotted line reflects the actual situation for targeted extraction.
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Before calculating the body dimensions, it is necessary to locate the ideal leg region in the
blue area, to reduce the influence of the posture on the calculation results. The longitudinal
slices of beef cattle point clouds with the inflated (Figure 9a) and calibrated (Figure 9b)
boundaries of the leg region were extracted. In Figure 9, the calf region in the uncalibrated
slice is separated from the body region because of the leg crossover during walking, whilst
the leg region remains connected to the body region in the calibrated slice. In view of this,
the unsupervised DBSCAN clustering algorithm was proposed to calibrate the leg region

boundary based on clustering features.
Ny & .gb\“* P
3 kﬁ B = 5
; S ¥

ﬁ(\«t""'h‘w f“

£ 13 & % .

§ 1 £ : & S
3 i & & 3
fod £ 3 g

z
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Figure 9. The longitudinal slices of beef cattle point clouds with the inflated and calibrated boundaries
of the same leg regions. (a) The slice with the broadened width, (b) the slice with the desired width.

Herein, the point cloud slices at the boundary of the leg region were first extracted,
and the DBSCAN algorithm [26] was then used to cluster all the points inside the slices.
If there were two or more clusters, the boundary was changed to narrow the range of the
leg region until the slice with only one cluster was identified. The pseudocodes of the
algorithm are shown in Figure 10, where G represents the original beef cattle point clouds,
x1_1 and x;_2 represent the x-coordinates of the front and back boundaries of the foreleg
region before calibration, xp 1 and x;_2 represent the x-coordinates of the front and back
boundaries of the hind leg region after calibration, p is the x-coordinate corresponding to
the boundary of the leg region after calibration, and n is the number of clusters derived
from the DBSCAN clustering algorithm.

Input: G, x; 1, x; 2, x,_1,%x, 2

for x; in (x_1, x; 2, x,_1,x,_2)

while(1)

get the slice whose x= x; from G

do DBSCAN clustering of points in slice
| returnn;

if n > 2 then

if (x; from x;_1 or x,_1) then
‘ xi=x;+1

if (x; from x;_2 or x,_2) then
‘ Xi = X —1

continue;

else

Pi = X

break;

Output: p1_ 1, p1_2, p2 1,p2 2

Figure 10. The algorithm for calibration of leg regional boundaries.
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2.5. Extraction of the Key Regions for Body Dimension Calculation

Based on the front and rear edge boundaries of the leg region, the extraction of the key
regions for body dimension calculation was achieved.

2.5.1. Determination of the Longitudinal Cutting Plane

The rear edge of the foreleg was utilized to measure the wither height and body width
of beef cattle. The rear boundary of the foreleg was selected as the center, where a cutting
plane perpendicular to the x—y plane was constructed. In this cutting plane, a slice with
a thickness of 30 mm was extracted as the rear edge of the foreleg (slice A in Figure 11).
Similarly, at the boundaries of the front edge of the foreleg and the rear edge of the hind leg,
two slices with a thickness of 30 mm were extracted, which were assigned to the front edge
of the foreleg (slice B1 in Figure 11) and the rear edge of the hind leg (slice B2 in Figure 11),
respectively. Slice C (Figure 11) was directly extracted from the span distribution curve of
the continuous slices for beef cattle. The extreme point between the leg regions (point B in
Figure 4) was used to construct a cutting plane parallel to the x—z plane, where a slice of
30 mm thickness was extracted for the abdomen region. In particular, if the number of the
extreme points is not equal to 1 between the front or rear legs, the midpoint between the
boundary positions of the rear edge of the foreleg and the front edge of the hind leg will be
directly selected as the construction point for slice C.

BL A C B2

Figure 11. The extracted slices in the key region for body dimension measurement.

2.5.2. Determination of the Horizontal Cutting Plane

Slices displayed in Figure 11 (A, B1, B2, etc.) include the point cloud data of the leg
region. To extract the parameters such as the chest girth, the torso region without leg
information was expected to be determined. Therefore, a cutting plane parallel to the
ground based on the minimum z-coordinate value of the abdominal slice (C) was used to
extract slice D with a thickness of 30 mm, as shown in Figure 12.

Figure 12. The location of the horizontal slice for beef cattle.
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2.5.3. Extraction of Key Regions

Slices A, B1, and B2 were further segmented by slice D. The upper halves of A, Bl,
and B2 were extracted as the core regions for body dimension calculation, namely region o
(shoulder), region 3 (chest), and region 6 (buttock). Slice C itself was recorded as region ¢

assigned to the abdomen. The results of key region extraction are highlighted by the yellow
lines in Figure 13.

Region B Region Region 0

S | ~

Region o

- g

‘.?MlWG:%: R ——
5
Vi &
3 5
X
a b

Figure 13. The results of key region extraction for (a) the original beef cattle point clouds and (b) the
extracted regions for body dimension calculation.

2.6. Extraction of the Key Regions for Body Dimension Calculation

The body dimensions, such as the body oblique length, body width, wither height,
chest girth, and abdominal girth, can be automatically calculated based on the extracted
key regions.

2.6.1. Body Oblique Length

The beef cattle point clouds were projected onto the y—z plane along the x-axis direction.
After projection, point Q with the minimum z-coordinate value and point R with the
maximum z-coordinate value were extracted in region o and region 0, respectively. The
body oblique length (BL) was then calculated from Equation (2), where R.y and R.z are the

y- and z-coordinate values of point R, while Q.y and Q.z are the y- and z-coordinate values
of point Q.

BL :\/ (Ry — Q) + (Rz — Q.z)? @)
2.6.2. Body Width

According to the definition, the body width was measured using the region 3. Region
B was projected onto the x—y plane along the z-axis direction. The maximum span value of
the x-coordinate in region 3 was considered as the body width value of the beef cattle, and
the corresponding calculation position is marked by the red arrow in Figure 14.

Figure 14. The location of the body width calculation position.
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2.6.3. Wither Height

Assuming that the point with the minimum z-coordinate value in the beef cattle point
clouds is recorded as K and the point with the maximum z-coordinate value in region 3 is
recorded as T, the wither height (BH) can be then calculated from Equation (3), where T.z
and K.z are the z-coordinate values of T and K, respectively.

BH=Tz—-Kz 3)

2.6.4. Chest and Abdominal Girth

The chest and abdominal girth were calculated based on regions (3 and &, respectively.
The targeted point clouds were projected onto the x—z plane along the y-axis direction. The
projected point clouds were fitted by the six-point circular ellipse fitting algorithm [27],
and the chest girth (BC) and abdominal girth (BS) can be derived from G, where G is the
circumference of the chest/abdominal fitted ellipse, and r and R are the minor and major
axis lengths of the chest/abdominal fitted ellipse, respectively.

Rr

R+7r @

G=4|(R+r)—(4—m)

3. Results

In this work, 182 sets of point clouds were collected from 10 beef cattle with different
postures, where key regions were extracted for body dimension calculation. In addition,
the accuracy and robustness of the proposed algorithm were evaluated.

3.1. Results of Locating Key Regions

The extraction of key regions plays an important role in body dimension calculation.
Representative results of key region extraction are shown in Figure 15. The slices can reflect
the body dimensions well, despite the presence of an incoherent distribution. For example,
region « is the upper half of the front edge of the foreleg, clearly describing the position
of the shoulder end. Meanwhile, the lower edge of region o is the starting point for body
oblique length measurement. Region [ reflects the characteristics of the wither, which is
key to the measurement of wither height, chest girth, and body width. Region 0 is the
slice with the maximum z-axis span in the beef cattle torso, which can be approximately
regarded as the abdomen position for circumference estimation. Region & is the rear edge
of the hind leg, which is very close to the buttocks and tail. Restricted by the quality of the
available data, the hip region is incomplete to some extent. However, the point with the
maximum z-coordinate value approaches the endpoint of the ischium, which can be used
for oblique body length measurement.

Pl Y ™ e »

= . > 5 e >,

£y SR P
£z s £ ¥ W r l\
' o § 7 %’-i 2 A
¢ 3 i . N .
% i ?i 1 1 P
L4 2 g 3 i %
= - £ N d

3 e £ - :

= ol Wiy g ot ,.__"(n'/ 3

a5
a. Region o b. Region 3 c. Region & d. Region 0

Figure 15. Extracted different key regions from beef cattle clouds.

3.2. Body Measurement Results

The group of beef cattle were numbered from 1 to 10 in ascending order, from which 24,
16,19, 26, 14, 22, 20, 11, 18, and 12 sets of point clouds were collected, respectively, resulting
in 182 sets of point clouds. The body dimensions for each animal were also manually
measured for comparison. The results of both manual and automatic measurements are
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shown in Table 2. Notably, the automatic measurement data and corresponding errors
represent the average values of several rounds of calculation. The body width calculation
shows the highest accuracy, with a total average error of 1.6%. However, the average
measurement errors of body oblique length, wither height, chest girth, and abdominal girth
are 2.3%, 2.8%, 2.8%, and 2.6%, respectively, which indicates that the proposed algorithm
shows a significant degree of robustness.

Table 2. Beef cattle body dimension measurement results.

Beef Oblique Length Body Width Wither Height Chest Girth Abdominal Girth
Cattleld M A E M A E M A E M A E M A E
1 160 158  2.8% 47 47 2.6% 130 129 3.0% 184 188 3.0% 208 213 3.0%
2 158 158  2.4% 45 45 1.5% 133 133 24% 195 199 29% 209 212 2.6%
3 159 159  2.1% 43 43 15% 131 132 25% 182 187 34% 192 197 3.1%
4 156 157 2.2% 46 46 1.3% 129 129  33% 182 183 23% 201 204 2.5%
5 162 160  3.0% 36 36 22% 132 133 25% 165 170 3.6% 193 197 2.8%
6 157 157 2.5% 39 39 1.7% 125 125 27% 158 160 2.8% 196 200 2.7%
7 169 168  2.4% 44 45 1.3% 130 131 29% 18 189 29% 223 228 3.1%
8 147 149  2.4% 48 48 0.8% 127 129  34% 192 197 33% 204 210 29%
9 153 152 22% 39 39 17% 124 124 26% 169 173 35% 189 192 25%

[y
o

155 158  2.5% 38 38 2.0% 123 126 39% 164 166 1.8% 190 191 2.0%

Note: M stands for the manual measurement results; A stands for automatic measurement results; E stands for
mean absolute error.

Figure 16 shows the error distribution of each body dimension. The error distribu-
tions of the body oblique length, body width, and wither height were relatively stable
for automatic measurement, and were evenly distributed on both sides of the manually
measured values. However, the girth value obtained by automatic calculation was larger
than that measured manually. If multiple measurements are averaged for the same animal,
the error can be further reduced to within a 3% range. However, for a single measurement,
the maximum error can reach 6-7%.

4 Deviation /%
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Figure 16. The error distribution of each body dimension (calculated for 182 sets of point clouds
corresponding to 10 beef cattle).

Generally, the beef cattle body dimensions can be preliminarily calculated via this
system in the real production environment. The obtained data are stable and reliable. For
practical applications, the same animal can be required to pass through the measurement
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system several times within a short time interval (1 day or more), and thereby the accuracy
can be improved by averaging the values obtained from multiple measurements.

4. Discussion

As the different postures of beef cattle had a negative influence on the measurement
results, the specific situations are discussed in detail.

4.1. The Error Analysis of Body Width

Overall, the body width calculation showed high accuracy with relatively small errors,
but there were still exceptions whose error was around 4%. The reasons were complex and
mostly related to the posture, positioning, morphology, and flexibility of the beef cattle
body. On one hand, the beef cattle might be too close to the railing while walking through.
In this circumstance, the chest region can overlap with the railing gap, resulting in a loss
of data in the x—y plane, which leads to smaller measurement values. On the other hand,
there may be some distortions in the beef cattle body, and thus the plane tangent to the
principal direction of the beef cattle cannot be accurately extracted. As Figure 17 shows,
the accurate line for body width measurement is marked by the blue arrow. However, due
to the distorted posture of the beef cattle, the algorithm will misidentify the red line as the
measurement line, thereby resulting in larger body width values.

Figure 17. Calculated body widths of the beef cattle.

4.2. The Error Analysis of Wither Height

The wither height is usually considered “linear”, and its measurement error is expected
to be similar to those of chest girth and abdominal girth. Nevertheless, the error of wither
height occasionally exceeded that of the circumference parameters. This abnormal result
could be attributed to the differences in height caused by the various postures of the
walking beef cattle. Therefore, the bifurcation angles of the forelegs (6) and hind legs (1)
were averaged in the y—z plane of the beef cattle point clouds artificially, which was used to
evaluate the effects of different postures on the wither height values. The extraction of the
bifurcation angles is displayed in Figure 18.
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Figure 18. The extraction of bifurcation angles.

To determine the relationship between the bifurcation angles and the errors of wither
height, 26 sets of point clouds collected from the same animal (No. 4) were selected for
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further analysis. In each point cloud, the errors of the bifurcation angle and wither height
were extracted and displayed in a scatter plot, as shown in Figure 19.
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Figure 19. Relationship between the bifurcation angles and wither height errors.

As Figure 19 shows, a larger bifurcation angle was generated when the calculated
wither height was significantly smaller than the real value, which indicated that the leg
crossover can lead to reduction in wither height (Figure 20).

Figure 20. Reduction in wither height caused by leg crossover.

There were two main reasons for the enlarged wither height. When an animal
walked with an arched back, the measurement point of the wither height could be raised
(Figure 21a). Furthermore, the upper part of region 3 showed obvious hair lift, which
could be misidentified by the algorithm, thereby resulting in a large wither height value
(Figure 21b). However, the current data were inadequate to support the quantification of
wither height calibration, and hence the statistical regularity needs to be investigated in

the future.
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Figure 21. Two enlarged wither height cases. ((a) Animal with an arched back, (b) animal with hair lift).

4.3. The Error Analysis of Body Oblique Length

The biological definition of beef cattle body oblique length was “the straight-line
length from the front edge of shoulder end to the outer edge of the ischial end”, and these
two positions were not easily distinguished and thus were difficult to locate in the beef
cattle point clouds (indicated by the green arrows in Figure 22). In this work, the lower
vertex of the o region and the upper vertex of the {3 region were selected as the starting and
ending points of the measurement (indicated by the red arrow in Figure 22). As Figure 22
shows, the green arrow represents the standard calculation line of body oblique length, and
the red arrow represents the alternative calculation line of body oblique length extracted
by the proposed algorithm. For beef cattle with a regular body shape, the alternative
calculation line was quite similar to the standard calculation line. However, when the
beef cattle had a “slender” body shape (the y-coordinate span is large, and the chest and
abdomen girth are small), the calculated values will be lower and vice versa. Similarly, the
calculation error of body oblique length will also be larger for a walking animal (Figure 20).

Figure 22. The location of beef cattle body oblique length calculation.

4.4. The Error Analysis of Chest and Abdomen Girth

The chest and abdominal girth showed the largest measurement errors among different
body dimensions, and the measured values were consistently larger than the real values.
Similar to the body width measurement, the extracted slices were not completely tangent
to the principal direction when the beef cattle body was distorted, thereby leading to large
calculation values. Moreover, unstable ellipse fitting could be revealed when the slices are
incomplete, which may cause random deviations. In addition, the ellipse fitting cannot
accurately restore the enclosing curves of the chest and abdomen, which will generate
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slight deviations. In the near future, we plan to apply specific methods such as curvature
estimation and integration to further improve the accuracy of this measurement.

5. Conclusions

A method for key region extraction and body dimension measurement was proposed
for the reconstructed 3D point cloud data of beef cattle, and the automatic measurement
method of body dimensions is based on the 3D region features of point clouds. This method
is also applicable to incomplete point clouds, and the method is predominantly invariable
to different animal postures, thereby demonstrating a degree of theoretical research value
and practical application significance.

(1) Based on the span distribution curve of continuous slices, a method for identify-
ing the position and boundary of the leg region was proposed, and a method for
key region extraction in the leg region was proposed to calculate the body dimen-
sions. The shoulder, chest, abdomen, and buttock regions were accurately identified
and extracted.

(2) Based on the features of the key regions, the body oblique length, wither height, body
width, chest girth, and abdominal girth were calculated, and the average measurement
errors were 2.3%, 2.8%, 1.6%, 2.8%, and 2.6%, respectively. Compared with the method
based on the “point” features, this method, focusing on the “region” features, is
more suitable to deal with incomplete point clouds and poses limited requirements
regarding animal postures, which shows its higher robustness.
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