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Abstract. Detecting the field boundary is often one of the first steps in
the vision pipeline of soccer robots. Conventional methods make use of a
(possibly adaptive) green classifier, selection of boundary points and possibly model fitting. We present an approach to predict the coordinates
of the field boundary column-wise in the image using a convolutional
neural network. This is combined with a method to let the network
predict the uncertainty of its output, which allows to fit a line model
in which columns are weighted according to the network’s confidence.
Experiments show that the resulting models are accurate enough in different lighting conditions as well as real-time capable. Code and data are
available online.3
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Introduction

When playing soccer, the field boundary is a prominent visual feature. It allows
to separate the environment into important and unimportant areas. For a computer vision pipeline, this means that it can be used to exclude false positive
detections outside the field of play and reduce the amount of computations because only a certain part of the camera image needs to be included in further
processing. The field boundary can furthermore be used as an observation for
localization algorithms [8].
Most approaches in the past have been based on some kind of green classifier
which is either completely static (like a pre-calibrated color lookup table) or
determined online. However, this often causes difficulties with changing lighting
conditions, hard shadows, or spotlights, which make different parts of the field
appear in different colors. A deep neural network has the potential to utilize
spatial context within an image in addition to per-pixel colors.
In RoboCup leagues with less restricted computational resources, fully convolutional neural networks have become popular for object detection [12,11].
3

https://github.com/bhuman/DeepFieldBoundary
https://sibylle.informatik.uni-bremen.de/public/datasets/fieldboundary

They operate with no preprocessing and only little post processing. In principle,
they do not need a separate field boundary detection because they already have
access to image context that should prevent them from detecting objects outside
the field. If the field boundary is desired as a specific feature, either the method
of this paper can be integrated into the FCNN or a conventional method based
on the output of semantic field segmentation can be employed. However, if most
objects are detected using analytical methods anyway, the input image size can
be chosen much smaller and the upscaling part of a segmentation network is not
necessary, in order to reduce computational cost.
This paper contributes (a) a full description, code and data of a convolutional
neural network approach to detect the field boundary which was previously mentioned without details in a team report [15], and (b) the combination with the
prediction of confidence scores which can act as weighting factors in line model
fitting. The paper continues as follows: Section 2 reviews related work on the
topic of field boundary detection in robot soccer, section 3 describes our methods
in detail, section 4 evaluates the approach and presents the results, and section 5
concludes this paper.
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Related Work

A classic approach to detect the field boundary consists of three steps: Firstly,
a classifier for pixel colors is established. Secondly, spots on the field boundary
are determined. Thirdly, a model of line segments is fitted through these spots.
There have been many implementations of this pattern, each differing in details.
Reinhardt [9] first estimates the field color from channel-wise histograms
over the entire subsampled image. Then, the image is split into segments along
scan lines at edges in the luminance channel. Segments are classified into the
categories field, line or unknown. An unknown segment above a field segment
creates a candidate spot (i. e. there can be multiple spots per scan line). In order
to reject outliers, e. g. from a neighboring field, an iterative convex hull algorithm
evaluates multiple hypotheses and the one supported by most spots is chosen.
Qian and Lee [8] start by sampling a guess of the field color near the robot’s
own feet, assuming that the majority of pixels there always belongs to the field.
Candidate boundary spots are generated by scanning downwards from the horizon and choosing the spot where the difference in the number of visited green
and non-green pixels reaches its minimum. Finally, a model of one or two perpendicular lines is fitted using RANSAC.
Fiedler et al. [4] include a field boundary detection in their vision pipeline.
Green pixels are masked based on a pre-calibrated seed that is dynamically
adjusted using a field boundary that is calculated from the previous field color
estimate, creating feedback loop. Depending on the camera angle, either the
topmost green pixel or the bottommost non green pixel (applying a low pass
filter in order to skip field lines) is chosen as candidate spot per vertical scan
line. Over these spots, the convex hull is computed to remove gaps caused by
occlusion of the field boundary by other players.

However, CNN-based approaches have also been proposed: Mahmoudi
et al. [7] describe a network that predicts five vertices of a polygon which bounds
the field. They use a 128 × 128 HSV image as input, followed by three pairs of
convolutional and pooling layers, and two fully connected layers in the end.
However, no quantitative results are given.
Finally, Tilgner et al. [15] shortly mention in their team report that they detect the field boundary using a deep neural network. The properties mentioned
there are 40 × 30 YCbCr images as input, a CNN architecture based on four
Inception-v2 blocks, and an output size matching the width of the input. Apparently, they have successfully used the results at RoboCup 2019. This paper
started as an attempt to reproduce their approach.

3

Approach

In this section, the details of our approach are given. In general, like in [15] the
network takes a 40 × 30 image (downsampled from the full camera resolution) as
input and predicts 40 outputs, one per image column. Each output is the ratio
of the image height at which the field ends in the column that it represents,
i. e. 0 means that the field boundary is at or above the image and 1 means that
the field boundary is at or below image (i. e. the column does not contain any
field). In contrast to Mahmoudi et al. [7], who predict the vertices of a polygon
in the image, this is potentially less sensitive to small errors in the predictions
and allows for later regression (cf. section 3.5) to attenuate errors even more.
3.1

Dataset

Our dataset consists of images taken by the upper camera of NAO V6s. They
come from green RoboCup Standard Platform League fields in ten different
locations, including dark indoor environments (which also means that the images
are blurred due to high exposure times) as well as outdoor environments with
uneven natural lighting. The images have been JPEG-compressed and logged
by our robots during actual games, so there is occlusion by robots and all other
real-world effects. In order to reduce redundancy in the data, only about one
image per second has been kept.
The resulting set of 36399 images, some of which are shown in fig. 1, has
been manually labeled with a custom tool. The annotation tool allows to mark
the field boundary as up to two lines by selecting two boundary points per line.
The labels are represented by the vertical coordinates at the left and right image
border as well as the location of the intersection of both lines, if it exists. This
means that we do not handle the case of two or more field corners in the image,
which only happens very rarely on a NAO due to the relation of the field size
and the camera’s horizontal field of view.
For this work, the set is split into three parts: a training set of 28641 real
images and 4219 computer-generated images with ground-truth labels using a
derivative of UERoboCup [5], a validation set of 3449 real images and a test set

Fig. 1: Examples from the set of labeled real images

of 4309 images. The images in the validation set come from a location that is
not present the training set, and the test set includes yet more locations. The
complete dataset is publicly available.4

3.2

Model Architecture

As in [15], the architecture is based on four Inception-v2 [13] blocks. Each block
is divided into three N -filter branches which are concatenated in the end to
3N channels. The first branch starts by quartering the number of channels in a
pointwise Conv+BN+ReLU block. The following 3 × 3 Conv+BN+ReLU each
double the number of channels back to N and aggregate information from the
neighborhood. The second branch is similar to the the first one, but with only
one 3 × 3 Conv+BN+ReLU block. The third branch consists of a 3 × 3 max
pooling, followed by a pointwise Conv+BN+ReLU block. All blocks divide the
vertical resolution by two via strides, while keeping the number of columns.
When the vertical size has been reduced to two rows after four blocks, a final
convolution layer aggregates all 2 · 3N channels within a column to O output
channels, i. e. it can also be seen as a fully connected layer with identical weights
per column. In each block, the horizontal receptive area is increased by 2 from
the two successive 3 × 3 convolutions in the first branch. This means that in
the end, each column output can contain information from 8 neighboring input
columns to both sides and is not restricted to data from its own column. The
architecture is depicted in fig. 2.
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Fig. 2: Architecture of the CNN

3.3

Training

The network is trained in batches of 16 elements using the Adam algorithm with
Nesterov momentum [3] for up to 50 epochs. Training is stopped early when
the validation loss has not improved for five epochs. In the basic configuration
without predicting uncertainty (see section 3.4), the loss is defined as the mean
absolute difference between predicted and true vertical coordinate per column.
The learning rate starts at 0.001 and is quartered when there is no significant
improvement in validation loss for three epochs.
Each batch of training data is augmented online before being fed into the
network. For this, we use imgaug [6] with several global and point-wise operators,
including flipping and cropping the image, adding noise and a constant brightness
offset, as well as motion blur. In addition, a custom augmentation that randomly
selects polygonal regions of the image and randomly scales their brightness in
order to model hard shadows [1] is applied.
3.4

Predicting Uncertainty

In some cases, it is impossible to determine the location of the field boundary at
a specific column in the image. For example, if the field boundary is occluded at

one of the image borders, there could be a corner behind it or not. However, the
network could actually see in the image that the predictions in those columns are
uncertain. Therefore, we employ the approach as in Richter-Klug and Frese [10]
to let the network predict its own uncertainty without needing additional labels. Instead of predicting just a vertical coordinate, the network predicts the
parameters of a one-dimensional Gaussian distribution for each column.
This can be achieved by using as loss function the negative log-likelihood of a
Gaussian parameterized by mean µ̂ and variance σ̂ 2 as predicted by the network,
evaluated at the true y-coordinate for a given column:
L(y, (µ̂, σ̂)) = − log p(y|µ̂, σ̂ 2 )
(y−µ̂)2
1
e− 2σ̂2
= − log √
2πσ̂ 2
(y − µ̂)2
log 2π
+ log σ̂ +
=
2
2σ̂ 2
Rewriting in terms of the reciprocal of the variance, the information ω̂ 2 =
(which our network actually predicts) yields
L(y, (µ̂, ω̂)) =

1
σ̂ 2

(y − µ̂)2 · ω̂ 2
log 2π
− log ω̂ +
.
2
2

This loss function can be interpreted in the following way: In order to minimize
the − log ω̂ term, the information must be maximized. At the same time, the
error of the predicted mean (y − µ̂)2 is scaled by this number, so in order to
simultaneously reduce that term, the mean prediction µ̂ must be moved closer
to the true label y. This way, ω̂ is guided to neither over- nor underestimate the
error of µ̂.
√
In fact, the raw output of the network is ω̂ in order to ensure that ω̂ is
always nonnegative. Furthermore, we add a small value  to the argument of the
− log ω̂ term to shift it away from the singularity at 0. Also, the log-likelihood
loss is used in addition to the absolute coordinate difference |y − µ̂|, which should
put a bit more emphasis on actual accuracy.
3.5

Post Processing

In the simplest case, the coordinates predicted by the neural network can be used
directly as a polygonal chain. However, we can enhance the prediction by fitting
a model to the predicted values. Algorithm 1 describes a possible procedure to
fit up to two lines, which is enough for typical images taken by a NAO on a
standard platform league field. It takes advantage of the predicted ω̂ by using
it as weighting factor in the regression objective. This way, columns in which
the network is uncertain about its µ̂ prediction (i. e. ω̂ is low) do not contribute
much to the overall cost to be minimized.
On a real robot, instead of selecting the model with lowest line fitting residual
c, one could also use the deviation of the angle between the two lines projected

Algorithm 1 Fitting a model through predicted boundary spots using weighted
linear regression and exhaustive search for the apex.
1:
2:
3:
4:
5:
6:
7:
8:
9:
10:
11:
12:
13:
14:
15:
16:
17:
18:

function FitLine(X
P = (x1..k , µ̂1..k , ω̂1..k ))
C := (m, b) 7→ ki=1 ω̂i2 · (mxi + b − µ̂i )2
L ← arg minm,b C(m, b)
return (L, C(L))
end function
function FitModel(X = (x1..N , µ̂1..N , ω̂1..N ))
M ∗ , c∗ ←FitLine(X)
for i = 2 to N − 2 do
LA , cA ←FitLine(X1..i )
LB , cB ←FitLine(Xi+1..N )
if cA + cB < c∗ then
c∗ ← cA + cB
M ∗ ← (LA , LB )
end if
end for
return M ∗
end function

on the ground (using the camera pose) from 90◦ . If no two lines have an angle
close to 90◦ the single line through all points is accepted.
In principle, this method can be extended to cameras with wide-angle lenses
with distortion by choosing an appropriate model function. However, as soon as
it frequently happens that more than one field corner is in the image, searching
for them becomes more complex, e. g. quadratic for two corners.
In addition, if ω̂ is low for most columns, i. e. the network is overall uncertain,
it can be assumed that the field boundary is not in the image at all (e. g. because
another robot is standing directly in front of the camera).

4

Evaluation

This section describes the experiments done to evaluate the approach and their
results. We have created 12 different versions of the CNN: combinations of three
different filter numbers N ∈ 8, 16, 24, grayscale or color input, and with or
without uncertainty prediction. The networks without uncertainty prediction
differ in that they have only one output channel which is the target coordinate,
and that this output is only trained on the mean absolute error as described in
section 3.3.
4.1

Accuracy

The first experiment for evaluating the accuracy of the method is to calculate
the mean absolute difference between predicted and true vertical field boundary

location over all columns in the test set. For interpreting these numbers, recall
that the network operates on an input that is 30 pixels high, so an error of one
pixel corresponds to 0.03333. The results are given in table 1. It is noticeable
that all color networks are consistently better than their grayscale counterpart.
This is not surprising, as the green color is the main feature of the field. Also, for
each column in table 1, the performance improves with the number of filters per
branch N . Increasing N even further, e. g. to 32, also increases the number of
parameters in the network, e. g. to about 60000 for N = 32, and is therefore not
desirable. Using different filter numbers per block is possible too, but expands
the design space a lot. The counterparts with uncertainty prediction are, with
one exception5 , significantly worse than the networks which have been trained to
predict the coordinate only. This is understandable in the way that they actually
have been trained for a different objective.

Table 1: Mean absolute error of raw network output on the test set

N =8
N = 16
N = 24

Without Uncertainty

With Uncertainty

Grayscale

Color

Grayscale

Color

0.05708
0.05412
0.03998

0.03108
0.02357
0.02355

0.06061
0.05110
0.04734

0.03800
0.03168
0.02781

Next, we evaluate the performance after model fitting according to section 3.5. Here, the mean absolute error is determined after discretizing the fitted
model in the same way as the labels are, so the numbers in table 2 are comparable to table 1. The fitting for the networks without uncertainty prediction assigns
a unit weight to all columns. For comparison, results in which unit weights are
used are also included for the color networks with uncertainty. In all 12 configurations, the error has been reduced by line fitting with respect to the raw
outputs from table 1. However, the errors of the models fitted with weighting
factors predicted by the network are still worse than those fitted through the
outputs of a network that has been trained to predict the coordinate only. On the
other hand, there is an improvement in the uncertainty models when using the
predicted instead of unit weights (i. e. from the rightmost column of table 2 to
the one next to it), indicating that the predicted uncertainty actually correlates
with the positional accuracy of the network in a specific image column.
For a visual evaluation of the networks with uncertainty prediction, N = 24
and line fitting, refer to fig. 3. All nine images are neither in the training nor in
5

The optimization for the combination without uncertainty, grayscale, N = 16 stopped
after only 9 epochs.

Table 2: Mean absolute error of fitted models on the test set
Without Uncertainty

N =8
N = 16
N = 24

With Uncertainty

Grayscale

Color

Grayscale

Color

Color Unweighted

0.05271
0.05060
0.03718

0.02907
0.02226
0.02226

0.05293
0.04431
0.04123

0.03374
0.02727
0.02436

0.03665
0.03037
0.02668

the validation set. While the neural network using colors looks quite accurate,
the performance on grayscale images is significantly worse. Occlusion of the
field boundary from robots often causes the mean prediction to deviate, but the
uncertainty reflects this well, as can be seen, e. g., in the leftmost image in the
fourth row.
A frequent artifact are arcs at the borders of the image, i. e. the left/rightmost few columns deviate increasingly from the actual field boundary. We
hypothesize that this is due to the zero padding which causes the outer columns
to receive less activation. However, the uncertainty also correctly increases there.
A column-specific bias could help with this.
4.2

Inference Time

In order to run our networks on a NAO V6, we use CompiledNN [14]. The numbers in table 3 have been obtained using the included benchmark tool with 10000
iterations. The inference times are mainly influenced by the number of filters N .
The usage of color in the input adds 20 µs on average, while the additional output channel for predicting uncertainty has no significant impact. Anyway, all
networks are fast enough to be used as a preprocessing step of a real-time 30 Hz
vision pipeline.

Table 3: Inference times of the CNNs on a NAO V6 in milliseconds

N =8
N = 16
N = 24

Without Uncertainty

With Uncertainty

Grayscale

Color

Grayscale

Color

0.555
1.539
3.198

0.573
1.557
3.223

0.558
1.533
3.204

0.572
1.562
3.218

Fig. 3: Grayscale/color image pairs with the output of the respective networks
with uncertainty and N = 24. The solid red line is the predicted mean, the
dotted lines are ±σ̂ intervals, and the blue line is the fitted model.
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Conclusion

In this paper, we expanded on [15] and showed that a convolutional neural network is able to detect the field boundary in an image from raw pixels to columnwise vertical coordinates. Color information is important for this to work properly. The overall accuracy is reasonably good also in difficult conditions, as can
be seen in fig. 3. Results about uncertainty prediction are inconclusive: Numerical results even after weighted line fitting are not as good as the plain coordinate
predictions of networks which do not predict uncertainty, but at least for the networks with uncertainty output, the weighted line fitting is more accurate than
with unit weights. To combine the advantages of both variants, it can be examined to pretrain a network without the uncertainty output and then introduce
the additional output while freezing some of the layers. The inference times of
all presented networks are low enough to be used in a real-time vision pipeline.
Some of the presented networks are used by the SPL team B-Human. They
apply different postprocessing that also transfers information between the two
cameras of the NAO, but uses the uncertainty prediction only for determining
whether the field boundary is in the image at all. It has already been used in
test games and the German Open Replacement Event 2021 and will be used at
RoboCup 2021.
For future investigation, we have started experiments to replace the CNN by
a transformer, similar to [2]. The prototype treats each column of the image as
an element in a sequence, such that in the end, the results can be read from
a regression head for each element. The idea is that the transformer is more
able to combine global features while retaining the column-wise structure of
the problem, but without being restricted to the receptive field of convolutions.
However, we cannot report results yet.
The code as well as the dataset that have been used for this paper are available online: https://github.com/bhuman/DeepFieldBoundary
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