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Abstract. This work presents a study for building a Deep Vision pipeline suitable
for the Robocup Standard Platform League, a humanoid robot soccer tournament.
Specifically, we focus on end-to-end trainable object detection for effective perception using Aldebaran NAO v6 robots. The implementation of such a detector
poses two major challenges, those of speed, and resource-effectiveness with respect to memory and computational power. We benchmark architectures using the
YOLO and SSD detection paradigms, and identify variants that are able to achieve
good detection performance for ball detection, while being able to perform rapid
inference. To add to the training data for these networks, we also create a dataset
from logs collected by the UT Austin Villa team during previous competitions,
and set up an annotation pipeline for training. We utilize the above results and
training pipeline to realize a practical, multi-class object detector that enables
the robot’s vision system to run at 35 Hz while maintaining good detection performance.
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Introduction

Object detection [12, 31, 25] is one of the paramount challenges of computer vision
and a key component of robotic perception. This paper develops an effective perception
module for robot soccer under the stringent hardware constraints of the Robocup
Standard Platform League (SPL) [5, 19, 2] , in which the vision system needs to identify
various objects and landmarks in real time, such as the ball or other robots.
Neural network-based detectors have progressed tremendously over the past decade.
However, many network architectures require computational power that limits their
applicability in low-resource real-time scenarios such as the SPL [6]. On the other
hand, the necessity for fast, resource-friendly solutions for mobile computing and the
IoT has led to increasing attention on specialized hardware and network architectures
[6, 16, 18, 10]. In this project, we aim to leverage these advances to develop an object
detection pipeline suitable for use in the SPL. The implementation uses a software stack
based on TensorFlow Lite[1] (TFLite).
The paper starts with an investigation of candidate object detection architectures
by attending to reliable detection in the field and testing speed with the robot hardware.
Next, it describes the methods used for data collection, labeling, and data augmentation.
Finally, the performance of the detector is evaluated, and it is demonstrated to be
effective at detecting objects under the computational constraints for real-time operation.
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Background

This section goes over some preliminaries, a description of SPL, the hardware and
compute setup, and the object detection challenge this paper seeks to solve.
2.1

Robocup Standard Platform League

The Robocup SPL is a humanoid soccer tournament in which our team competes as
the UT Austin Villa. Soccer games are played between teams of five Aldebaran NAO
v6 robots each, on a scaled version of a soccer field. The competition tests four main
systems: vision, localization, motion and coordination. Localization relies on the vision
results, such as by using detected markers to estimate the robot’s position. Subsequently,
the localization information is used to direct coordination. Thus reliable and fast object
detection is important to achieve effective gameplay. No assistance from external hardware, including remote, is allowed (i.e., the robot’s hardware is the Standard Platform).
2.2

Hardware setup

Camera There are two identical cameras available on the top and bottom of the NAOs
(located above and below the eyes). The top camera is meant to give a full view of the
field, while the bottom camera provides a close-up view of the ground immediately in
front of the robot. Both cameras are, in principle, able to capture video at a resolution
of 1280x960 pixels at 30 frames per second, with automatic exposure adjustment capabilities [27]. However, to save computation in various steps of the vision pipeline,
and since the bottom camera does not view anything distant, we use a bottom camera
resolution of 320x240 resolution. Example views are shown in Figure 2.
Compute The NAO has an Intel® Atom E3845 CPU, along with 4 GB of RAM
[39]. The CPU has 4 cores running at 1.91 GHz, and supports some advanced SIMD
instruction sets such as SSE4, enabling parallel computation. This CPU is optimized for
low-power applications, and its performance compares to today’s mobile processors.
An integrated GPU (Intel® HD Graphics for Intel Atom® Processor Z3700 Series)
is present in the CPU, clocked at 542 MHz. It is capable of compute acceleration
through OpenCL, enabled using a custom compiled Linux Kernel and drivers. This GPU
is comparable in clock speed to today’s mobile GPUs as well. However, experiments
in Section 7.1 will show that it is not able to perform significantly faster than the CPU.
Nevertheless, it remains viable as an additional source of compute power.
2.3

Object Detection Challenges

Object detection needs to run alongside the other components involved. To guarantee
the functionality of all the components, the perception loop needs to maintain a processing rate of 30Hz, which comes to 33.3 ms. Within this time, both the top and bottom
camera images need to be processed, and any other stages of the vision pipeline also
need to be completed. These stringent timing requirements, in conjunction with the
limited compute capabilities described above, challenge the implementation of a neuralnetwork based object detector. Even real-time desktop applications such as YoloV3Tiny[3] prove to be too expensive for these purposes.
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Related Work

This section presents an overview of previous work related to various aspects of lowresource real-time object detection. Additional discussion of the merits and demerits of
relevant approaches is handled later in the context of our design choices.
General Object Detection There are three main classes of methods for detection.
One, a two-stage approach which proposes regions of interest, followed by the actual
detection. Regions with CNN features (R-CNN) [12] and related methods such as
Faster-RCNN [34], or Mask-RCNN [13] for segmentation fall into this class. Two,
single stage detectors with You Only Look Once (YOLO) [31, 32, 7] being one of
the most well-known paradigms that performs direct bounding box regression. Related
approaches have also been developed based on corner point detection [20]. Three,
detection at multiple resolutions and scales simultaneously, with methods like Single
Shot MultiBox Detector (SSD) [25] and Feature Pyramid Networks [23], using existing
architectures as backbones [25, 22].
Low-Resource Object Detection MobileNets [17, 37, 16] are a series of architectures
developed for inference on mobile devices that use depthwise separable convolutional
layers to achieve fast performance. Other lightweight architectures include Squeezenet
[18] and NASNet [44], though these are mainly optimized for parameter count rather
than speed as sought here. OFA Net [9] is an approach for training full scale networks,
and subsequently deploying distilled versions with greatly reduced sizes. One class
of approaches such as XNOR-Net [29] use binarized or heavily quantized versions of
larger networks to reduce the computational cost for a given network size. Although
these architectures are much less resource intensive than real-time detectors for desktop
hardware [3], they are still significantly slower than what SPL requires. One major
reason for this slowness is that these works target a large number of object classes,
whereas there are many fewer classes in the Robocup setting.
Existing Approaches for Humanoid Soccer The SPL introduced the current NAO
v6 robots in 2017. Until then, NAO v5 robots were used, which had an older, single
core CPU that almost entirely prohibited deep learning pipelines. As a result, Deep
Vision detectors in this competition are still in nascent stages of development, and even
the winner of the 2018 competition did not use them [8]. UT Austin Villa has also
been relying on more classical techniques such as SVM or feedforward classification
on features extracted from region proposals [26]. The deep approaches that have been
proposed [28, 36, 11] have largely been based on RoI proposals. To the best of our
knowledge, these RoI-based approaches detect one object at a time. Cruz et al. [11]
use XNOR-Nets for ball detection, while Rofer et al. [35] use an encoder-decoder
architecture for ball localization on preprocessed RoI images. Poppinga and Laue [28]
propose Jet-Nets based on MobileNet for robot detection.
xYOLO [6] is a lightweight detector proposed for the Robocup Humanoid League
that is based on Tiny-YOLO [3]. It achieves good ball-detection and speed using XNOR
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operations and a reduced number of layers and filters. We note however, that this
architecture was developed for a different league with differing robots and slightly more
permissive compute constraints, including access to more powerful modern hardware
such as the Raspberry Pi 3 [6]. A more recent work proposes YOLO-Lite [43], which
uses lightweight inference libraries (as we also do here) and was tested on the NAO v6
robots. However, their proposed networks are not nearly fast enough to meet our target
frame-rates, and they do not test the NAO’s GPU.
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Data Curation and Data Augmentation

We used three sources of data used to train our Deep Vision system. These datasets
provide a good amount of variety in lighting conditions, decor, and clutter:
– xYOLO: This dataset contains 1400 images collected using a webcam in the Robocup Humanoid League for training the xYOLO network [6]. Annotations are provided for the ball and goalposts in the form of rectangular boxes, and we manually
label other objects.
– UTAV: We created this internal dataset from our team logs collected during calibration and practice sessions in the SPL 2019 competition. There are about 1000
images from the top and bottom cameras, which were annotated manually for balls,
robots and crosses. The images are recorded after the autoexposure adjustment.
– NaoDevils: This dataset contains 10 thousand images from the NaoDevils team’s
matches at SPL 2019 and the German Open 2019 [4]. The images contain segmentation labels from six classes: line, ball, robot, center circle, goal, and penalty cross.
We transformed the segmentation masks to rectangular bounding boxes. Approximately 10% of the images are high-quality manually annotated images, the rest are
lower-quality automatically segmented used for pre-training.
Manual annotation Manual annotation of existing and future data is a time-consuming
process. To expedite this process, we utilize general purpose, full scale detectors to
provide a seed set of labels, which can then be refined by human annotators. This idea
is tested using Efficient-Det D7 [40], which is among the state-of-the-art detectors at
present. We use a detector that is pretrained on the MS-COCO dataset [24]. EfficientDet D7 was able to detect the ball and robots in many of the data images.
Thus, we use these annotations as a starting point in order to save time, as well as
to allow us to use data not directly from the robot’s camera for more robust detection.
To this end, we used the CV Annotation Tool (CVAT) [38] by Intel, which provides
a convenient user interface to execute detectors and correct their output, as well as
enabling users to upload data in many data formats. Using CVAT, we annotated the ball,
robots and the penalty crosses in the xYOLO and UTAV dataset images. Although we
focus most of our study on ball detection with a single-class detection architecture, we
also train and deploy a multi-class detector that also detects robots and penalty crosses.
Data Augmentation Multiple data augmentation techniques are used based on the
Pytorch implementations available in the YOLOv5 codebase [42]. One kind of augmentations we use are kinematic augmentations which include rotations, translations and
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scaling. These serve to improve detections at image locations where objects are not
frequently present in dataset images, and also in sizes that are not present frequently.
Mosaic augmentation [7] is also used to combine multiple images, which is useful when
multiple objects are present. The other class of augmentations is photometric in nature.
We use transformations in the HSV color space in order to bring about invariance to
lighting conditions, material color and texture, and camera exposure fluctuations.
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Analyzing Computational Constraints

The computational requirements are critical considering that the amount of compute
resources available is non-negotiable in the competition. This restriction has meant that
a significant portion of our efforts so far have been directed towards understanding these
constraints and studying what can be accomplished within them.
This section first describes the motivations behind the choice of software stack used.
It then presents a benchmark study involving this stack to give an idea of the scale of
the networks that can be executed in real time on the NAO.
5.1

Software Stack

There are several low-resource libraries available for performing inference on Machine
Learning models, both general purpose [1, 30] as well as ones made by other teams
competing in Robocup [41, 14]. Models are first trained in PyTorch with an adapted
version of the YOLOv5 repository [42]. The network weights are then transformed to
TensorFlow Lite (TFLite). We use TFLite [1] for several reasons:
– Advanced NN Layer support: TFLite has support for a much wider range of activation functions and layer types than the other libraries (e.g batch normalization).
– Multi-threaded operation: The special purpose libraries mentioned above do not
allow for the use of more than one thread, whereas TFLite does.
– Optimizations for NN inference using the XNNPack[21] library, including the usage
of advanced instruction sets (mainly SSE) as many other libraries also do.
– GPU Support: TFLite is the only lightweight library to have OpenCL support, thus
enabling us to use the GPU as additional hardware.
5.2

Computational Benchmarks

We conduct a set of first principle benchmarks to study the computational cost as a
function of network size:
We generate CNNs with random weights, with varying layer sizes and numbers of
filters in each layer. Each convolutional layer has n filters, except for the last one, which
has 2n. They convert to a dense layer through a softmax of 10 units, representative of
the number of objects we will eventually have to detect. The convolutional layers all
use ReLU activations, and each is followed by a (2,2) Max Pooling layer. This template
is based on an architecture that has been tested by the team B-Human [36]. Weights for
the network were initialized at random (Gaussian with σ = 0.01). Four threads on the
CPU were used to perform inference.
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Fig. 1: Runtime benchmark results for synthetically generated CNN models. Times are
presented in milliseconds.

The results are presented in Fig 1. For a target inference rate of 60 frames per
second for both cameras together, we see that the network with 16 filters per layer,
with 6 layers is comfortably feasible. The main impact on inference time appears to be
due to the number of filters rather than the layers. This suggests that narrow, but deep
architectures with skip connections might be the best computational choice.
For the above, quantization of weights is not performed. When testing with MobileNet-v2, we observed that the quantized models performed slower (64ms vs. 58ms).
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Detector Design

As mentioned earlier, in the past, region proposal methods have been used in the SPL
for detecting a single class of objects. However, this design aims to be scalable and to
detect the full set of objects on the field. Region proposals tend to be more expensive
with more objects to detect. Thus, this study focuses on YOLO and SSD setups.
Although SSD is more expensive than YOLO, it has potential advantages in terms
of detecting objects at multiple scales. A suitable backbone architecture needs to be
provided on top of which the SSD layers are implemented. We use Mobilenet-v2 [37]
due to the fast runtimes while maintaining good performance in an SSD setup. SSD
requires designing prior boxes for each of the feature maps from the SSD layers. However, such a design is not much more expensive compared to the design of anchor boxes
for YOLO-9000 [32], which is necessary to get good performance with YOLO setups.
xYOLO [6] uses a greatly reduced version of YOLO in terms of layers and number
of filters. It gets good performance on the accompanying dataset while maintaining 10
Hz detection rate on a Raspberry Pi 4, which is hardware similar to the NAOs. Taking
into account the simplicity of the YOLO paradigm, we consider xYOLO a good starting
point for creating reduced models. xYOLO also uses XNOR layers instead of regular
convolution. They are not used in this study since XNOR layers can be detrimental to
accuracy [6], and the TFLite library was not able to leverage quantization for significant
speed improvements on the NAO’s hardware. We also incorporate the improvements up
to YOLOv3 [33], such as multiple class labels and anchor boxes.

7. EXPERIMENTS
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Experiments

We create variants of the Mobilenet-v2+SSD and xYOLO architectures, and evaluate
their performance on the task of ball detection, with the goal of identifying suitable
architectures that are fast, and also maintain reasonable performance. The models are
trained on both the xYOLO as well as the UTAV datasets, holding out 10% of the data
as validation data. Test time performance is reported on the UTAV (test) dataset alone,
as these images are closer to the expected playing conditions. Performance is measured
in terms of Mean Average Precision at a confidence threshold of 0.5 (mAP@0.5).
7.1

MobileNet and xYOLO Results

The following variants of the architectures are tested:
– SSD-Mobilenet-v2: This is the same architecture as in Sandler et al. [37].
– SSD-Mobilenet-v2-6: This is a reduced version of the architecture with only 6
layers total. This reduction is achieved by not repeating layers and using a stride of
2 at each layer.
– SSD-Mobilenet-v2-8n: This is also a similarly reduced version, but it has 8 layers
and half as many filters.
– xYOLO: This is the architecture from the xYOLO paper [6], but as mentioned
earlier, we do not use XNOR layers in place of regular convolutional ones.
– xYOLO-nano: We drop the two widest layers from xYOLO, in addition to xNOR.
– xYOLO-pico: We replace the maxpool layers in xYOLO-nano with strided convolutions. We also drop the extra layers in the detection/classification head.
We use 224x224 inputs in batches of 4 for training all the above models. Mosaic loading
is used, in conjunction with standard data augmentations such as cropping and resizing.
Training iterations are performed for 100 epochs of the combined datasets. Training
is done using the Pytorch framework, and the saved models are exported to TFLite
format for runtime benchmarks. We use 4 threads on the NAO’s CPU. 150 inferences
are performed to estimate the inference times for each model. We use existing codebases
for both MobileNet+SSD3 and xYOLO [42].
The results are presented in Table 1 (left). We see that the xYOLO models are
all able to achieve good mAP, while the MobileNet models struggle, particularly the
reduced variants. The xYOLO-pico variant appears to have the best trade-off between
speed and mAP. However, the unreduced xYOLO is also able to easily meet the 16.7 ms
bound. Thus, it would remain a viable option when data becomes available for a larger
number of objects.
7.2

Reduced Models for Bottom Camera

While it would be feasible to use the above models identically for both the top and
bottom cameras, the bottom camera needs to detect only the ball and field markers like
the cross. These also always appear at a fixed scale, and so we can reduce the detector
3

https://github.com/qfgaohao/pytorch-ssd

8

Authors Suppressed Due to Excessive Length

Architecture
mAP@0.5(%) CPU GPU
xYOLO (no XNOR)
95.6
7.7 11.0
Architecture mAP(%)
xYOLO-Nano
95.1
7.1 10.4
xYOLO-femto 85.0
xYOLO-Pico
89.5
2.7 4.7
xYOLO-atto
75.0
Mobilenet-v2
78.7
58.1 88.1
xYOLO-zepto
2.5
Mobilenet-v2-6
46.7
6.9 7.2
Mobilenet-v2-8
30.8
1.1 3.4
Table 1: Left: Performance of Mobilenet and xYOLO variants with runtimes on the
CPU and GPU. Runtimes are given in ms. Right: Performance of extra xYOLO variants
for only the bottom camera images.

size and the number of anchor boxes greatly. The input image size can also be reduced,
leading to significant computational savings. Thus, we also benchmark the following
variants of xYOLO:
– xYOLO-femto: Operates on 224x224 input with 6 layers.
– xYOLO-atto: Operates on 80x80 input, with only 4 layers.
– xYOLO-zepto: Operates on 40x40, with only 3 layers.
We also pretrain these networks on the same data as above, and fine tune on only
the bottom camera images. The results are presented in Table 1 (right). We see that
xYOLO-atto is able to attain decent performance comparable to xYOLO-femto, despite
operating on lower 80x80 input. Thus, this size range is a viable option for the bottom
camera since very high accuracy is not necessary in this case. xYOLO-zepto is unable
to learn due to the drastically reduced network and input size.
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Practical Deployment

Although we use the above results as the basis for designing the network used in the
2021 competition, we did not base our final networks on the above architectures, and
adaptations needed to be made. We describe the chosen architectures and the major
adaptations in this section, followed by benchmarks and results.
Architectures We settled on particular architectures for the top and bottom camera
networks as summarized in Figure 2c. The inputs are YUV-422 format images that
are transformed to RGB using a (non-learnable) convolution. (See next section for
additional discussion.) The bottom camera architecture is similar to the top camera but
with the fist backbone layer removed. The overall architecture is based on YOLOv3
tiny [3], but aggressively shrunk in the number of channels and layers to increase
speed. For the top camera, we trained and deployed the network both for single ball
detection (micro-256) and a multi-class variant that also detects robots and crosses
(microx-256). These two variants only differ on the last detection layer. For the bottom
camera, the input size is 128x96 (micro-128).

9. CONCLUSIONS
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Color Conversion and Subsampling The cameras are set to capture images in YUV422 format due to the hardware characteristics favoring this format, as well as the
requirements of other existing vision components. This means that the images need
to be converted to RGB, the format they were trained on. We express this conversion
as a pointwise convolution, and add another layer in TF-Lite to our models to perform
this convolution. As mentioned earlier, the cameras capture at a higher resolution than
what the model uses. As the scale factor is an integer (5), we subsample the image
by dropping 4 pixels for every pixel kept. This method avoids the need to perform
expensive interpolation for resizing the image.
Results Table 2 reports the individual runtimes and performances of the architectures
described above. Also reported are the vision system frame-rates after the detection has
been fully integrated into the vision system with the above features in place. Note that
motion and localization algorithms are also running concurrently. A visualization of
the results is in Figure 2. We see that the networks exhibit high detection performance
and the entire vision system is able to run at at least 30 Hz for multi-class detection,
which goes up to 35 Hz when the top and bottom detectors are run simultaneously
in a multithreaded setup. Higher framerates enable more reliable estimates of object
positions, as well as better localization.

(a) Top camera

(b) Bottom camera

(c) Architecture

Fig. 2: Detection examples for the network used in the 2021 competition. (c) shows the
architecture for the top camera.

9

Conclusions

Through this project, we have gained understanding of the challenges involved in object
detection for the SPL. We implemented a data collection pipeline to enable training
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Top Network Framerate
micro-256
33
microx-256
30.5
microx-256
35
(simultaneous)
Table 2: Left: Performances and runtimes (ms) of deployment architectures. Right:
vision system framerates (Hz) of different combinations (bottom network is always
micro-128). “Simultaneous” indicates top and bottom networks run simultaneously on
CPU (3 threads) and GPU respectively. Otherwise, they are run one after the other.
Network mAP@0.5 CPU(3 threads) GPU
micro-256
98.7
9.9
15.4
microx-256
97.2
14.6
19.1
micro-128
98.3
2.9
5.3

our object detectors, and data augmentation strategies for robustness of detections. We
identified network architectures and ways to improve on runtime while maintaining
good detection performance. We put these to the test, and realize a practical, multiclass object detector that is robust to lighting conditions, and is able to work at 35 Hz
for both cameras. There are several avenues to pursue in the future:
– There has been work based on Stochastic Scene Generation specific to Robosoccer
[15] using the Unreal Engine to render realistic Robosoccer game scenes, which
provides a promising avenue for data augmentation in our proposed training pipeline,
and we are currently investigating the feasibility of using such an approach. In
conjunction with GANs, such a setup could be used to perform high quality data
augmentation for increased robustness.
– Depthwise Separable Convolutional are used in MobileNets, leading to significant
computational savings, without degradation in detection performance. We conducted initial tests in our setting obtaining promising results. Thus, these layers open
avenues for using larger networks for better performance and speed.
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