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ABSTRACT
Low contrast and image noise are common problems in
computer vision that prohibit useful information extraction from
video sequences. This problem is caused by insufficient
illumination, low-quality cameras, external disturbances, and
other factors. Many applications, such as visual surveillance,
self-driving cars, security, medical imaging, and robotics, would
benefit from the ability to improve brightness and contrast of
video sequences.
The main objective of this work is to evaluate image
descriptors regarding matching day and night images. Visual
descriptors or image descriptors are vectors of numbers that
uniquely describe specific parameters of an image’s pixel
neighborhood; these might relate to shape, color, texture,
gradient, or other parameters. Such descriptors in conjunction
with machine learning, may create a new approach to improve
the readability of low illumination videos. The idea is to match
each neighborhood of pixels recorded at night (based on a
supervised model training) to similar neighborhoods of pixels
recorded with good illumination.
In this research, we compare visual descriptors, such as
Local Binary Pattern (LBP) and Modality Independent
Neighborhood Descriptor (MIND), because they are both
invariant to brightness and robust to noise.
Keywords: Machine learning, LBP descriptor, MIND
descriptor, Contrast enhancement.
INTRODUCTION
Video Surveillance and self-driving cars are two fields that
require high-quality video. The video camera needs to provide
valuable information and extensive details from the scene, such
as clear road lanes, road signs, pedestrian locations, and car tags
for video surveillance and self-driving car applications. Low
illumination at night may cause this to be a challenge since
images obtained in dark places or at night usually have low
contrast, less brightness, and high noise that make details in those
images hard to see by the human eye. Unfortunately, many
security cameras do not produce high quality videos, especially
at night. Those types of cameras usually generate dark, lowquality, blurry images that make it difficult to see all the details.
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The aim here is to find and evaluate descriptors that would help
to improve the visualization of the night videos or to provide a
reliable method for future automated video processing.
In the early days of computer vision, it was challenging to
improve the quality of nighttime images, but this topic has
become very active and has received much attention in recent
years due to new big projects such as self-driving cars and
naturalistic driving research, which studies the behavior of the
person in the vehicle while driving. For that application, clear
images are needed to detect a person’s face. Many methods have
been created and tested in order to correct the problems
associated with low illumination. These methods include
contrast stretching or normalization, image dehazing and deep
learning approaches.
Basic contrast enhancement techniques are easy to
implement, but their drawback is in the difficulty of recovering
extremely dark pixels from the original images, which means
many details might be lost. Using those methods, it would be
impossible to reconstruct the original value of a black pixel.
Lim, Sim, and Kim [1] have used a robust contrast
enhancement algorithm that first reduced the image noise then
computed the weight for each pixel by measuring the difference
between the input image and the denoised image. After that each
pixel was classified to either noise-free or noisy. Also, histogram
equalization was implemented to enhance the contrast of the
noise-free pixels. Finally, the missing noisy pixels were restored
by using the enhanced noise-free pixel values.
Guo, Li, and Ling [2] used a similar technique for the lowlight image enhancement (LIME) method. First, the illumination
of each pixel was estimated individually by finding the
maximum value in R, G, and B channels. After that a structure
prior was put on the pixel to refine the initial illumination.
Context-based fusion enhancement or frame based fusion
enhancement is another technique that combines day images
with night images. This method can give good results; however,
the algorithm is very complex and too time consuming to apply
to a video stream.
Since image enhancement methods give a noisy image with
different colors than the original image, we propose to use image
descriptors to solve this problem.
Visual descriptors or image descriptors are numerical
vectors that describe local contents in images or videos.
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Typically, descriptors are used in image registration, image
recognition, or visual tracking, but we propose to use them for
video enhancement. Many descriptors have been developed over
the years. Here we list some of them.
CS-LBP descriptors [3]
The center-symmetric local binary pattern (CS-LBP) was
proposed to detect and describe local features in images. This
method is the combination of the scale-invariant feature
transform (SIFT) descriptor, which is an algorithm used for
feature detection, and the Local binary pattern (LBP) descriptor
for classification.
SURF descriptor [4]
The speeded up robust features (SURF) method is an
improved version of SIFT. This method is more efficient than
SIFT. It is mostly used for object recognition, classification and
3D reconstruction. The main idea behind this descriptor is to
have a fast and robust descriptor to detect and match features in
images.
FAST descriptor [5]
The accelerated segment test (FAST) is a descriptor which
is used for the detection of corners; it also can be used for
detecting and matching feature points. This method is faster than
any other method and can be used for real time processing.
ORB descriptor [6]
The oriented FAST and rotated BRIEF (ORB) descriptor is
another alternative for the SIFT descriptor. This descriptor is
faster and more efficient. This method is based on the FAST key
point detector [5] and the BRIEF, which is a visual binary
descriptor used in computer vision. It can also be used for
building and matching features in images.
MIND descriptor [7]
The Modality Independent Neighborhood Descriptor
(MIND) is a method that has been used for medical image
registration. Since MIND and LBP descriptors are invariant to
brightness changes and are robust to noise, those methods can
also be applied to reconstructing images with low light
illumination. We compared them regarding detection and
matching features from images with different brightness and
noise.
The paper is organized as follows. Section 2 describes the
compared descriptors and proposes a novel robustness measure
for a descriptor comparison. Section 3 shows the results of
comparison and discusses the appropriateness of each descriptor
for image reconstruction. Finally, Section 4 concludes the paper
with the summary and future directions of research.
METHODS
Image descriptors describe local image neighborhoods
based on color, shape, gradient value, brightness, or other image
properties. For each pixel neighborhood, the descriptor consists
of a list of numbers that describe that neighborhood. Ideally,
similar descriptors should point to similar neighborhoods, and
different descriptors to different neighborhoods. The main idea
of using descriptors for reconstruction is to discover the relation
between pixels in day and night images and to find similar points
in those images. In our study, MIND and LBP descriptors are

tested to find which will match more pixels and perform the best,
and below is an explanation of some of the descriptors.
Then a robustness to noise is measured to see how
confidently each pixel can be recognized. We also examine LBP
invariance to intensity scaling and shift.
1.1 Modality Independent Neighborhood Descriptor
The MIND descriptor is typically used for medical image
registration [7]. This descriptor could be computed for each
pixel; thus, it is a dense descriptor. In our case, we will apply this
descriptor to reconstruct images with low illumination.
Let us define a local 3 3 patch in the image around the
location 𝑥, 𝑦 and denote it by 𝑃 𝑥, 𝑦 . Also, we define four
sums of square distances (SSD) between two patches as follows:
𝑆 𝑥, 𝑦
𝑆𝑆𝐷 𝑃 𝑥, 𝑦 , 𝑃 𝑥, 𝑦 1
𝑆 𝑥, 𝑦

𝑆𝑆𝐷 𝑃 𝑥, 𝑦 , 𝑃 𝑥, 𝑦

1

𝑆 𝑥, 𝑦

𝑆𝑆𝐷 𝑃 𝑥, 𝑦 , 𝑃 𝑥

1, 𝑦

𝑆 𝑥, 𝑦

𝑆𝑆𝐷 𝑃 𝑥, 𝑦 , 𝑃 𝑥

1, 𝑦

Now, we can define the MIND descriptor, which consists of a
vector with four elements for each location 𝑥, 𝑦 :
𝑀𝐼𝑁𝐷 𝑥, 𝑦
1
𝑒𝑥𝑝
𝑆 𝑥, 𝑦
𝑛

4𝑆 𝑥, 𝑦
𝑆 𝑥, 𝑦
𝑆 𝑥, 𝑦

𝑆 𝑥, 𝑦

1

where 𝑖 1, 2, 3, 4 and 𝑛 is the normalization constant to limit
the maximal value of MIND to 1.
Since this method is not sensitive to noise, brightness and
contrast changes, we can use it to match similar day and night
images.
1.2 Local Binary Pattern Descriptor
LBP is one of the descriptors that we are going to
investigate. This method is frequently used for face recognition
and texture classification [8]. A unique value is returned for each
pixel. Figure 1 shows an example LBP computation.

Figure 1. Basic idea behind LBP descriptor
For each pixel, the 3 3 neighborhood is chosen (around
the pixel). Then, all the neighboring pixels are numbered from 1
to 8 in a clockwise order starting from the top-left corner (see
Figure 2).
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𝐼

We now prove that LBP is invariant when scaling intensity. We
define:
𝐼 . 𝛽
8
𝐾
where 𝛽 is scaling constant, and

Figure 2. Local 3 3 patch in the image I
If the neighbor’s intensity is lower than the middle pixel’s
intensity, the neighbor is replaced by 0, otherwise it is replaced
by 1. This way 8 bits are created from the 8 neighbors (LBP
binary code). Those bits also can be represented in the decimal
system as a number between 0 and 255. This number is the LBP
descriptor of a given pixel’s neighborhood. Note that LBP
captures local geometry of the image.
The images are analyzed by characterizing the locations of
the local patterns in the image. This framework can easily be
extended to larger size blocks. The LBP code, which is the sum
of all decimal codes [9, 10] in Figure 1 is computed using:
𝐿𝐵𝑃 𝑥 , 𝑦

f 𝐼

𝐼 2

2

where:
𝐼 : corresponds to the gray-value of the center pixel 𝑥 , 𝑦 ;
𝐼 : corresponds to the gray value of the neighbor pixel 𝑥, 𝑦 ;
𝑛: neighbor’s location from 1 to 8;
The function f 𝑥 is defined by the equation (3):
1,
𝑥 0
f 𝑥
3
0,
𝑥 0
1.3 Invariance of LBP to Intensity Scaling and Shift
In this section, we prove that LBP is invariant to scaling and
shift.
For this 3 3 patch in the image 𝐼, LBP is defined ∀ 𝐼 ∈ 𝐼
by equation (2). Let’s prove that LBP is invariant when adding
an intensity shift 𝛼.
We define
𝐼
𝛼
4
𝐽
and
f 𝐽

𝐿𝐵𝑃 𝐽

5

𝐽 2

By using equation (4) and (5) we get:
𝐿𝐵𝑃 𝐽

f 𝐼

𝛼

𝐼

𝛼

2

6

Thus,
𝐿𝐵𝑃 𝐽

f 𝐼

𝐼

2

𝐿𝐵𝑃 𝐼

7

f 𝐾

𝐿𝐵𝑃 𝐾

𝐾

2

9

𝐼 𝛽 2

10

2

11

By using equation (6) and (7) we get:
𝐿𝐵𝑃 𝐾

f 𝐼 𝛽

Thus,
𝐿𝐵𝑃 𝐾
Since by definition ∀ 𝛽
𝐿𝐵𝑃 𝑘

f 𝛽 𝐼

𝐼

0; f 𝛽𝑥
f 𝐼

𝐼 2

f 𝑥 ,
𝐿𝐵𝑃 𝐼

12

From equation (12) we conclude that LBP is invariant to scaling.
2.4 Robustness Metric
We propose a novel metric for evaluating the quality of a
descriptor. For our purpose, the ideal descriptor should not
change with intensity scaling or shifting as well as with adding
some image noise. Also, the ideal descriptor should be different
for different neighborhoods. The proposed metric will have the
value 1 (robust) when the descriptor uniquely identifies the
correct neighborhood, and all the neighboring descriptors will
not point to the same neighborhood. When the correct pixel
neighborhood is identified, but other neighboring descriptors
also point to the same neighborhood, the value of the proposed
metric will be close to 0, and when the neighboring descriptors
show a better match than the correct location descriptor, then the
metric value will decay to -1 (not robust). The idea is to test the
robustness of the descriptor to noise. After proving the
invariance of LBP to scaling and shift, next is a measure of how
badly or well each pixel can be recognized when noise is added
to the original image. By calculating the robustness to all the
neighborhoods, the main objective is to find a unique value that
will determine the robustness of each pixel to noise. The
motivation behind this is to create a robustness for all the
descriptors, not only LBP, to find the best descriptor that can
match more correct pixel locations.
2.4.1 Robustness metric [0,1]
First, we are going to calculate absolute distance between
two pixels in the LBP original image, its correspondent in the
LBP noisy image and all the neighborhoods. Then, based on the
distances, we calculated the index. After that we calculate the
robustness.

From equation (7) we conclude that LBP is invariant to an
intensity shift.
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Step 1: Calculating distances
𝐷1
|𝐿𝐵𝑃1 𝑥, 𝑦
𝐿𝐵𝑃2
𝐷2
|𝐿𝐵𝑃1 𝑥, 𝑦
𝐿𝐵𝑃2
𝐷3
|𝐿𝐵𝑃1 𝑥, 𝑦
𝐿𝐵𝑃2
𝐷4
|𝐿𝐵𝑃1 𝑥, 𝑦
𝐿𝐵𝑃2
𝐷5
|𝐿𝐵𝑃1 𝑥, 𝑦
𝐿𝐵𝑃2
𝐷6
|𝐿𝐵𝑃1 𝑥, 𝑦
𝐿𝐵𝑃2
𝐷7
|𝐿𝐵𝑃1 𝑥, 𝑦
𝐿𝐵𝑃2
𝐷8
|𝐿𝐵𝑃1 𝑥, 𝑦
𝐿𝐵𝑃2
𝐷9
|𝐿𝐵𝑃1 𝑥, 𝑦
𝐿𝐵𝑃2

𝑥, 𝑦 |
𝑥, 𝑦 1
𝑥 1, 𝑦
𝑥, 𝑦 1
𝑥 1, 𝑦
𝑥 1, 𝑦
𝑥 1, 𝑦
𝑥 1, 𝑦
𝑥 1, 𝑦

2.4.2 Robustness metric [-1, 0]
In this section we are testing the case where the middle
distance is equal to or higher than any other neighboring
distance. In other words, the robustness for 𝑖𝑛𝑑𝑒𝑥 1 is defined
by:

|
|
|
|
1
1
1
1

|
|
|
|

𝑅

where 𝑥, 𝑦 is the coordinates of the central pixel in the 3 3
patch, 𝐿𝐵𝑃1 is the patch in the first image, and 𝐿𝐵𝑃2 is the patch
in the second image. The example can be seen in Figure 3, which
explains how to find the distance and where each distance is
located.

Figure 3. Example of finding the distance

𝐷1

𝐷2

𝐷3

𝐷4

𝐷1
𝐷5

𝐷6

𝐷7

𝐷8

14

For example, when the distance matrix is [0,0,0; 0,255,0; 0,0,0]
then the output will be 𝑅
1 (worst case), and when the
distance matrix is [255,255,255; 0,0,255; 255,255,255] the
output will be 𝑅 0 (still correct 0 distance in the middle, but
another neighbor has the same 0 distance, thus multiple
descriptors point to the same neighborhood).
3. RESULTS AND DISCUSSION
In this section, MIND and LBP descriptors are compared
regarding robustness to illumination changes and noise. In this
study these descriptors are used to reconstruct night images
based on given day images. For testing purposes, a synthetic
10 10 image was generated with random colors. Then the
brightness was changed from that input image, so we can have
two images that are the same but with different brightness. Next,
both images were converted to gray scale level. We applied the
MIND descriptor and the LBP for both images to see the
difference between both outputs as shown in Figure 5.

Figure 4. Results of calculating the distance
Figure 4 shows an example of how to calculate the distances as
explained in Figure 3.
Step 2: Calculating Index
The index is the position of the smallest distance between
D1 to D9 and is calculated as:
𝑖𝑛𝑑𝑒𝑥

𝑎𝑟𝑔𝑚𝑖𝑛 D1, D2, D3, … , D9 ∈ 1, … ,9

After calculating the distance in the previous step, an index is
needed for calculating the robustness. The index is the position
of the minimum distance that was calculated in step 1.
Step 3: Calculate robustness
The robustness is positive only when the index is 1. In that
case, the robustness is calculated by:
𝑅

min 𝐷2, 𝐷3, … , 𝐷9
255

13

Figure 5 Illustration of results from two different
brightness input. (a) Two input 10 10 images with
different brightness. (b) Gray scale level for both images.
(c) MIND descriptor for both images. (d) LBP descriptor
for both images. The first row is a result from the original
image, but the second one is the input image with
adjusted brightness.
The results shown in figure 5 are MIND and LBP descriptors for
two input images with different brightness. The result supports
intensity invariance claims, since we get the same output for both
input images. Next, to make sure that our results didn’t come
from coincidence, a real colored image was used, and we
followed the same steps that we used in the first example. In
addition to that, we used scaling, which is image multiplication
by a constant. When the factor is less than one the image gets
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darker, but when the factor is greater than one it brightens the
image. We tested both methods and in Figure 6 are the results for
the new input images.

Figure 7 shows the results of the LBP and MIND descriptors
on a new image with different color intensity. The results are as
expected; this proves our point, even though with the change of
intensity we get the same output.
After checking the LBP invariance to intensity changes, we
tested LBP’s robustness to noise by calculating the error while
adding noise.
Figure 8 shows a plot of the error between the LBP of the
original image and the LBP of the noisy image as a function of
noise standard deviation. The graph shows that while adding
noise to the image the error increases, which was expected.

Figure 6. Illustration of results from the input images
shown in figure 6. (a) Original image. (b) Original
image*0.9 (c) original image-10. (d) The MIND descriptor
from the original image. (e) The MIND descriptor from the
original image*0.9 f) The MIND descriptor from the
original image-10. g) The LBP descriptor from the original
image. h) The LBP descriptor from the original image*0.9.
i) The LBP descriptor from the original image-10.
The Figure 6 shows MIND and LBP results for colored input
images with different brightness. From the result we conclude
that the MIND descriptor is not very sensitive to intensity
changes since there are not many changes; the only change we
see is in a dark area. Where with LBP there is less change in a
dark area.

Figure 8. Calculation of MSE between LBP of the original
image and LBP of the noisy image
The next experiment to calculates the accuracy of matching
an original image with a noisy image.The idea is that while
adding noise to the image, we will see that fewer points are
matching. The output accuracy will be between 0 and 1 such that
it is 1 if two descriptor images are identical and 0 if they do not
match at all. The idea behind this experiment is to check the
detectability and uniqueness between the original image and the
same image after adding noise to it.
Figure 9 shows that while we are adding noise to the original
image, fewer points are matching between those images, and the
accuracy decreases.

Figure 7. Test of LBP and MIND descriptor on a new
image
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neighbourhood descriptor for multi-modal deformable
registration,” Medical Image Analysis., vol. 16, no. 7, pp. 1423–
1435.
[8] Wang, J., Lu, K., Pan, D., He, N., and Bao, B., 2014, “Robust
object removal with an exemplar-based image inpainting
approach,” Neurocomputing, vol. 123, pp. 150–155.
[9] Pietikäinen, M., and Zhao, G., 2015 , “Two decades of local
binary patterns: A survey,” Advances in Independent Component
Analysis and Learning Machines., 1st Editio., Ella Bingham
Samuel Kaski Jorma Laaksonen Jouko Lampinen, Ed. Academic
Press, pp. 175–210.
[10] Huang, D., Shan, C., Ardabilian, M., Wang, Y., and Chen,
L., 2011, “Local binary patterns and its application to facial
image analysis: A survey,” IEEE Transactions on Systems, Man
and Cybernetics Part C: Applications and Reviews, vol. 41, no.
6, pp. 765–781.
Figure 9. Accuracy matching between original image and
same image with added noise using LBP descriptor

4. CONCLUSION
We designed and created a new approach for comparison of
dense descriptors for image enhancement. An evaluation of
multiple descriptors such the MIND and LBP descriptors is
conducted by calculating the robustness of each of them using
the proposed approach. The results show that even with the
change in intensity, LBP provided slightly better results in the
darkest areas than the MIND descriptor. In future research, we
will match each neighborhood of pixels recorded at night to
similar neighborhoods of pixels recorded with good illumination
using the most reliable descriptor found. This will allow better
image and video reconstruction.
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ABSTRACT
The topic of autonomous vehicles has grown tremendously
in the past 10 years. Research into different methods of computer
vision, path planning algorithms, and controls theories have been
an area of great interest for the automotive industry. While many
of these systems can be theorized off data collected in a drivercontrolled environment, the testing of their holistic application
remains a challenge for researchers to properly complete in a
realistic and safe environment. Thus, computer simulations have
been developed to help imitate real environments in such a way
that rapid prototyping, training, and validating can be done in a
safe, cost effective, and time saving manner,
In this paper, one like simulation, named CARLA, is
explored and investigated for its potential to test
implementations of algorithms and controls theories in
replicable, controlled fashion. Furthermore, the communication
framework ROS will be utilized, and the official ros-bridge
investigated. Such a system will allow an entire control stack to
be simulated, the inner working of which will have no way to
distinguish between simulation and real environments, allowing
for most of the design to be re-utilized in a real-world model.
KEY WORDS: CARLA, ROS, Autonomous Vehicles,
Simulation, Prototyping
INTRODUCTION
CARLA is an open-source vehicle simulator targeted at
aiding research and development of autonomous vehicle control
solutions. As demonstrated in the paper introducing CARLA [1],
autonomous vehicles built from many different machine learning
algorithms can be tested, allowing for rapid implementation and
experimentation of different algorithms in different
environments. Furthermore, hazards can also be introduced into
the simulated environment, such as differences in lighting
conditions, rain, pedestrians, and other vehicles.
CARLA has seen use in the academic field in developing
autonomous vehicles, specifically reinforcement learning and
conditional imitation learning [2], as their iterative nature lends
well to accelerated computer simulation. Furthermore, these
algorithms can often be dangerous to train in real life

environments, as their first attempts are often unaware of any of
the concepts to fulfil their tasks.
One of the key benefits of CARLA is its real-time generation
of “ground truth” data. Due to each object in the environment
being categorized and tracked, information such as ground truth
image-segmentation from a mounted camera becomes a trivial
task.
Another key benefit is the configurability of the
environment. Any component in the environment can be easily
scripted to create specific test-case scenarios to understand how
a control solution might behave. Furthermore, these can be
packaged together and rerun with no variability to allow for
consistent validation and training data to be utilized.
HARDWARE REQUIREMENTS
Before detailing the exact process recommended to install
CARLA and ROS, a few notes should be made before beginning
the installation process.
First, it should be noted that, many autonomous vehicle
solutions require good hardware in order to run at a reasonably
fast rate to be usable. With CARLA, however, this requirement
can be lowered due to its Synchronous Mode and fixed time step.
These allow for the simulation to complete an entire calculation
cycle and publish that information, waiting until a tick is
received from a client until the next cycle is completed. With the
implementation of ROS, this tick can be halted until userdeveloped algorithms finish their calculations as well, allowing
for much slower hardware to be utilized in the simulation.
This does not come without caveats, however. Since the
simulation is halted until all calculations are complete,
considerably under-powered hardware can vastly increase the
time it takes for each user testing iteration. Thus, it is
recommended that users have hardware that is able to run the
simulation itself in real time, noted in the documentation [3] as
at least 10 FPS.
Furthermore, due to the nature of the type of computational
load the simulation takes, both the CPU and GPU of the user’s
machine need to be considered in order to run the simulation in
real time.
It is also recommended that a clean installation of the
operating system be used, one with at least 50 GB of storage
space, to sandbox the development and prevent unintended
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system package changes from interfering with ROS and
CARLA. It is recommended that this be its own drive, but extra
steps can be followed to install it alongside another OS.
Since this paper will be working with ROS, a Linux based
OS is by far the most popular solution. Ubuntu is the distribution
of choice for many and is one of the easiest for users unfamiliar
with developing on Linux. As to which version, 16.04 LTS was
chosen for a variety of reasons for this paper, mainly due to it
being the version which most development packages target for
release, and for the number of packages available for its ROS
release, ROS Kinetic.
INSTALLATION OVERVIEW
The overview of installing this development environment is
as follows:
1. Install Ubuntu 16.04 LTS
2. Install ROS
3. Clone CARLA
4. Link CARLA development packages
5. Install carla-ros-bridge
6. Install any extra dependencies
This paper will take a holistic approach in demonstrating the
steps to install and configure the environment.
INSTALLING UBUNTU
Installing Ubuntu requires first writing an installation image
onto a bootable media other than the one intended to host the
development environment. In most cases, an 8 GB USB flash
drive will suffice.
The installation image can be found on the official ubuntu
site [4]. A desktop image is recommended due to it installing
many graphical packages required for running CARLA. Click
the link pointing to either the 64-bit (most common) or 32-bit
image, referring to whether the PC intended on running CARLA
is 32-bit or 64-bit.
This will download a .ISO file, a common filetype used for
storing copies of systems and CD / DVDs. Turning this into a
bootable medium requires the use of an additional program. The
recommended software for creating a bootable USB is Etcher [5]
for Windows, Mac, and Linux. A guide for creating a bootable
USB flash drive on Mac has been created by Ubuntu [6]. In short,
running Etcher after inserting the USB flash drive into the
machine will allow selecting the flash drive and the Ubuntu ISO,
in order to create a bootable medium.
Once finished, restart the machine. During the initial splash
screen display during boot, before any OS is loaded, press the
key on the function row (F1-F12) corresponding to “select boot
device.” If the USB flash drive was configured correctly, an entry
labeled something like, “USB FLASH DRIVE”, or
“BOOTABLE USB”, or “UBUNTU” will display amongst the
list of bootable mediums. Select it start up the installation
process. Ubuntu will ask the user to either install or to try the OS;
selecting install will load the OS with the installation menu
displayed.
Standard OS installation follows, including system
language, time-zone, computer name, username and password,

encryption, etc. Before committing to the install, the installer
will prompt the user to pick the installation location. Once
selected, any data stored at the location specified is not
guaranteed to be recoverable. It is recommended that an entire
drive be picked as the installation target, allowing for ubuntu to
create the proper partition sizes automatically, but advanced
users can specify specific partitions if they wish. Once complete,
shut down the computer, remove the USB Flash drive, and boot
up the computer, which should now have defaulted to Ubuntu as
its default OS.
It is recommended that the machine be allowed time to
update all the packages that have pre-installed to their latest
versions before continuing.
INSTALLING ROS
ROS has expansive documentation for installation, as well
as tutorials on usage and package explanations [7]. As such,
specific commands for the installation process can be found on
their documentation page, and this paper will cover the overall
steps required to install ROS.
The release of ROS being used for this paper is Kinetic,
targeted at Ubuntu version 16.04 LTS. The flow of steps is as
follows:
1. Add ROS to the list of verified package
repositories
2. Install ros-kinetic-desktop-full
3. Initialize rosdep
4. Edit the .bashrc file for ROS commands to be
enabled by default
5. Install dependencies for building ROS packages
These steps will install all the packages used for developing
with ROS, including their dependencies, and as such will make
up around 5 GB of space. Creation of the catkin workspace will
be delayed until after installing CARLA and its ros-bridge due to
their implementation.
CLONE CARLA
CARLA has provided useful documentation detailing
information regarding the basics of running the simulation as
well as installation requirements [8]. These will be referenced
during the install and setup process. The latest release of CARLA
can be found on its github repository [9]. Git is an open-source
software version-control system which tracks every change
made during software development. Github is the most popular
hosting site for git repositories, and most open-source projects
utilize the site for its renowned collaboration and backup
services.
Using that repository, clone its contents into the Documents
folder using the following commands from the Ubuntu command
line interface:
cd ~/Documents
git clone https://github.com/carla-simulator/carla.git carla
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Before running any of the examples provided, installation
of pygame and numpy is necessary to run the python scripts.
Installation can be done using:

echo “export PYTHONPATH=$PYTHONPATH:/home/emi
lybarbour/Documents/carla/PythonAPI/carla/dist/carla-0.
9.5-py2.7-linux-x86_64.egg:/home/emilybarbour/Docume
nts/carla/PythonAPI/carla/” >> ~/.bashrc

python -m install --user pygame numpy
CARLA should now be successfully installed, and any of
the examples in their documentation can be run to demonstrate
some of the simulator’s capabilities.
LINK CARLA DEVELOPMENT PACKAGES
One final step in ensuring CARLA is ready for development
is linking their Python development packages to the system
variable PYTHONPATH. By doing so, it allows programs
utilizing the CARLA library to be run on the development
machine, both as individual scripts and as nodes run through
ROS.
This PYTHONPATH variable can be modified in many
ways, including manually appending to the variable during the
launch of a ROS package. However, the easier and recommended
method is to append a command to the end of the .bashrc file
located in the home directory. This file can be thought of as a list
of commands to be run whenever a bash terminal of any sort is
created on the development machine, including any made by
ROS nodes and packages.
Before linking, the .egg (a file compression format like tar
and zip) containing the CARLA libraries must be located. As of
version 0.9.5, the version being used in this paper, the archive is
located at:
$(CARLA)/PythonAPI/carla/dist/carla-0.9.5-pyX.Y-linux-x8
6_64.egg
X.Y is the python version the library was developed for.
There are two target versions in the 0.9.5 version of CARLA:
Python 2.7 and 3.5. ROS development and communication
packages are developed for Python 2.7, therefore this paper
utilized the archive:
carla-0.9.5-py2.7-linux-x86_64.egg

Finally, either sourcing the .bashrc file, or rebooting the
terminal will execute that command and allow the CARLA
libraries to be successfully imported.
INSTALL CARLA-ROS-BRIDGE
The CARLA ros-bridge [10] can be found from the same
author on GitHub as the main CARLA repository. The README
contains helpful information about installation, as well as all the
messages and integrations available for ROS nodes to interact
with.
The exact commands to setup the ros-bridge can be found in
the README, but an overview of the steps are as follows:
1.
2.
3.
4.
5.

Launching any of the .launch files in the carla_ros_bridge
package will successfully connect to the simulator if an instance
of the CARLA simulator is already running on the machine.
INSTALL EXTRA DEPENDENCIES
Several extra libraries that can be useful for developing
different types of autonomous vehicles are also included:
1.

2.

Furthermore, the carla-ros-bridge operates under the
assumption that the archive is located at:
$(CARLA)/PythonAPI/carla
So, a symbolic link also needs to be created so that the
archive points to that destination. All of these can be distilled
down to one command, which will take the command and
append it to the end of the .bashrc file:

Create the folder structure
Clone the repository
Link ros-bridge packages into the catkin_ws/src folder
Install all required ROS package dependencies found in
each ros-bridge package
Compile the packages and link them to the ROS
workspace

3.

CUDA 9.0 and cuDNN 7.0 [11]: Libraries for
developing applications that utilize CUDA cores found
on an NVIDIA GPU. Useful for any application that can
utilize vector mathematics to vastly speed up
calculations, such as LIDAR processing and Machine
Learning.
ros_numpy [12]: Helpful package to convert ROS
Sensor data types to numpy arrays, a fast and efficient
way of representing data in python. Placing the
repository inside the catkin_ws/src will add its library
to ROS packages upon a one-time execution of
catkin_make.
Point Cloud Library (PCL) [13r]: An opensource library
containing many algorithms for filtering and
interpreting Point Clouds, the data organization ROS
Lidars utilize. Installation can be done by adding the
following commands to the CMakeLists.txt file in a
dummy ros package inside the catkin_ws:

find_package(PCL REQUIRED)
UAB School of Engineering - Mechanical Engineering - Journal of the ECTC, Volume 18

Page 52

...
include_directories(${PCL_INCLUDE_DIRS})
...
target_link_libraries(<YOUR_TARGET> ${PCL_LIBRARI
ES})
Then ROS will install the package with the following
command:

Figure 1. Default Map with no vehicles loaded when
running CarlaUE4.sh

rosdep install –from-paths src –ignore-src –rosdistro kinet
ic -y

Many of the different functions available to developers are
demonstrated by the python examples bundled with the CARLA
repository. Some of the notable include:

4.
5.

additional python packages through pip: matplotlib,
scipy
additional python packages through apt-get: pythonopencv, python-opencv-contrib

INTRODUCTION TO CARLA
With the development environment configured, a coarse
overview of CARLA is presented. One key idea to note is that
each process in CARLA runs as its own instance, their only
communication amongst one another being the Python CARLA
library. Because of this, the CARLA simulator, once launched,
will need to persist in its own bash terminal, and subsequent
terminals will need to be opened to each host their own
programs.
In order to launch CARLA, the CarlaUE4.sh bash script
needs to be executed. An example command might be:
./CarlaUE4.sh -windowed -ResX=320 -ResY=240 -bench
mark -fps=10
Any Unreal Engine 4 command can be passed to the bash
script. Extra, CARLA specific commands have been added as
well. A fixed framerate can be achieved with the fps=X
command, and is recommended to set to define the time step
between each iteration. For example, launching CARLA with a
fixed framerate of 20 on low quality will look like this:
./CarlaUE4.sh -fps=10 -quality-level=Low

Other important commands feature setting maps, loading
scenarios, setting graphics fidelity, and setting the local port over
which CARLA-program communications will occur.
Once launched, CARLA will open the map specified, or the
default, as in Figure 1. Once the world has been loaded, the
simulation is ready for Python programs to communicate.









setting weather conditions, which affect traction
and camera sensor data
setting and changing maps, scenarios
accessing vehicles in the simulation and reading or
modifying properties, such as position, speed
spawning vehicles, removing vehicles
controlling traffic lights
Comparing world positions, generating paths
between positions following road laws
converting between graphical coordinates and
geoSat coordinates

ROS INTEGRATION
One of the benefits of ROS is its ability to separate
development amongst many packages and create applications
that combine those packages together for a specific controls
stack. The ROS integration furthers this development ideology
by allowing an additional package to be developed alongside a
control stack dedicated for a physical vehicle, delivering sensor
data to said package in the same way the physical vehicle would.
In essence, it allows a system to be “tricked” into thinking
CARLA data is real world data, allowing it to be tested and
trained without the physical vehicle, and all the danger and
limitations that imposes.
In order to have ROS integrate with CARLA, the
carla_ros_bridge package needs to be launched alongside the
vehicle controls stack and the user developed CARLA
integration scripts, all of which can be done within a single
launch file. The ros-bridge communicates with CARLA,
relaying information such as map, synchronization, simulation
time, and basic information about any dynamic object placed in
the map. This is illustrated in Figure 2.
Furthermore, any vehicle matching one of the names inside
a list will be given a large host of topics ranging from sensor data
to vehicle position, as well as the ability to control the vehicle
either through a throttle, steering model, or an Ackermann drive
model. These topics return simulated sensor data in the standard
ROS format, speeding up development times.
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Figure 2. RVIZ Display showing topic information from
sensors and diagnostics generated from the ros_bridge.
Only ROS controlled vehicle exists in this example.

Another package inside the ros-bridge exists for quickly
configuring vehicles and sensor arrays, as well as providing a
launch file to quickly spawn the vehicle into the environment for
control. Through a json file, a list of sensors, their type, name,
position relative to the ground center of the car (in meters). Data
created by these sensors can be found in the topics:

carla/(VEHICLE_NAME)/(SENSOR_NAME)
Finally, a ROS package exists that can convert a pose in the
environment to a path from the vehicle to the pose following road
laws. This is particularly useful for testing vehicle controls and
path following without having to calculate the path itself with
sensor data.
EXAMPLE PACKAGE
This next section gives an overview on the specifics to
create a ROS package that will:
 Connect the ros-bridge to the CARLA process
 Spawn in an ego-vehicle with a specific sensor
array and vehicle type
 Control the vehicle in either a ‘Throttle Steer’
model or an Ackermann model
 Enable and disable built in autopilot
 Send basic motor commands
 Receive and process LIDAR data coming from the
ego-vehicle
LAUNCHING ROS-BRIDGE
First, after creating the catkin package, a launch file will be
created to spawn instances of all of the vehicles nodes, as well as
ros-bridge. Common organizational practices for ROS dictate a
config, include, launch, and src folder be created inside the
package to help organize all of the files needed to run the vehicle.
Thus, the launch file will be located at:

While this specific example utilizes a single launch file,
separating individual parts into their own launch files helps
modularize the system, allowing for multiple launch files to be
created to initialize different parts of the system for different
environments or testing purposes.
The launch file is written in a markup language akin to
XML. As a result, any piece described hereafter can theoretically
be placed inside any launch file, as long as the hierarchy is
properly respected.
Finally, it is recommended to mask any potentially variable
information at the top of the launch file with default values, such
that any of them can be quickly modified from the command line
without need to modify the launch file. In order to create an
argument with a default value, use the following command as the
first child of the launch node:
<arg name='NAME' default='VALUE'/>
where NAME is the name to be referenced both in the command
line and in the launch file, and VALUE is the default value to be
used if no argument is passed via the command line. Both NAME
and VALUE are encased in single quotes. The argument can
thereafter be used anywhere a string would be used, most often
signified by single or double quotes.
For example, the following would initialize the HOST
argument with the value localhost, and will be used in the
creation of the ros-bridge:

<arg name='host' default='localhost'/>
<include file="$(find carla_ros_bridge)/launch/carla_ros_b
ridge.launch">
<arg name='host'
value='$(arg host)'/>
...

In essence, using the $ identifier specifies that the immediate
portion of the string encapsulated in parentheses should contain
a command and value pair. For arguments, the command is arg
and the value is the name of the argument intended to be used. If
the argument is not found in the file above the current line or
does not have a value set for it (which can be prevented by setting
a default value), the launch file will throw an error, and will
shutdown any ROS nodes created by the file.
In order to boot the ros-bridge with the launch file, an
include child pointing to the ros-bridge launch file developed by
CARLA must exist inside the launch file, such as:

${PACKAGE}/launch/${NAME}.launch
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<!--

BOOT ROS <-> CARLA INTERFACE -->

<include
file="$(find carla_ros_bridge)/launch/carla_ros_
bridge.launch">

The outer curly braces indicated the vehicle parent, that has
a list of child sensors in an unordered list. Each sensor can be
described with the following structure:
{
type": "sensor.camera.rgb",

<arg name='host'

"id": "front",

value='$(arg host)'/>

"x": 2.0, "y": 0.0,

<arg name='port'

"z": 2.0, "roll": 0.0,

value='$(arg port)'/>

"pitch": 0.0, "yaw": 0.0,

</include>
As noted previously, two arguments were stored: host and
port. By storing this information as arguments, it allows the ROS
package to point to any CARLA instance running on any port or
IP, including ones not located on the local machine.
SPAWN EGO-VEHICLE
The term ego-vehicle indicates a vehicle in the CARLA
simulation that is intended to be interfaced with using the rosbridge. As such, any vehicle named ego-vehicle (or other custom
names if a custom config file is loaded) will have publisher and
subscriber topics created so that sensor information can be read
and vehicle commands can be sent.
Spawning an ego-vehicle is done in a similar manner to
booting ros-bridge, however an additional file is needed in order
to communicate vehicle and sensor information. A JSON file is
created and passed to a CARLA developed launch file indicated
which vehicles the ego-vehicle can choose from (ranging from
an exact model to vehicle size description).
JSON is a data structure designed to easily represent key
value pairs in a hierarchical manner, allowing for definitions of
parent-child relationships.
This specific JSON file uses the following format:
{
"sensors": [

SENSOR 1
},
{
SENSOR 2
}

}

}
Each field shown is mandatory for every sensor to
successfully initialize. Type is a String matching one of the eight
identifiers for each sensor supported in CARLA, while id is the
specific reference identifier referenced in code to retrieve sensor
data. X, Y, Z specify the sensors position relative to the vehicles
center of geometry, or the mean of all X, Y, and Z points in the
model. Furthermore, Positive X moves towards the front of the
vehicle, Positive Z moves towards the Roof of the vehicle, and
Positive Y moves towards the right side of the vehicle. Finally
roll pitch and yaw represent the angles from the sensor origin for
each dimension.
Finally, each sensor may require additional information in
order for it to be properly initialized, such as camera image size.
Other properties can be optional, with included defaults if not
specified in the JSON file. All of these specifics can be found on
the CARLA documentation for cameras and sensors [14].
Any number of supported sensors may be strung together
inside the sensors list and will each create sensor topic
information as denoted in the ros-bridge github repository. In the
launch file, another $ denoted argument will be used to indicate
the location of the sensor information JSON file:
<arg name="sensor_definition_file"

{

]

...

default="$(find autonomous_server)/config/sensors.json"/
>
The find command utilizes a ROS feature that, if a package
is successfully compiled, and the devel/setup.bash for the
specific workspace has been sourced, indexes the location of the
package in a global list. This has the benefit of allowing named
references to packages return full path information, allowing for
development to be system independent.
In essence, the find command will lookup the specified
package name from the global list of packages, and return the
full system path to its root directory, allowing for files inside the
package to be directly referenced.
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Like the ros-bridge initialization, the ego vehicle will be
created
by
including
the
CARLA
developed
carla_ego_vehicle.launch file from within the carla_ego_vehicle
package. This launch file includes argments to identify a string
to be passed to the vehicle filter, the sensors JSON file created
previously, and the name of the vehicle, often defaulted to
ego_vehicle.
With these two files included, the current launch file will
connect to the CARLA instance, spawn a vehicle from the
vehicles matching the filter, equip it with a sensor array defined
by the sensors JSON file, and start publishing topics for each
sensor, as well as general vehicle information, world
information, and diagnostic information.
CONTROL THE VEHICLE
Out of the box the carla-ros-bridge supports 3 methods of
commanding the ego-vehicle to move: autopilot, throttle / steer,
and Ackermann control.
Autopilot is a useful command for testing, and simulating
semi-random pedestrians and other outside vehicles. Each map
has what is in essence a navigation mesh, or a set of preprogrammed lines following each road lane. When a vehicles
CARLA based autopilot is enabled, the vehicle simply picks a
random location it can traverse to on the map, and then follows
the navigation mesh to its destination. It will also stop for
vehicles in its path, stop at stop lights and stop signs, and wait
for a left turn to be safe before taking it.
Another method is the throttle / steer method, whereby each
axis of movement is set to a specific percentage. Steering can be
anywhere from 100% left (written as -1.0), to centered (written
as 0.0), or 100% right (written as 1.0). Likewise, throttle and
brake are set as a value between 0 and 1, fully off and fully on
respectively. Vehicle gear can also be set to an integer from 1 to
n, n being the highest gear available in the specific ego vehicle.
And finally, a Boolean variable represents whether the
handbrake is being applied or the vehicle is in a reverse gear.
This model is the backbone for all other control models, as even
the Ackermann model provided by CARLA translates into the
throttle / steer model.
Finally, there exists a pre-built Ackermann control module,
utilizing a simple PID algorithm, which is very useful for
developing an autonomous vehicle in CARLA intended to be
used in the real world. Using the ROS AckermannDrive
message, the navigation stack only calculates a desired forward
velocity, acceleration, jerk, and desired wheel angle and angle
velocity. Utilizing formulas found from an article written by
Jarrod Snider [15], vehicle velocity and wheel angle can easily
be calculated given a path and the vehicles relative position to
the path.
One Caveat using the Ackermann controller is that it needs
to also be initialized alongside the ros-bridge. Doing so is very
similar
to
the
ros-bridge,
by
including
the
carla_ackermann_control.launch file inside the one of the
packages launch files.

BASIC LIDAR PROCESSING WITH PCL
Point Cloud Library is the most popular point cloud
processing solution for ROS packages, and as such has great
support in forms of tutorials and internet help boards. It is
illustrated in Figure 3. Keep in mind that, at the time of this
paper, no official or feature complete version of PCL has been
translated to python 2.7, and thus it is recommended that
packages do all Point Cloud processing in C++ nodes.
The overall workflow of using PCL in ros is:
1.
2.
3.
4.

Subscribe to a sensor_msgs::PointCloud2 topic
from a lidar sensor
Convert the sensor_msgs::PointCloud2 data to
pcl::PCLPointCLoud2 data
Process the Point Cloud
Publish either the resultant Point Cloud as a
sensor_msgs::PointCloud2 or other information
that can inform the vehicle of its calculations

Figure 3. RVIZ Display showing filtered LIDAR data using
a voxel grid filter to trim dense sections of the point cloud
and a pass-through filter culling any points that won’t
collide with the vehicle in the vertical axis. A top down
heatmap is generated in the bottom left.
The first step shall be left to the reader, as that process does
not differ from subscribing to any other ROS topic in C++.
Inside the subscriber call back, to translate the sensor_msgs
point cloud to the pcl point cloud, use:
void lidar_cb(const sensor_msgs::PointCloud2ConstPtr&
cloud_msg)
{
pcl::PCLPointCloud2::Ptr cloud(new pcl::PCLP
ointCloud2);
pcl_conversions::toPCL(*cloud_msg, *cloud);
the call back takes a reference to a pointer pointing to the data
collected from the lidar sensor, and is converted to its pcl
counterpart, and then stored inside the memory address pointed
to by the pcl pointer named cloud.
After this is complete, any tutorial operating on
pcl::PointCloud2 data can be followed, in this specific example
a voxel grid filter will be used to trim any groups of points that
are too close to one another. This will vastly lower the
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computational cost of working on the lidar data, while keeping
its shape intact. This can be done by:
pcl::PCLPointCloud2::Ptr cloud_voxel(new pcl::PCLPoint
Cloud2);
//voxel grid filter
pcl::VoxelGrid<pcl::PCLPointCloud2> sor;
sor.setInputCloud(cloud);
sor.setLeafSize(0.25, 0.25, 0.25);
sor.filter (*cloud_voxel);
A pointer is created to point to the resultant data. A voxelGrid
filter is then created, given the converted point cloud as its input,
given a leaf size, then computed, returning its results in the
pointer created.
This is the basic framework with which point clouds are
manipulated in PCL: initialize a pointer and a filter, set its input
and variables, and then compute the result and store it in the
memory location pointed to by the pointer. A chain of these can
also be created, where the pointer of the first result becomes the
input for the second filter, and so on.
Once all work on the lidar data has been completed, it can
often be useful to publish its filtered output for use in other
nodes. This is done by once again converting the data back into
its original form, and then published on a separate topic, like so:
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ABSTRACT
With the rise of Virtual Reality (VR) in the commercial
market, more use cases are being discovered and implemented
for this technology in the realm of remotely operated vehicles
(ROV). This paper describes the process of creating a system
that is able to demonstrate the uses VR can provide over typical
ROV control schemes. This is shown through the use of an
embedded system capturing live video footage on a four-wheel
robot, sending the video wirelessly to a ground station, and
displaying that video in VR to the operator. Simultaneously, the
ground station is capturing inputs from the operator in VR,
sending the controls to the ROV, and reacting in real-time to
these inputs.
This method of using VR inputs for the end user allows for
a more user-friendly control scheme and provides a familiar
and easily customizable interface for the user. Without the
constraints of a physical control panel for the ROV operator,
changing the layout of the inputs, while keeping the same
implementation for sending messages, becomes easier and
cheaper.
KEY WORDS: Virtual Reality (VR), Remotely Operated
Vehicles (ROV), OpenCV, Unity
INTRODUCTION
The use of virtual reality (VR) to operate remote vehicles
shows promise to provide a large advantage over traditional
ROV operator interfaces. Where physical remotes and work
stations provide consistency and feedback, VR versions of this
offer flexibility and customization [1]. This project
demonstrates a use of customization by creating a virtual work
environment and controlling a mobile robot with external
devices including a horn, lights, and wheels.
Currently, other fields, such as flight simulators [2] or
underwater mapping [3] allow for VR and non-VR control of
virtual and remote systems, but every such project has a
specific, custom configuration of the operational interface. This
project attempts to create a system that is capable of working
with any hardware system and that requires minimal
adjustment. A simple new protocol is developed to integrate
physical actuators with virtual inputs. While the system

developed was developed to be adaptable for use in any system;
in this demonstration, it is installed in a land-based remotely
operated vehicle (ROV), shown in Figure 1.

Figure 1. VRBot Proof of Concept
Projects are already exploring the use of VR to operate
vehicles such as for underwater robots that can be controlled
and operated in VR [4-6]. Another research project allowing
users to tour a location using a tele-operated VR Robot [7] has
been shown to be successful, but does not provide real-time
control. NASA explored control of their complex systems using
VR [8] and showed that using a system such as this allowed an
operator to maintain improved control of craft operation and to
maintain understanding of vehicle surroundings.
In addition, to facilitate adaptation to multiple hardware
layouts, this work explores the ability to test control layouts
without the need of any physical ROV hardware. Here, the
simulation of an ROV and modification of the operator
interface can be performed in a fully virtual environment.
Within this environment, new features, such as lights or a
speedometer, can be shown to the user, tested, and iterated
within seconds.
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HARDWARE STRUCTURE
The hardware loop in this project is composed of four main
components working together though a software stack. The four
components, appearing in Figure 2, are the ground station
computer, the Virtual Reality headset, the embedded system
running on the ROV, and the Arduino interfacing between
sensors and other physical devices.

Figure 2. Hardware Structure
The ground station computer performs all of the heavy
computation in terms of video processing power, as it is
running a VR simulation world where the operator sits in a
chair and is able to control the ROV. Connected to the ground
station is the VR headset, an Oculus Rift in this case, which
provides the real-time orientation and movement data to render
and display a VR scene.
The ground station connects to the embedded system
through a Wi-Fi link, which is managed by a router
broadcasting a local network. As the software is designed to be
hardware independent, any small and lightweight embedded
system would work, but in this case a Jetson Nano and
RaspberryPi were both tested and used. The embedded system
pulls images from a USB camera and sends data to an Arduino
Uno over a separate USB serial connection. The Arduino takes
the information from the embedded system and controls
actuators, lights, and a horn on the ROV.
SOFTWARE OVERVIEW
In order to achieve real-time performance, the goal of the
software stack is for information to transmit from the ground
station to the ROV as quickly and simply as possible to
minimize latency. With this goal in mind, the embedded system
is mainly responsible for passing information through it without
modifying it or creating a bottleneck for the system as a whole.

Figure 3. Software Structure
Three main nodes in the software architecture interact with
each other through two different protocols. Figure 3 shows the
three systems’ main components and how they interact with
each other. The first system, located within the ground station,
is the Unity environment. Unity is a game engine that allows
easy creation of a virtual 3D environment. Inside Unity, objects
such as buttons and levers interact with each other, but only one
object communicates outside of the Unity world. This object
handles the passing of information to and from the embedded
system on the ROV though the use of network sockets and the
ZeroMQ network package.
Once information is sent through the network socket, it is
picked up by a Python script running onboard the ROV. This
Python process decodes the information from the socket using
ZeroMQ and outputs base64 encoded images back through the
socket into Unity. These images from the camera are captured,
resized, and compressed using the computer vision library
OpenCV. Simultaneously, the Python process converts the
information from unity into a string encoded with information
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that is relayed to the Arduino connected via serial USB. This
string message is loaded with all the information about the
desired state of the robot. This includes the desired state of the
horn, lights, and wheel speeds. Because all this information is
being passed through one message, all of these actions can take
place simultaneously on the robot. For example, the user is able
to simultaneously turn on the lights, and honk the horn.
Once the serial messages are in the Arduino, a short
decoding method is called that takes the full string and extracts
the important information from it. From there, the motors,
connected to an Arduino motor shield, are sent a PWM signal
and instructed to turn forward or backwards at a particular
speed. The horn, a piezo quartz crystal buzzer, is also connected
and sent a tone to play, emulating a car horn. Finally, a string of
LEDs wired together form the headlights that can be toggled on
or off.
UNITY ENVIRONMENT
Unity provides a framework with which to create virtual
environments for a ground station operator to interact with the
ROV in the real world. By creating various 3D objects in Unity,
an entire virtual command station is created with rules that
govern how they move and fit together.
Along with the base Unity assets, the SteamVR package is
imported into the project providing a number of useful scripts
and objects to facilitate quick and easy VR development and
provides a Player object that automatically connects the VR
headset to Unity. Along with the headset connection,
SteamVR’s scripts allow for turning wheels, pulling levers, or
flipping switches by setting a few parameters in the Unity
interface. These base interactions were used to create a simple
control scheme where the user is presented with two joysticks,
one on each side of the chair the operator sits in. The user’s
chair and control joysticks are shown in Figure 4. Pushing
either joystick forward turns the corresponding set of wheels on
the ROV forward. Likewise, pulling the joystick back will
rotate the wheels in the opposite direction. This control method
allows the user to turn around the ROV’s center and pivot with
ease.

Figure 4. Unity Control Panel
The Unity environment attempts to give the illusion to the
ground station operator that they are inside the ROV controlling
it. Figure 5 displays a screenshot of the live video feed on a

large virtual concave screen placed in front of the user in VR
displaying the live video from a 180° camera. The screen
simulates a world for the user representing a glass window
from onboard a small craft. The operator is placed in a chair
that automatically resizes to fit their body to the arm rests, and
in front of the user is a button to emulate a horn for the ROV.

Figure 5. Unity Live Video
ZEROMQ IMPLEMENTATION
ZeroMQ is a networking library designed to make
implementation of socket programming simple, easy, and
scalable. This project uses ZeroMQ as a method for reliably
and quickly sending text-based messages around a local
network. Using ZeroMQ, real-time video can be streamed
wirelessly, and commands can be distributed regardless of the
target language or architecture in which they exist.
This implementation of ZeroMQ called for two nodes, a
ground station and embedded system, to communicate with
each other simultaneously and exclusively. From these
requirements, a PAIR socket was chosen. A PAIR socket allows
for two independent IP addresses to be bound together through
a specific socket number. When a PAIR socket is implemented,
no other traffic may communicate over that socket, and
messages sent will only ever go to these two paired nodes. For
this implementation, it was very convenient to know that the
two nodes talking over the socket were only ever going to send
messages to each other.
Along with the type of sockets being bound to, a message
queue must be established. A protocol must be developed for
situations such as when the embedded system sends two
consecutive messages to the ground station before either is
read. As this project was designed to be as close to real-time as
possible, it was decided that newer messages should take
precedent over old messages. Because of this, a CONFLATE
option is passed to ZeroMQ with a value of one. This
configures the ZeroMQ object to only ever store one message
at a time, and, if a new one comes in, it should replace the old.
RESULTS AND FUTURE IMPLEMENTATIONS
Feedback was solicited from several operators in an
attempt to confirm proper software operation and test the VR
interface’s ease of use. Initial reactions indicated the VR
controls were easy to pick up, but difficult to master. The
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ROV’s top speed of approximately 3 m/s is fairly hard to
operate in an enclosed space. A second limitation of the project
is the requirement of a stable local Wi-Fi network for
continuous operation of the vehicle. The router used provided a
limited range of roughly 30 ft. with no object in the path. As the
ROV ranges further from the Wi-Fi router, the slower video
feed makes operation of the craft more difficult.
Future plans for the project include the integration of
neural networks and more advanced computer vision into the
system. A plan to provide object tracking on the live video
involves the user identifying a desired object to track by
defining a bounding box on the dome screen in VR. The
bounding box would be passed to the embedded system, where
either a neural network script or a computer vision algorithm
would be used and track the object as it moves in the operators
view.
In addition to object tracking, a PID implementation for
speed control is desired for the ROV. By adding an inertial
measurement unit and/or wheel encoders to the embedded
system, ROV velocity can be calculated and controlled. Once
the current velocity is measured, it can be compared against a
desired user-defined speed and fed into a closed PID loop to
drive the error toward zero.
Finally, creating a customizable user interface for the user
is desired. For the user to feel natural when operating any kind
of craft, they need to be able to customize the interface for
comfort and familiarity. Creating tools for the operator to make
adjustments to the size, placement, colors, and orientation of
their workspace is important to allow them to feel in control of
the ROV.
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ABSTRACT
The purpose of this work is to develop a pre-processing tool
for the 3D Eulerian hydrocode ALEAS. The 3D version of
ALEAS was developed by Dr. Kent Walls and based on the 2D
version originally developed by Dr. David Littlefield. The
preprocessing tools will be used to insert material into the
Eulerian mesh and will include basic shapes, such as a box, a
sphere, and a cylinder, as well as the capability to read in generic
shapes based on triangular surface meshes. The pre-processing
tool developed for this project will initiate these geometries in
the Eulerian mesh by calculating the initial volume fractions for
each element. In addition to material insertion of these shapes,
the preprocessor can also perform changes to obliquity, yaw, and
pitch angles, as well as translations in the X, Y, and Z directions
to properly align the inserted materials. A variety of validation
cases were run to ensure proper functionality of the material
insertion tools. The test cases include the impact of spherical,
cylindrical, and ogive projectiles into a target represented using
a box. The results of these test cases are analyzed and compared
with previous experiments when possible to make sure that the
developed preprocessor works properly, and to further assess the
Eulerian contact method that has been developed in ALEAS
under a number of applications. The test cases show satisfactory
results and demonstrate that the goals of this work have been
achieved.
The goal of this work was to develop a pre-processing tool
for the 3D Eulerian code ALEAS that will initialize material
volume fractions in the Eulerian mesh. This tool will be used to
setup a variety of validation runs using ALEAS. They will be
used as test cases to ensure the preprocessor works, and will
demonstrate that the contact method that has been developed in
ALEAS works properly under a number of applications. These
test cases will be compared to previous experimental work to
ensure that the results of the simulations are reasonable. The
reader will be referred to the previous work in reference [2].
KEY WORDS: Pre-processing tool, 3D Eulerian
hydrocode, ALEAS, Eulerian mesh, triangular surface
meshes, projectiles test, contact method.

EXPLANATION
In this work a pre-processing tool for a 3D Eulerian code
ALEAS has been developed that will initialize material volume
fractions in the Eulerian mesh and allow for easier setup of a
variety of validation runs using ALEAS. ALEAS (Arbitrary
Lagrangian-Eulerian Adaptive Solver) is developed by
Littlefield, and Walls [1][3]. ALEAS has the capability to do
multi-material calculations in Lagrangian, Eulerian, and simple
and multi-material ALE frameworks [1][3]. The 3D Eulerian
codeALEAS is developed by Dr. Walls [1]. The pre-processing
tool should be in a format that can be read into ALEAS. So the
pre-processing tool coding output should be similar to the input
file format that is used by Dr. Walls.
Eulerian simulations work by tracking the volume of
material contained within each element, and the initial values of
these volume fractions must be included in the input file for the
simulation. The preprocessor developed in this project will be a
stand-alone tool, but the tool could also be implemented directly
into the ALEAS code as part of the input routines, eliminating
the need for the creation of large input files. The preprocessor
will allow the insertion of combinations of simple geometries,
such as sphere, cylinder, box, torus, parallelepiped, etc., as well
as generic mesh-based shapes, into the 3D Eulerian mesh at
arbitrary angles to form more complex shapes. The approach
used in this work is to generate the surface of the desired shape
by using triangular faces to create an enclosed body. The
triangular surface body can then be overlaid onto the Eulerian
mesh and be filled with a desired material. This method will be
used to create the basic shapes used in the preprocessing tool,
such as the sphere and cylinder, which are described in
Appendices 1 and 2.
The process for initializing the volume fraction of material
will involve looking at each node in the Eulerian mesh and
determining if it falls within the surface generated by the shape
by using a process called ray casting or ray shooting. This
process works by determining how many times a ray originating
at the Eulerian node and shooting in any direction passes through
the surface. If there are an even number of intersections (or no
intersections) then the node is outside the inserted material. If
there are an odd number of intersections then the node is inside
the inserted material. If all 8 nodes of a hexahedral element are
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found to be inside the inserted geometry then the element has a
volume fraction of 1. If no nodes are found to be inside the
inserted geometry the Eulerian element has a volume fraction of
0. If between 1 and 7 nodes fall inside the inserted geometry then
an interface is contained within the element, and it will have a
volume fraction between 0<ø<1 (where ø is the material volume
fraction). In this case it is useful to subdivide the element into
virtual subdomains to determine what fraction of the element
contains the inserted material. Figure 1 should help to visualize
what the volume fraction means here [4]. The "reference part"
would be either the simple shapes or the surface mesh you create,
and the Eulerian part would be the Eulerian mesh that is read by
ALEAS. The "discrete field" shown in (3) of Figure 1 is
described more in Figure 2.
Once the pre-processing tools have been created, validation
problems will be run using ALEAS. These validation runs will
include spherical projectiles, and cylindrical projectiles to
penetrate the target, which is a box container that has previously
been developed. The projectiles will be used as test cases to
ensure the preprocessor works, and will demonstrate that the
contact method that has been developed in ALEAS works
properly under a number of applications. After that the runs will
be post-processed using the Paraview program to illustrate the
mesh space, and target, and projectile geometries. Visualizing the
test cases in 3D will help to analyze the penetrations and the
behavior of the impact. Then the results from these simulations
will be compared with a similar previous work to determine if
the results are reasonable.

VALIDATION AND VERIFICATION
Five validation problems were carried out for this project.
Three test cases for spherical projectiles at different velocities
vectors and impact angles, and one test case for the cylindrical
and ogive-nose projectiles, both having the same parameters of
velocity, rotation, yaw, and pitch. For the spherical impactor the
mesh domain was setup with dimensions of 30, 30, and 60
centimeters in the X, Y, and Z dimensions respectively with 0.5,
0.5, and 0.5 centimeters dimensions for each element. This
results in a total of 60, 60, and 120 elements in each direction.
The target is represented using the box container option, inserted
by the same preprocessing tool that was already discussed. The
dimension of the container box is 25.4, 25.4, and 12.7
centimeters in the X, Y, and Z directions respectively while the
diameter of the spherical projectile is 2.54 cm. The target is made
of RHA Steel, and the spherical projectile is made of depleted
uranium. An important issue related to the geometries should be
mentioned here which is that when the preprocessors create the
initialization geometry, their geometries will be slightly
modified because the inserted surfaces are represented using
planar triangles rather than smooth curved surfaces. Then when
these shapes are inserted to Eulerian mesh, the surfaces will be
represented as planes within the element, which may be
discontinuous along element boundaries. In order to view results,
the Paraview postprocessing tool was used. Paraview does not
have the ability to create iso-surfaces for the VTK plot file
format produced by ALEAS, so a threshold filter was used to
display only elements containing volume fractions of material
between 0.01 and 1.0. As a result, the geometry will be displayed
as cube elements. Table 1, shows the parameters of the MieGruneisen equation-of-state that is used in validation problems
for the RHA Steel and Uranium [1], as well as 6061 Aluminum,
while Table 2, shows the parameters of the Johnson-Cook
Strength that were used in the validation problems [1].
Table 1: Mie-Gruneisen equation-of-state parameters
used in validation problems [1].

Figure 1. Volume fraction tool procedure. [5]

Figure 2. Discrete fields showing volume fractions of the
grey circle (left) and the void (right). [5]

ρ0
(g/cm3)

C0 (cm/s)

S (-)

Γ (-)

Cv (erg/g-K)

Steel (RHA)

7.85

4.5e5

1.49

2.17

4.41208e6

Uranium

18.62

2.487e5

1.56

2.32

1.05132e6

Aluminum

2.703

5.22e5

1.37

1.97

9.22056e6

The spherical validation set up is to be a projectile that will
penetrate into a target (container box), in three test cases. These
three test cases have different obliquities and velocities as
parameters of our cases. The obliquity is defined as the angle
between the velocity vector of the spherical projectile and the
normal of the target surface, which is the z-axis here. The
obliquities will be at 0, 45, 75 degrees from the z-axis in the
counter clock wise direction, and each one has specific
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magnitude of velocity, as follows: 1290 m/s at 0°, 3000 m/s at
45°, and 3000 m/s at 75°.
Table 2: Johnson-Cook Strength Parameters used in
validation problems [1].
ν

A

B

C

M

N

Tmelt

(-)

(d/cm2)

(d/cm2)

(-)

(-)

(-)

(K)

Steel
(RHA)

0.283

1.0e10

0.78e10

0.004

1.0

0.106

1783.0

Uranium

0.3

1.79e10

1.121e10

0.007

1.0

0.25

1497.9

Aluminum

0.33

2.6496e9

4.2642e9

0.015

1.0

0.34

799.63

Similarly, the cylindrical and ogive-nose rod validation were
set up to be two different projectiles that will penetrate into a
target (container box), in two different test cases. These test cases
have almost the same geometry, and same parameters. They are
set up to have a 45° obliquity, 0.75° Yaw, and 1.25° Pitch angles
which means the projectile’s longitudinal axis will not be on the
same velocity vector direction. The validation will be run with a
velocity at 553 m/s. This velocity obtains from the previous work
mentioned before to make the comparison more reasonable. The
geometry of the cylindrical projectile is 0.711 cm diameter, and
7.11 cm height, and it is same for the ogive-nose rod except that
the ogive has a nose. They are made of RHA steel with an
aluminum target. The cylinder projectile geometry was created
by initializing geometry using the built-in shapes in the
preprocessor while the ogive projectile was created using the
generic shape reader which makes use of a LS-Dyna keyword
file containing a triangular shell mesh.
RESULTS AND DISCUSSION
In this section, the results from the numerical validation
simulations will be discussed and then compared with the results
from the similar previous work done by Warren and Poormon
[2]. All the projectiles penetrate into the target to different depths
of penetration. The penetration geometry depends on many
parameters, such as the material properties for both the projectile
and the target. Also, it depends on the velocity, and its trajectory
direction, as well as the geometry, and their masses. All these
parameters need to be analyzed by theoretical, experimental, and
finally by simulation and computational methods to be able to
evaluate the 3D Eulerian code ALEAS. In this work, the
numerical validation simulations will be discussed and then will
be compared with Warren and Poormon’s numerical and
experimental work for the ogive cylinder.
Before discussing the results of our numerical simulations,
we have to introduce the information about the experiment
developed by Warren and Poormon [2], to make the comparison
possible. The ogive-nose rod is impacted into an aluminum plate
target. The geometry of the ogive rod projectile is shown in
Figure 3, with L=5.9 cm, l=1.18 cm, and diameter (2a)=0.711
cm. The Ogive-nose rod projectile was made of 4340 steel and

the Aluminum plate target was made of 6061-T6511 Aluminum.
The experiment data in the previous study will be compared, and
Table 3 shows the penetrations data from that study. The Warren
and Poormon study also contained simulation results from the
Lagrangian code PRONTO. Results of their simulations for the
case considered here are shown in Figure 4. The penetration data
for the five test cases in our simulations are shown in Table 4.

Figure 3. The geometry of Ogive-nose rod.[2]
Table 3: The penetration data of the Ogive-nose rod steel
at 45° oblique. [2]
Projectile

Velocit
y (m/s)
* 1000

Penetr
ation
(mm)

Mass
(g)

Hardn
ess
(HRC)

Pitch

Yaw

Target
Lengt
h (m)

Ogivenose rod

553

37

20.45
6

44.3

1.25
U

0.75
R

0.227

The test cases of spherical projectile setup operated
correctly, and the spherical projectile impacted the box container
at different velocities and angles. The behaviors of the
penetrations appear reasonable and the same as a natural
penetration. In test case 1, the velocity is 1290 m/s, at 0°
obliquity. The penetration shape looks like a volcano hole and
looks like the same behavior as when a metal sphere is dropped
on sand or water, which makes circular waves around the hole.
The spherical projectile penetrated the target then stopped at
around 30 mm depth ( 5 𝑚𝑚 because of the element dimension
size). The test case 2 has more velocity than test case 1 at 3000
m/s, and at 45° obliquity. This will lead to more penetration than
test case 1, which is 40 mm, and this caused a pile of target
material stay on one side of the penetration more than the
opposite side because of obliquity, as expected. The test case 3
used the same velocity as test case 2 but with more obliquity at
75 degrees. This will lead to less chance of penetration than was
seen in test case 2, because the velocity vector was close to being
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parallel with the box surface. This lead to a glancing impact on
the box, after which the projectile deflects from its trajectory, and
this is reasonable. Figures 5-8 show the results of simulations for
test cases 1, 2, and 3.

Figure 6. Spherical projectile penetrations at 1.29 km/s, at
0° obliquity, at t=20 𝜇𝑠, 33 𝜇𝑠, 40 𝜇𝑠, 60 𝜇𝑠, 100 𝜇𝑠.

Figure 4. Ogive Simulation impact at 553 m/s, 45°
obliquity, 1.25° pitch up, and 0.75° yaw right. (a) t= 0 s,
(b) t= 30 𝜇s, (c) t= 80 𝜇s, and (d) t= 250 𝜇s [2].
Table 4: The penetration data of Test Cases.
Test
Case
No.

Oblique
(°)

Velocity
(m/s)

Penetra
tion
(mm)

Mass
(g)

Pitch
(°)

Yaw
(°)

1

0

1290

30

159.8

0

0

2

45

3000

40

159.8

0

0

3

75

3000

10

159.8

0

0

Cylinder

4

45

553

10

9585.9

1.25
U

0.75
R

Ogivenose rod

5

45

553

10

9585.9

1.25
U

0.75
R

Projectile

Sphere

Figure 7. ALEAS sumilation of case test 2 for spherical
projectile at 45° obliquity, & at t=20 𝜇𝑠, 30 𝜇𝑠, 40 𝜇𝑠,
60 𝜇𝑠, 100 𝜇𝑠.

Figure 5. Paraview sumilation of test cases 1, 2, & 3 for
spherical projectile at t=0 s.
Figure 8. ALSES sumilation of test cast 3 for spherical
projectile at 75° obliquity, & at t=20 𝜇𝑠, 30 𝜇𝑠, 40 𝜇𝑠,
60 𝜇𝑠, 100 𝜇𝑠.
Similarly, the cylinder and ogive-nose rod are simulated and
their penetration trajectories look reasonable. Figure 9 shows the
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cylindrical impact simulations and Figure 10 shows the ogive
impact simulation. The projectiles and impact trajectories look
very similar because they had the same parameters and
geometries when they created by Euler mesh. Both of these
simulations are similar to the experiment developed by Warren
and Poormon as shown in Figure 4. The trajectories look exactly
the same but the penetrations are different. The penetration for
test cases 4 and 5 are around 10 mm 5𝑚𝑚, but for the
experiment it is 37 mm. This is because of the differences of
some of the parameters such as the materials type for the
projectile and target.

Figure 10. ALEAS simulation of case test 5 for ogive-nose
rod projectile at 45° Obliquity, 0.75° Yaw, & 45° Pitch, at
t=0 𝜇𝑠 t=30 𝜇𝑠, 50 𝜇𝑠,100 𝜇𝑠, 200 𝜇𝑠, 300 𝜇𝑠, 450 𝜇𝑠, &
450 𝜇𝑠.

Figure 9. ALEAS simulation of case test 4 for cylindrical
projectile at 45° Obliquity, 0.75° Yaw, & 45° Pitch, at
t=30 𝜇𝑠, 30 𝜇𝑠, 50 𝜇𝑠, 100 𝜇𝑠, 200 𝜇𝑠, 300 𝜇𝑠, 450 𝜇𝑠, &
200 𝜇𝑠.

CONCLUSIONS & RECOMMENDATIONS
A preprocessing tool for inserting spherical, cylindrical, and
general geometries has been successfully developed for the 3D
Eulerian code ALEAS, to allow for initialization of material
volume fractions in the Eulerian mesh. A variety of validation
runs have been successfully completed by using ALEAS with
different test cases. So, the developed preprocessor works as
desired, and the contact method that was developed in ALEAS
works properly under a number of applications. The simulations
are reasonable when they are analyzed and compared with the
previous experiments. It should be noted that exact material
properties for the Warren and Poormon study were not available,
so the material properties used in this study were the best that
could be determined based on available data, but likely play a
role in any difference between the ALEAS results and those
shown in the paper. It is recommended for future work to perform
simulations using more accurate material properties. This will
make the comparison more accurate. Also, it is recommended to
decrease the mesh element sizes for the sphere, and refine them
for the nose, and the impact area to get more accurate results. To
sum up, the results obtained are reasonable and provide a
satisfactory comparison with the experiment.
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ABSTRACT
A meta aircraft is an unmanned aerial system where two or
more smaller aircraft are connected by the wings or by the nose
to the tail of aircraft. With this connection, the smaller aircraft
making up the meta aircraft can share power, loads, and
information between them. Meta aircraft are currently being
researched to increase the range and endurance of these aircraft
by using an increase in Lift to Drag ratio. [1] Currently, meta
aircraft have been mostly modeled in simulation with only one
prototype being built and flown. [2] There is little research to
show the feasibility of a meta aircraft in the real world. In this
project, flight control software and a semi-autonomous flight
controller were developed and tested. The flight control software
was built using C++ programming language for a Raspberry Pi
3B with a Navio2 HAT flight controller, and the semiautonomous flight controller was developed from simulation for
the aircraft to help control the additional aerodynamic moments
and forces that the fixed wing aircraft would experience. These
developments were designed to be used on the individual aircraft
with the intent of using the same software for the meta aircraft.
The aircraft were each flown individually to allow for the testing,
development, and tuning of the flight software and semiautonomous flight controller.
KEY WORDS: Aerospace, Controls, Autonomy, Meta
Aircraft, software Development
NOMENCLATURE
δa The deflection of the aileron
Kpa The proportional gain for the aileron
φc The roll command converted to radians from the transmitter
φ The roll angle converted to radians from the IMU
Kda The derivative gain for the aileron
p The roll rate from the IMU
δe The deflection of the elevator
Kpe The proportional gain for the elevator
θc The pitch command converted to radians from the transmitter
θ The pitch command converted to radians from the IMU
Kde The derivative gain for the elevator
q The pitch rate from the IMU

δr The deflection of the rudder
Kv The proportional gain for the rudder
r The yaw rate from the IMU
Uerror The difference between the command speed and the actual
speed
Uc The throttle command converted to radians from the
transmitter
U The velocity of the aircraft converted to radians from the
pitot tubes
Uint The integral of the error signal between U and U c
Kit The integral gain for the throttle
dt The time step
μt The motor signal from the throttle controller
Kpt The proportional gain for the throttle
SERVO_MIN The minimum allowable signal servo motors can
read
INTRODUCTION
Unmanned aerial systems (UAS) have allowed researchers
to create inexpensive models of aerial systems to research and
develop new aerospace technologies as well as test the
capabilities of autonomous flight controllers. A meta aircraft is
one type of aerial system where two or more aircraft are
connected. These aircraft can be either fixed wing aircraft or
rotorcraft and can be connected by the tips of the aircraft’s wings
or by the nose of one aircraft to the tail of another aircraft. The
connection mechanism of a meta aircraft can share power, loads,
and information between the conjoining aircraft. [3] Close
formation flying is when aircraft fly close together, often so close
as to interact aerodynamically. Close formation flying is
typically performed by fixed wing aircraft. [4] Both meta aircraft
and close formation flight provide complex environments that
are challenging for autonomous flight controllers. [5]
Since both close formation flight and meta aircraft challenge
the performance of autonomous flight controllers, the flight
controllers themselves must operate as efficiently as possible.
Many universities and companies have been researching multiaircraft systems. Meta aircraft are currently being researched
because a meta aircraft experiences a boost in range and
endurance by using an increase in Lift to Drag ratio as well as
increase in mission scope as multiple types of vehicles can be
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used for one single mission. [1] Researchers at the Virginia
Polytechnic Institute and State University have tested the
endurance of a close formation flight pattern and a meta aircraft.
They tested different flight position for the close formation flight
pattern, and different connections for a meta aircraft. [6] ETH
Zurich has done research on the distributed flight array. This
distributed flight array allowed single rotorcraft to randomly
connect on the ground, fly to a certain altitude connected, break
apart at this altitude, and fall back down to the ground safely. [7]
Vehicles like this could be utilized for disaster scenarios where
large swaths of land are affected. An example disaster scenario
could be the 2019 Hurricane Michael which hit Mexico Beach,
Florida, as a category 4 storm, but remained a category 2 storm
as it passed into Georgia. Taking advantage of this increased
range and endurance as well as multiple vehicles equipped with
different sensors would be very beneficial for these types of
missions.
Due to the complexity of a multi-aircraft system and the new
and different environments that these systems fly into, the flight
controller that controls the individual unmanned aerial vehicles
is a significant part of the system. Before rigorous flight
programs are conducted, extensive simulation and modeling
must be done in order to tune the individual aircraft’s flight
control system. The tuning of an individual aircraft’s control
system allows for better control during flight by modeling the
flight dynamics of the aircraft, and it allows for the development
of an autonomous control system for the aircraft. Researchers in
the decision and controls field have been researching the
distributed control of close formation flight. In a paper presented
at the 41st IEEE Conference on Decision and Controls,
researchers tested a new decentralized control system for close
formation flight. This decentralized control system allowed for
individual controllers to control its own aircraft and applied each
controller to an overall system. [8] Research has also been
performed to simulate and model multi-aircraft systems. At
Georgia Institute of Technology, researchers have built a
simulation and model for the changes in flight dynamics of a
meta aircraft as well as a connection mechanism for the aircraft.
[3] Research has also been done at the University of South
Alabama where a prototype of a meta aircraft connected by the
tips of the wings has been built and flown. A simulation and
model were built for a single aircraft as well as a meta aircraft to
develop a control system and autopilot for the meta aircraft. [9]
This control system and autopilot were programmed on an
Arduino Mega that was designed to keep the wings level during
flight, so the flexible modes did not break the connection
mechanism. [2]
For this project, a simulation and model were built to
develop a control system for an Eflite Apprentice S15e
unmanned airplane shown in Figure 1.

Fig. 1. Picture of an E-flite Apprentice S 15e Airplane
used for simulation, model, and flight test program
Significant modeling and simulation of the Apprentice are
first conducted and then a feedback control system is designed
and tested in simulation. The control system is then loaded onto
a Navio2+Raspberry Pi Model 3B flight controller. Next, the
flight control software used on the Apprentice was created during
this summer research program, and the control system and flight
control software was tested in a real flight test program.
HARDWARE PARAMETERS
For this project, the Eflite Apprentice S15e unmanned
airplane shown in Figure 1 was used as the test platform for both
aircraft. The Eflite Apprentice S15e is made of a patented ZFoam and is equipped with 840-kilovolt brushless outrunner, 30Amp pro switch-mode BEC brushless ESC, three 13-gram
digital micro servos to control the aileron and the elevator, and a
37-gram standard servo that controls the rudder and the front
wheel of the landing gear. [10] The geometry of the airplane seen
in Figure 2 was measured and recorded for simulation and
modeling of the control system. The type of airfoil used on the
airplane is a Clark-Y airfoil. The wing span of the main wing of
the airplane is 4.92 feet, and the chord of the main wing of the
airplane is 0.75 feet. The wing span of the tail wing is 1.92 feet,
and the chord of the tail wing is 0.625 feet. The wing span of the
vertical wing is 0.67 feet, and the chord of the vertical wing is
0.583 feet. To find the center of mass of the airplane, a simple
balancing test was used to give us an accurate approximation.
The airplane was assembled and balanced on the eraser of a
pencil until the center of mass was found. The location of the
center of mass was found to be approximately 1.083 feet from
the nose of the airplane.
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Fig. 2. Picture of geometric model of the airplane built
from a Python modeling code
The flight controller that was chosen to be used on the Eflite
Apprentice S15e was the Emlid Navio2 HAT on a Raspberry Pi
Model 3B.

Fig. 4. Picture of a Raspberry Pi Model 3B
The Emlid Navio2 has many different sensors built into it to
help with data acquisition. The first sensor is an onboard
MS5611 barometer that senses altitude with 10 cm resolution.
The second sensor is an onboard dual MPU9250 and LSM9DS1
IMU setup that senses orientation and motion using an
accelerometer, a gyroscope, and a magnetometer. The third
sensor is a Ublox NEO-M8N GNSS receiver that records GPS
data by receiving three concurrent receptions from either
BeiDou, Galileo, GLONASS, or GPS / QZSS. The last sensor is
a RC I/O co-processor that accepts PPM input signals and
outputs PWM signals on 14 channels for servos and motors. [12]
Since the Emlid Navio2 only accepts PPM input signals, the
receiver chosen for the Emlid Navio2 was a FR-SKY D4R-II 4Channel receiver seen in Figure 5.

Fig. 3. Picture of Navio2 HAT attached to top of a
Raspberry Pi 3B
The Emlid Navio2 HAT seen in Figure 3 was chosen
because of its pairing with the Raspberry Pi. The Raspberry Pi
Model 3B seen in Figure 4 provides a 1.2GHz 64 bit quad-core
Broadcom BCM2837B0, Cortex-A53 (ARMv8) processor with
2.4GHz and 5GHz IEEE 802.11.b/g/n/ac wireless LAN and
Bluetooth 4.2 connectivity along with four USB 2.0 ports, an
ethernet port, a full size HDMI port, a micro USB port, and a
micro SD card port. [11]

Fig. 5. Picture of a FR-SKY D4R-II 4-Channel receiver
used to communicate with the transmitter
This receiver has one external analog telemetry port and one
digital data-stream port. It outputs RSSI (PWM) and CPPM and
is compatible with multiple FR-SKY telemetry modules. [13]
Because a FR-SKY receiver was used and is compatible
with FR-SKY telemetry modules, a FR-SKY DJT Telemetry RF
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Module was used and paired with an IRIS+ FS-TH9X
Transmitter.

Fig. 6. Picture of an IRIS+ FS-TH9X Transmitter paired
with a FR-SKY DJT Telemetry RF Module
The FR-SKY DJT Telemetry Module seen in Figure 6 is
equipped with an ACCST 2.4GHz system which shifts 80
channels around hundred times per second in the 2.4GHz band
to provide interference resistance. [14] The IRIS+ FS-TH9X
Transmitter seen in Figure 6 has 9-Channels, 7 switches and 2
sticks, for controlling a RC aircraft and offers many features such
as storing multiple receiver models, servo reversing, flaperons,
elevons, subtrim, etc. [15]
The last piece of hardware used for the experiment is two
HK Pilot Analog Air Speed Sensor and Pitot Tube Sets.

Fig. 7. Picture of a HK Pilot Analog Air Speed Sensor and
Pitot Tube Set used to measure wind speed
The HK Pilot Analog Air Speed Sensor and Pitot Tube Set
seen in Figure 7 allows for wind speed measurements by
outputting a voltage that correlates to a pressure. This pressure
can be positive or negative ranging from -2000 to 2000 Pa. [16]

SOFTWARE PARAMETERS
The flight software used for this experiment was written in
the C++ programming language and made specifically for each
of the fixed wing aircraft. The flight control software, or
TopGun, was made by using example codes from Emlid for the
Navio2 HAT flight controller. These example codes allowed for
the programming of each of the components of the Navio2 and
fixed wing aircraft. All the sensors on the Navio2 have been
setup to initialize and run from header files in order to make the
main code easily readable.
TopGun starts by showing the input arguments of the code
itself. Following this, TopGun then makes sure that the code is
being run at the root level and that Ardupilot is not running. After
these checks, the code moves on to build an output matrix to
record the flight data and record the date and time. Next, the LED
on the top of the Navio2 is setup to change color as different
sections of the code are run. Next to be setup is the radio control
(RC) receiver. The code sets up 7 RC input channels for the roll,
pitch, yaw, throttle, arm switch, panic switch and autopilot
switch that are read by the receiver from the transmitter. These
input signals are pulse position modulation (PPM) signals and
are measured in microseconds. Once the receiver is setup, the
code goes on to convert the incoming PPM signals to pulse width
modulation (PWM) signals measured in microseconds that are
read by the servos controlling the aileron, elevator, rudder and
motor. Once the output signals have been setup, the control file
takes over. The control file initializes and begins to setup the
sensors used on the Navio2.
The first sensor setup is the barometer which is threaded in
the code. The barometer measures both the atmospheric pressure
in millibars and the temperature in Celsius, and it converts the
pressure to an altitude in meters. The second sensor setup is the
GPS. The GPS measures the latitude in degrees, longitude in
degrees, and altitude in meters. The third sensor to be setup is the
pitot tube. The pitot tube is an analog pitot tube that is connected
to the Navio2 through the analog to digital converter (ADC) port.
The code initializes the ADC port and begins to take voltage
signal readings measured in volts from the pitot tube. The
voltage signal is then converted into air speed measured in
meters per second. The last sensor setup is the inertial
measurement unit (IMU). The IMU reads the airplane’s linear
acceleration measured in meters per second, the gyroscopic rates
measured in degrees per second, and the Euler angles (roll, pitch,
and yaw) measured in degrees. With the last sensor setup, the
code goes on to compute an average sea level pressure measured
in millibars and an average temperature measured in Kelvin
using the barometer. Lastly, the code sets up the time by getting
the time from the raspberry pi’s internal clock and subtracting
the initial time from each time recorded to find the elapsed time.
With the setup finished, TopGun begins its while loop
used to control the airplane during flight. The while loop
begins by calculating the current time. After the time is
calculated, the receiver, IMU, GPS, and pitot tube are polled in
that order. These sensor readings are recorded and used as input
variables in the semi-autonomous control system. Next, the arm
switch and autopilot switch are polled. If the arm switch is
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measuring below 1300 microseconds, the airplane will not be
armed and will not record any data. If the arm switch is
measuring above 1300 microseconds, the airplane will become
armed and will allow for fully manual flight while recording
flight data. If the airplane is armed and the autopilot switch is
measuring above 1800 microseconds, the airplane will enter a
semi-autonomous flight mode. This semi-autonomous flight
mode controls the roll, pitch, yaw, and throttle, so the airplane
will remain level and at a constant velocity. After the flight
controls are established, the PWM signals converted from the
receiver are sent to the servos and motor to get the airplane
flying. If at any time the pilot of the airplane feels uncomfortable
while flying, a panic switch has been programmed in. This panic
switch can be flipped at any time no matter if the plane is being
flown manually or semi-autonomously. When the switch is
flipped the airplane will roll 20 degrees to the right, pitch 10
degrees upwards, and change the throttle command to maximum
throttle. Lastly, the flight data is saved onto the output matrix.
The semi-autonomous control system used on the airplanes
was developed in simulation to allow for control over the
airplane’s roll, pitch, and throttle. This level of autonomy has
been simulated and shown to be all that is needed to control a
meta aircraft during flight. [18] A proportional-derivative (PD)
control system was used for the control surfaces of the aircraft in
the semi-autonomous controller. The PD control system controls
the aileron deflection, Eqn. (1), the elevator deflection, Eqn. (2),
and the rudder deflection, Eqn. (3).
δa = Kpa ∗ (φc − φ) + Kda ∗ (0 − p) (1)
δe = Kpe ∗ (θc − θ) + (0 − Kde) ∗ q (2)
δr = Kv ∗ r (3)
A proportional-integral-derivative controller (PID) was used
on the throttle controller, Eqn. (6) in order to allow the aircraft to
reach its determined velocity when ascending.
Uerror = (Uc − U) (4)
Uint += Kit ∗ Uerror ∗ dt (5)
μt = Kpt ∗ Uerror + SERVO_MIN +Uint (6)
A standard inner loop controller is used where pitch error is
fed to the elevator, sideslip error is fed to the rudder, roll error is
fed to the aileron and throttle error is used to command velocity.
Before the errors are fed to their corresponding control surfaces,
each error is sent through the saturation block. The saturation
block is a group of if statements that make sure that the signal
sent to the control surface is not above or below the allowable
servo signal. All equations for the semi-autonomous control
system can be found in Control System Engineering by Dr. Nise.
[17]
FLIGHT TEST RESULTS AND ANALYSIS
For the flight program, the Apprentice was taken to
Irvington Field to allow for uninhibited flight. The airplane was
setup connected to a monitor in order to compile and make any
changes to the code if necessary. After the code compiled, it was
run, and the average temperature and pressure were calculated.
Once the code was running, the main wing was attached, and the
pitot tubes were placed on the wing. The airplane was then set
on the runway and sat for 10 seconds to allow for the pitot tubes

to calibrate. The arm switch was flipped, and the airplane took
off in manual mode. The airplane was flown over the runway a
few times in manual mode. The autopilot switch was flipped to
allow the airplane to fly semi-autonomously and to test the gains
for the autopilot. After the autopilot was tested, the panic switch
was flipped to test if the airplane would increase in altitude and
fly a circular pattern. Once the panic switch was tested, the
airplane was set back to manual control and landed. The plots
below show the flight dynamics, sensor readings, and flight path
of the airplane while flying.

Fig. 8. Plots of the Roll, Pitch, and Yaw Angles versus
Time
From Figure 8, the roll, pitch, and yaw angles were plotted
against time. The angles from transmitter were plotted on the
same graph as the angles measured by the IMU. This was to show
when the angle was commanded and when the autopilot was
changing the angle to maintain level flight. From Figure 9, the
roll, pitch, and yaw rates were plotted against time. This was to
show how roll, pitch, and yaw changed as the airplane was
flying. From Figure 10, the throttle commands, autopilot switch,
and panic switch were plotted against time. The throttle
commands show how and when the throttle was changed from
the transmitter during the flight. The autopilot switch and panic
switch were plotted on the same graph and show when the
airplane was in autopilot mode or when the airplane was in panic

UAB School of Engineering - Mechanical Engineering - Journal of the ECTC, Volume 18

Page 72

mode. From Figure 11, the aileron, elevator, rudder, and motor
response were plotted against time. This was to show the PWM
signal sent to the aileron, elevator, rudder, and motor during the
flight. From Figure 12, the altitude measured by the GPS was
plotted against time as well as the latitude plotted against the
longitude. The altitude shows the height at which the airplane
was flying during the test flight, and the latitude versus longitude
shows the actual flight path of the airplane during flight. From
Figure 13, the airspeed from the first pitot tube and the second
pitot tube were plotted against time. This was to show how fast
the airplane was flying and the change in velocity during flight.

Fig. 10. Plots of the Throttle Command, Autopilot Switch,
and Panic Switch versus Time

Fig. 9. Plots of the Roll, Pitch, and Yaw Rates versus
Time
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Fig. 11. Plots of the Aileron and Elevator Response
versus Time

Fig. 12. Plots of the Altitude versus Time and of the
Latitude versus Longitude

Fig. 13. Plots of the Air Speed versus Time from Pitot1
and Pitot2
From these graphs, the flight control software and the semiautonomous flight controller were shown to have successfully
controlled the airplane during flight. When in manual control
mode, the airplane flew to the commands given by the
transmitter, and the Navio2 successfully logged data from the
sensors. When the autopilot switch was flipped, the airplane can
be seen to have maintained semi-level flight but began to
decrease in altitude. This semi-level flight was due to the gains
of the autopilot being set too high, and the decrease in altitude
can be from inaccurate velocity from the pitot tubes or not a high
enough throttle command given to the throttle controller. When
the panic switch was flipped, the airplane rolled right at a 20degree angle and spun up to full throttle; however, the airplane
did not successfully pitch upwards. This was due to the small
pitch angle. Since the pitch angle was so much smaller than the
roll angle, the roll of the airplane overpowered the pitch of the
airplane. This caused the airplane to descend. Although there
were some minor problems experienced during the flight
program, the airplane was shown to have flown without any
major problems, and a meta aircraft prototype can now be built.
Before moving on to designing the connection mechanism
and building a meta aircraft prototype, the pitot tubes’ accuracy
needs to be checked. This can be done using a low speed wind
tunnel where the wind speed is known during testing. Then, the
angles of deflection on the aileron and elevator need to be
changed, so the airplane will pitch upwards and roll to the right.
Lastly, the gains on the semi-autonomous controller need more
tuning in order to have stable and level flight. This can be done
by performing multiple flight tests. After each flight test, the data
taken is plotted, and the gains are adjusted accordingly until the
level flight is achieved.
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CONCLUSION
A meta aircraft is one type of aerial system where two or
more aircraft are connected. These aircraft can be either fixed
wing aircraft or rotorcraft and can be connected by the tips of the
aircraft’s wings or by the nose of one aircraft to the tail of another
aircraft. Through this connection, power, loads, and information
can be shared between the aircraft, however because of this
connection additional aerodynamic forces and moments occur.
These additional aerodynamic forces and moments make the
meta aircraft harder to control during flight than a singular
airplane. Significant modeling and simulation have been
conducted in order to design and test a feedback control system.
The control system was then loaded onto a Navio2+Raspberry Pi
Model 3B flight controller along with the flight control software
was created for the aircraft during this summer research program.
The control system and flight control software were tested in a
real flight test program. The results of the flight test program
show that the flight control software can fly the airplane in
manual control while the sensors aboard the airplane and Navio2
accurately measure the location, orientation, and speed of the
aircraft. The semi-autonomous flight controller was also shown
to be able to keep the plane flying level at a constant velocity.
With the flight control software and semi-autonomous flight
controller developed, the connection mechanism for the meta
aircraft can be design and built, and a flight test program can be
implemented to test a meta aircraft.
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