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Abstract; Inspired by the unique structure of insect compound eyes, a multi-channel image acquisition system is de-
signed to photograph a cylindrical panorama of its surroundings with one shot. The hardware structure consists of
an embedded ARM system and one array of 16 micro-image sensors. The system achieves the synchronization of
captured photos in 10 ms, as well as 10 f/s video capture. The software architecture includes the TCP/IP proto-
col, video capture procedures in “Poll/Read” or “video streaming” modes, thread pool monitoring in multi-threa-
ding mutex, synchronization control with the “event” “mutex signal” and “critical region” functions, and a syn-

thetic image algorithm characterized by its portability, modularity, and remote transmission. The panoramic ima-
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ging system is expected to be a vision sensor for mobile robotics.
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1 Introduction

Visual navigation systems have many advan-
tages, such as abundant information, autonomy,
low cost, and reliability. They have become a hot
research field for unmanned aerial vehicles (UA-
Vs), deep space explorers, and underwater robot

L2l Traditional visual navigation sys-

navigation®
tems are mainly developed for autonomous land
robots. Their small view angle makes it difficult
to meet the needs of three-dimensional space navi-
gation and panoramic information acquisition.
With the development of visual guiding in UAVs,
moon exploration, and ocean exploration fields,
visual systems with a large field of view (FOV)
and panoramic imaging capability are particularly
important and attract the most attention. Analo-
gously, in bionic systems compound eyes have a
large FOV and high perception sensitivity in mov-

ing target detection, thus having a reasonable
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prospect of applying to military, medical, and
acrospace areas-?,

A number of scholars have attempted to imi-
tate the characteristics of compound eyes™*,
There are three main types of central projection
imaging system for wide FOVs, namely, fisheye
lens, micro-lens arrays, and ring rotation imaging
systems. A fisheye lens is a super-wide-angle ob-
jective lens. It has a very short focal length, and
image distortion. Fisheye lenses increase the edge
distortion of an image by expanding the lens’'

FOVH,

combined with the optical relay elements of fi-

Micro-lens imaging systems are often

bers, aperture arrays, or multi-channel micro-

lens arrays-*!,

They use a large area of single
charge-coupled device (CCD), and have imaging
characteristics of high synchronization with a
wide FOV. However, the perspective of its scene
information means that image details have a rela-

tively low resolution. The ring image system
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adops a single CCD rotating around a fixed axis.
Although this system is low cost with high reso-
lution, it must continuously work to track mov-
ing objects.

To obtain an imaging system with a large
viewing angle, high resolution, and small distor-
tion, it is easy to implement a CCD camera ar-

Lot - However, how to deal with the multi-

ray
channel image data synchronization in real-time
becomes a key technical problem. Using complex
programmable logic device (CPLD) and audio-
video receivers (AVR) to control the linear CCD
array is a good way to improve the synchroniza-
tion in real-time, avoiding large amounts of two-
dimensional image data processing™*. With the
development of embedded technology, advanced
RISC machines ( ARM) is used for the multi-
channel acquisition of temperature, force, and
light data"**"14,
be used in a multi-channel monitoring system.
Web/PC
TCP/IP, and the client’s window shows the im-

Moreover, embedded systems can

clients implement cameras through

age transmission in motion joint photographic ex-
perts group stream (MJPEG-STREAM), paying
no attention to the synchronization of slaves over
every channel"*!,

In this paper, using the function of ARM-
based slave image acquisition and a server multi-
thread method, authors develop a multi-channel
image system with synchronous panoramic image

acquisition and high-speed V412 video stream

capture.

2 Design of Image Acquisition Sys-
tem

2.1 Hardware design of the system

The ARM consists of an S3C2440 CPU chip
and peripheral interface circuits, which is a core
part of the hardware design, as shown in Fig. 1.
The hardware circuit includes four USB ports, an
Ethernet port chip, synchronous dynamic random
access memory (SDRAM), and FLASH. The
image data transmission utilizes universal serial

bus (USB) and local area network (LAN) tech-

nologies. The system can be used in mobile ro-

bots for remote transmission of visual data.

SDRAM

FLASH
Rj45
z' LAN chip |<J——|Wireless router

Slave computer hardware structure

USB port

USB port MCU
USB port S3C2440

USB port

Fig. 1

2.2 Software design of the system

The software program has different functions
in slave and host computers. In the slave comput-
er, the program is used to collect images, receive
commands, and transmit synchronization images
to the host. In the host computer, the program is
used to send commands, receive images, and dis-
play image data.

2.2.1

The slave computer is employed to collect

Construction of slave computer

images. It is developed using the standard C lan-
guage and Linux-2. 6. 32. 2 kernel operating sys-
tem, with transplanted USB and a V4L.2 driver.
Its main functions are to capture multi-channel
video/images and execute instructions from the
host computer. The flowchart of the main pro-

gram is shown in Fig. 2.

To read camera ID and check if it
has the ability to capture

image or video stream
T

]

To set register of camera
and image output

!

To set preview/capture channel, including
format of original and target images,
image size, frame of video stream

!

To send image data to host
according to the mode

Done

Y

Fig. 2 Acquisition procedure of video/frame images by

USB camera



No. 3 Xing Qiang, et al. Panoramic Imaging System Inspired by Insect Compound Eyes 289

Based on the V412 camera device driver, one
design the system to work in two modes™™. One
is the Poll/Read mode: the slave computer con-
trols the camera so as to collect images in the
specified order. Using a non-blocking mode to ob-
tain image data from the kernel is time-consuming
and requires a lot of memory space to switch and
copy byte-by-byte. However, it is a simple way
to implement multi-channel single-frame image
acquisition. It can control the USB camera arrays
to collect images and send static single-frame im-
age sequences to the host computer server. In ad-
dition, information data describing the surround-
ing environment can be collected. The other is
the video preview mode: the slave computer con-
trols one camera to collect images, which is more
suitable when the slave computer uses a single
camera to capture movement.

When observing “sensitive”

objects in the
video preview mode, the slave computer controls
all USB cameras to capture images under the

Poll/Read protocol. After obtaining these ima-

Initialization of
slave computer

o

o o oo
© ¢ | Initialization
g
g% of socket
E &|| (rceap)

To create a video and 8 g

wait for the command

Cycle acquisition Image/video

and data sending

ges, the host computer stitches the panoramic
images together.

2. 2.2 Control of multi-channel image acquisi-
tion

In the proposed system, authors use TCP for
remote data transmission. On the slave side, the
system creates a socket file descriptor to complete
the TCP connection and receive/transmit data.
On the host side, we create DevListen ( * ),
DevSend( » ), and DevRecv( » ) threads to lis-
ten, send, and receive image data to a server
port, respectively.

The architecture of the TCP/IP connection is
shown in Fig. 3. Firstly, the host reads the con-
fig. txt file when the slave sends a link request;
secondly, the host checks the client's IP address
and judges whether the request is legal; finally,
the host establishes the connection with the
slaves. After connecting to the TCP/IP transmis-
sion channel, image data is sent via the
DevSend( « ) thread, and received by the host’s
DevRecv( ¢ ) thread in RFC1055 format.

Combuffer( * )

Server
Multi-thread

DevRecv( * )thread

B —

Fig. 3 Workflow of multi-thread monitoring system based on TCP/IP

2.2.3 Control of multi-thread image stitching
A commonly used multi-channel model is

Y1 The server issues the

shown in Fig. 4 (a
command to the slaves in the TCP/IP connection
through the socket port. The slaves then capture
images and send them to the server. The server
only receives and shows the images over these
channels, but does not solve the image transfer
process in order. Thread A collects image se-
quence A, /A,/A;/++A;. The uploaded images of
thread A, B, C and D may be in the order A,/B,/

C./A,/B,/D,/D,/A,---. 1f it is necessary to man-
age the collected images, they are commonly ar-
ranged by query process ID.

To achieve a synchronous panoramic image
from multiple channels, the stitched sequence of
the image must be synchronized. The collected
disordered by the
Fig. 4(a). In the collected image sequence A,/B,/
C./A,/B,/D;/D;/A;, one should collect images
A,/B,/C,/D, and stitch them together. If the

model is used for continuous multi-image stitc-

image data is model in
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hing, it will reduce the synchronization of pano-
ramic image acquisition.

The model can capture multi-channel syn-
chronous images successively, as shown in
Fig. 4(b). In the model, the panoramic image
stitching program is taken as the main-thread,
while every slave connected by TCP is considered

With

the above setting, the child-threads will not ap-

to be one child-thread in the thread poolt".

pear as omissions and duplications in the process
of image stitching. The model succeeds in collec-
ting the image from each thread synchronously,
and then performs the next command. To achieve
the function of the model, two problems must be
solved. One is the synchronization between the
main thread and child-threads, and the other is
the mutex in child-threads.

o

Image data
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3
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(]
>

[es]

Slave

Ethernet

2l 2
s||s
gl |0
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(a) Threading model based on TCP/IP

Thread A |~——(4)
=)
Command |, Thread B 9
e — T
Image data E Thread D

(b) Threading model based on thread pool

Fig. 4 Threading model of multi-channel image acquisition

In the he

“Event” has the advantage of synchronization be-

—

multi-thread management,

tween the main thread and child-threads, and the
“signal lock” and “critical region” are more effec-
tive in controlling the mutex of child threads, as

shown in Fig. 5.

Count=N
(Count = 0)
To block the current thread I
Count <N
InsertData (Count > 0)
(PickupData)

Lock or not N To lock
Y
Count + 1

(Count - 1) | To enter the
critical region

To unlock
(Quit the critical region)

Fig. 5 Flowchart of mutex and synchronization of

multithreading program

To regulate the data transmission, authors
add the timer DevTimer ( *« ) and the state ma-
chine DevCore( « ).

semaphore in the program, one can ensure that

By setting a mutex or public

the read and write threads work at the same time.
The details of the procedure are shown in Fig. 6.
In this way, the host machine is protected against
the accidental loss of data caused by logical confu-
sion,

LED array

= USB camera

51

MCU ‘1

Fig. 6 Synchronization test for two image cameras

2.3 Synchronization test for image acquisition

system

LED lights are designed to test the system
synchronization. The test procedure 1is as
follows:

(1) To use MCU to control the LED diode
array to flash in a fixed time interval;

(2) Twenty LEDs light and extinguish in or-
der;

(3) The host computer controls the slave
computers to take pictures. The image acquisition
diagram is shown in Fig. 6.

Multiple images are taken in the Poll/Read
mode with a V412 video stream. The results
show that the cameras can realize 10 {/s video
capture in the V4L2 video mode, and 10 ms ima-

ging synchronization in the Poll/Read mode.

3 Result Discussion

In this experiment, authors use 16 small
USB cameras with an image size of 640 pixel X
480 pixel and a frame rate of 15 {/s, arranged as
shown in Fig. 7(a). To ensure that the annular
CCD array do not cause large deflections or pitch,

it is fixed on an 80 mm positioning structure. Un-
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der the control of the host software, the slave com-
puter collects the circular images as shown in
Fig. 7(b). While collecting a video stream, the sys-
tem can obtain multi-channel images.

Compared with the scale-invariant feature trans-
form (SIFT) panorama stitching algorithms, contin-
uous stitching overlay graphics will lead to deforma-
tion, though it can be adjusted by automatic straigh-

tening, as shown in Figs. 7(d, ¢)""®. The automatic

=

(a) Photo of image acquisition system

straightening algorithm will increase the computa-
tional complexity of the system. To improve the
speed of panorama stitching, neighboring pictures
should have only a translational relationship in the

[19]

overlapping area-'”’. The phase correlation method of

stitching the images directly is better™’. The pano-
ramic image is shown in Fig. 7(c). A better associa-

tion between the images will help improve the image

stitching speed.

(c) Panoramic image

(e) Image stitching by SIFT with straightening

[18]

Fig. 7 System and 360° panoramic images

4 Conclusions

In terms of its hardware design, the pro-
posed system allows different USB cameras to be
selected for the remote transmission of images.
Functionally, the system achieves the synchroni-
zation of captured photos in 10 ms, and matches

video streams at 10 f/s. By adding machine stor-

age and embedded image processing, the system
can realize the intermittent timing transmission of
“sensitive” images. The proposed system is also
energy efficient and stealthy.

Compared with annular rotating panoramic
imaging systems, the AMR-embedded system has
an advantage of continuous tracking of moving
targets in time. It can easily be connected to USB

cameras, and meets the need of long-distance data
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transmission via LAN. Thus, the proposed sys-

tem has advantages of convenient software migra-

tion, easy hardware upgrades, a short production

cycle, and low production cost.
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