CREW-SUPPORTIVE AUTONOMOUS MOBILE CAMERA ROBOT ON
ISS / JEM
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ABSTRACT
This paper describes the development of The JEM
Internal Ball Camera (called Int-Ball) that
autonomously moves inside the JEM pressurization
section and shoots image and video of the object. The
Int-Ball was launched as payload of Dragon spacecraft
by SpaceX Falcon 9 on June 4, 2017. First flight
control demonstration was successfully conducted in
JEM pressurization section. This paper describes the
initial checkout result.
Figure 1: Int-Ball shooting in the JEM.
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INTRODUCTION

When working in the Japanese Experiment Module
(called JEM or “Kibo”), the crew (astronaut) often
takes photos with existing wall-mounted cameras
having many blind spots at low resolution.
Sometimes the crew also uses handheld cameras to
monitor conditions in detail (video and photos). The
crew spends about 10% of their current working
hours to prepare cameras and engage in
photographing operations. To reduce the time
required for photographing task, JAXA has
developed the JEM Internal Ball Camera (“Int-Ball”)
that moves autonomously to the desired spatial
position and shoots videos/photos of the subject,
ultimately aiming to realize zero photographing time
by the crew. Figure 1 shows the Int-Ball
configuration in the JEM. The objective of this
project is to contribute to maximizing the outcome
of “Kibo” utilization experiments through
productive use of the limited time in space by
effectively conducting space experiments, which
have become increasingly sophisticated and
complicated, under cooperation between on the
ground and in space. JAXA will strive to further
improve next-generation Int-Ball performance,
enhance its functions, and promote the automation
and autonomy of intra- and extra-vehicular
experiments, while seeking to acquire robotics
technology available for future exploration missions.
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INT-BALL OVERVIEW

2.1 Configuration and Specification
The appearance and specification of Int-Ball are
shown in Figure 2 and Table 1, respectively. The
main monitor camera in the front is capable of
continuous shooting at a resolution of 1280 × 720
pixels or more for about 2 hours and provides real
time video downlink and still image acquisition
service to the ground. When it receives a command
from the ground control, it moves autonomously to
the target position. The image navigation camera on
the right side of the main body recognizes the
stereoscopic marker (shown in Figure 3) installed
inside the JEM and its own position and attitude with
respect to the JEM fixed coordinate are estimated.
Twelve small axial flow fans arranged around the
Int-Ball enclosure provide propulsion force for
position and attitude control with six Degrees of
Freedom (DOF). In addition, it realizes precise
attitude control by 3-axis reaction wheels to stabilize
the captured images and to prevent visually induced
motion sickness. The main battery can be charged
with USB bus power.

command via the wireless LAN, and then executes
the predetermined operation, and returns the
telemetry to the ground. Activation and charging of
Int-Ball are executed by the crew on orbit.

Figure 2: Int-Ball appearance (Front and rear view)
Figure 4: Overview of communication network
Table 1: Int-Ball specification overview
Item
Photographing
Communication
Resolution
Frame rate
Bit rate
Image stability

Control
Localization
Size
Mass
Operating time

Function and specification
Photo / Video (no audio)
Wireless transmission (Wireless LAN)
HD, 720p:1280 720 pixel
FHD,1080p:1920 1080 pixel
10 ～ 30 fps
16 kbps ～ 40 Mbps
Bandwidth:
Pan: 1 Hz or less
Tilt and Roll: 0.3 Hz or less
Attitude stability: ±1 deg/s or less
Micro fans (Axial flow type)
3 Reaction wheels / 12 small axial fans
Image recognition using a stereo marker
150 mm
1 kg (Main body)
About 2 hours (rechargeable via USB
cable)

Figure 5 shows definitions of sensor direction, field
of view and body coordinate system. With this
sensor arrangement, how to move and to take a shot
in about 2 × 2 × 7 meters JEM space will be
explained. JEM fixed spatial coordinate is defined
as follows. Extraterrestrial / earth center direction
are defined as Ovhd / Deck, ISS orbit forward /
backward direction as Fwd / Aft, JEM Airlock side
/ Entrance side as Port / Stbd respectively. Since the
in-ship laboratory rack where it wants to be shot is
mainly installed on the wall of Fwd or Aft side,
stereoscopic markers, where image navigation
camera basically looks, are installed at two locations
on the air lock of the Port side and the wall of Stbd
side (Figure 6). Photography switching between
Fwd side and Aft side is operated by rotating 180°
around the image camera optical axis ( 𝑌𝐵 axis)
(Figure 7 a). In addition, the stereoscopic marker
that collimates can be switched by rotating 180°
around the axis orthogonal to the optical axis of the
image camera (𝑍𝐵 axis or 𝑋𝐵 axis) (Figure 7 b). In
the middle around maneuver, the inertia sensor data
is integrated and the position and attitude estimation
are propagated for the time off the field of view. In
this way, it is possible to shoot any direction in the
JEM by combining these two rotations and
translational movements.

Figure 3: Shape of the stereoscopic marker

2.2 Operation Overview
An outline of the communication network is shown
in Figure 4. The command is transmitted from the
JEM Operation Control System (OCS) in JAXA
Tsukuba Space Center (TKSC) to the LEHX (Layer
2 Ethernet Hub and Multiplexer) in the JEM via the
communication satellite. Int-Ball receives the

Figure 5: Sensor direction / field of view: Top view (left) and
Front view (right)

Table 2: Functions of each control board
Subsystem /
SoC / OS
Armadillo /
R-Mobile A1 /
Linux OS

Figure 6: Stereoscopic marker installation position. Air
lock port side (left), JEM inside entrance side (right)
Phenox /
Zynq-7000 AP /
Linux OS
(CPU0),
Baremetal
(CPU1)
All-in-one M /
PSoC 5LP /
FreeRTOS

Function
·Video transmission / data
transmission & reception
·Camera recording / playback / saving
log
·Time synchronization
·Fault detection (including power
supply & temperature monitoring) and
isolation
·Internal status indication (LED)
·Software update
·IMU / ultrasonic distance sensor
acquisition
·Self-localization of 6 degrees of
freedom without gravity vector
reference
·Still image recording · Video
distribution
·Software update
·IMU sensors acquisition
·Sensor data fusion
·Guidance control (position / attitude)
·Wheel / fan drive
·Fault detection and isolation of
control equipment
·Software update

In the following, the roles of the three main control
boards are explained.

Figure 7: JEM shipboard shooting method
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SYSTEM DESIGN

3.1 Electrical and Communication Design
The main architecture of the electronic device is
shown in Figure 8. It consists of three control boards:
Armadillo [1], Phenox and “Miniaturized Attitude
Control Sensors and Actuators in an All-in-one
Module (abbreviated for All-in-one M)” [2]. The
three control boards are interconnected by serial
communication. Table 2 shows the functions
distributed to each control board.
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Figure 8: System block diagram (Power supply line
omitted).

Armadillo—Armadillo control board plays the role
of the entire Int-Ball operation system, such as
telecommunication via LEHX and synchronization
with LEHX distribution time. Armadillo also
controls the shutdown / restart of the power supplied
to each control board via the power shutoff circuit
board. At the same time, it monitors that power
source comes from the inside battery or the USB
port of the on-orbit laptop. Two 1-Wired
temperature sensors are provided, and temperature
of the critical parts inside the enclosure is monitored.
In addition to serial communication with Phenox
control board, it is also connected with USB. By
using Linux's USB Ethernet Gadget driver, a
network bridge on this USB connection is formed
and Phenox access to the wireless LAN is provided.
In addition, it controls the LED display for
notification of the camera operation state and the
control state. The Armadillo control board consists of
a R-Mobile A1 based CPU board, an expansion board,
and a FullHD camera, KBCR-S02TXG, manufactured
by Shikino High-Tech Co., Ltd. The Linux OS is run,
and main camera shooting data is encoded and
delivered to the ground using GStreamer which is a
multimedia framework. An SD memory card is
installed, and the recorded data and the log are saved.
The flight software in Armadillo can be updated by
wireless LAN communication for function
improvement.

Phenox—The Phenox control board has a dual core
ARM 9 processor (CPU0/CPU1) and a Zynq 7000
All Programmable SoC that arranges the FPGA [3].
A CMOS camera (viewing angle 90° × 50°, Bayer
arrangement 960 × 540 pixels), IMU and 3 units of
the ultrasonic distance sensor are directly connected.
Each sensor information is acquired and then image
signal processing is performed. The CPU1 performs
calculation of the self-position / attitude estimation.
The FPGA performs image processing at 100 fps
frame rate and stores image feature points and
descriptor information in the DDR3 SDRAM [4].
The CPU1 can read the data via the DDR3 and
perform it without computational load. The 6 DOF
information is smoothed by a low pass filter with 20
Hz bandwidth and handled to the All-in-one M
control board. The FPGA also stores CMOS camera
data at 320 × 270 pixels (24 bits) at a maximum rate
of about 20 fps.

5LP as System on Chip (SoC). A 32-bit ARM
Cortex-M3 CPU (80 MHz) in PSoC is used as Main
Control Unit (MCU). In addition, it has 6 IMUs, 3
reaction wheels, 12 small axial flow fans (via
extension board). Figure 10 shows the module’s
appearance. Table 3 shows the specification. The
module on the right is attached to an extension board
connected to 12 fans and power line. Combining
self-position estimation information from Phenox
control board, it plays a role to conduct high
precision state estimation and flight control. Small
axial fans used a COTS product (RFA 1804 Micro
Fan fabricated by Pelonis Technologies, Inc.) which
generates thrust to resist the ventilation wind
(analysis value) in the JEM. With the Bootloader /
Bootloadable function of PSoC, flight control
application executed by the MCU can be updated by
wireless LAN via Armadillo UART communication.
The control signals of all the IMU sensors and the
wheels are directly connected to the PSoC and the
necessary circuit functions have been successfully
integrated into almost the one chip. We use
FreeRTOS as a platform OS that realizes application
of flight control and measure and control at 10 Hz.
According to the design philosophy of satellite
attitude control software, it has fault detection
function of control equipment and redundancy
function for one or more faults. It is realized by
consuming 57.2% of Flash memory (256 KB) and
89.8% of SRAM (64 KB) in PSoC.

Figure 9: Phenox camera captured image displayed on
Web browser
The Linux OS runs on CPU0 and can provide the
flexible platform for development environment. By
using Node.js which supports Web server
construction and the OpenCV API group, it delivers
the acquired image on its own Web server. By
opening the browser of Laptop on the same network
and specifying the address, real time video
distributed by Phenox can be confirmed together
with the image processing process status as shown
in Figure 9. The picture in this figure is the captured
image of the target marker on the air lock side when
the Phenox camera is collimated to the port direction
while Int-Ball flying. It is possible to simultaneously
display the detected edge (square ridgeline with
yellow color) and feature extracted points (colorful
circles: 5 vertices of a regular tetrahedron) as the
result of real time image processing.

All-in-one Module [2]— This module adopted PSoC

Figure 10: All-in-one Module appearance
Table 3: All-in-one Module’s principal specifications
Resource
Weight
Size
Power
System on chip
CPU
Reaction wheel
Moment of inertia
Maximum speed
Torque scale factor
Maximum current
Inertial sensor
Gyroscope range
Gyroscope noise
Gyroscope bandwidth
Acceleration range
Acceleration noise
Acceleration bandwidth

1 module
88 g (w/o ext. board)
31 × 31 × 31 mm
2 W (5 V for input)
1 unit
32-bit ARM Cortex-M3
3 units
1030 gmm2
16000 rpm
1.96 mNm/A
0.122 A
6 units
±250 deg/s
0.008 deg/s/√Hz
250 Hz
±2 𝑔
250 𝜇𝑔/√Hz
218 Hz

3.2 Structure / Appearance Design
According to the safety requirement of ISS, there are
self-extinguishing conditions under fire, and those
with appearance diameter exceeding 150 mm shall
be made of a flame-retardant metallic material for
the structure. For this reason, to use a resin-made
frame that is light in weight and advantageous, the
appearance had to be accommodated in a ball having
a diameter of 150 mm or less. This the main reason
why Int-Ball became a sphere size of 150 mm or less.
The 3D printing method was adopted as the
manufacturing method of the structure. It is roughly
divided into 3 parts: front half spherical rear half
spherical housing and internal support structure
frame (Figure 11). To guarantee structural strength
and improve ease of assembly, a frame structure is
adopted, it is designed to install almost all the
components in the frame and attach the outermost
casing. The crew kick load / collision load / launch
load was evaluated, and the material with high
strength among the resin materials usable in 3D
printing was selected. As a result of being able to
adopt the 3D printing method, needless to say,
besides weight saving, it contributes to shortening
development time and cost reduction.

Figure 11: Structural parts made by 3D print

There was also a merit that it was born that by setting
the outer diameter as a sphere, the compressive load
tolerance improves. Since it has an outline without
any protrusion, safety for crew and collision with
experimental equipment also increases. By setting
the size to 150 mm or less, as shown in Figure 12,
the portability is improved enough that the crew can
grasp with one hand.
By designing like a face, the crew can easily
recognize the shooting direction. To protect the
crew's privacy, the LED display unit imitating the

eyes lights up in blue during shooting. It turns red
when abnormality such as wheel saturation occurs.
The power switch / connector and label are gathered
in one place on the back. The logo mark of JAXA is
displayed so that the crew can understand the updown direction of Int-Ball (Figure 12).

Figure 12: Back side design of Int-Ball (grasped by crew)

3.3 Heat and Air Flow Path Design
By installing an air-cooling fan inside, air is forcedly
circulated as shown in Figure 13 to uniformize the
internal temperature. The devices that require low
environment temperature, such as USB WiFi or
battery, are located along the circulation flow path
to promote waste heat. The wind is hit also on the
Armadillo camera board which is another heating
element and the heat sink on the Phenox control
board. In this way, in order to place emphasis on the
parts which are severe in temperature and the
heating element parts, the part arrangement design
takes account of the circulation flow path, such as
arranging the substrate etc. at the lowermost part. It
is also designed to prevent high temperature by
doubling as forced exhaust by thrust fan. The
temperature sensor is attached to the part with the
lowest upper limit of the use environment
temperature, and it is designed to shut off when the
environmental temperature is exceeded.
For the safety of the crew, all the propellers of the
thrust fan are embedded inside the sphere so that the
crew will not touch with the fingers. Because of this
design, the turning diameter of the propeller
becomes small. In order to increase the efficiency of
thrust, we installed intake and tail cone in
commercially available compact fans to improve
flow path (Figure 14). Also, the outside housing is
provided with a vent hole designed to prevent choke.

4.2 Position and attitude control
An outline of a control rule that simultaneously
controls position and attitude using a fan is described.
By using the estimated value (𝒓, 𝒒, 𝒗, 𝝎) in the
previous section, the state feedback control law is
𝑓𝑗𝐶 = −𝐾𝑓 (𝑥𝑗 − 𝑥𝑗𝑇 ) − 𝐶𝑓 𝑣𝑗

(3)

𝜏𝑗𝐶 = −𝐾𝜏 𝑞𝑗𝐸 𝑞4𝐸 − 𝐶𝜏 𝜔𝑗 + (𝝎 × 𝐉𝝎)𝑗

(4)

where [7]
Figure 13: Air flow image in the Int-Ball cross section
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Extended Kalman Filtering—Regarding attitude /
position, continuous kinematics are as follows:

𝒙̇ ∈𝑅

𝑞3𝑇
𝑞4𝑇
−𝑞1𝑇
𝑞2𝑇

, And 𝒙𝑇 and 𝒒𝑇 are the target position and attitude
quaternion, respectively. The resultant force / torque of
the 12 fan thrusts (𝑓1 , ⋯ , 𝑓12 ) is given by 𝒏𝑗 for the
normal direction of the fan (positive flow velocity
direction), installation position (the center of the
machine body is the origin, supposing to be 𝒍𝑗 ,

Figure 14: Thrust design around small axial fan
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We construct an extended Kalman filter in which the
observation equation has the measured value (𝒒, 𝒓) of
the Phenox self-localization estimation system [5].
Here, 𝒒 is the attitude quaternion, 𝝎 is the attitude rate,
𝒓 and 𝒗 are the position and velocity in the body
coordinate system, 𝒃 and 𝒂𝑑 are the IMU attitude rate
and acceleration bias, 𝝎𝐼𝑀𝑈 and 𝒂𝐼𝑀𝑈 : IMU attitude
𝐺
rate and acceleration measurement value, (𝒏𝐺
𝑉 , 𝒏𝑈 )
𝐴
𝐴
and (𝒏𝑉 , 𝒏𝑈 ) : IMU gyro and acceleration noise.
However, with regard to the attitude estimation system,
it is constituted by a six-dimensional state equation
with respect to a small amount vector component 𝛥𝒒
and a small amount 𝛥𝒃 of 𝒃, and the time prediction
update of the change values 𝛥𝒒 and 𝛥𝒃 are not
performed (reset to zeros at every time step) [6].
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W is a 6 × 12 matrix, the fans are arranged so that rank
(𝑊 ) = 6, and the pseudoinverse of 𝑊 is
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Twelve fans should be able to generate only (𝑓𝑥 , 𝑓𝑦 , 𝜏𝑧 ),
(𝑓𝑦 , 𝑓𝑧 , 𝜏𝑥 ), (𝑓𝑧 , 𝑓𝑥 , 𝜏𝑦 ) components, four in each 𝑋 −
𝑌 , 𝑌 − 𝑍 , 𝑍 − 𝑋 plane respectively as shown in
Figure 15. The thrust of the four fans of each plane is
arranged with symmetry that does not change even if an
arbitrary thrust value is added to each thrust. Utilizing
this property,
𝑓𝑗𝑋𝑌 = 𝑓𝑗𝑋𝑌 − min (𝑓𝑘𝑋𝑌 )
𝑘=1,⋯,4

(8)

By correcting as shown in the figure, minus thrust and
wasteful blowing are prevented [7]. The same applies
to the group of 𝑓𝑗𝑌𝑍 and 𝑓𝑗𝑍𝑋
At least three of the 12 fan thrusts ( 𝑓1 , ⋯ , 𝑓12 )
calculated as above are zero. Among the remaining 9,
turn ON the voltages of the fans of the top four types.
By performing this processing at 10 Hz, ON / OFF
modulation is performed.

Figure 16: During spatial hold control (photographed
from Stbd to Port)

Figure 15: Propulsion fans' geometry

5

INITIAL CHECKOUT RESULT

5.1 Launch and Experiment on the JEM
The Int-Ball project was initiated in June 2016 and the
development was completed and handovered to
SpaceX. (The outline of the ground verification is
detailed in Ref. [8].) Int-Ball Flight Model (FM) passed
the safety review criteria and was launched as a payload
of the US Dragon spacecraft by SpaceX Falcon 9 on
June 4, 2017. The Dragon spacecraft has arrived in June
5 and the package was unpacked at Kibo on the ISS
with initial check out being started. None of problems
such as cracking and damage are seen in the appearance
of the Int-Ball housing after unpacking on orbit.
We also confirmed that all the functions of each control
board in Table 2, including Armadillo's video
transmission / data transmission / reception function,
work properly. The Int-Ball is currently undergoing
initial checkout, and in this paper, we will give a partial
report on the checkout result of control system
demonstrations.

Figure 17: Position and relative attitude telemetry during
spatial hold control (gray solid line: measured value of
navigation camera, solid line of blue: estimated value,
broken line: control target value)

5.3 Attitude Control Demonstration
Figure 18 shows the angle estimate telemetry when
rotating around the roll axis (𝑿𝑩 axis) by 10° with fan
and wheel control respectively. As compared with the
fan, the wheel control follows the target value more
than twice as quickly, and the telemetry fluctuation
after the follow-up is also small, so the effectiveness of
the wheel control on the attitude stability can be
confirmed also in the free-flying robot.

5.2 Position Hold Demonstration
Figure 16 shows a state where stationary control is
performed at a distance of about 2.1 meters from the
target marker 1. Figure 17 shows the position / attitude
telemetry (10 Hz) during stationary control. The gray
solid line, solid line of blue and broken line show
measured value of navigation camera, estimated value,
and control target value respectively. In this case, the
fluctuation of less than ± 50 mm, ± 5° at each axis was
achieved under the fan control mode.
Figure 18: Relative attitude telemetry during rolling axis
control (upper figure: Δ𝜙 + 10∘ during fan control, lower
figure: Δ𝜙 − 10∘ during wheel control)

5.4 Position Movement Demonstration
Finally, we discuss the performance when the aircraft
is translated ± 200 mm in Port-Stbd direction as shown
in Figure 19. At 𝑡 = 0 sec, a movement command was
sent 200 mm in the Stbd direction (𝑌𝑩 − 200 mm on
the body axis). The Int-Ball stopped as expected after
moved by about 200 mm. Before transmitting the next
translational movement command, the attitude change
command was sent to draw the target marker to the
Navigation camera’s FOV center at about 𝑡 = 60 sec.
As expected, the navigation camera’s direction
successfully retracted to the center by changing the TM
Azimuth (Az) and Elevation (El) angles, while
maintaining almost the current position. Then, after
about 𝑡 = 110 sec, a movement command of 200 mm
in the Port direction (𝑌𝑩 + 200 mm on the body axis)
was sent. Although it overshooted about 100 mm, it
stopped at the point where it moved 200 mm as
expected.

overwhelmingly smaller than any flying robot on
ISS up to now, by focusing on the basic functions
only for shooting and autonomous movement.
Development of Int-Ball was completed in less than
1 year since the project initiated, and it was launched
onto ISS / JEM. On JEM, basic functions such as
video transmission of main monitoring camera
operations were confirmed. In addition, we
succeeded in controlling the position and attitude
with small fans. Besides that, the effectiveness of the
reaction wheel was demonstrated. After the
evaluation is completed, detailed results of the initial
checkout will be reported afterward.
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