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ABSTRACT
This paper describes the design and challenges faced in the
development of an Autonomous Unmanned Ground Vehicle
(AUGV) demonstrator and an Indirect Driving Testbed (IDT).
The AUGV has been modified from an M113 Armoured
Personnel Carrier and has capabilities such as remote control,
autonomous waypoint seeking, obstacle avoidance, road
following and vehicle following. The IDT also enables the driver
of an armoured vehicle to drive by looking at live video feed
from cameras mounted on the exterior of the vehicle. These
two technologies are complementary, and integration of the
two technology enablers could pave the way for the deployment
of semi-autonomous unmanned (and even manned) vehicles
in battles.
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1. INTRODUCTION
In the last decade, advances in computing and
networking technologies have brought
battlefield robotics another step closer to
reality. Robotics will play an increasingly
important role in the future battlefield as the
technology matures and allows force projection
and multiplication, with minimal exposure of
our soldiers to hazardous situations and
environments. Besides the maturation of
robotics technologies, the battlefield will also
evolve into one that will see more unmanned
operations, arising from the proliferation of
wireless ad hoc networks and non line-of-sight
weapons. With such technologies as robotics
and data networks comes a rapid expansion
of the boundaries of situational awareness
beyond what conventional sensors can give.
The future fighting vehicle will have to be reinvented to be more effective in this new
environment. The crew will no longer need to
be exposed to the dangers of driving “hatchup” and still be able to have the same or better
situational awareness compared to operating
hatch-up. Such a concept, where the crew can
drive and operate the fighting vehicle under
the protection of the hull, is termed Indirect
Driving. By integrating Indirect Driving
technology with robotic technologies, we can
create a new concept of manned and
unmanned platforms operating in synergy with
one another.
This paper is organised into seven sections:
Section 2 describes the design of the AUGV.
Section 3 focuses on the modes under which

AUGV has been tested. Section 4 describes the
Indirect Vision Operations (IVO) and Indirect
Driving Demonstrator design. Section 5 lists
the lessons learnt from both developments
and discusses the synergies and possible future
concepts that may arise from the integration
of the two technologies. Section 6 then reports
the synergies between the two technologies
and how they can be exploited for the concept
of Teaming. Section 7 concludes this paper.

2. AUGV DESCRIPTION
The AUGV was designed to develop
autonomous technologies through using the
M113 as a prototype platform. From this
project, we have developed significant local
know-how in technologies such as Machine
Perception, Autonomous Navigation and
Supervisory Control, Vehicle Control and
Actuation and Teleoperation.

Vehicle Platform
The AUGV is based on a M113A2 tracked
Armoured Personnel Carrier (APC) as the base
platform. Besides various sensors, it has to be
retrofitted with actuators to control its steering
levers, gear change lever and accelerator pedal,
along with other actuators for safety. Due to
the tracked locomotion and large mass, the
control algorithm development was
challenging and required many trials in the
field. Figure 1 shows the M113 integrated
with the sensors and Figure 2 is a CAD drawing
of the platform.
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Figure 2. CAD drawing of robotic M113

System Architecture

We integrated Commercial-off-the-Shelf (COTS)

hardware with custom algorithms to gain
machine perception. The Unstructured Terrain
Vision Module (UTVM) uses COTS stereo vision
system (a passive sensor) to provide 3D range
data, whilst the Laser Scanner Module (LSM)
provides “2 1/2 D“ range data (the laser provides
3D range but only in a plane). These two
modules are mainly “vision” sensors, as they
only provide terrain elevation only. The Road
Segmentation Module (RSM) and Night Driving
Module (NDM) give the vehicle some
perception capabilities. Through these two
modules, the vehicle is able to distinguish a
road in day and night. The RSM makes use of
colour information to differentiate between
roads and vegetation, and passes the road
centre information to the Vehicle Navigation
Module (VNM),
while the NDM
uses an infrared
camera
to
differentiate
between the
warmer roads and
the
cooler
vegetation. The
Vehicle Following
Module (VFM)
makes use of the
Figure 3. System Architecture of AUGV
laser scanners to
follow a known
Visual Guidance System
vehicle. The
information from these sensors is fused by the
One of the biggest challenges for autonomous
Sensor Fusion Module (SFM) in different ways,
capability is machine perception. Machine
depending on the operating mode, to provide
perception entails the sensing and
a combined map for the VNM. The VFM
understanding (sensing + understanding =
processes the laser scans of the target vehicle
perception) of the environment so that the
and allows the AUGV to follow it. Figure 4
robotic vehicle can make informed and
shows the sensors that make up
intelligent decisions. Machine perception is
the VGS.
difficult because we live in a 3D world, and
visual sensors will need to
collect and process a vast
amount of information in
real time (or near real time).
Modern
computer
technology has just begun
to make them portable and
cheap enough for
Figure 4. VGS sensors
field application.
Under the project, various enabling
technologies were explored. Through this
project, we have built up local capabilities in
these technologies. Such local capabilities
would benefit us in the future fielding of
unmanned ground vehicles. The overall system
architecture of the AUGV is shown in
Figure 3. The overall system consists of five
subsystems: Visual Guidance System (VGS),
Vehicle Piloting System (VPS), Vehicle Control
System (VCS), Teleoperation Control System
(TCS) and Robust Communications System (RCS).
As seen, major subsystems have names ending
in “system”. At the next level, the functions
that make up each subsystem have names
ending in “module”.
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Vehicle Piloting System

Vehicle Control System

The VPS allows the unmanned vehicle to
navigate from point to point, and avoid
obstacles in the process. This requires the
vehicle to try to reach the final destination as
well as perform local manoeuvres. These two
sets of requirements need to be integrated.
This is performed in the VNM. In order for the
vehicle to be able to reach its goal, it must
know its location relative to the destination.
This information is provided by the Vehicle
Positioning Module (VPM). The VPM uses the
Global Positioning System (GPS) for localisation,
but GPS can be unavailable under foliage or
in an urban environment. Therefore, the GPS
is supplemented by an Inertial Measurement
Unit (IMU), which gives position estimates
during GPS outages. The Master Control
Module (MCM) acts as a heartbeat monitor for
all the critical modules, and it also ensures that
all the modules in the system work in concert,
especially during changes in operating mode.

The VCS consists of the Vehicle Control Module
(VCM), Vehicle Actuation Module (VAM) and
Vehicle Safety Module (VSM). The platform
used is a fully mechanically steered and
controlled vehicle; therefore a complete control
system has to be developed, comprising a low
level control of steering levers and accelerator
pedal, and a higher level control loop for
adherence to the VNM instructions. To achieve
this, extensive trials had to be performed to
characterise the dynamics of the vehicle. One
of the key challenges was the wide dynamic
range required of the control system, as the
terrain is unstructured. The VCM outputs the
control commands to the VAM that controls
the actuators that provide the physical link to
the vehicle. The VSM consists of ultrasonic and
radar sensors that act as safety bumpers that
will stop the vehicle when they detect obstacles
within their range. Figure 6 shows the
actuators that are integrated into the M113
for steering and accelerator control.

transmitter and receiver pair. From the OCU,
the operator is able to command the AUGV to
go to teleoperation or autonomous mode. He
can also control various functions of the AUGV
such as headlights and horn. Figure 7(a) shows
the teleoperation camera and Figure 7(b) shows
the OCU.

Robust Communications System
The RCS refers to the fast Ethernet network
that is implemented for the different modules
to communicate and exchange information. It
also includes the set of standard protocols
between the modules to facilitate this
information exchange.

3. AUGV OPERATION
MODES
Terrain

a. Teleoperation
camera

Fig 7. TCS
components
b. OCU

The target terrain for the operation of the
AUGV is the type found in Sungei Gedong
Training Area. It is mainly open and semistructured terrain. The open terrain is usually
located at the junction of a number of wide
dirt roads. Semi-structured terrain refers to
dirt roads that are unmetalled and defined by
vegetation on both sides. The roads are often
covered in red or brown dirt and gravel. Figure
8 shows the terrain that the AUGV operates
in.

Figure (a): Sensors of the VPM
Figure 5a. Sensors of the VPM

Actuators
Figure 6. Actuators control the
steering and accelerator

Teleoperation Control System

Figure 5b. Screen capture of VNM

The TCS consists of two parts: the first part
resides on the AUGV and comprises a
teleoperation camera, video transmitter and
RF modem; the second part comprises the
Operator Control Unit (OCU), video receiver
and Radio Frequency modem at the base. The
OCU issues commands to the AUGV via the RF
modem, and also receives status feedback from
the AUGV. Live video feed from the AUGV is
also transmitted to the OCU via the video

(a)

(b)
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Modes of Operation
The AUGV operates in the following modes:

a. Manual driving
The M113 was retrofitted in such a manner
that a human driver can still operate the vehicle
like a normal M113. This allows for ease of
movement between the workshop and trial
sites. During unmanned operations, a driver
can also act as a safety driver and intervene
by pulling the steering/brake levers, if necessary.

b. Teleoperation
The M113 can be remotely operated from a
base station. This is achieved by transmitting
live video feed acquired by a camera system
on board the AUGV. Vehicle status, such as
vehicle location, speed, heading, pitch and roll
are also transmitted to the base station via a
digital radio channel. A similar digital RF
channel transmits the commands from the base
station to the AUGV.

e. Vehicle Following
By combining information from the laser
scanner and GPS broadcasts from a leading
vehicle, we have demonstrated the feasibility
of Vehicle Following. The laser scanner returns
the profile of the leading vehicle, which the
AUGV follows. In the event that the laser
scanner loses “sight” of the leader, it relies on
the GPS broadcasts to continue following.

f. Waypoint teleoperation
In this mode of operation, the remote operator
works with a still image that is transmitted
from the AUGV. The still image is captured
from the front driving camera of the AUGV.
By selecting a point on the image, the operator
is able to command the AUGV to move to
(roughly) the desired position. When
completed, the operator can request for
another image to be transmitted to him. This
mode may be valuable when the
communication between the operator and the
AUGV is poor and only compressed images on
low frequencies can be transmitted.

c. Autonomous Navigation
The AUGV is able to navigate autonomously
between waypoints that are defined by GPS
coordinates. To accomplish this, a few
capabilities are combined: obstacle avoidance,
whereby the AUGV’s machine perception
modules detect the presence of obstacles and
send this information to the path planning
module; Road Segmentation, that allows the
AUGV to detect unstructured roads; and Vehicle
Navigation Module that combines the local
terrain information with the global objective.

4. INDIRECT VISION
OPERATIONS

d. Night navigation and teleoperation

Indirect Vision Operations (IVOs) include
operations such as closed hatch indirect driving,
surveillance, target acquisition and designation
as well as controlling remote platforms such
as robotics element. Instead of using the naked
eye or periscope, the operators are assessing
and interacting with the external world
through the use of displays relaying live images
from the camera system.

By using a single Infrared (IR) camera, an
operator would be able to teleoperate the
AUGV. Due to the lack of colour information,
a degradation of performance is expected from
the operator. The IR camera is also used as the
sensor for the Night Driving Module, that is
able to identify the warmer road from the
cooler vegetation. From this, the AUGV is able
to identify the centre of the road and follow
it autonomously.

In order to study the issues associated with
IVOs, two separate platforms were configured
to understand issues (both in design and
operations) related to indirect driving,the most
basic and important IVO. Initially, a KOWARI
(a type of off-road vehicle similar to the SAF’s
Light Strike Vehicle) was retrofitted to gather
data and gain experience. Subsequently, a
BV206 was modified as the first Indirect Vision

Testbed (IVT). IVT not only serves as a testbed
for indirect driving, but it also serves as a
platform to test out indirect surveillance
through video images.
Drivability of the IVT is challenging as it is an
articulated vehicle. Another tracked vehicle,
the Indirect Vision Demonstrator (IVD) is
prototyped to further investigate additional
IVOs such as target acquiring and designation.
The IVD was reconfigured from a variant of
the BIONIX family of vehicles.
The key challenges in the development of IVD
are (i) to provide adequate Field of View via
the cameras for the driver to control the vehicle,
(ii) to display the real-time images via the
various cameras ergonomically so that the
driver can understand the external world and
(iii) redundancy in the control to allow another
crew to control the full functionality of the
IVD. The following paragraphs give an overview
of the IVD as well as its design.
Vehicle Layout - Figure 9 shows the overall
dimensions and layout of the IVD. The vehicle
is configured to carry two personnel and one
Human Factor Engineering (HFE) Specialist.
CrewStation - One of the challenges in IVD
was to design for both ergonomics as well as
redundancy through Vetronics. The
CrewStation concept was developed from
feedback of earlier testing of KOWARI and IVT
as well as HFE analysis using the software called
“Safework”. The final design of the

Figure 10. IVD CrewStation
CrewStation is shown in Figure 10. Both
CrewStations are capable of performing the
roles of driving, surveillance and gunnery.
Both crew members view the external world
through a combination of LCD displays and
lookup periscopes. The primary display system
for each crew consists of three 6.8” LCD displays
and a multi-functional 12” LCD display. The
three 6.8” LCD displays show the current
camera group that the crew is viewing through,
i.e. a front set of driving cameras (three sets,
having a Horizontal Field-Of-View (HFOV) of
43 each), a side set of driving cameras (two
sets, having a HFOV of 99.2 each) and a rear
set of driving cameras (three sets, having a
HFOV of 43 each) or Observation set of cameras
(three sets, having a HFOV of 43 each).

Cameras - The combined FOV of the various
cameras (refer to Figure 11) is critical as it
replicates what the driver sees via his naked
eyes, periscope or assisted by the commander.
One of the challenges in the development of
IVD
is
to
determine the
minimum number
of
cameras
required as well as
its FOV to avoid
the penalty of
e x c e s s i v e
weight/space (i.e.
Figure 9. Indirect Vision Demonstrator (IVD)
too many cameras)
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determine the
minimum number
of
cameras
required as well as
its FOV to avoid
the penalty of
e x c e s s i v e
weight/space (i.e.
Figure 9. Indirect Vision Demonstrator (IVD)
too many cameras)
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5. Lessons learnt
Autonomous Unmanned Ground
Vehicle

allow the AUGV to adapt itself based on its
health status or external factors should be
carried out. This can then be extended to
responding to more unforeseen stimuli.

Indirect Vision
We have demonstrated the capability of
autonomous unmanned navigation of an
existing vehicle (M113), including such
Side Driving
Camera

Front Driving
Camera

Figure 11. External camera layout on IVD

intelligent behaviours as obstacle avoidance,
vehicle following and road following. However,
the speed of movement is not yet the desired
speed of at least 25 km/h. This is due to
limitations in machine vision, intelligent

and image distortion (i.e. fish-eye lens though
providing wide FOV but presents a
distorted image).

performance is on par with the CRTs. As seen
from Figure 12, the primary display system for
each crew consists of three 6.8” LCD displays
and a multi-functional 12” LCD display.

behaviours and vehicle response. While the
third factor can be considered a related but
separate problem in robotics, more work should
be done in the area of machine vision and

Two types of video cameras are employed in

artificial intelligence. These are discussed

the IVD; external and internal cameras. External

separately below.

cameras provide the primary visual information

The need for operating closed-hatched is likely
in future wars when weapons will be more
lethal. The key challenge is how to “replicate”
the sensory feedback that hatch-out
commanders and driver/crew experience,
especially in the areas of situational awareness
and depth perception, as described below.
Future work will be done to study the
improvement that can be achieved in indirect
driving by way of 360 panoramic vision systems
and other human factors studies into how to
improve the “driveability” of indirect vision
driving. Looking further, technologies that may
provide drivers with indirect 3D vision will be
kept under watch for future studies and
integration.

for both crew in their LCD displays. Hence it is

Machine Vision - In our unmanned vehicle

essential that these cameras provide a high

testbed, we have explored stereo vision and

resolution and their dynamic performance is

laser scanning. Both complement each other:

also important to ensure that they function

one is passive and provides 3D information

Situational Awareness - One of the key

well in different terrain and light level

while the other is active and provides only a

concerns highlighted during the trial is the

conditions. In addition, night intensification

line scan. Due to the short range of stereo

lack of general battlefield awareness while

modules are also attached to the existing day

vision, the vehicle is only permitted to move

performing IVOs, even with the aid of the Test

cameras to provide night operation capability.

at a maximum speed of 15 km/h so that it is

Message Transmitting System (TMTS). There

able to avoid obstacles or stop in time. For

were no 360 vision and audio suites simulating

faster speeds, a two-pronged approach can be

what a hatch-out commander can see and hear.

Internal cameras were used to capture crew
responses for the purpose of HF analysis. These
video images are recorded during trials for offline evaluation.
Off-the-shelf cameras like the JVC TK-1369E,
Day Camera are used for the external cameras.
It is low-lux (0.03 lux) and has a night
intensification module which allows it to see
even in illumination of 0.01 lux.
LCD Displays - In the selection of the displays
for the crew station, space constraints and
display quality are the major factors of
consideration. The best option available in the
market is the AMLCD (Active Matrix Liquid
Crystal Display) flat panel displays. The AMLCD
has a much thinner depth than an equivalent
sized CRT. With current technology, the display

Fig 12. LCD Displays
The 6.8” LCDs from ViewTek (resolution of
1152 H x 234 V) are mechanically ruggedised
locally. The power supply input was also
modified to accept direct vehicle power; DCDC converter was used to step down the vehicle
power supply (24V) to the display unit power
requirement of 12 volts DC.
The Barco 12” AMLCD Vector display system
(resolution of 800 H x 600 V) was selected for
the IVD, which consists of the Panel Module
(PM) and Video Control Module (VCM). The
PM displays the image from the video source,
overlaid with the GUIs. The PM also provides
controls of the display contrast, brightness and
the various functions activation. The VCM
communicates with the other systems through
the Control Area Network (CAN)-bus.

taken: to improve the effective range of stereo
vision and to explore new technologies such

We have identified that the lack of the

as flash LADAR1 (LAser Detection And Ranging)

Situation Awareness (SA) problem can be

or millimetre wave radars.

further broken down into (i) Global SA and (ii)
Local SA. With respect to (i) Global SA, the

Artificial Intelligence - At the moment, the

TMTS needs to be replaced with a messaging

intelligence of the AUGV is limited to avoiding

system that is of better performance and better

obstacles, following vehicles and following a

data integrity. A good messaging system as

road. These are low level intelligence functions

demonstrated by the TMTS does help to reduce

that gives it the basic capabilities. For effective

navigation time and create better situational

autonomous operations, the AUGV needs a

awareness. More importantly, it must also have

better understanding of both the environment

good data integrity to make the crews trust

and itself and their interactions. Also, studies

the data. This is not fully achieved by the TMTS.

of advanced supervisory controls that could

As for (ii) Local SA, a more Over-the-Hill (OTH)

1 Flash

LADAR is a new technology that is able to acquire range information from the whole scene at one
go, much like a camera “flash”.
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type of Panoramic Sight and/or a 360 Vision
Suite with an obstacle/intrusion detection laser
proximity belt will be useful. With these sensor
suites (inclusive a suitable audio suite) and
suitable data fusion and representation, we
will be closer in answering and matching what
hatch-out crews actually experience.

Depth Perception - To better the indirect
vision driving and other IVOs, there is a need
to improve the perception of depth. Two
dimensional images are not capable of
differentiating between a cast shadow and a
real hole. Stereoscopic images augmented with
LADAR will give the IVOs operator better real
world information to make a correct decision.

6. SYNERGIES BETWEEN
AUGV AND INDIRECT
DRIVING TECHNOLOGIES
Unmanned Ground Vehicles have been slow

cluttered ground environment requires high
fidelity to ensure the safety of the vehicle,
especially if high speeds are desired. With high
fidelity comes the need for high computing
power to process the information.
The synergies between AUGV technologies
and the lessons learnt from IVO are apparent.
In the Indirect Driving studies, we have learnt
some of the issues that need to be considered
and designed for, in driving a vehicle using
cameras. This is analogous to driving a remote
controlled vehicle, since the video from the
remote vehicle is also displayed on a screen or
other types of displays. Therefore, some of the
design considerations for IVO will benefit the
design of a teleoperation console, either as a
Command & Control (C2) console or a remote
control console. The technologies developed
under the AUGV, such as machine vision, can
help ease the problems encountered during
IVO, such as the lack of local situational
awareness and depth perception.

in their emergence in the battlefield, unlike
their aerial cousin, the Unmanned Aerial

Teaming

Vehicle (UAV). This is no surprise, because up
in the sky, there is significantly less clutter and
obstructions compared to the ground – a midair collision is a highly unlikely event.
The major difficulties in putting autonomous
unmanned ground vehicles in the field have
been the limitations on machine vision and
intelligent behaviour. Sensing in the highly

Often, real-time operations require a
compromise on the fidelity and amount of
information that the robots can process. This
means that the robot has limited understanding
of the environment, which in turn translates
into limited intelligence. Therefore, in order
for unmanned ground vehicles to be fielded
for operations in the near future, the present

The following table summarises the synergies between the two technologies:

Technologies under AUGV that
will benefit IVO

Technologies under IVO that
will benefit AUGV

Unmanned driving with obstacle avoidance,
road following and vehicle following can ease
the workload of crew during movement

Indirect driving and global situational
awareness MMI can be adapted to
improve interface for robot control
(teleoperation, waypoint navigation)

Machine vision can detect obstacles and highlight
them to driver to alert them of dangerous areas

Experiences in camera placement for
local situational awareness can improve
the teleoperation experience for
remote controller

autonomous technologies must be
complemented with human intelligence. We
term this the teaming between manned and
unmanned platforms. Autonomous
technologies such as obstacle avoidance,
waypoint navigation, road and vehicle
following can be integrated onto an unmanned
ground vehicle and controlled by an operator
under the protection of a C2 vehicle. The
unmanned vehicle does not need to have the
full intelligent capability for it to be used
in missions.
In order for the teaming concept to be realised,
we need to study how the operator can
effectively interact with the remote unmanned
vehicle. The interaction may be in the form of
the conventional remote control, or it could
be more sophisticated. Alternatively, it could
be more sophisticated, whereby the operator
can call upon different autonomous behaviour
components which are modular in nature.

reduced. Then, it would be possible for one
operator to control multiple unmanned
systems, including both unmanned ground
vehicles and UAVs.

7. CONCLUSION
In this paper, we have described the main
design features of both AUGS and IVD. Both
systems were explored separately, but the
synergies between the two are apparent.
Further, when the two technologies are merged
together, the concept of teaming between
manned and unmanned vehicles is born, a
concept that draws on the benefits of existing
state-of-the-art technology in both areas. We
are confident that this new and innovative
synergising of two standalone technology areas
will be the next thrust for
land manoeuvre.

However, there are differences between the
two, and the following are areas that need to
be studied:
a. There is a disparity between the physical
feedback felt by the operator seated in the
C2 vehicle (especially when it is moving)
and the visual feedback that he receives
from the video screen while controlling
the unmanned vehicle. The effects of this
on the operator need to be studied.
b. We need to study the MMI (Man-Machine
Interface) that would be effective for
controlling the unmanned vehicle,
especially when the C2 vehicle is moving.
c. The workload and workflow of the
operator and crew in the C2 vehicle needs
to be studied.
In the long run, as more sophisticated
autonomous behaviour is developed, the load
of operating the unmanned vehicles can be
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