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Finally, Mason et al have developed the � Mobipulator� [10]
for extensive study of desktop mobile manipulation, but this
robot possesses only differential drive wheels and no limbs
for dextrous manipulation.

Visual servoing, on the other hand, has been extensively
researched in the robotics literature for tracking and control
[17][18][19][20]. Here, we use visual servoing as a tool to
extract information of interest on terrain conditions.

  TARGET APPLICATIONS
The Scout robot has reconfigurable payloads and both

rolling and hopping modes of locomotion, so it is quite
capable. Rolling is fairly power efficient and hopping
enables it to overcome obstacles, which are common for a
robot only 40 mm tall. Unfortunately, while the hopping is
required for practical mobility, it is rather time and power
inefficient due to the inefficiency of the winch mechanism.
Navigational certainty is also very low for hopping. The
distance and direction of travel is poorly known and
orientation in the plane upon landing is completely random.

Its small size and stealth are useful for military and
civilian uses. Equipped with a camera or microphone Scouts
could be used in search-and-rescue operations following
natural disasters (e.g. earthquakes) or terrorist actions (e.g.
Oklahoma City bombing). There is also potential interest
from civilian SWAT teams in hostage situations and police
standoffs. These are natural military uses, as well,
particularly in urban warfare environments that involve
civilians. Surveillance robots of this size could be carried
and deployed by warfighters, keeping the warfighters out of
the line of fire and minimizing the risk of civilian casualties
in the � heat of the moment.� 

While the Scouts� dual locomotion modes are necessary
to achieve many of these missions in real environments,
there are concerns they may be inadequate for particular
scenarios, hence the investigation of the TerminatorBot as an
alternate design. For example, mesoscale robots would be
most useful in search-and-rescue operations in which the
damage is too severe and constricting to send in dogs (which
arguably will be superior to robots in sensing for the near
future). But large amounts of rubble within extremely
cramped spaces may thwart both locomotion modes of the
Scouts (too much rubble to roll, too little headroom to hop -
see Figure 1). A crawling robot such as TerminatorBot could
fill this niche in which available headroom is, on average,
just a few times the rubble size.

In surveillance tasks, it is desirable for the robot to
conceal itself. The Scouts will only be able to make use of
existing open spaces such as underneath furniture. A robot
with manipulators could actually pull objects over itself,
creating its own cover and enhancing its stealth. A
miniature, telescoping pan/tilt unit has been developed to
facilitate such stealthy surveillance, too [11].

The idea of many small robots amassing a useful charge
from small, insignificant explosives has been suggested by
researchers in a number of scenarios. The main problem
with this idea is that the efficiency of explosives is highly
dependent on their placement. A bunch of mobile robots
with no ability to manipulate would amass a rather
inefficient bomb. Just one or two robots with the ability to
locomote and manipulate could carefully place the charges,
demanding many fewer trips to achieve a given objective.

Finally, in many of these scenarios, the ability to dig or
burrow in light soils is beneficial. This could provide
camouflage during surveillance, additional access during
search-and-rescue, and an alternate detonation means during
de-mining operations.

  LOCOMOTION GAITS AND MECHANISM DESIGN
The mechanism and design rationale that led to the

TerminatorBot, as well as example novel locomotion gaits,
are described in [15] and [16]. In brief, the robot consists of
two 3-degree-of-freedom (DoF) arms that can fully stow
inside the 75mm diameter body. The tips of the arms are
claw-shaped and allow the robot to drag itself along the
ground using a variety of gaits. 

This paper focuses on one gait: the � swimming� gait. In
this gait, the robot reaches forward with both arms, lifts the
body, and then pulls itself forward by pushing back on the
ground below (Figures 2 and 3). The swimming gait is so
named because of its similarity to two-armed swimming
strokes (the butterfly, for example). This gait is used for the

Figure 1: TerminatorBot in mock search-and-rescue 
scenario. (Robot was joint-level teleoperated for this 

photo.)
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study of cyclic, orthogonal motion errors induced in the
visual field of a body-mounted camera.

  VISUAL SERVOING
A tutorial on visual servoing can be found in [21], but

the basic idea is to fixate on a visual feature in the
environment and servo the mechanism to hold constant the
feature’s position in the image plane. In the case of
navigation, a distant goal point in the image would be fixated
and the servoing algorithm would try to keep that feature in
the center of the field of view as the robot moved toward it.
This would effectively produce a “homing” behavior (given
some simplifying assumptions such as no obstructions).

An important thing to note is that ground-based mobile
robots are effectively planar devices. They can only move on
a 2-D surface. The surface may have complex 3-dimensional
shape, but, in most situations, the navigation of the robot is
limited to steering corrections (right and left) as the robot
moves forward.

Effectively, the information to extract for the described
homing behavior is one-dimensional. It may involve a
complex transformation if the 3-D structure of the surface is
complex, but the output is fundamentally one-dimensional.
However, the image plane provides two orthogonal degrees
of freedom (three counting rotation in the plane using
multiple features). Once the servoing error is
orthogonalized, we investigate making use of the
information orthogonal to the navigational degree-of-
freedom. For our cyclic locomotion gaits, the “bounce” of
the camera orthogonal to the surface provides crude
information on terrain conditions when normalized with
respect to the gait parameters.

Our visual servoing algorithm employs sum of squared
differences (SSD) template matching to locate each feature
in every video frame within a small window of the feature’s
last location [11]. For now, features are manually selected.
The SSD feature tracker blends the best-match image patch
at each cycle with the stored feature template to
accommodate changes in lighting and the projection of the
feature.

A miniature pop-up pan/tilt camera mechanism has
been developed for image capture [11]. This allows the
camera to stow inside the body of the TerminatorBot for
ballistic deployment and then pop up outside the protective
shell for inspection or navigation. This miniature device is
shown in Figure2. At this preliminary stage of our research,
we are not able to separate the motion of the camera from the
motion of the robot body (other than quasi-statically, as in
[11]) so we used a fixed camera strapped to the robot as
shown in Figure 3. In fact, this has important ramifications
for bounce normalization as we assume a known focus of
expansion to compensate for the robot moving toward the

features. So we fix the camera optical axis to be parallel with
the robot’s forward axis of travel.

  EXPERIMENTS
For these initial experiments we fixed the camera gaze

straight ahead, manually selected targets for tracking, and
commanded the robot to move forward using the swimming
gait in open-loop mode. Unfortunately, the MIPS-based,
onboard CPU is still under development, so the robot is
constrained by a bulky tether to a desktop PC. This severely
limits the range of motion of the robot and the length of trials
we can perform.

The camera has a 60-degree field of view, which
introduces significant perspective distortion. But the beauty

Figure 2: The miniature pan/til t camera un it.

Figure 3: TerminatorBot crawling across rocks with 
the camera on its back


