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Abstract for nearly a week, exploring previously uncharted terrain and
sampling volcanic gases (see Fig. 1). The legged robot trav-
Dante Il is a unique walking robot that provides important insighteled one-quarter of its 165-m descent into Mount Spurr au-
into high-mobility robotic locomotion and remote robotic explo-tonomously, relying only on onboard sensors and computers
ration. Dante II's uniqueness stems from its combined legged and plan and execute its motion. Challenges included crossing
rappelling mobility system, its scanning-laser rangefinder, and it§-m boulders on ash-covered slopes, as well as navigating ar-
multilevel control scheme. In 1994 Dante |l was deployed and sueas of deep snow, ditches, and rubble. When terrain difficulty
cessfully tested in a remote Alaskan volcano, as a demonstrationeXceeded the capability of the automated planning system, su-
the fieldworthiness of these technologies. For more than five dagervisory teleoperation was used to guide the robot. Through-
the robot explored alone in the volcano crater using a combinatioput its exploration mission, Dante |l streamed a variety of sci-
of supervised autonomous control and teleoperated control. Humamtific data to operators and volcanologists located at remote
operators were located 120 km distant during the mission. Thisites. Several times the surrogate robot scientist was struck by
article first describes in detail the robot, support systems, contrddoulders cascading down the steep crater walls. After arriv-
techniques, and user interfaces. We then describe results from ihg at the heavily bouldered crater floor, the robot measured
battery of field tests leading up to and including the volcanic missiothe gas composition of several large fumarole vents. While
Finally, we put forth important lessons which comprise the legacglimbing out of the crater, Dante Il lost stability on steep,
of this project. We show that framewalkers are appropriate for rapmuddy terrain, and fell on its side, ending its mission.
pelling in severe terrain, though tether systems have limitations. We Dante II's expedition to Mount Spurr during 1994 was a
also discuss the importance of future "autonomous” systems to readignificant achievement in remote robotic exploration, and
ize when they require human support rather than relying on humarmas provided important insight into high-mobility robotic lo-
for constant oversight. comotion. Several terrestrial robots have operated with more

KEY WORDS—rappelling, walking robot, supervised autongugonom)lllthathalnte ”ﬁ butin muchllehsts—zemandmg telrrat|rr]13
omy, behavior-based control, terrain visualization, volcan@d Usually with close human oversight. AS an €xample, the
exploration NavLab, with safety observer onboard, autonomously trav-

eled several kilometers of moderate terrain in search of an
obstacle-free path to a goal (Stentz and Hebert 1995). Other
robots have achieved long field missions, but required daily
or more frequent human support (Thomas, Hine, and Garvey

. . . 995; Wettergreen et al. 1999).
Relying on support from an actively tensioned tether cable L o :
e . . The principal objective of the Dante project was to develop
and vision from a scanning-laser rangefinder, Dante Il rap-

elledinto the crater of an Alaskan volcano and operated aloagOI demonstrate technologies which could lead to solutions
P P Bt robotic exploration of the most rugged lunar and planetary
*Author was a PhD candidate at Carnegie Mellon’s Robotics Institute at ﬂ]@rram' In _at least the latter case, a certain amount OT robot
time of the Dante project. autonomy is essential, due to the latency and bandwidth of
The International Journal of Robotics Research communication to Earth: planetary explorers must be self-

Vol. 18, No. 7, July 1999, pp. 3oxx-xxx, capable, and succeed with only occasional human guidance.
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Furthermore, human assistance for repair or rescue from en-
trapment is virtually impossible. In addition to offering lunar
and planetary terrain analogs, Mount Spurr demanded some
autonomous capabilities, because human operators were lo-
cated far from the volcano for safety reasons and communica-
tion bandwidth to the robot was limited due to site conditions.
Given the active state of the volcano, human entry to the crater
floor was prohibited, which forced a certain amount of self-
reliance on the robot. Mount Spurr also offered a volcanically
active crater that was unexplored by humans, and therefore of
some scientific interest. This formed the secondary objective
of the project: to procure scientific data from the volcano and
thereby broaden experience in the use of robots as surrogate
field scientists.

The key accomplishments of the Dante project were:

» The development and demonstration of rappelling loco-
motion in natural terrain. We believe Dante Il traversed
the most severe terrain attempted by a mobile robot.

» The development and demonstration of a contextual
control architecture with enhanced teleoperation and
autonomous behavior-based operational modes.

» The demonstration of a self-reliant robotic system with
a 5-day unattended mission in a harsh environment.

« The demonstration of remote volcanology by provid-
ing video and gas-sensor data to scientists who could
view, interact, and interpret exploratory results safely
and instantly.

» The generation of widespread public and scientific in-
terest in the mission, robotic exploration, and robotics
in general.

This article fully describes the Dante Il robot system, ex-
plains the important results, and then draws out the technical
and programmatic lessons learned from the project. This ar-
ticle is organized into three major parts: Section 2 offers a
technical description; Section 3 describes our technical re-
sults; and Section 4 relates the lessons learned. Section 2
begins with an overall description of the Dante Il system, fol-
lowed by a summary of the approach that guided our design
and development process. A complete technical description
of the Dante Il robot system, including associated remote
and support equipment, is then presented. Design rationale
are given throughout the technical description. In Section
3, technical results from the extensive testing program and
mission are described. Finally, Section 4 enumerates tech-
nical and programmatic lessons that the project can teach or
demonstrate.

Fig. 1. Dante Il enters the Mount Spurr crater by crossing 2. Technical Description
show field on the rim of the volcano (top). Deep in the crater,
Dante negotiates several large boulders and a ridge as it begins. System Summary

its ascent (bottom). There is low tension on the tether (noﬁ

he sliah b he robot he relatively hori nte Il, shown in Figure 2, is a framewalker; its eight panto-
the slight sag), because the robot s on the relatively Or'zonﬁgphic legs are arranged in two groups of four, on inner and
terrain of the crater floor.



Bares and Wettergreen / Dante Il 623

i lnser scanner
Al e, __.-"'-. X sefwfilon, cheg HOTis. R CRseT

clecironics i | | e ——
cnclosune " pan til e
arcies

& CilFme i
firection of L LA |
E!\-rrl.'-'l.hlrlu|"||1':'|lil'|ll £k sensor arch ! ' = X -
e .{ /_/ :r i
L G o " Y
£ij
.|II-,_I -0 ley, actusior 7 ! l i,
HL"'I b ""'/:II“ -:“lil ;LI.I L . penic cumind sumim
P i, J;I P ?
s o Ll 1 - L - —
AR e L =
h'_‘--\.' b, WA MLk ’ ':li._ q_',l k - J-\ﬁ' o .
%ﬂi—' . N by ':I.ﬂi'-l _ (-#-....J Rasbe ]
I&f.'l'.'_ : o

:-J::':, s & i =-....,
i T ~ ! Fig. 3: Schematic of the equipment deployed to Mount Spurr.
ﬁ b The remote-control station was 120 km distant.
1 iy e tether
frams e
iranslaten iﬁf" . . . .
drive ley camern i including a steerable stereo pair, and a two-axis laser scan-
(4] u ner. In addition to the video cameras, which are used both

for navigation and science, scientific data sensors include gas
concentration sensors and temperature thermocouples.
Dante Ilis controlled through a variety of methods, ranging

outer frames. Each leg can individually adjust its positioHom direct teleoperation to supervisory control that enacts

vertically to avoid obstacles and adapt to rough terrain. Boﬁtgnorﬂous t\)/valkmg on rou?E tre]zrra_un. Indltcsj autfonomfous

translation is actuated by a single drive train that moves t ode, the robot uses cqntrq ehaviors an ata from force
frames with respect to each other. The frames can turn reffNSoOrs on the legs and inclinometers in the body to generate
tive to one another, to change heading. The maximum tuﬁiotion sequences that advance the robot and safely adapt to

per step is &°, so it is best to avoid obstacles in advance t§'€ ©"ain- . ' _
minimize repeated turning. Power-generating equipment, video and data telemetry

Unlike most walking robots, Dante |l pays out tether capl§duiPment, as well as a crater overview camera, are all lo-
from an onboard winch as it advances. On slopes, tether téﬁl—ted Oﬁpoard the rc_)bot near the tether—gnchor point on the
sion is continuously adjusted to maintain stability and min\-/()lcr‘?Ino im. As:tell_ge-bamécdommgmlcatlonshantegna atdthﬁ
imize adverse structural leg loading. Dante Il is staticall nchor site sends video and data between the robot and the

stable—it has no dynamic (balancing) phase in its gait Cycle_emote-control station. Operators in the remote-control sta-

but dynamic events, like bumps and slips, do occur and c%?; use graphical user interfaces_ to mqnitor an_d Comma”d
destabilize the robot. To ascend and descend steep sIopes:‘ d obot. Operatprs are also. proylded with a v_anety of video
tensioned tether, mounted on the inner frame, provides t{gages and _t(—?rra!n maps b.u|lt W'th the scanning laser. Key
reactive force to gravity. To walk, the legs on one frame raigdyStem specifications are given in Table 1.

up, while legs on the other frame support. The free (unsup-

porting) legs recover to new locations as the frame translates2- The System-Design Approach

propelling against the supporting legs. When the inner framg,e pante project required a new level of robotic competence
is in motion, the tether winch spools in relation to robot in3, o developed, tested, and deployed in a 14-month period.
clination to counteract the down-slope component of graviti .hnologies previously demonstrated only in laboratory set-
and to minimize shearing forces_at the feet. Th_e legs can Iﬁhgs were to come together for a multiday mission in the

and lower the body as well as adjust the body pitch to remajl s, environment of an active volcano. From the outset,
parallel with the nominal terrain slope. With this locomotion, \were clear that success would hinge on adopting an ap-
scheme, the robot can surmount large obstacles and travessg, o, that was tailored to the time constraints and technical

terrain in the full range from horizontal to vertical. _challenges. Early in the project we detailed the measures of
In addition to strength fibers, the rappelling cable also inission success:

cludes conductors for power, data, and video telemetry. Power

is supplied from an offboard generator through the tether (see * rappel to the floor of Mount Spurr’s crater,

Fig. 3). A central electronics enclosure houses all equipment * Procure scientific data from inside the volcano, and

for real-time computing, actuation control, and communica- conduct the entire exploration without human presence.
tion. Navigation and control sensors include force transdu@hese essential metrics of success became the standards
ers on each of the legs and tether winch, seven video cameagginst which we tested numerous technical, logistic, and

Fig. 2. The Dante Il mechanism and sensors.
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Table 1. Dante Il System Specifications

Robot size (lengthx width x height) 3.7mx 2.3mx 3.7m
Robot weight; payload 770 kg; 130 kg
Typical rappelling speed 1 cm/sec

Total tether length 300 m

Typical total system power draw during rappelling (including all telemetry equipment) 2,000 W

Typical bandwidth: control station to robot; robot to control station 56 kb/sec; 1 Mb/sec
Maximum rappelling slope angle; maximum cross-slope angle °; 30

Maximum boulder or step on level terrain; on°3)ope 1.3m;1.0m

programmatic questions and proposals throughout the projégimechanics slowly in an attempt to avoid control “mistakes,”
and actual mission. In general, anything that did not conwe believe that itis more expedient to overdesign components
tribute directly to these essential metrics was set at a loand thus permit integration to proceed rapidly and with less
priority or struck from the project. This approach was quiteoncern for equipment damage. Of course, overdesign is no
practical in countering the inevitable “mission creep” that inexcuse to skip proper control design and testing. By nature,
creases technical risk, schedules, and budgets. an exploration mission will encounter unexpected conditions.
Another major aspect of our approach was to develop aMile believe that a systemic development approach that applies
test incrementally. In an effort to avoid late surprises in thpidicious overdesign will also result in a system more suited
fast-track program, we forced as much testing as early & an exploration mission.
possible. To ensure the appropriateness of tests, we simulateddA common result of overdesign is increased weight. In
expected conditions whenever possible and attempted to pukk case of a walking robot, increased body weight causes
componentsto failure in order to understand failure modes aimtreased leg loads, leading to larger structures and actua-
estimate safety factors. tors. We prioritized reliability and durability over weight min-
Although the robot would be designed for autonomous opmization, although we did make systematic efforts to reduce
eration, we decided to prioritize the development, testing, aneeight.
hardening of the teleoperation system. Given the difficulty of
the Mount Spurrterrain, we believed that even arather capable
autonomous control system would have to be assisted 0ccas
sionally by human supervisors using teleoperation. While thé™

various levels of autonomous controls were desirable from "Bante II's locomotion mechanism is specialized for rappelling
search and programmatic standpoints, they were not essendial steep slopes composed of variable materials, boulders,
for mission success. Our baseline mission-readiness targgtnes and ridges. The legs and tensioned tether are coordi-
was a solid teleoperation system. This approach would gujzteq to advance the body and adjust elevation and attitude,
antee arobot that could traverse a variety of terrain challenggs, e minimizing undesirable forces on the legs and main-
As the teleoperation capability was tested and proven, Wgining a safe margin of stability (Apostolopoulos and Bares

began to layer autonomous modes of control on it.  Theggs) Because of the nature of rappelling, the vehicle is opti-

“teleoperation-first” strategy led the program from easy to difs,;,ed to move in straight lines, typically down the slope’s fall

ficult: direct teleoperation uses simpler algorithms than mojg, o (path of steepest descent). While on steep slopes, turning
autonomous control schemes. ~Furthermore, autonomaus,seq only to make minor heading changes, as the tether

robots tend to use the motion-control primitives that are thg it must remain nominally aligned with the anchor point to
essence of a teleoperated device. It has been our experiefjgfse the stabilizing effect of the cable.

that robot-development projects frequently prioritize devel- tha |ocomotion mechanism consists of legs, two frames,

opment of autonomous control modes only to realize t00 lalg,  the winch. Four legs are mounted on each frame. The legs
that robust teleoperation is needed and nontrivial to implesgivigually lift and lower to compensate for terrain irregu-
ment. With a solid teleoperation capability at the core of 0y jies and adjust the body’s height and pose. With four legs
system, we felt that it would be acceptable to experiment witl 5 trame lifted off of the terrain, the frames move relative to
less-proven autonomous modes up to and throughout the Misyh, other to advance and turn the robot (see Fig. 4). While
sion. We could always revert to teleoperation if necessary. tqr legs of one frame support the robot, the other frame trans-
Another element to our approach was to overdesign COMes forward and places its legs on the ground. The winch is
ponents and subsystems, as this enables rapid integration g, nted on the inner frame and winds the tether in and out as
margin for unexpected conditions. We have found that robQfeded to maintain a tension force on the robot. This section

system integration commonly stresses components more thalk-rihes the legs, the body frames, and the rappelling winch
actual operating conditions. Rather than integrating elegystem.

The Rappelling Locomotion Mechanism
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ﬂ]]]]]] Hu"t’:"‘f“ are transmitted to the actuator. The resultis a compact control
W LA point and drive region without actuator side loads, making the

actuator design simpler and more weight efficient.

The leg’s linear actuator is designed to maximize the
strength-to-weightratio, and is based on electric drives usedin
the aircraft industry (see Table 2). A brushed 28-V DC motor
drives a ball screw through a three-stage 60:1 gear reduction.
Additional gearing beyond the load path drives a 10-turn ab-
2.3.1. The Legs solute potentiometer and a small ball screw whose nut is used

to trigger travel-limit switches. A power to open (fail-safe)
The design philosophy for the leg was to make a tough aprake on the motor locks the actuator whenever power is re-
pendage that could withstand repeated falls and collisions withoved. This feature is used to save power and reduce actuator
obstacles, and support its load on any type of terrain materigkar when the leg is supporting the body. Additionally, the
ranging from mud to hard rock. Each leg is a pantograptobot can be locked in position merely by disconnecting the
mechanism that amplifies the motion of a linear drive actugower supply. The actuator is sealed against water intrusion.
tor to generate a straight-line foot motion (see Fig. 5). Th@ne shortcoming with such a weight-optimized actuator is
actuator moves the upper control point, while the lower corthat the motor is only sized for intermittent high load use, and
trol point is fixed to the robot’s body. The linkage geometryill overheat if used constantly for load holding. Exacerbat-
amplifies actuator motion by four times at the foot, and aming the situation is the lack of a simple and reliable method
plifies axial foot forces by the same factor at the actuator. THer measuring armature temperature on a small brushed motor.
actuator is compact and located far away from the foot and I&dhe result is that the actuator amplifier and control software
shank area, which greatly reduces the chance of damage daystem must protect the motor from overheating conditions
ing walking and rappelling. The pantograph also eliminatahat can occur during long periods of high or stall loads. Al-
so-called geometric work energy losses during body liftinthough the control software is designed so that the motor is
and lowering, the former of which is typically the peak ennever energized for long periods of high load, a custom cur-
ergy demand for a slow-moving walking robot (Hirose 1983).ent integration and cutout circuit on the amplifier provides
The geometry of the moving and fixed control points results ian additional layer of motor protection.
minimal angular excursion of the shank; such excursions can The leg must withstand all cases of foot loading (axial to
cause leg entrapment, especially when lifting and lowerinipe foot, transverse to the pantograph plane, and transverse
the body (Bares and Whittaker 1993). normal to the pantograph plane) that might occur throughout

The fundamental design criterion was to enable the legstioe spectrum from flat terrain walking to vertical slope rap-
carry very high in-plane transverse (or shearing) foot forcepelling. There was specific concern for minor falls during rap-
which could occur during rappelling, especially if the winctpelling which might result in the entire robot’s dynamic load
cable-tension control faltered or failed. The geometry of thacting on only a few feet, primarily in a shearing (transverse
leg is such that in-plane transverse foot forces result in arm-plane) direction. The pantograph leg structure is designed
plified reactions at the two control points. The control pointéor maximum strength-to-weight performance; all links are
are very stiff and transfer all loads to the robot frame exceftin-wall tubes with tapered wall thickness (to follow moment
the axial load borne by the actuator. A linear rail and slidingpading) where possible. The four principal hinge joints (see
bearing connects the upper control point to the body. A wolt-ig. 6) experience a variety of forces and moments resulting
ble nut above the sliding bearing ensures that only axial loaff®m axial and transverse foot loads. These joints employ a

Fig. 4. Dante II's framewalking motions: translation and ro
tation.
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Table 2. Leg Actuator and Linkage Specifications

Actuator (integrated motor, brake, gearing, potentiometer, limit switch) Sussex GB-106L
Continuous actuator-force output 11458 @ 1.4 cm/sec
Resulting force and speed at foot 2189 @ 5.6 cm/sec
Maximum speed at foot (no load) 7.9 cm/sec
Maximum body-lifting speed (assuming 8 legs supporting and lifting) 7.1 cm/sec
Actuator weight 5.4 kg
Actuator stroke 0.33m
Leg weight (excluding actuator, guide bearing, pivot block, load cell) 16.1 kg
Leg-link material Aluminum 6061-T6
Vertical leg stroke 1.31m
Lower-shank pivot throughout vertical stroke < 5°
b ki 2.3.2. The Frames
S lubs “‘“:I:;}“.dﬂ}k-___ The eight pantograph legs are arranged on .the robot in two
g il i A -~ hinge axle groups of four, on body sections termed the.mner frame qnd
el poind Lo outer frame. The inner frame supports the winch, electronics
YaB e
o e ke enclosure, and arched sensor mast. The frames can translate
&gl and rotate with respect to one another in a fully decoupled
,ﬁ = g2 manner. For instance, to advance forward, the legs on one
= RS frame are raised, the frame is translated, and the legs are low-
AN H‘“m___ s eredtothe ground. To continue advancing, the process repeats
[ e with the legs on the other frame lifting, followed by a frame
hinge conncezion in =l translation (in which the single frame actuator drives back
Fied bonwer control poim Fog 0 in the reverse direction). Turning is similar except that the

EE . . . .
frame with raised legs rotates with respect to the supporting

Fig. 6. The leg's structural details. All major connections argame instead of translating. Though the legs are attached to
yoke and tube style, to minimize reliance on welds. the frames in fixed rectangular constellations, each leg can
individually move its foot up and down with its pantograph
actuator. All of the legs can thus adjust lengths to best suit
the terrain and objectives. For instance, if walking on a side
slope, the legs adjust their lengths differentially so the body
torsionally stiff yoke with a sleeve that transmits the loads diremains level. In another common situation, where the terrain
rectly to the tubes with little reliance on the sleeve/tube weldslope changes, legs individually change length to adjust the
Each yoke is machined from solid aluminum to minimize theobot'’s pitch as it crosses the region of slope change.
need for welding and improve strength. The leg structure and Decoupled translation and rotation of the inner and outer
specifically the yoke design was developed through a lengtfnames is achieved with the mechanism shown in Figure 7.
iterative cycle of design, finite-element analysis, fabricatio,he outer frame is composed of a transverse middle frame
and destructive testing. Leg-load and stiffness test results aection, as well as left and right leg towers, each of which
shown in Table 3. provide attachment for a pair of legs. The inner frame rotates
A snowshoe rings the lower shank, and a hard rubber fooh a bearing interface to the mid-frame. The turning actuator
is appended to the bottom of the shank. Much like a ski polés attached to the inner frame, and drives an output pinon gear
the hard foot is used when walking on solid surfaces whilalong a spur gear sector fixed to the mid-frame for a total
the shoe (like a ski-pole basket) supports the leg load on sddirning motion of£11°. Yaw position of the inner frame
surfaces. The shoe is a multisegment design that can ofdymeasured by a potentiometer mounted within the central
support the leg load when most radial segments are sharirggary bearing. The leg towers (on the outer frame) translate
the load, as in the case of snow and mud. For instance, wheith respect to the mid-frame on bearing rails attached to
walking among rocks, the segments readily deflect so that mitve underside of the towers. A single actuator drives both
ment loads cannot be applied to the leg shank. The snowshowers simultaneously via a driveshaft that spans the mid-
also freely rotates on the leg to avoid jamming with terraiframe. The position of the towers with respect to the mid-
obstacles or other legs and snowshoes during forward frarfframe is measured with a multiturn potentiometer attached
translation and turning. to the final gear train. For the turning drive system, output
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Table 3. Leg-Testing Results

x-Direction Loading y-Direction Loading z-Direction Loading
Leg F 8 k F 8 k F 8 k
Position (N) (cm)  (N/cm) (N) (cm)  (N/cm) (N) (cm)  (N/cm)
¥ 1,886 106 178 3159 53 596 No No  No
test test test
; 1,935 136 142 3,186 5.6 568 4,445 3.7 1,201
I 1917 16.7 115 3,204 5.6 572 5,050 35 1,451

Loads shown are peak successful loading; in some cases, loads were increased beyond the values shown, but resulted in
link or joint failure.

torque is quite high (1,618 Nm) to provide overcapacity in
the event that lateral forces from the tether place a counter-
rotation moment on the vehicle during a turning motion in
the opposite direction. In the case of the translation drive
system, a worst case of propulsion up & 8dpe without any

assistance from the tether system was assumed. This co turning drive

occur, for instance, if the robot were climbing a small incline midrme | (AR S e

at the crater floor and could not rely on propulsive assistan inner frame leg

from the tethering system. Specifications for the turning ar . fame FI_‘ ’_t/

translation actuators are given in Table 4. (left g ‘°We”\ | outer frame

L~ (right leg tower)

wanslationdrive || 1 || M- N--Y----- a—— bearing rail ()

2.3.3. The Tethering System (attached to mid-frame) bearing pads (2/rail)

Dante II's tethering system enables it to traverse steep a outer frame

nearly vertical terrain by reducing tractive forces at the fee |}l reck gear

and providing stability. As shown in Figure 8, tension fron ¢

the tether cable is used to assist the robot in climbing b twes wans LI

relative to

lifting much of the weight directly with the cable, instead o1  mid-frame
through transverse shearing forces at the feet (Krishna, Bar \!'!1

and Mutschler 1997). Without assistance from the tether, tl
maximum transverse load possible at any foot is limited b
either the tractive characteristics of the terrain material, inner frame/mid-frame

the transverse in-plane leg strength. On loose material su _ oty beacne

as that found on many volcanic slopes, a tetherless walkuﬁg;g 7. Robot frames, translation, and turning mechanisms
robot would thus be limited to mild inclines. Tether tensior{plan view). The robot body consists of three “frames”: an
also provides stability on steep slopes (also shown in Fig. Buter frame comprised of two leg towers, a mid-frame that
where the robot would tip forward without the tether forcehouses the translation drive, and an inner frame that houses the
Note that the tether force also reduces the transverse in-plaaneing drive as well as the winch and electronics enclosure.
foot forces {1 and Hy) which lowers the need for leg struc-

ture and thus lowers weight. Force components of the tether

tension can also have destabilizing effects, which commonly

occur when the robot turns its longitudinal axis away from

the departing path of the cable, thus creating a lateral “restor-

ing” force at the tether exit point. (A lateral force on the
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Table 4. Translation and Turning Actuator Specifications
Turning Actuator

Translation Actuator

Motor Pacific Scientific R35 Pacific Scientific R35
Maximum continuous output torque 2.85 Nm @ 2,000 rpm 2.85 Nm @ 2,000 rpm
Brake Inertia Dynamics 1905-2521 fail safdnertia Dynamics 1905-2521 fail-safe

(i.e., power to hold open)
Micron HPI-75-50 planetary, 50:1
Pinon and spur gear, 32.8:1
1640:1
1,618 Nm (assuming efficiency of 85% 3,765 N (assuming efficiency of 90%
for planetary and 95% for single spur) for planetary and 86% for multiple
spur)
ETI Systems MH20S 10-turn

(i.e., power to hold open)
Micron HPI-60-82 planetary, 8.2:1
Pinon and multiple spur gear, 8:1
65.6:1

Gearhead at motor

Final gearing

Total gear reduction
Maximum continuous output
torque/force at frame

Absolute position ETI Systems SOP30B 1-turn

In addition to Kevlar fibers that are used for strength, the
tether cable includes conductors for power, data, and video
(see Fig. 9 and Table 5). The custom-made lightweight tether
was developed and tested iteratively using a battery of tem-
perature, abrasion, and flexibility tests (Krishna, Bares, and
Mutschler 1997). Most notably, the cable was designed and
tested to withstand high tension while crossing a sharp corner
such as a rock edge (kinking).

The tether is wound on a winch that is located on the inner
frame and is driven by a brushless motor via a spur gearbox
and chain drive. A multiturn potentiometer geared to the
output of the spur gear head measures cable pay-out. From
the winch drum the tether cable passes over asheeve onalevel-
wind mechanism then under the winch drum, and finally exits
the vehicle through an exit cone (see Fig. 10). The level-wind
mechanism is areversing ball screw thatis timed via a chain to
lay the cable on the drum, one layer at a time. The level-wind
is placed on the opposite side of the drum as the exit cone
Fig. 8. The tet_her stabilizes the robot and equalizes leg |°aﬁ)3improve compactness of the overall winch system. At the
on steep terrain. center of the drum the tether cable passes to the inside of the

drum, and into a rotary slip ring.
The winch and exit cone are mounted to arigid frame that is
suspended from four small cantilever beamd|exures The
robot from the tether contributed to Dante Il tipping over aflexures are stiff in all directions except along the robot’s lon-
it climbed out of Mount Spurr.) A less common destabilizing
effect occurs when the terrain geometry is such that an up-

Lt
istabkle)

Lian:ther:d
{4t il of instalsilitey

|'|
H,. | |_1, |-: =il

il and. I ndjusted such thai:
Fy = Fa nmd.

H,.Hy=0

ward cable-tension component reduces the normal force

H '|,|1|,_|~|||||' FE&aasrfil i:ll..-\.;_'l
the Uphl” |995- _ _ _ 26 AWG umshic] ded
Vehicle pitch relative to gravity, as well as tether exit angle sl pais 233 18 AWG power
relative to the robot, are measured with sensors, and a desi e conductor (3)

tether tension is computed to eliminate the transverse in-pla
shearing forces on the feet and maintain robot stability. Tt
winch controller uses a hybrid position/force feedback algc
rithm to maintain the target tension on the cable at all time
This approach simplifies both teleoperated and autonoma
operation, because no operator-generated commands are
quired. As the robot translates or changes pose, the tethe
automatically wound or unwound as needed to maintain t
desired tension.

A AWG eo-axial
comifuctor

) 2

Roevlar Libirs

1.1 cm diameter

(193

Fig. 9. Composite tether cross-section.
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Winch Manufacturer

Motor

Maximum continuous output torque
Brake (fail-safe, i.e., power to open)
Gear head at motor

Final gearing

Total gear reduction

Maximum line-pull test with one layer of cable on drum
Maximum no-load line speed

Drum diameter

Overall winch dimensions

Slip-ring unit (24 rings, 17 used)
Tether-cable tension sensing

Winch weight (including actuator, excluding cable)
Winch weight (including actuator and cable)
Cable manufacture

Length

Maximum static load; dynamic load; ultimate load
Weight

InterOcean Systems, Inc.
Pacific Scientific R35
2.85 Nm @ 2,000 rpm
Inertia Dynamics 1905-2521
Sussex Gear four-stage spur; 178:1
Chain drive; 7:1
1246:1
17,800 N
3.5rpm
32.3cm
1.0m 0.75mx 0.75m
IEL-BX-24-MOD
Two T-Hydronics TH-DL5M (SPL) in series
mounted to suspended winch platform
114 kg
169 kg
Gore Manufacturing
300 m
7,700 N; 13,600-M4,000 N
0.186 kg/m

Slip ring Winch drum

Drive motor

Tether
Potentiometer
Tether ’_‘
range £
\; "Ij‘ Fairlead Pinch Turn pulley
: tl:’.xil Cone rollers
Chain drive
Gear box #
[ ]
. J_L l——Levelwind
Tether : e )
range AT oo Levelwind
motion

Exit Cone

gitudinal axis. An axial load cell restrains the winch frame
and measures the tether force in the longitudinal direction,
regardless of the tether angle relative to the exit cone. The
flexure/load-cell system can accurately measure the longitu-
dinal tether-tension component to within 22 N. The flexures
proved to be an excellent means of suspension for force mea-
surement, as they have no hysteresis, deadband, or stiction,
and are generally unaffected by weather conditions. Two
hoops with potentiometers affixed to the exit cone measure
the lateral and vertical exit angle of the tether relative to the
winch frame. Given the two exit angles and the longitudinal
tension component, the tension can be calculated.

2.4. Sensors

Dante Il has a suite of navigation and scientific sensors,
including inclinometers in the body, force sensors on the
legs, video cameras, a scanning laser, and ambient-gas-
concentration sensors. Terrain topography—crucial to plan-
ning and executing rappelling—is sensed with perceptive-
imaging devices as well as the leg position and force sensors.
Total distance traveled by the robot is measured by tether pay-
out (though some error occurs when the tether assumes a more
direct path than the vehicle has actually traveled).

2.4.1. Force and Position Sensors

Each leg is instrumented with an axial load cell mounted

Fig. 10. Tether winch with level-wind mechanism (side an#€tween the vertical actuator and the pantograph mecha-

top views).

nism to measure vertical foot force, and a pair of differential
strain gauges on the upper section of the leg shank to mea-
sure in-plane transverse forces on the shank (including those
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transmitted via the foot). The strain gauges detect continuo
high loads or transient bumps of small magnitude (approx
mately 1 N). Potentiometers encode absolute joint positior
and inclinometers measure gravity-relative posture. The i
sensors characterize the positions of and forces on the 11
tuated motions and the posture of the body.

The load cell at the pantograph-drive actuator of each le
measures axial foot loads (the actual foot load is one-quar!
the load-cell reading). The load cells are crucial for smoot
locomotion: as recovering feet are placed on the terrain, tl
load-cell signals are used to attain a preload onto the le Laser ramging rane: 38 WHE
(and soil) before locking each actuator brake. In this Mat= 11 The two-axis range scanner: scanning pattern and
ner, when the supporting feet are lifted, a minimal amount ?lfe?d of .view 9 ' gp
body “sagging” occurs as the full load is transferred onto the '
other legs. The vehicle controller continues to monitor th&0 cm. A single scan requires about 24 sec to gather 20,000
foot loads, and readjusts the load apportioning as neededrémge readings (constrained by mirror speed, notlaser-ranging
distribute foot loads. rate).

The strain gauges affixed to the leg shank measure bendingThe scanner consists of a fast scan (or slew) axis driven by
in the plane of the pantograph. Although located high on tr@DC motor and a slow nodding axis driven by a stepper motor
leg shank, the strain gauges are susceptible to damage fr(gae Fig. 12). The nodding stepper increments the mirror-nod
scraping and bumping large boulders. The strain gauges argle once for each scan-axis mirror rotation. The scan mo-
primarily used to detect collisions of the leg shank with obtor and coupled encoder are hollow core to permit passage of
stacles during translation, which produces bending momentke driveshaft from the nodding-motor speed reducer to the
When the leg is supporting, shank bending can also arise fromdding assembly. The slip ring permits unrestrained rota-
improper tether control, which places transverse forces on ttien of the nodding-motor and speed-reducer assembly. The
foot. Excessive bending in any number of legs may indicat@ngefinder (Acuity 300) has a 10-mW, 780-nm laser with a
failure in tether-tension control. In the event of failure ofsample acquisition rate of 38 kHz. The transmitter and re-
the tether-tension sensor, the shank-bending sensors couldewer are coaxial, with the receiver having an aperture diam-

used as a coarse means of inferring tether tension. eter of 7.6 cm. The laser beam is initially 3 mm in diameter,
and has very low divergence. Maximum range on poorly re-
2.4.2. Video Cameras flective targets such as wet mud is limited to about 7 m. A

Dante Il is equipped with a total of seven video camerdgirther limitation of the laser is that it cannot penetrate fog or
for navigation, teleoperation, and scientific observation. Orféeam, a common condition in volcanos. Although a window
camera is positioned at each corner of the outer frame, viegnclosing the spinning mirror assembly would offer protec-
ing the pair of legs on the opposite corner of the robot. THé&N, we could not find a method to keep a window clean
remaining three are in an enclosure on a pant/tilt mechanigifiough so as not to cause internal laser reflections. As a re-
mounted to the sensor arch. Two of these are used to provigiélt, cleanliness of the spinning mirror is a major weakness of
stereo images, and are separated by a distance equal totfigesystem. (Late in the Mount Spurr mission, a fine film of
human ocular baseline. The third is equipped with a remot¥olcanic ash settled on the mirror and rendered the laser scan-
controlled zoom/focus lens for detailed viewing of areas dier inoperable because of transmitted laser reflection back to
interest. A windshield wiper keeps the front window of théhe receiver.)

enclosure free of dirt and water. For the Mount Spurr mis- ]

sion, imagery from the video cameras provided the principgt4-4- Science Sensors

source of scientific information used for volcanology. Science sensors provide temperature and gas composition in-
_ . formation: a thermocouple near the foot on one of the down-
2.4.3. Scanning-Laser Rangefinder hill legs can be positioned over any area of interest. Under-

Geometric terrain information is measured by a sphericlipdy sulfur dioxide and hydrogen sulfide sensors provided
scanning-laser rangefinder mounted atop the sensor archre&l-time gas-concentration measurements. Science sensor
custom two-axis scanner sweeps a distance-measuring la@ata is sampled continuously, and correlated with time and
beam around the vehicle in a concentric pattern (see Fig. J@gation.

with a 350 x 45° (vertical) field of view. Elevation maps

generated from the range data are used for teleoperation £ Actuation Electronics and Computing

terfaces and planning. Each elevation map covers a circulatayout of Dante II's actuation electronics and power distri-
area with diameter of 15 m, with an average grid resolution diution is shown in Figure 13. A240-V AC generator stationed
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andding sleppsr oias function from 0-50C, a cold-start sequence warms the enclo-
2 il

stepper ,___,_ﬂa-f’ nudiing geachesd sure before powering computers and associated equipment.
Vit 1 " irututes ik scan fube ass7y) Two heat-pipe-based passive-cooling devices installed on top
~ ]_I&’_‘___,—- radldingg arveskadt ofthe electronics enclosure dissipate up to 900 W of heat when
LA (i the internal enclosure temperature exceed€48s occurred
|‘: - Flisrinng five stepper wires during summer testing in Pittsburgh). The components are po-
L snning encuder sitioned so that the air circulation forces the coolest air over
' TR S the most sensitive computing components first and the least
B i 5 sensitive components (like transformers) last, before reaching
the heat exchanger again.
R tube {driven by DO mador)
= .nodding bevel gear 2.6. Communication Electronics and Telemetry
‘ﬁf_h . mibvor {nods £ 15°) The Dante |l telemetry system transmits data and video be-
.. '““H-___ tween the robot, rim station, and remote-control station. The
- major components of the telemetry system are diagrammed
in Figures 15, 16, and 17. The satellite uplink is 192 kB,

| packets and network anomalies can cause delays of 30 sec or
more. As with most remotely controlled systems, telemetry
constraints encourage minimizing communication and maxi-
mizing onboard self-reliance.

The primary data path between the robot and the rim station
is an Ethernetlink through a pair of transceivers running over a
at the rim of the volcano powers the robot. Power is steppaihgle unshielded twisted pair in the tether. Serial line drivers
up to 1,000 V AC to reduce conductor size in the tether. frovide full-duplex RS-232 communicationsto each CPU and
toroidal step-down transformer onboard the robot producés video quad splitters. A 9,600-baud spread-spectrum radio
the various voltages required by the electronic system, amibdem serves as a backup data path between the robot and
tends to smooth any voltage ripple caused by the generatothe rim station in the event of Ethernet telemetry failure.

The onboard computing hardware consists of three Mo- Video telemetry is fundamentally limited to two com-
torola 68030 boards, one Sparc2 board (for perception proressed video feeds by the cost of satellite bandwidth between
cessing), two Creonics motion-control boards, a DAADIQhe rim station and the remote-control station. Onboard the
board, and several custom PCBs (for power, brakes, etadbot (Fig. 15), the quad splitters each receive all seven video
all mounted in a 6U VME backplane, shown in Figure 14treams, and can select any signal for a full screen view, or a
(Boehmke and Bares 1995). Although the custom boards dplit screen of any four camera views. Output from each quad
not use the backplane bus, mounting them in the cage providgsitter is transmitted to the rim station via wireless video links
security and easy access. The interface boards conditionatl2.0 GHz and 915 Mhz. The intended primary video path
signal input and output, provide safety monitoring of onboardas originally a mini coax in the tether instead of the wireless
systems, and provide fail-safe brake actuation. The robot cdimks, which were to serve only as backups. However, com-
troller, running on three 68030 processor boards, digitally fiplications with the extremely small coax in the tether yielded
ters all sensor data before supplying it to other processes Wanusable, forcing full reliance on the wireless video links.
shared memory. An intermediate telemetry station, diagrammed in Figure

Rain, snow, steam, acidic gases, extreme sunlight, and d$6) enables communication between the robot and the dis-
are common in the volcanic craters. To combat these hazant control station. Two 384 kb/sec video-teleconferencing
ards, all onboard electronics are centrally located in a singleODECs digitize and compress the video streams. One re-
shock-mounted, removable NEMA4X-rated enclosure. Alteives a direct stream from one wireless video link, while the
interconnections to the enclosure use waterproof connectaexond is switched via computer control between the signal
and Teflon insulated wire for sustained flexibility in cold temfrom the other wireless video link, a rim-observation camera,
peratures. All connections are made on the rear door of thed the stereo cameras. When desired, a stereo view is formed
enclosure, which can be hinged open for access to wiriy transmitting the two images over the wireless links from
on the rear of internal components. The front door is easitie robot to the rim station, where they are merged into a single
removable for access to the front of components includingterleaved image by a stereo encoder box. A terminal server
the VME cage. Since most low-cost, high-performance eleconnected to the Ethernet enables operators to directly con-
tronic and computing components are typically specified timol attached devices. The Ethernet and video-data streams

H with a round-trip delay of about 4 sec. This is sufficient for
— Inzex monitoring robot state, although transmission of large data
y }‘_i—t i whacil

Fig. 12. The two-axis range scanner’s internal mechanism.
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Fig. 16. Rim station telemetry components.
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Fig. 17. Remote-control station telemetry components.

are fed into a digital multiplexor equipped with an Etherneto make operations faster and unconstrained by the human
bridge and a high-speed serial card. The 1-Mb/sec compos#ensorimotor system, to reduce operator workload and im-
RS449 telemetry signal is sent 300 m to the satellite modepnove performance, and to compensate for limited commu-
over a pair of line drivers. (The modem, up/down convertication bandwidth and delays between the operator and the
ers, 8-W amplifier, and 2.4-m satellite dish were leased feaemote system. In the strictest sense, supervisory control
the duration of the Mount Spurr mission.) All telemetry andneans that when the operator relinquishes control, the robot
power equipment located at the rim station is enclosed in wa-allowed to function autonomously. Our intent, however, is
terproof cases with internally shock-mounted racks. Pow&w be more flexible and to let operators intermittently assume
is supplied from the same generator that powers the robdirect operation (traded control) or to supervise certain vari-
An uninterruptable power supply provides power backup fables while directly handling others (shared control). This
all rim equipment as a means to enable limited remote troapproach affords greater human-machine synergy, benefiting
bleshooting in the event of a generator failure. and improving overall system performance.

The remote-control station telemetry is shownin Figure 17. To support the traded and shared control of Dante II,
An existing 8.1-m satellite dish mounted on top of an officeve recognized that operators needed interfaces to visualize
building in Anchorage served as the downlink for the telemeand understand system state, as well as to specify and use
try stream. Inside the control station, two color monitorgppropriate control modes. Because of the complexity of
and video recorders displayed and recorded the video streabDente II's configuration and the risks associated with explo-
which were first decompressed by two decoding CODECHEtion, we saw a need for concise and efficienthuman-machine
One video stream was also routed through a stereo decodeinti@raction.

a 120-Hz stereo display monitor, which gave operators wear- The Mount Spurr expedition was intended not only to ad-
ing LCD-shuttered glasses a sense of depth perception whemnce robotic exploration technology, but to also involve nu-

viewing images from the stereo camera pair. merous remote mission observers and participants. We were
interested in conducting collaborative research with remotely
2.7. The Operator Interface located volcanologists and planetary scientists. Thus, we pro-

We designed Dante Il to be operated in control modes ran ide observer interfaces which enable field science and allow
ing from direct teleoperation of individual actuators to fullygIStant researchers to directly participate in the mission. Ad-

autonomous control of walking. The typical human-machingitionally, we provided public access prior to, during, and
interaction with Dante Il is characterized by supervisory corfftér the Mount Spurr expedition. By offering compelling ob-
trol. Our reasons for base-lining supervisory control wergerver interfaces, we hoped to generate awareness, to broadly

motivated by factors relevant to planetary exploration robot§ducate, and to inspire others.
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2.7.1. The Graphical Interface buttons command groups of legs, and numerical fields al-

Our aim in creating the graphical user interface was to makd@W precise specification of desired motions. The translate
as easy as possible to operate Dante II. For a human opera%}?' rotate arrow buttons move to specified numerical values.
trying to coordinate all of Dante II's degrees of freedom timilarly, the body posture and elevation can be adjusted with
make it walk requires concentration and stamina. We wefeMouse click.

motivated both to minimize operator workload and to make

it possible for novices to quickly learn to control the robot2.7.1.3. The Behavior Context

Dante II's graphical user interface (UI2D) enables shared afg the pehavior context, the operator specifies the set of pa-
traded control to monitor sensor and robot-state informatiopy meters that describe the desired gait for the robot. The in-
and to generate commands to the robot. The interface preseigace provides a window for entering these parameters and
graphlca_l button_s, dials, _sllder bars, and numencgl d|s_|olaysmen downloading them to the robot, along with a “go” com-
a collection of display windows. The UI2D’s main window mang. The gait is commanded to the robot, which executes
is shown in Figure 18. _ _ _ it autonomously until told to stop or until an insurmountable
During the course of a robotic exploration, different situppstacle is encountered. Perceptive sensors are disabled; only
ations are encountered and a variety of actions must be Pgfyprioceptive sensors are used to detect contacts and adjust
formed. To control the robot differently in these various S'tuaﬁosture. We considered this to be supervisory control, as the

tions, operators need to be able to conveniently access relafggo; responds automatically to the terrain as it senses it, but
commands. We organized UI2D so that commands appropi-guided by the parameters that the operator provides.
ate for a particular type of function or operation are grouped

together. To do this, we identified a collection of operation .

control contexts, which explicitly defined the set of comman 5'7'1'4' The Gait Context

and the information provided to the operator. These contexfs the gait context, the operator commands only a desired
areindividual actuator frame behavior gait, andpath Each trajectory for the robot to follow. Perceived terrain informa-
context, other than individual actuator, adds elements of ation from the scanning-laser rangefinder is built into an ele-
tonomy, as shown in Table 6. We found that these operationétion map. This map and other motion constraints that arise
control contexts allowed us to unify and simplify the humanfrom robot kinematics, stance stability, and body flexibility
machine interaction and to establish a range of functionaligre analyzed to identify a set of gait parameters for efficiently

from direct teleoperation to full autonomy. crossing the terrain. In contrast to the behavior context, in
o which values are manually determined, this context uses a
2.7.1.1. The Individual Actuator Context gait planner for automatic parameter generation. When the

In the individual actuator context, the operator can teleopegait context is selected, Dante II's planning capabilities are
ate each actuator with no command safeguarding other thagfivated, and it can plan its own actions autonomously. Only
checks on the limits of motion. This is useful for debuggingpreliminary implementation of the gait context for Dante I
and system checkout. Since the tether is not automaticags completed and tested with the laser rangefinder prior to
servoed, and because manually tensioning it during body m@eparting for the Mount Spurr mission. Final implementa-
tion is impractical, this context cannot be used to make tHion and testing occurred in simulation after the exploration
robot walk. Individual actuator context may be applied occa®f Mount Spurr was completed.

sionally during exploration; for example, when a single leg

hits a rock during translation, the operator may wish to raise7.1.5. The Path Context

just that leg and then switch contexts to resume walking. The path context is envisioned as the mode in which the op-
2.7.1.2. The Frame Context erator need only specify locations that the robot should visit.
?cjjlobal map of robot-scale resolution is needed to identify

: A
In the frame context, actuators can be commanded in 9roURRath for Dante Il to follow. The path avoids obstacles that

to allow walking by raising, lowering, stroking, and turningar

frames of legs. The frar_ne context enables teleopergtion r(i)fs

B?Qtii Itlhaescigsjﬁ(;t\i/\cl)illgfn?e?r{;epgy:glf Vﬁ{] %lgg;nr?ltgigiarhe path context was designed, but not implemented, as the

. S . last step to full autonomy for Dante 1.

On level terrain, the tether pays out in direct proportion to

the amount the body moves. As the terrain steepens, incli- ) ) o

nometers measure robot pitch and compute the componentof -2+ Térrain Modeling and Visualization

the robot weight that the tether must support, and the tethéirtual environments enable the efficient presentation, ma-

tension is automatically controlled to the proper value. nipulation, and visualization of complex data through immer-
Figure 19 shows the frame-context window, which is acsive and spatially oriented displays. They can both enhance

tivated from the UI2D main window. Frame lift-and-placean operator’s situational awareness, and help compensate for

insurmountable, and can be broken into shorter trajecto-
that the gait planner then transforms into executable gaits.
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Fig. 18.

Table 6.

The main display window of the graphical user interface, UI12D, showing current robot-state information.

Operational Control Contexts and Elements of Autonomy

Control Function Indiv. Actustor Frame Behavior Crait Path
Comtexi Context Conlext Context Conbext

Servo tether

Coordinate leg mations

Maintain body height

blarntain posture

Adpust leg step

Surmound obsiacles

Perceive terrain

Dietermine step heighe

Determine body height Operator Control

Determne posiisre

“Determine stride

Correct leg placement
Generate path

Determing heading

Avoid obafacles
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Fig. 19. The graphical user interface frame-context window with controls for commanding groups of legs to allow direct
teleoperation of walking.

suboptimal constraints such as low bandwidth and delays 288. Motion Planning, Behavior-Based Execution, and
the remotely operated system. Real-Time Control

To improve our ability to control Dante Il and make correct
decisions about where to send the robot, we developed UI3Rlaking a robot walk poses the implicit problem of generating
athree-dimensional visualization of Dante Il and its surrounc; coordinated sequence of leg and body motions—a gait. We
ing terrain (Fong et al. 1995). The scanning-laser rangefindgsve been convinced, by our experiences with previous walk-
measures the distance to points in the terrain, and this datg robots, that gait planning alone, without adaptation during
together with robot-position information is used to generatgxecution, is insufficient for guiding a walking robot in natural
local elevation maps. The UI3D incorporates these capabiterrain. Too much is unpredictable; bumping into obstacles
ties for terrain modeling and robot localization with a virtuabr slipping off precarious footholds cannot always be fore-
environment package called VEVI (Virtual Environment Veseen while planning. Behavior-based architectures address
hicle Interface). The VEVI is a modular operator interfacehis need to adapt to actual conditions by continuously relat-
for robotic vehicles developed by the Intelligent Mechanismigig sensation to action (Brooks 1986). Sense-act mappings
group at NASA Ames Research Center (Hine et al. 19953stablish planned reactions to expected, but unpredictable,
It is a tool for planning and previewing high-level task seevents. Biological systems also provide evidence for simple
guences, monitoring system state, and analyzing anomalamse-act reflexes, as well as decentralized control in walking
events. Through its virtual environment, the VEVI providesGrillner 1985). Both systems exhibit properties necessary for
operators with spatial orientation and perspective superior gt execution: reaction to unexpected events, concurrency of
conventional control stations. The VEVI utilizes rea|-timereﬂexe5, and coordination of actions. For Dante I, we took
interactive, 3-D graphics and feedback from onboard sensetshehavior-based approach to gait execution to benefit from
to update the simulated vehicle and its environment. Althoug®lating sensation directly to action in simple reflexes, and
the motion of each actuator is well defined, the complexity diave developed a network of coordinated behaviors to stand,
Dante II's configuration makes it difficult for people to visual-posture, step, and walk (Wettergreen 1995).
ize; even those who are familiar with the mechanism can have To guide Dante II's actions, each behavior is parameterized
trouble understanding its state. When Dante Il is operatir‘(@br example, the height to raise a leg or the stroke to propel
in unstructured and unknown environments, terrain featurgise body) in direct relation to physical actions. The sensitivity
such as steep embankments and obstacle-strewn fields furtiigich as to contact forces, and to pitch and roll errors) can also
compound the difficulty of comprehending the system statese quantified and adjusted. Motion planning for Dante Il is

The UI3D enables operators and observers to easily entirus simplified to determining the most effective (fastest, most
sion Dante II's configuration and its surroundings, as showstable) parameterization of the gait behaviors. Because many
in Figure 20, where Dante Il is descending a steep slope. parameters are independent (for example, leg-lift height is
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Conversely, a free-foot behavior causes a foot to stay free,
out of contact from the terrain. When exhibiting and detect-
ing either vertical or horizontal terrain contact, the free-foot
behavior raises the leg. This initiates the stepping motion and
also creates a reflex, when a leg bump occurs, that causes
legs to raise up in coordination with a momentary pause in
body motion. Figure 21 shows the extensions of all eight legs
(inner-frame legs are dotted) during a portion of the Mount
Spurr descent. At minute 118.5, a raised leg bumped the ter-
rain and continued to raise up. The reaction time was less
than 0.5 sec.

Five behaviors—raise legs, move frame, turn frame, lower
legs, and sit still—when sequenced together, enable walking.
The raise-legs behavior coordinates the lift of a group of legs.
It sends a signal to a set of four free-foot processes that it
maintains until all four have raised. It then sends simulta-
neous exhibition signals to the move-frame and turn-frame

S : - behaviors. They then signal the lower-legs behavior, which
Fig. 20. Awrtual environment V|sual|zat|on of Dante I1in thein turn signals the sit-still behavior (if image and data capture
terrain (the grid denotes the horizontal reference plane). Agneeded), and completing the cycle, the raise-legs behavior
the robot progresses down the slope, multiple laser scans again.
merged to construct an elevation map of the terrain’s “history.” To correct for rolling terrain, the roll behavior adjusts robot
Note that there is no terrain data under or immediately arou@sture about the longitudinal axis. Typically, roll is mini-
the robot: this is because the scanner is blind in these &fized to maximize stability, although in some situations it
eas. However, as the robot continues to move forward, theisereasonable to lean to one side. A coordinated motion of
unknown areas will be rescanned and filled into the terra@l legs—some raising, some lowering—rolls the robot to the
model. Operators use this model to “fly around” the robogorrect value.
and thereby build a complete understanding of the surround- On level terrain, the pitch behavior can function identically
ing terrain conditions. In addition, the robot's legs as well at the roll behavior: monitoring an inclinometer, measuring
the tether change colors as a function of force loading, giviriye pitch about the lateral axis, and coordinating corrective leg
the operator a quick sense of the vehicle's force state. (Not®otions. However, Dante Il climbs slopes and must follow
the robot in the image was retouched for clarity.) the pitch of the terrain. By fitting a plane to the position of

related to terrain elevation and little else), independent plan-
ning modules can be applied to set specific parameters. A
collection of planners can guide the robot quickly and safely.

By manually setting the parameters, a human can guide the
robot, directing its overall performance: this forms the basis

for supervisory control of Dante II.

2.8.1. Behavior-Based Gait Execution

Asynchronous control processes, gait behaviors, act indepen-
dently to achieve or maintain desired states, and interact to
walk. These behaviors are parameterized to allow external
modification and direction. A contact foot behavior (for each
of the eight legs) causes the foot to maintain contact with the
terrain, and acts to lower the foot to the ground whenever a
vertical force is not sensed. When exhibiting a lowering ofig. 21. Leg-reflexive motion on contact with the terrain.
a foot, the contact-foot process inhibits the movement of tH¥ote that “leg extension” is actually the actuator extension;
robot body. The emergent behavior is a reflex that returns te for instance all legs at an actuator extension of 0 would
foot to the ground if it loses contact, and a coordination wit§orrespond to the walker standing at full height. The point

body motions to halt motion until contact (and stability) isat which a raised leg contacts the terrain during body motion
reinstated. and continues to raise higher is circled.

Position, leg actuator extensions (m)

?14 115 1;6 1;7 1:8 1;9 1é0 1é| 122
Time, minutes
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all the supporting legs, a coarse-estimate terrain-relative pitch The third board runs the gait-control processes, which can
can be made proprioceptively. A large object under one foatcess sensor values and servo loops. It has cycles available
can bias the pitch estimate (and the clearance estimate), fartother functions, including external communication. One
adjusting to surmount the obstacle is not harmful. With thexternal communication process is dedicated to broadcasting
pitch behavior estimating relative body-terrain pitch, Dante Btatus packets, typically at 10 Hz, to the remote-control station
can negotiate transitions between differing slopes. for display on the graphical user interfaces.
The gait behaviors are implemented as 24 asynchronous
processes: eight contact-foot behaviors to stand, eight fre®- Technical Results
foot behaviors to step, one each of raise-legs, move-frame,
turn-frame, lower-legs, and sit-still behaviors to walk, and-1- The Development Program
roll, pitch, and clearance behaviors to posture. These béle followed a systematic and incremental approach to devel-
haviors are networked by binary links that carry inhibit- ang@ping and testing the robot’'s components and systems. This
exhibit-control signals. Each process has the same structusection describes the activities and results of the development
it executes a nonterminating loop waiting for an incomingffort.
exhibit or inhibit signal. The inhibition/exhibition logic is
simply, “exhibit when receiving one or more exhibit signals3-1.1. Leg and Tether
and no inhibit signals.” When the process exhibits its behawe devoted much of our structural engineering effort toward
ior, it watches for signaled events and sensed conditions, agelsign of a leg and rappelling tether that would survive the
produces signals and actions. Mount Spurr mission. These two components were expected
The gait-control processes determine how the robot wilb see the highest and most variable loading. They also are in
respond to the environment, and do so by changing the posentact with the terrain, and are the direct recipients of shock
tion of each of the 11 degrees of freedom. To cause motiottsading due to control errors or terrain failure. The robot
to occur, the behavior processes adjust the set points of seriias many legs and carries much tether, so a high strength-
control loops associated with each degree of freedom, runnitgweight ratio is important for both. At the core of the leg
on Dante II's onboard real-time computers. This approach edind tether developments was an iterative program of design,
fectively produced terrain-adaptive walking, and because aianufacture, and testing to failure.
its distributed structure, enabled incremental development andin the case of the tether, the principal challenge was to find a
layered complexity. lightweight method of protecting the multiple conductors that
would reside inside the cable. Without proper protection and
load transfer, inner conductors can, for instance, fail when the
tether is kinked under high load. We conducted various abuse
Real-time motion control is distributed among the three oriests on tether samples, including shock loading, cold-flex
board 68030 processors, which all run the multitasking Vxesting, high-tension kinking, and repeated abrasion (Krishna,
Works operating system. The processor boards, shown Bares, and Mutschler 1997). Though costly, this process re-
Figure 14, reside in a VME card cage along with a Sparc préulted in an extremely tough, lightweight tether. Strength-to-
cessor dedicated to the laser rangefinder, and digital-to-anaMgight concerns in the leg design led to a highly optimized
as well as analog-to-digital input/output (DAADIO) boards. design that could withstand a variety of extreme loading con-
The first 68030-processor board collects sensor informgitions. The leg-development program addressed the slender
tion and writes the state into shared memory at 120 Hz. Mol&g links, the joints, and the welding details and procedures
sensors are wired to the DAADIO board so that their anatsed to attach the links and joints. A complete finite-element
log signals are converted to digital values. These signals d@g model was constructed and optimized. Test joints and en-
sampled and filtered to make their values usable to the contttie legs were constructed and loaded to failure. The process
processes. was repeated several times to trim additional weight as well as
The second processor drives eight leg PD servo loops, aiedmprove high-stress areas. In parallel, we were able to tune
services dedicated motion-control boards for the translatiodnd test the leg-motion controller and force-sensing scheme
turn, and tether actuators. The servo loops generate trap@-separate test legs.
zoidal velocity profiles from leg-encoder values at 150 Hz to
produce smooth motion. An integral term is not necessarg;1-2. Winch and Tension Control
because short motions up and down tend not to accumulatke basic winch was fully load tested by the vendor. We relied
systematic error. The tether is controlled in a hybrid positioren the vendor’s extensive experience with offshore winches
force control mode: the desired tether force is determined laynd decided to forgo environmental related tests. Though
the robot’s inclination on the slope, and the servo loop makéise winch used industry-proven details, the method of cable
small position adjustment to the amount of tether paid out &tacking and the tension control were somewhat unique, and
achieve the desired force. The tether force is servoed at 60 Hzus required special testing. The cable-routing method was

2.8.2. Real-Time Control
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complicated and we were especially concerned about the eahillside adjacent to the Robotics Institute at Carnegie Mel-
ble winding so that it would not jam on the drum (Krishnajon. The path included a 10-m steep slope°{g0llowed by
Bares, and Mutschler 1997). A key factor in proper winda 5-m flat area, which transitioned into a 30-m variable-slope
ing is maintaining a minimum tension throughout, so that aregion (20-50) to the top. The path also included some minor
upper wrap of cable cannot knife down through the lowefabout 10) cross-slopes. The terrain was hard soil covered
coils. After testing and verifying the accuracy of the tensionwith light vegetation. During this series of tests, we set up
measurement system separately, we tested tension-controbe@mote-control station so that the operators could not view
winding and unwinding. These final tests included the actual hear the robot directly. The full suite of onboard cameras
control electronics, control software, and user interface f@nd scanning-laser rangefinder were used to provide terrain
winch operation. At the successful conclusion of these tesiaformation to the operators. We also limited communication
the entire winch system had reached the level of being verifibgtween the robot and the control station to the bandwidth

independently of the walking mechanism. that would be available for the actual mission. In addition to
_ the most challenging terrain to date, these tests brought ex-
3.1.3. Indoor Walking tremely hot weather and rain, which tested the environmental

After the major components of Dante Il had been assemblégadiness of the robot and support equipment, including the
(legs, body, electronics, winch), the next major systemic teggenerator and the communication gear that would be placed
ing phase was flat-floor walking while maintaining the reat the rim of the volcano.
quired minimal tension on the tether cable. While on a flat To conclude the mixed-terrain testing, we covered the 5-m
floor, we exercised most functions, including body transldlat section of the path with large boulders (0.5-1-m tall) in
tion, turning, maximum body lifts, and coordinated winchan effort to emulate the worst-case conditions expected at the
operation. Since in most cases the components had been gr@ter floor of Mount Spurr (see Fig. 22). The dense boulder
viously tested, this phase proceeded efficiently and withofield proved to be the most challenging terrain yet, slowing
major problem. As we began to operate the complete robigleoperation to as slow as 1 m/hr and resulting in a few jarring
mechanism and winch, we were able to iteratively improvalls as feet slipped off of boulders. (Sections of the Mount
the teleoperation interface. A critical portion of the testingpurr ascent proved to be more challenging than even this
program began as we started to control the robot to walk doulder field!)
a 30, 7-m-long ramp while maintaining a gravity-balancing
tension on the tg_ther cable. At_ first, a safety cable was usg@ls_ Endurance Testing
that would stabilize the robot in the event of loss of tether .
tension. As part of the ramp testing, we began to teleoperate-5-1. Early Development of Autonomous Walking
the robot to walk on and off the ramp. Doing so require@efore travel to Alaska, we tested Dante 1l on full-scale vol-
changes in the robot’s pitch, which caused large internal leginolike terrain in Pittsburgh. The Pittsburgh slag heaps
stresses, as well as changes in the target tension value for #ihe expansive slopes of hardened slag, a byproduct of steel-
tether cable. After several practice attempts, we identifiedraaking. In early 1994, we conducted tests along a 170-m
method of adjusting pitch that minimized leg-stress buildupath. The upper portion of the path is level for 40 m, and then
A feature of the teleoperation system which was very imposiopes into a smooth escarpment of 30=#0 70 m and 40—
tant to this test was that the tether cable would automaticalyr for 5 m, and then follows a moderate but trenched uphill
control its tension, independent of robot motion. grade for 60 m (see Fig. 23). The major escarpment is piled
Once the teleoperation interface and controller were opt the angle of repose, and comprises a very unstable surface.
erational and proven on floors, ramps, and transitions, Wehe operators were again separated from the robot, this time
began testing the behavior-based gait controller. Again we a control trailer at the top of the slag heap. The operators
tested flat-floor walking, turning, and obstacle-crossing c#rad no audible or direct line-of-sight information.
pabilities. Specifically, the controller’s ability to raise a foot The longest autonomous run was 182 steps over 111 m
after bumping an obstacle was tested and refined. As the dgai219 min (3:39) for an average speed of 0.51 m/min. The
controller evolved, we continued the tests with the ramp arslope varied from 30—4Q and the cross-slope (lateral to the
transition crossings. We quickly found that behavior-basedgirection of travel) was:5°. Roll and pitch were maintained
control tended to advance the robot much faster than telgrwithin +2°.
operation. However, human oversight was still required to Dozens of leg bumps occurred during these tests, and
halt the machine when it encountered a danger that the foré¢g (free-leg behavior) reflex was so effective that accurate
sensors that guided behavior-based walking could not senspecification of leg-lift height was unnecessary; feet could
skim the ground, providing protection against tipping, and
3.1.4. Outdoor Mixed-Terrain Testing raise up if they bumped. The reaction occurred so quickly
After testing Dante Il and the basic control modes on a varthat body advance slowed almost imperceptibly. In these
ety of indoor features, we began a series of outdoor tests tasts we discovered how difficult and exhausting it is to
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Fig. 22. Dante Il in a boulder field at the Carnegie Mellon
test site.
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Fig. 23. The endurance test course (at the Pittsburgh slag
heap). Autonomous walking was effectively used on the long
sloped and level areas (see Fig. 24). Perhaps the most chal-
lenging portion of this course was the clifflike dropoff at the
base of the main slope. A detail photo of Dante Il crossing
this terrain feature (while under teleoperation) is shown iRig. 24. Dante Il crossing the transition at the top of the
Figure 25. slag-heap main slope (top); and Dante Il proceeding down
the slope under autonomous control (bottom).
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The gravel pit provided a moderate slope, on average 30
with sandy soil eroded with 10-50 cm ruts. The path of de-
scent and ascent was 92 m. From the top, the slope descends
approximately 50 m before it abruptly transitions to a level
bench. From this bench, it again drops (t¢3far 5 m, and
then slowly transitions to level over 30 m.

The descent into the gravel pit was primarily teleoperated,
although brief portions were autonomous. The descent re-
quired 321 min (5:21) for an average speed of 0.28 m/min.
This is less than half the maximum speed dictated by the
motor/amplifier configuration, and was due primarily to hu-
man delays in interpreting sensors, considering information,
and making plans. Ascending the same terrain autonomously
with the behavior context required only 179 min (2:59). Inthe
autonomous mode, the gait controller averaged 0.51 m/min,
and in some areas averaged 0.67 m/min, more than twice the
human-controlled speed (shown after the pause in Fig. 26).

The ascent did require one instance of operator interven-
tion: the first step above the level bench onto the 80pe
was placed in a depression, masking the imminent uphill tran-
sition. The pitch correction required in the next step would
have exceeded 2@which is physically stressful to the mech-
anism), and was apportioned by the operator to take place over
two steps (instead of one). This instance of shortsightedness
on the part of the autonomous system points out the need to
foresee some situations and prepare in advance.

) . o . During the premission test, we also used communication
Fig. 25. Dante Il crossing a 1.5-m clifflike dropoff on40 .« 13 NASA Ames Research Center in Moffett Field, Cali-
slope. fornia, and the National Air and Space Museum in Washing-

. . ton, DC to view and interact with the robot.
teleoperate a walking robot. Autonomous walking is faster,

and with fatigued operators, more reliable. Most of the 109 The Mount Spurr Expedition
m of slag-heap operation was done using the behavior—base'c?l' L o .
gait control (see Fig. 24). The operators did, however, contrl ante II's final dgstlnatlon, Mount Spurr, erupted three times
the robot in the several areas of major slope transition. In offe 1992, spreading 200,000,00C°rof ash over portions of
particular transition (see Fig. 25), the robot was nearly at its
kinematic limit as operators guided it over a 1.5-m clifflike
step and onto the 4@&scarpment.

110
3.1.5.2. Premission Shakedown

A premission test evaluated the robot, communication, and
team readiness for the actual mission. The robot and all
equipment were packed for the mission, then using only the
four-person deployment team, we installed the robot and rim
equipment including satellite telemetry on the edge of a large
gravel pit in Anchorage. This was the first time that the rim

station included a remotely controllable camera that could be N
used to track the robot's progress. The remote camera was 0 B M0 %080 w00 a2 o a0 10 200

found to be more useful for causal observers in the control Time, minutes

trailer rather than operators due to poor perspectives, espe-

cially as the robot advanced far down the slope. Onboard

cameras and the laser scanner were preferred sources of kdg- 26. The Dante Il tether extension when ascending froman
rain information. Over a 30-hr period, we conducted tests arftnchorage gravel pit (the actual robot travel is approximately
demonstrated complete mission readiness. equal to the tether extension).
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western Alaska. It is of interest because of its proximity to On the upper slopes of the crater, Dante Il walked au-
Anchorage and its potential for further eruptions. Becaugenomously twice: 9.8 min 23.3 min (0.42 m/min) and 9.6 m
of debris instability from previous eruptions, volcanologistén 19.78 min (0.49 m/min). Shown in Figure 27, this is about
were unable to enter the crater to assess the likelihood of futuvece the typical speed of teleoperation.

volcanic activity. Because it was necessary to navigate across the chutes

The active crater is on a secondary peak, Crater Peak,aatd ridges during the descent, Dante Il experienced cross-
elevation 2,300 m. One side ofthe crateris composed of a 35)epes up to 30 This severity was unexpected. We hoped to
m vertical wall with talus slopes at the base. The other sidefsavel directly downslope as much as possible, but the robot
blown out, with a broad flat rim and a 20-48lope down to reached dead ends that had taken hours or days to discover—
the crater floor. The slope is covered with snow, wet ash, aghparently this is the nature of exploration. The most direct
mud, which are deepest in the middle of long chutes that ruexits were to turn across the slope and climb over a ridge into
downhill. Ridges divide the chutes and, like the crater floothe next chute.
are littered with meter-size blocks. Fumarole vents of interest Near the bottom of the descent, Dante Il made two au-
are located on the crater floor. Dante Il would enter the cratesnomous descents down a snow chute, 8.3 m in 35.2 min
from a launch point located on the broad flat rim. In Jul{0.24 m/min) ad 6 m in12.3 min (0.49 m/min). The snow
1994, Dante Il and support equipment were transported yas hard packed, and rocks lying on its surface were easily
barge, truck, airplane, and finally helicopter to Mount Spurcleared when bumped.

A short setup period was required to install and arrange the As Dante Il advanced farther into the crater, progress
various components on the volcano (see Fig. 3). Dante Ii8owed not only due to the challenging terrain conditions but
tether was anchored to a large beam buried deep in haadso because sensors could not see far enough ahead to avoid
pack snow, which covered much of the upper extents of tiiiead ends and nontraversable areas. At least half of the time
crater at the time of deployment. A diesel generator flowwas spent retreating up the slope to try a new path around an
to the volcano’s rim was sized to provide 2 kW to power thespecially large boulder orridge. Another complicating factor
robot and communication equipment for two weeks withoutas an ongoing concern that the tether would become trapped
additional fuel or service. between boulders far up the mountain. As Dante || moved

Problems with a high-speed data link between the robatross the slope relative to the anchor point, the tether would
and the rim telemetry station, as well as a damaged load catl times straighten to attain the shortest path and in doing
delayed the start of the mission for several days. Becausesaf move laterally across the rough terrain. Dante II's lateral
the inherent danger on the volcano, the setup crew could omhyoves were therefore limited to minimize the chance that the
make brief visits to the deployment site. Some attempts tether would become trapped, and thus preclude future as-
helicopter to the volcano rim were thwarted by bad weatherent. Though overall terrain slope lessened in the crater-floor
Finally these problems were resolved, and Dante Il began isgion, boulder size and density increased—with some boul-
descent on July 29, 1994. Dante Il was truly embarking onders larger than cars—making continued travel treacherous.
descent to explore unknown terrain: humans hadn’t entered The laser-built 3-D elevation maps proved crucial to
Mount Spurr’s crater since before the last eruption in 1992fficiently guide the robot and minimize path reversals.
Dante Il would operate without problem for the next five dayth a common mode of operation, humans would set the
with no humans on or near the volcano.

The mission consisted of three segments: descent to the
crater floor, floor exploration, and ascent. As a result of many
ash and rock ridges that extended down into the crater, during
most of the descent Dante Il contended with complex slope
conditions. The upper section of the crater was covered with
hard-pack snow, across which Dante could move at about 1
cm/sec autonomously using leg-force sensors, pitch and roll
sensors, and a behavior-based control scheme. As the re-
ceding snow-pack boundary was crossed, the terrain became
much more rugged and forced frequent use of an enhanced
teleoperation mode (frame context) that placed all critical con-
trol decisions on the human operators. Meter-scale boulders
were negotiated on a frequent basis. Footing conditions wors-
ened as Dante |l progressed lower into the crater and left the
hard snow pack for deep mud and steep areas of ash. The
snowshoes mounted to each leg were invaluable in limitingig. 27. The Dante Il body advance when descending into the
sinkage in the soft mud. Mount Spurr crater.
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direction of travel and then turn over control to the automatedl. Lessons Learned

behavior-based controller, which would then enact efficient .

safe walking in the intended direction. When forced to reveﬁ'l' Technical Lessons

to enhanced teleoperation, progress was halved as human bpe lessons learned in the development and deployment of
erators attempted to contend with a huge amount of sensdante Il are described in the following subsections.

data including video and laser data as well as vehicle-state

information. 4.1.1. Framewalking Is Suitable for Rappelling

Throughout most of the mission, and especially during th@/alking mechanisms are excellent as the underlying locomo-
crater-floor exploration, imagery was transmitted beyond Aion means for a rappelling robot: legs can enable the robot to
chorage to NASA Ames Research Center, where geologisiss very large terrain features without deviating from the fall
studied the crater and controlled Dante II's cameras while thliﬁe and jeopardizing lateral Stabi"ty_ In very rough terrain, a
robot operators were resting. walking robot can avoid undesirable footholds, optimize sta-

Aftertwo days of exploring the crater floor and detecting ngjlity, and move its body independent of terrain details (Bares
water and no sulfur compounds in the fumarole gasses, Damfied Whittaker 1993). Using a variety of control modes, walk-
Il began its ascent out of the crater. Early in the ascent, aHg robots have demonstrated rough terrain capabilities under-
power and communication was lostto the robot. We suspectgga and on a variety of terrestrial sites (Ishino 1983; Onodera
an onboard problem, which would have ended the missiongg9: Pugh et al. 1990; PlusTech Oy Corporation 1995). At
as the robot was still far below the region in the crater t@sue in the configuration of a walking robot is whether the
which human access was deemed to be safe. However, fgchanism should be a mechanically simple “framewalker,”
culprit was found to be a moisture-related short circuit ifvhich advances groups of legs together, or a more complex
the power cabling at the rim, which was quickly remediedierrain-adaptive” robot, which moves legs individually and
and the mission continued. The remedy, however, requirgsicloser to animal analogs. Terrain-adaptive walking robots
an engineer to fly to the crater rim, thus ending Dante II'fequire more cognition and control to move the legs, but offer
period of true unattended operation. Up to this point, thgore flexibility in leg placement and gait. Our experience
robot had operated five days without any human presenggth Ambler, however, showed that terrain adaptability may
on the volcano, and successfully achieved all of the missigjifer more flexibility than needed, and that stability margins

objectives. must not be underemphasized in rugged terrains (Bares and
As Dante Il progressed midway out of the crater, the most/hittaker 1993).

difficult terrain of the mission was encountered. This was due Framewalking places fixed “constellations” of feet, which
in partto the fact that much snow had melted since the descegifers a basic level of stability without relying on planning
revealing harsh underlying slopes and boulders. Also, by thg@d control. However, if the foothold for any single foot is
fifth day, the laser-scanner mirror had become obscured B¥or (e.g., on the edge of a boulder), the entire frame must
airborne volcanic ash and thus video images became the 0Bl repositioned until satisfactory footholds are found for all
means of viewing the terrain. Determination of path becanget on the frame. Once, crossing a 10-m-long boulder field
more difficult, and much time was spent retreating back intgquired more than 4 hr while Dante Il operators labored to
the crater to try alternative exit routes. Ultimately, Dante lhyoid placing feet on the edge of boulders. A major improve-
fell onits side while under teleoperated control. The aCCideﬁﬁent to the foothold-selection pr0b|em would be to automate
was due to a combination of factors including steep slopfie search using a terrain-elevation map.
and cross-slope conditions, soft unstable slope material, a|n addition to inherent stability, framewalkers offer several
destabilizing tether-exit angle, and a control algorithm th%y advantages for rappe”ing_ First, since a rappe”er is ba-
had never been tested in such perilous stability conditionsically constrained to move down the fall line, a mechanism
Dante Il was fully operational, but unable to right itself.  specialized for straight-line motion, such as a framewalker, is
In an initial attempt to salvage the robot, we removed thgreferred. Second, only two motions need to be synchronized
end of the tether connected to the anchor and attached it teoaunwind the rappelling cable: winch rotation and frame
helicopter. The helicopter then tried to lift the robot using thﬁ‘ans|ation_ Even when Crossing |arge obstacles and S|0pe
150-m length of tether. This attempt failed when the tethefansitions, Dante Il rappelled smoothly with this simple con-
broke near the robot and caused the robot to tumble seveiig| scheme. Alternately, a rappelling terrain-adaptive robot

times down the steep, boulder-covered slope. Ultimately W@ould have to coordinate all supporting legs and the winch
decided that humans could attach a sling with minimal danggyay out to achieve smooth motion.

since the robot was about halfway out of the crater. One team
member and an experienced salvage expert hiked down tf?l
slope and attached a sling to the robot so that it could be lifted
out by helicopter. All other rim equipment was retrieved, ang tensioned support cable can enable exploration of terrain
the mission was complete. otherwise impossible for a terrestrial vehicle to safely traverse.

.2. Rappelling Extends Capability, but Limits Scope
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However, the obvious shortcomings of rappelling locomotiodron, Kumar, and Burkat 1987). Several clever robot config-
are that a reliable anchor is needed and the exploration rangations address the issue with mechanisms that can either
is limited to the cable length. Dante II's rappelling line iswalk upside down (Angle and Brooks 1990), or have no def-
300 m; ultimately, a line several times longer may be feasibiaition of “upright” (Pai 1995). Even so, given the concerns
for mobile robots, but the size and weight of the rappellinfpor component damage during a tip-over or tumble and the
system are real concerns. However, if all conductors could need to avoid a repeated tip-over, it may be most appropri-
eliminated from the tether through the use of onboard powate to focus future research efforts on hardware and software
and wireless communication, a dramatic decrease in diameggproaches to anticipate and prevent tip-over.
and thus increase in cable length could be realized.

While a tensioned cable can greatly improve the a robot&1.4. A Single Electronics Enclosure Lowers Risk
stability and ability to traverse various terrains along the falAll Dante Il electronics were placed in a single sealed and
line of the slope, travel away from the fall line creates restoringhock-isolated enclosure. The oversized enclosure was pro-
forces on the robot that try to move it back toward the falided with heating and cooling for all expected development
line. Restoring forces can cause the robot to slip sidewagsd mission conditions. From a reliability viewpoint, wiring
or even tip over (a side pull from the tether aggravated thmnnections are minimized, and most are located within a
conditions that led to Dante II's tip-over.) On extremely steeprotected enclosure. Since the enclosure environment was
slopes, ifthe restoring forces overcome the frictional forces demperature maintained and shock protected, conventional
the feet, the robot will swing much like a pendulum—a veryoffice-grade” telemetry and computing equipment could be
dangerous condition for a mobile robot, especially if externalsed for which hardened versions were cost prohibitive or
sensors and appendages might be damaged. Maximizing@nexistent. As a result, we could quickly and economically
robot’s obstacle-crossing capability can reduce the need fexplore experimental designs and options with computing,
travel away from the fall-line path. For this reason, Dante llelemetry, and video. During development, the single box
was designed with the ability to traverse 1.3-m obstacles. could easily be removed for troubleshooting and repair.

4.1.3. Self-Righting is Unrealistic in Most Scenarios 4.1.5. Reflexes and Coordinated Behaviors Produce Tactical

After Dante Il tipped onto its side, a frequent question wagutonomy
whether some means of self-righting had been considerdégnte Il has shown us that gait adaptation during execution
There are several areas of technical concern with self-rightifiggnecessary for walking in natural terrain. Too much is un-
scenarios: first, during a tip-over and possible subsequdtedictable, like bumping obstacles or slipping off footholds,
tumble, it is likely that some devices such as terrain senso@)d cannot be foreseen while planning.
communication equipment, and actuators will bear the brunt Biological systems provide evidence for simple sense-act
of energy absorption and be damaged or rendered inopeféflexes and decentralized control in walking. In their neu-
ble. Even if not damaged, communication and solar-arrdplogical basis, these systems are constructed of inhibitory
equipment may only function when aligned upright. and excitatory links between neurons to create reflexes and

The second fundamental challenge to self-righting is thRehaviors to sequence fixed patterns of action. They pos-
when exploration-robots tip over, the reason is more ofte$£SS properties necessary to gait execution: reaction to un-
due to static instability conditions, rather than dynamic inexpected events, concurrency of reflexes, and coordination
stabi”ty_ As a result, the robot cannot 5|mp|y be “stood upOf actions. For Dante Il, we took an approach that benefits
or righted again at the same location, as it will immediatel{fom these properties, and developed a network of behaviors
repeat the fall. Rather, some intelligence is needed to atteniptuse leg force and contact information as well as body-
self-righting that will not result in a repeated fall. A tip-overattitude measurements to advance the framewalker across
and atumble into a steep ravine could require a complex seri&fiable terrain. Together they establish a nominal gait to
of recovery steps to self-right to a safe stable stance. achieve forward progress, and can individually react quickly

Finally, even if the major issues of preventing damage ari@ unexpected conditions. The ability to adjust behaviors
avoiding repeated tip-over can be overcome, we are fac@fd guide their collective performance established Dante II's
with the final question of developing devices to enable selgupervised-autonomy control mode. During testing and later
righting. Such devices need to be of high strength, and shoufldlring the mission, the behavior-based control operated the
be capable of self-righting the robot from a variety of tip-ovefobot at its maximum speed, which was significantly faster
conditions. Rocket thrusters, airbags, helium balloons, at@n the most skilled human teleoperators.
highly geared linkages have been suggested. Since such a
device would be used only rarely, it would need to be smaft-1.6. Operational Control Contexts Structure the Degree of
and of low mass, as it represents lost payload capacity. ~Autonomy

Several years ago Waldron proposed a multibody wheelédrobot performs actions as the result of the coordinated con-
robot that could self-right through a series of body twists (Walkrol of its actuators. In one situation, it may be necessary
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to control a single motion in a direct manner, while at othekey decision to humans. Field robots will become more use-
times it may be appropriate to broadly guide only the coofful and practical when they are able to conduct safe operations
dinated result of many individual motions. A robot may bevithout continuous oversight, and request human assistance
autonomous in some respects, but eventually it must take exhen needed. As robots take on increasingly challenging
ternal guidance. We found that it was effective to construetutonomous tasks, this requirement escalates in importance.
a software-control system based on the idea that for an ex-
ploration robot, where the unforeseeable is commonplace
may be necessary for a human operator to intervene at
level to control the actions of the robot. We designed contro
software in layers so that control signals could be generatédeleoperated robot that is instrumented with many sensors,
by a human operator or by other software modules. We theach of which is sampled at a high rate, can produce an over-
developed the operator interface with specific control contextghelming amount of information for an operator to compre-
that described which functions are performed by the robot afétnd. Much of this information can be distilled to a dozen
which are performed by the human operator. or so critical values. With the addition of video imagery,
As an architecture, an organization into control contextshich itself represents a substantial volume of information,
aids development by partitioning the system and clarifyingnonitoring robot telemetry is difficult to sustain reliably, and
interrelations. For instance, force-based leg control could ultimately fatiguing. A number of studies confirm this
be refined and tested even before the robot’s body was coabservation (Sheridan 1992). We developed a multiwindow
pleted. Efforts proceeded in parallel to build each contraraphical user interface for this purpose.
context. Though ultimately targeting autonomy, our devel- We have had a number of unsatisfying experiences with
opment strategy was to build a solid teleoperation capabilitgxt-based operator interfaces: they invariably provide a
after which more autonomous capabilities could be layerathunting array of numerical information and an indecipher-
as developed. Then, if schedules slipped or technical pro#ble collection of command codes. The graphical interface
lems arose with the implementation of autonomous modgs;ovided a refreshing change that was quickly adopted. We
the mission could proceed using only teleoperation. have found that a graphical presentation of robot teleme-
As an approach to robot teleoperation, the contextual archity simplifies monitoring of the critical information and im-
tecture simplified the challenging task of controlling a walkproves the operator’s performance, increasing his/her abilities
ing robot. The ability to access low-level functionality wago comprehend the robot’s state and teleoperate and interact
crucial to extracting Dante 1l from several exceptional condiwith the robot over long periods of time.
tions and tight spots. High-level functionality built on robust Our primary objective in creating a graphical operator in-
low-level capability enabled more efficient operation in easid¢erface was to make it as easy as possible to operate Dante

4l 8. Graphical Presentation of Telemetry Improves Opera-
Performance

terrain. [I. We were motivated to minimize operator workload and to
make it possible for novices to quickly learn to control the
4.1.7. Constant Oversight Limits Autonomy Benefits robot. The following guidelines emerged:

We found that the ideal control mode for a remote explorer

is a supervisory mode in which a human occasionally moni-

tors the robot’s progress but focuses on scientific observation ) .
and mission strategy. The robot is given high-level directives to _focus on robot actions rather than the mechanics of
such as “move ahead 10 m,” from which it must sense the ter- using _the mterfac_e. ) _ )

rain, plan its actions, and execute the actions in a safe manner, * Functional organization. Itis appropriate to embed the

» Consistentappearance and interaction. Similar oriden-
tical design throughout the interface allowed operators

Dante Il completed 25% of its descent into Mount Spurr un- functiopal layout within the in.terface to avoid operator
der this type of supervisory control. Since its behavior-based ~ confusion. The use of operational control contexts pro-
control only uses proprioceptive data, it is “blind,” and can- vides a unifying and simplifying perspective on human-

not reason about complex terrain situations. As a result, con- ~ machine interaction. This approach enabled us to con-
tinuous human oversight is required to monitor progress and ~ CiSely organize the interface so that commands appro-
reinstate teleoperation when automated performance worsens ~ Priate for a particular type of function were grouped

or the robot’s safety becomes a concern. together. _ _ _
Continuous human oversight and safety response is im- * Uncluttered layout. Clean graphical design with qual-
practical for terrestrial robots, and impossible for plane- itative or simple quantitative representations of sensor

tary systems for which large communication latencies ex- ~ and state information allows for quick assessment of
ist. An important research focus must be to embed robots ~ current conditions. Numeric data provides precision,
with sufficient intelligence to know when they should cease ~ and should support graphical features unobtrusively.
autonomous operation and request human input. Most “au- ¢ Simple command generation. Clear, easy-to-use con-
tonomous” mobile systems developed to date relegate this trols allow efficient, rapid command sequences. Easily
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modified values and reusable commands are importatdn dwell for days, weeks, or even months while collecting,
for reducing operator workload during teleoperation. analyzing, and streaming data to scientists at remote stations.
« Visual indication of safeguards. Different commandn the event of a dangerous event such as a rock fall, only the
safeguards are appropriate, depending on the situatitoot is jeopardized.
and the types of commands being applied. Indicators Once a mobile robot is placed in the field to stream data
that clearly reflect active safeguards reduce operatBfck to humans, highly interactive robotic science missions
misconceptions and error. involving many people are possible using live video and data
links. As demonstrated by Dante Il and more recently by
Anecdotal evidence suggests that operators were able to 4@ Nomad robot (Wettergreen et al. 1998), the nature of ex-
Dante Il longer, faster, and safer with the graphical intefploration has evolved to the point where scientists in several
face as compared with numeric interfaces on previous robotseations can simultaneously be in “mission control” and view
We also found that visitors watching operations were able {srogress, analyze data, and advise.

quickly grasp how the interface worked. Critical to this new era of exploratory robots is a system
design and method of deployment that eliminates human dan-
4.1.9. Terrain Visualization Is Essential to Exploration ger and minimizes costs. While deploying Dante Il at Mount

Spurr, significant human effort and expense was required to
A frequently updated model and visualization of the robatmplace the anchor and configure power, communications,
and surrounding terrain is essential if efficient and thoroughnd logistical equipment at the rim of the volcano. Including
exploration is to take place. Visualization of the robot and teghe large robot, nearly 3 tons of equipment were transported to
rain together aides situational awareness. A full 3-D “virtuahe volcano. Self-deploying compact systems (e.g., air-drop
environment” interface was developed for Dante I to providepackages”) are more practical on Earth and are essential for
operators an easy means to visualize the robot’s stance, foregsace missions.
and surrounding terrain topology. Using this 3-D interface,

operators could rather easily plan safe moves after studyiggy .11. Overdesign Can Enable Rapid Development

the virtual robot and terrain from various viewpoints. In comy, key challenge of the Dante Il project was to design and

parison, teleoperation from 2-D video imagery was difficult ;
because of a lack of depth information. Furthermore, the %]crease the ruggedness of the robot and support equipment to

D images offered no visual cues that would helo an operat nable repeated testing, transport, and deployment at a variety

] ngil biect size and distance from the r bpt P 8Fsites, culminating with the harsh volcanic environment.

econciie object size and distance 1ro € robot. Our approach was to overdesign components and subsys-
Virtual environment interfaces can be used to improve a1

operator’'s situational awareness and to efficientl visualizems to enable rapid integration and unexpected conditions
P y c‘furing deployment and exploration. It has been our experi-

complex terrain and vehicle-state information. We found th%Ince that robot-system integration commonly stresses compo-

high f.ra”?e rate, level of mtgraf:uw_ty, and case of use were ents more than actual operating conditions. One approach is
contributing factors for achieving immersiveness and a SeNse. ow integration in an attempt to avoid control “mistakes”
of presence. However, insufficient visual-reference aids and + could damage the electromechanical systems. We be-
accuracy of correlation between graphical models and phy |iéve however, that it is much more expedient to overdesign
cal objects can degrade operator performance and Conf'denccoemponents where possible, and thus permit integration to

be(\:/zmls gl'gl?:]r:%gr?;o;tgf;‘:&?EZ’Vtgli;i?f;;?]nggg{;%er roceed rapidly and with less concern for equipment damage.
y r instance, motors were sized to withstand long durations

spinning-mirror surface. Teleoperation became extremely tgf stall current, even though this condition was designed to
dious as operators were left to infer terrain geometry based ’

. o . e protected by software. Of course, overdesign is ho excuse
only on video and leg-position information. Progress slowe

and safety margins declined until the tip-over occurred. tesé:i\g(.j proper control-code design, simulation, and off-line
- . . Overdesigned hardware also helps the robot survive the rig-
4.1_.10. Self-Sufficient Mobile Robots Are Suited for Remo&eS of deployment. (It may be that deployment and transport
Science activities—rather than exploring in the volcano crater—were
A ground-based mobile robot is an excellent platform fronthe harshest conditions that Dante Il had to face.) By nature,
which to conduct scientific and data-logging activities, in pan exploration mission will encounter unexpected conditions.
due to its ability to precisely position using internal and extere believe that a systemic development approach that stresses
nal sensors. Temporal and environmental data can be addedyerdesign will also result in a system more suited for an ex-
the positional information to create a complete sampling higloration mission. A common result of overdesign, however,
tory. Using ranging sensors, a mobile robot can quickly mag increased weight. Our approach was to prioritize reliability

surface topology to a resolution and accuracy that would rend durability, although we also made continued efforts to
quire a human team many days to complete. Arobotic vehicteduce weight.
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4.2. Programmatic Lessons capable of performance under rugged conditions. As aresult,

The Dante expedition to Mount Spurr made for an atypici¥€ believe that the Dante Il project contributed to robotic
project, because the intention was to develop a capable robdtfdence as one of the first unattended field expeditions.
system and then demonstrate it in the field, rather than under

controlled laboratory conditions. The is the ultimate objectivd.2.3. Software Necessarily Lags Hardware

of field robotics, to put machines to work in the uncontrolle f devel ; v ] hard devel
natural environment. During the course of the project w ottware development necessartly lags hardware develop-

learned several programmatic lessons that aided in ourgettiwgm’ '”"'?”V because ha_rdware _specmcatlo_ns are not com-
Dante Il to the field plete and finally because integration and testing cannot occur

without working hardware. In a fast project, where delays
4.2.1. Set Specific Objectives and Success Criteria begin to compound early, it is beneficial to build hardware
components in parallel and, whenever feasible, overdesign to

For a robotic field experiment, it is beneficial to identify Spei:ompensate for other, less reliable components. By defining

qﬁc obpctyes that are clea.rly defined and measurgble. Dﬁftermodule communication methods first and implementing
fined objectives serve two important purposes. First, thea}fl the communication messages with each of the software

help to reveal what will be necessary to perform the field X odules “stubbed-out,” we were able to begin implementing

periment. Itis inefficient to conduct applied research Withoqstoftware modules in parallel, and we laid substantial ground-

goals and a rational plan. And worse, going to the field Wm\/'vork before the physical hardware was available.
out a clear idea of what you are trying to accomplish seldom

results in a successful experiment. Second, clearly defined
objectives help to eliminate tangential efforts that creep infy2

the scope of work. Itis essential to restrain any ballooning efyerall, reliability and failure modes were stressed in the de-
fect and keep the prOjeCt focused on Only activities that mO\éegn and preparation phases of the project, because the work-
toward the objectives. (This may not be true of basic or moliag assumption was that if the robot failed while in the vol-
speculative research.) canic crater, human entry and repair would be forbidden.
Similar to objectives, which lay out the areas in which recomponent-related failure modes and subsequent implica-
search will be conducted, success criteria for a field demofions nearly became an obsession during the development
stration tell you what the robot must be able to do and Wh%}ocess. Interestingly enough, however, throughout the de-
it is done. What were the success criteria for Dante Il's €Xrelopment program we did not seem to spend sufficient time
pedition to Mount Spurr? Get to the crater floor and transmiontemplating operationally related failures and possible im-
images and scientific data. That was it. Even though Danfications. Indeed, even as the actual mission wore on, we
Il tipped over while we were trying to bring it up from the hecame increasingly fixated on the likelihood of component
crater floor, NASA already considered the experiment a sufgjlures and their effect. Operational failures such as teleoper-
cess. Both during development and, more critically, during ging the robot into a tip-over condition or tether entanglement
field experiment, activities that do not contribute direCtly tQNere not considered to the same extent. In retrospect, addi-
success should be avoided. tional focus on possible operational failures would have been
prudent.

.4. Operational Failure Modes Are Significant

4.2.2. Harsh Field Experiments Drive Program

Itis important to know the complexities of the proposed field-2-5- Unforeseeable Events Sometimes Occur

experiment. In addition to knowing the robotics issues inyhen exploring the unknown, expect to find it. This is the
volved, itmay be necessary to visit the site to aid in the desigfature of exploration, and operation with a field robot is no
process. Ifthe experimentis to involve science, itis importaricception. The robot will eventually, either technically or

to find expert partners who can advise regarding approprigifiysically, meet a circumstance for which no contingency
sensors, methods, and analysis. Ittakes time and thorough g¥s peen devised.

amination to realize all the subtle issues and various aspects
of an intended f|gld deploymgnt. 4.3 Conclusions

One of the major accomplishments of the Dante Il project
was that it was structured not only to develop new technologyhe purpose of the Dante project was to develop technology
and approaches to remote robotic exploration, but that it waslevant for use in space exploration, and demonstrate the con-
to demonstrate the technology in real, unforgiving envirorzepts in a harsh terrestrial environment. To this end, the Dante
ments. While the field deployment generated much publicity robot system incorporated a variety of new technologies and
and interest, the key technical reason to take on such a coput them to ultimate test in a demanding, planetary-like field
mitting experiment was that it focused the entire team ontetting. Conclusions we can draw from this effort span the
a clear, quantifiable goal, it and forced technology that wasalm of technical and programmatic:
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« Rappelling with a legged robot is an excellent meanBoehmke, S., and Bares, J. 1995 (Boulder, CO). Electronic
of locomotion in severe terrain that includes a combi- and telemetry systems of Dante Rroc. of the 41st Intl.
nation of complex slopes, slope transitions, obstacles, Instrumentation Symp. of the Instrumentation Soc. of Am.
and soft materials. Furthermore, with a framewalkeBrooks, R. 1986. Arobustlayered control system for a mobile
coordinating rappelling and walking control is readily robot. IEEE J. Robot. Automag(1):14-23.
achievable. Fong, T., Pangels, H., Wettergreen, D., Nygren, E., Hine, B.,

* Future autonomous mobile robots operating in un- Hontales, P., and Fedor. 1995 (San Diego, CA). Operator
known hazardous environments must be capable of re- interfaces and network-based participation for Dante 1.
alizing when they need human assistance, instead of Proc. of the SAE 25th Intl. Conf. on Environmental Sys.
relying on humans to monitor and redirect operation. Grillner, S. 1985. Neurobiological bases of rhythmic motor

» Immersive and readily comprehensible terrain and zcts in vertebratesScience?28:143-149.
robot-state information is crucial for effective teIeoperHine, B., Hontales, P., Piguet, L., Fong, T., Nygren, E. 1995
ation in severe terrain. o _ (San Diego, CA). VEVI: A virtual environment tleopera-

* The possibility of catastrophic failure is very real in se- yjons interface for planetary exploratioRroc. of the SAE
vere terrains. Careful system design as well as opera- 25th Intl. Conf. on Environmental Sys.

tional training can help to reduce—but not eliminate—;;se 5. 1983. Adaptive gait control of a quadruped walking
the possibility of a mission-ending event. The focus '\ epicle. Proc. of the First Intl. Symp. of Robot. Res.
should be on avoiding destabilizing conditions, rathejshing v, 1983. Walking robot for underwater construction.

than engineering recovery methods. Proc.s of the 1983 Intl. Conf. on Adv. Robot.

* The requjrgmentfor.a“re'a.l“ exploration mission can b‘f(rishna M., Bares, J., and Mutschler, E. 1997 (Albuquerque
a galvanizing factor in driving technology and focusing NM).’Tet’hering ’sys’tem design for’ Dante Rroc. of the '

a development program. IEEE Intl. Conf. on Robot. and AutomatWashington,

Is the Dante Il system appropriate for space exploration DC: IEEE.
or to serve as a terrestrial volcanologist? Perhaps not in ©hodera, S. 1989 (Seattle, WA). Several examples of robot
present form. However, we believe that some of the lessonsand automation on the underwater construction work.
learned can be used to form the basis for next-generation ter-Proc. of the 16th Meeting of US/Japan Marine Facilities
restrial explorers, and future generations of their planetary Panel
counterparts. Pai, D. 1995 (Pittsburgh, PA). Platonic walking beaftac.

of the Intl. Conf. on Intell. Robots and Sys.
PlusTech Oy Corp. 1995. Tampere, Finland. Technical
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