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The field of coordinated robotics lies at the intersectiortrefative design, advanced dynamic modeling, and deft egtjn of
feedback control theory. Recent advances in these actlds fi¢ research, together with concomitant advances in atemhics, inex-
pensive sensors (MEMS gyros & accelerometers, magnetospetod encoders), batteries, GPS, digital electronicaging systems,
wireless & satellite communication, and high performam@puting, open up the potential for a revolution in the célfigs of small
mobile robotic systems, and coordinated swarms of suclesysstieployed for addressing a variety grand challengecspipins. This
article introduces four new classes of such systems (iH@& ube, Switchblade, and iFling) that each leverage hethalse advances
to enable a wide range of capabilities, functionality, apgdligations. Many of the fundamental design features isehfeur vehicle
classes are now patent pending, and all four are illustrateter in additional photos and videos available at ouugraveb page,
http://robotics. ucsd. edu. All of the vehicles discussed represent a tight synthdsitesgn andcontrol; indeed the mantra afesign
for control is paramount in these studies, as good controls is not antigesubstitute for good design. Towards this end, we are
reminded of the following quote from thkao Te Ching:

Thirty spokes share the wheel’s hub; it is the center holerttakes it useful.
Shape clay into a vessel; it is the space within that makeseiful

Cut doors and windows for a room; it is the holes which makeédful.
Therefore benefit comes from what is there; usefulness cénmvaswvhat is not.

Motivation for highly maneuverable autonomous or sembaamous robotic systems [UAV, UGV, USV, and UUV; that is, laimed
aerial, ground, surface (i.e., floating), and underwatéioles, respectively] include

(1) urban and battlefield reconnaissance,

(2) detection and detonation or defusing of IEDs and lan@syin

(3) exploration and patrol of caves, mines, tunnels, and €'gfstems,

(4) monitoring and repair of remote cables and pipes (irinly&ulf-coast underwater oil pipes),

(5) scouting within hazardous buildings (in case of firejoadtivity, urban warfare),

(6) accurate environmental monitoring and forecastingr{banes, ocean currents, Icelandic ash plumes, cherhiogglimes from

plant explosions or dirty bombs),

(7) planetary exploration,

(8) personal assistance (stair-climbing wheelchairspnm#d scooters, cleaning systems for floors, pools, wirgjéxceilings), and

(9) entertaining toys.
Though there are various notable successes in some of tleese there are also many notable failures. Much more islppess the near
future with the technology available today. The particld&Vs described in this article do not focus on any one of ttzgg®ications
in particular, but are motivated by enhanced agility regmients that arise in many of them.

The first major development of remote-controlled UGVs waes @vliath, developed by Germany during WWII as an explosives
delivery system; modern incarnations of this basic treaadtcle design include the Pacbot by iRobot and the Talondsgdf-Miller,
both fielded by the US military, with articulated manipulagsms, primarily for IED disposal (Figure 1). In contrasigtvehicles
developed in the present work leverage advanced dynamicsngals; like modern fighter aircraft, supplanting statiabslity with
effective use of feedback control in UGVs can lead to greatiyroved maneuverability and efficiency at significantlglueed weight.
Unfortunately, space constraints require that this atcily survey the explorations of our own lab in this now paptield; the broad
body of existing literature related to each of our desigriktiuis be reviewed elsewhere.

Figure 1: Goliath (WWII Germany), Pachot (iRobot), and Te{6oster-Miller).



Figure 2: Cartoons illustrating the multimodal hoppingabboncept.

1 iHop: a dynamic multimodal hopping robot

The inspiration for this investigation arose from a finalexia an MS-level class in dynamics & control at UCSD in 2003eBxam
focused on a vehicle (Figure 2) which could self transfortmeen three primary modes of operation: horizontal roviregtical roving
(similar to that of a Segway), and pogo-stick-like hoppinthe proposed vehicle has two large main wheels and a thirdllem
castoring wheel at the far end of a leg passing through thiecefimass. It can steer in both roving modes by differemtialiation of
the main wheels, and can self upright by torquing the mainelghigackwards. The first two exam questions focused on:

(a) the continuous-time finite-horizon optimization teijues necessary to plan an efficient righting maneuver, and
(b) the continuous-time infinite-horizon control techrégunecessary to stabilize the upright roving mode.

By releasing the energy of a pretensioned spring withingeathile in upright roving mode, the vehicle initiates a cofiéd hopping
motion. While airborne, the vehicle uses the two main wheeladdition to two smaller wheels mounted orthogonallysstn the two
main wheels, as “reaction wheels”: when these wheels agei¢arin one direction, there is an equal-and-oppositeimatirque on
the vehicle. The final two exam questions focused on:

(c) the continuous-time nominally-time-periodic conttethniques necessary to reject disturbances (to keep thielev@riented
vertically to hop in place, or to reorient the vehicle to amgided configuration while in flight to hop sideways), and

(d) the discrete-time control technnigues necessary &rhite the desired configuration of the leg in preparatiorézh hop (thus
facilitating a repetitive hopping motion that can be usethtive from one point to another).

Perhaps the most interesting maneuver that such a vehitlperéorm is the running “single hop”. During this maneuvbe system
recompresses its spring upon landing and returns imméyiateipright roving mode, ready to conduct another hop wheeded; if
the vehicle has a large forward velocity in upright rovingdadefore the hop, it will move horizontally a significanttdisce while
airborne. The resulting “pit-of-fire leap” is potentiallgeful—if deployed for exploration of a burning buildingethehicle might need
to move quickly over a burning obstacle which could otheewdamage it. Further, hopping is inefficient, and should lezeated only
when the mission calls for it; for efficiency, the vehicle alibroll whenever possible, either in upright or horizontating mode. In
fact, maximally leveraging the efficiency of rolling moti@a common theme in all of the systems discussed below.

Evolution of the iHop design

Shortly after the exam mentioned above, three of the top UC&Drols students expressed interest in exploring how tid lsuch
vehicles, and the UCSD Coordinated Robotics Lab was borrbefin, our “robots” were nothing more than advanced dyna&ic
control experiments; it soon became evident, howevertligatehicles being developed were capable of much moretilenseneuvers
than were traditional UGVs, and that these maneuvers cdtitdaiely be useful in a variety of practical applications.

The first multimodal robot design which we built, iHop v.1 dbie 3a,b), was a simple pogo-stick-like vehicle with a $maalk-
and-pinion mechanism mounted on the center of the leg, wsadd energy to each bounce to make up for losses. This ndiiag |
prototype could stabilize a continuous hopping motion,rmttrobustly. One of the key challenges of this prototype thasdelicate
linear bearings used to guide the leg motion.

Our team learned a lot from this initial prototype regardspging, motor, & gear selection, sensor fusion & filtering,. én 2006,
we designed a new iHop v.2 prototype (Figure 3c,d) based erything we had learned from iHop v.1. This design has twgdanain
wheels and a third small castoring “omni-wheel” at the toghefleg, so it can transition between horizontal and uprighing modes,
as in the motivating cartoon. It also has a substantial thitidel inside the robot body, orthogonal to the two main wéieghen in the
air, it can torque against the two main wheels to reorieegffita the fore/aft direction, and it can torque against thiedt (internal) wheel
to reorient itself in the left/right direction. This desigiso has an elastomer spring mounted between a small pbst it of the leg
and a bracket at the bottom of the long lead screw driven byadl snotor.



Figure 4: The iLean concept and prototype.

Figure 5: The iHop v.3 prototype.

The control algorithms developed to stabilize the hoppirggiom of iHop v.2 are highly effective. Interestingly, thgiu when
hopping from one place to another the vehicle tilts prinyarilthe fore/aft direction, stabilization of iHop v.2 in theft/right direction
is in fact the most difficult to achieve, and the third (int@l)rwheel is often spun up to high rpm. The reason for thisdiffy is that the
moment of inertia of this design is much higher in the ledtitidirection than it is in the fore/aft direction. This wealss is addressed
by iHop v.3, presented below.

iHop v.2 can self transform between several modes of omeraticluding horizontal roving, upright roving, repetgihopping, sin-



Figure 6: The iceCube concept (a), completed CAD designaii, prototype (c,d). The hundreds of complex pieces thapcgm
iceCube fit together with extremely tight clearances; isigie would have been impossible without an accurate CAD inode

gle hops, running jumps, and balancing on its toe. Encourbagenot satisfied by its performance, before committingpeodonstruction
of a third iHop prototype, we investigated next how to clinthiis with a small vehicle without hopping.

Exploration of quasi-static stair climbing with iLean

The “little sister” of iHop, affectionately dubbed iLeanigiere 4), gives up on hopping altogether, and instead igydeslito overcome
obstacles slowly, by something of a “climb/lean” or “invedinky” maneuver, in which the vehicle climbs its own paheldhen “leans”
onto the top of the obstacle. This maneuver is quasi-st&tid,.ean can climb down using the inverse of the same motiate khat
iLean has only two reaction wheels. When using these wheaetlseamain drive wheels while in horizontal or upright rovimgdes,
these wheels should be approximately parallel. When chiglis pole, iLean cants these wheels inward so they are zippately
perpendicular to one another, allowing them to be used hegéb stabilize both the fore/aft and the left/right motadrthe vehicle. The
most difficult maneuver to perform reliably with iLean isghransition from upright roving mode to pole climbing modaring which
the two wheels need to be canted in quickly. This weaknedsigated by the synthetic design presented next.

Design synthesis: iHop v.3

iHop v.3 (Figure 5) is a sophisticated fusion of the iHop ui@l d_ean designs, and inherits the outstanding capakilitfdooth while
being simpler, lighter, and more robust. A key improveméiittop v.3 is that it removes the third (internal) reactionesghof iHop v.2,
instead achieving left/right stability by shifting the nsasf the two main wheels from side to side. This design cosvbg high lateral
moment of inertia of iHop from a liability, as it was in iHop2y.into an asset which can be leveraged effectively to stahtihe vehicle
in the left/right direction, and does not require any deéoaheel canting maneuvers when transitioning between siode

2 iceCube: a self-centered spherebot

Fundamental performance limitation of the hamster-ball design

In the 1999 remake ofhe Avengers, John Steed and Emma Peel walk across the Thames enclosedarplastic spheres (which are
now available commercially from Waterwalkerz, Ltd). Thougmall hamster balls have been popular pet novelties faadées; the
Rhino character from Disney’s 2008 animatidolt brought the idea to the forefront on the silver screen.

There have been several spherebots designed in recentayearsd this basic hamster-ball concept. Though engaglhgueh
vehicles suffer from &undamental performance limitation: they can acclerate only as fast as a certain fraction of¢belaration due to
gravity, as dictated by basic geometric arguments (relatéite possible positions of the center of mass within thesgh

Exceeding expectations with iceCube

iceCube (Figure 6) takes the idea of spherebots to the next lend is distinguished from all other spherebots we a@awf in that
its center of mass is always at the center of the sphere. Ritéie moving the center of mass, iceCube builds up angulanentum
in four carefully-configured, internal gimballed flywheésmown in such applications as control moment gyros, or CM@®n, when
necessary, reorients these spinning flywheels to impaudkiyularge coordinated reaction torques on the spheres dpproach bypasses
the fundamental performance limitation associated wighitamster-ball concept, and is limited only by the fricti@ivibeen the sphere
and the ground, which can be enhanced by endowing the splitbra vough surface. Note also that iceCube can be made lititaa
water to make an amphibious vehicle that can swim by spinmind can also be made with small pressure bladders to aelyurantrol
its buoyancy, thereby enabling it to float (and maneuvet)jetow the surface for stealth amphibious operations.



Figure 7: The Switchblade design and prototype.
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Figure 8: The iFling design and prototype.

3 Switchblade: a nimble treaded rover

Returning to the robust treaded vehicles common in miligglications (Figure 1), we were curious as to the potepgalormance
enhancements possible with feedback control. The restitti®&tudy, after a couple of design iterations, is Switaldel (Figure 7), a
treaded vehicle that can pop and stabilize both wheeliestmpbies, and can balance on the edge of a stair. The cueratajion of
Switchblade is capable of independently rotating the taess@mblies with respect to the chassis in addition to dyithe treads. This
allows the robot to dynamically adjust its center of gravibiexpensive MEMS accelerometers and gyroscopes, couple@dvanced
filtering techniques, allow the robot to estimate its anglh nespect to gravity.

With the tread assemblies unfolded away from the body, $\viedle can balance upright on its treaded “toes” and starid 2p”
tall in order to expand the view of an onboard camera and oveecobstacles that would otherwise be insurmountable wihtall
treaded robot. This design is also capable of both cros$iagras nearly as wide as the vehicle is long, and using théfnoanted
pivot of the chassis to actively dampen vibrations whenidgquickly over rough terrain. The reconfigurability of tthead assemblies
permits several modes of locomotion, which Switchbladetcamsform between based on the type of terrain encounté@itezlunique
mechanical design of Switchblade coupled with feedbackrobalgorithms enable it to overcome complex terrain (stgirs, rubble)
while retaining a small form factor to navigate in confinedasgs and to reduce cost and weight.



Figure 9: The reference double inverted pendulum swingngpssabilization problem.

4 iFling: a madcap, ball flinging, R/C toy

It is tempting to use personifications (“dynamic”, “nimbjéimadcap”, ...) to describe robotic systems; we have in fgatn in to
such temptations in this article. These temptations aredslty strong for a vehicle endowed with feedback, whictefbestows the
vehicle with a certain life-like responsiveness, and mdkesvehicle particularly engaging as a toy. Thus, we havéoeag (through
three major design iterations) the miniaturization andpdification of our original iHop concept to form a (non-hopp) self-righting
Segway dubbed iFling (Figure 8) that can pick up and throvgfmong balls (or swack them around, using the leg as a hocksy.s
Due to the very careful attention paid during its designkipig up a ball is in fact quite easy with this vehicle: simpb}lover a ball

and wedge it between the body and one of the rotating whe&lawing a ball is also quite effective, and is achieved inecige and
energetic lacrossel/jai-alai/TracBall fashion.

5 Secret sauce: dynamics & control, intelligent design, anthechatronics
Model-based control theory

Our lab operates under the philosophy that if we have, or earldp, an accurate dynamic model of the system under cenasion
(which is certainly the case), then it is generally to ouradtage to use it; thus, all of the vehicles described in ttisleare coordinated
leveraging control strategies designed around (or atteastl based on) such models, including gain-scheduled AE2ad&:lag control,
(infinite-horizon, finite-horizon, and time-periodic) L@&,, and MPC, the details of which we will not get into here. Ndiattaccurate
dynamic modeling of such systems is doable, though not sadgseasy; in particular, iceCube has a rich range of jpdessnotions
that must be handled carefully and with a singularity-frie¢esdescription. Offline and online identification of mogatameters is also
sometimes necessary in such problems.

In our experience, PID, lead-lag, LQ&4, and MPC are hearty workhorses that go a long way towarddfenetige control of robotic
systems, which are typically fraught with complex trigoreinic nonlinearities. Richard Bellman is said to have onoegared one
who designs linear controls for nonlinear systems with ohemw, “having lost his watch in a dark alley, is searching famider a lamp
post.” Erudite comments of this sort are often taken far &r@sisly, as all differentiable systems are linear wherswered as small
perturbations about a nominal position or trajectory. bwleé'nonlinear control theories” (Lyapunov-based apphes¢ backstepping,
etc.), though elegant when they can be applied, often reptdmutique luxuries that are inapplicable to the clas$e®olinearities
present in practical systems of interest. As just one exanephsider the double-pendulum swing-up and stabilingiroblem (Figure
9): though dominantly nonlinear, our lab has solved thignesfice problem with a straightforward combination of MP&eictory
planning (via successive linearizations about candidajedtories) and LQG stabilization; we are in fact unawdranyone else who
has solved this problem, and all of the so-called “more sifsited” nonlinear control methods available appear tmégplicable.

Advanced modeling and rapid prototyping

The iterative “design/build/test/repeat” formula higitited in previous discussions is integral to our thinkingsae-the-box approach
to robotic design, as the multifarious challenges assediaith any new design concept can not generally be antaifagfore the first
prototype is built. Thus, multiple design iterations andtptypes are often necessary to mature any given conceaptyafs a result,
investigations of this sort would be impossible without rmod CAD programs (Solidworks, Pro Engineer, and CATIA), ethare
instrumental in making the iterative design process efiiciand advanced shop equipment (laser cutters, CNC milts3® printers),
which fundamentally reduce the labor involved in the cardton of new prototypes.
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Figure 10: Rogomatic and the modern SLAM problem.

Rocket science: reaction wheels and CMGs

Archimedes once said “Give me a place to stand and a leverdoaggh, and | will move the earth.” As Archimedes neededatiuh,
so also does a balancing, hopping, or orbiting vehicle naédetial mass to torque against in order to reorient itsetiis is the purpose
of reaction wheels, whose use is relatively straightfodvéorque a reaction wheel one way, and the vehicle expezgeac equal-and-
opposite reaction torque. The motion of the reaction whselfican later be bled back off, either with reaction cohtinousters, or
merely when the vehicle comes back in contact with the grolthdugh simple, the instantaneous torque available whieig usaction
wheels is limited to that provided by the motor used to driveerieaction wheels themselves.

The torque associated with a CMG, on the other hand, is akiinaibexperienced in the high-school science experimentiiciw
one sits in a swivel chair holding a heavy spinning bicycleselh by gently reorienting this spinning wheel, a relatMalrge reaction
torque is applied immediately to the subject in an orthogidimaction, and the chair swivels. Though more complex,itiséantaneous
torque available when using CMGsriet limited by that of the motor used to drive the gyros, and cars fead to more agile designs.

Note that both reaction wheels and CMGs are used extensiveite satellite industry.

Lockable linkage mechanisms providing continuously-varmble transmission of torque

During the early days of the steam engine and combine hanyssiphisticated mechanical mechanisms were inventeaf ogtcessity.
Largely a lost art, advanced mechanisms of this sort atdstilg developed in a few fields, such as advanced windskigldr designs
that cover a high percentage of large windshields, and aatiorand continuously-variable transmissions in autohesbi
With the development of sophisticated robotic vehicles lidop, we are witnessing a resurgence in the creative desigrulti-

functional mechanisms built to fit a variety of complex needste in particular the dual four-bar mechanism used todioate the leg
motion of iHop v.2 (Figure 3e,f), and the interconnectedtsix mecahnisms used to coordinate the leg motion of iHopRidkIre 5b).
Both of these designs are capable of locking the leg durimigjbproving, and easily releasing this lock to initiate popy. In addition,
both designs provide a continuously-variable transmissiiotorque during the hopping motion of the vehicle, suppdyhigh torque
when it is needed (at low speeds), and high speed when it geddat low torques).

There are several other design features that might be iedlad “secret sauce” inherent to the success of such vehicles

e multifunctional wheels (used as main-drive/differentgdering wheels, uprighting actuators, reaction wheslanter weights,
and ball pick-up mechanisms) with functional mass (bateand motors),

e multifunctional motors (with completely different effscivhen driven clockwise or counterclockwise, via creatise of latching
mechanisms),

e custom printed circuit boards to connect exactly the rigatteonics together with a minimum footprint (iFling), irddition
to high-performance COTS boards such as the Texas Insttsn@@®00 MCU (iHop), the National Instruments sbRIO 9602
(Switchblade), and the Technologic Systems TS-7250 (ibe;with both low-level coding in C as well as high-level troh
design leveraging Matlab’s Simulink and LabVIEW'’s CD&Sinodules to program the Tl and NI boards, respectively.

Robotics is one of the most demanding and interdiscipliaaegas of mechanical engineering, as the successful desmisé assimilate
tremendous know-how in order to bring all of the disparagees of a new vehicle concept together in a balanced andiaptifashion.

6 Outlook: providing an enhanced perception of the physicalorld

Simultanteous Localization And Mapping

The idea of Simultanteous Localization And Mapping (SLAMAasintroduced by an early 1980s ASCI-based computer gariesl cal
Rogue (Figure 10a). In this game, you controlled the motion of arabger through a randomly generated “dungeon”, searching f
treasure while avoiding monsters. A map of everything ydaracter had seen thus far was generated as the game e\advibict



you could more completely explore its passageways and, ymecoad retreived the principle treasure contained in thgdan, easily
retrace your steps back out. Shortly after the gamRogiie was introduced, an Artificial Intelligence (Al) program leal Rogomatic
was developed to play the game Rdégue autonomouslyRogomatic was thus the genesis of modern attempts at SLAM, which is
essentially the same problem, with the character replagea fieal robot, exploring a real dungeon, in search of realstree, while
avoiding real monsters.

The current state of the art in SLAM is illustrated in Figui@bl Besides being implemented on an actual vehicle, expgai
physical environment, and the result being depicted in de&D representation instead of a 2D map, the quality of tfarimation
returned has not evolved all that much in the 25 years dRogematic was developed. Based on the emergent robotic, vision, and
communication technologies now becoming available, tie fs ripe to take the next major step.

The 3D virtual environment visualized in a modern first-parshooter video game is illustrated in Figure 10c. Fore¢heko
haven'’t played such games, the information presented imfeame is very natural, as if you were exploring the envirenitin person:
you can see what is on the walls, peek around corners, andedggickly what is interesting to explore further, and wisatdt.

We believe that the next major advance in mobile robotics lvélthe effective use small agile vehicles, such as thoselojesd
in this article, leveraging advanced imagers and laserafamders to create an effective robotic exploration systesih ¢an develop a
3D virtual environment summarizing everything the vetsdiave thus far encountered. Note in particular that the 2Rdqoétitching
problem is essentially already solved, with effective caencial software readily available; the next natural stepriage processing is
3D photo stitching, in the context described here, in ordéséw” together a 3D virtual model of the physical enviromhexplored by
a robotic system. Navigating such a virtual environmenh thkows a warfighter, firefighter, or mine rescue team to havexaellent
view of what they are going to find before moving into a hazasdor inaccessible area.

Plume estimation & forecasting, and the related problem of daptive observation

The other problem which is captivating the attention of kbtnUCSD Coordinated Robotics Lab and its sister orgamimathe UCSD
Flow Control Lab, is that of the accurate estimation & foistzay of contaminant plumes leveraging sensor-laden unethrehicles.
Originally motivated by the problem of coordinating emerggresponses to plant explosions and dirty bombs, this dbproblems
received renewed international interest in 2010 due to thié €&ast underwater oil plumes and the Icelandic ash ptume

Motivated by such applications, we have developed a new idyariational/Kalman) Ensemble Smoother (HEnS) aldponitfor
state estimation in large-scale systems in the face of antisk nongaussian uncertainties, effectively combirivegprinciple strengths
of the two most effective approaches available today fortheraforecasting [ensemble Kalman filtering (EnKF) and sftaoe vari-
ational methods (4Dvar)]. We are also developing a closated hybrid Targetted Adaptive Observation (TAO) altjon for coor-
dinating the motion of sensor-laded unmanned vehicles ¢h systems, again leveraging both ensemble and variatappabaches.
The latter algorithm targets as a cost function not the plissdf, but the principle uncertainties of the plume looatat the forecast
time, and addresses this uncertainty by optimizing feagiajectories of the sensor-laden vehicles in order tecbthe most valuable
information possible to minimize this uncertainty.

Both algorithms, in addition to being theoretically rigasy have already proven to be uniquely effective on reptatea model
problems, as will be reported separately. We will very soertdsting both of these algorithms, in 2D, using a fleet of adsensor-
laden Switchblade vehicles (currently being built), andeawy smoke plume released in a parking lot near our labs. Welao
collaborating with Prof. J. Kosmatka and coworkers at UCBDrider to test these algorithms using multiple UAVs in laagborne
plumes in the years to come.

Summary

This article introduced four new classes of agile robotistsgns (iHop, iceCube, Switchblade, and iFling), their usigapabilities,
and several of their novel design features, and reflectecherotitside-the-box thinking as well as the iterative preagkich led
to their invention. Robotic sensing systems provide an i@t link between the “physical” world and the “cyber” wadylindeed,
the popular “cyber-physical systems” moniker is sometimgsd to describe such efforts. A multitude of difficult chaljes arise
in the interdisciplinary design research required to dgveind optimize such agile robotic systems and effectiverdlgns for their
coordination; due to an unprecedented confluence of reeelmhblogical advances, we are well positioned to makefgigni progress,
in very near future, towards the practical application aftsaoordinated robotic systems in a host of societallyvasieapplications.
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