Journal of The British Interplanetary Society, Vol. 42, pp 478-485, 1989FAST, CHEAP AND OUT OF CONTROL: A ROBOT INVASION OF THESOLAR SYSTEMRODNEY A. BROOKS and ANITA M. FLYNNMIT Artificial Intelligence Lab*, Cambridge, MA, USA.Complex systems and complex missions take years ofplanning and force launches to become incrediblyexpensive. The longer the planning and the moreexpensive the mission, the more catastrophic if it fails.The solution has always been to plan better, addredundancy, test thoroughly and use high qualitycomponents. Based on our experience in building groundbased mobile robots (legged and wheeled) we argue herefor cheap, fast missions using large numbers of massproduced simple autonomous robots that are small b y today’s standards (1 to 2 Kg). We argue that the timebetween mission conception and implementation can beradically reduced, that launch mass can be slashed, thattotally autonomous robots can be more reliable thanground controlled robots, and that large numbers ofrobots can change the tradeoff between reliability ofindividual components and overall mission success.Lastly, we suggest that within a few years it will bepossible at modest cost to invade a planet with millionsof tiny robots.1 . INTRODUCTIONOver the last four and a half years the MIT Mobile RobotGroup has pursued the goal of building totallyautonomous mobile robots for a variety of tasks. Wehave refined hardware and software tools so that we canquickly build robust interesting robots. For instanceGenghis, a six legged walking robot shown in Fig. 1was completed 12 weeks after initial conception, inresponse to a JPL workshop on micro spacecraft [1]. Therobot [2,3] was principally built and debugged by twopeople, with occasional supporting help from about halfa dozen others. The robot weighs less than a kilogramand can scramble over very rough terrain. A follow-onvehicle [4] will be able to climb metre high rocks, andtravel at around three kilometres per hour. Such easy tobuild high performance robots suggest some new waysof thinking about planetary exploration.Two of the principal costs in planetary surfaceexploration missions arise from the mass of theplanetary rover upon launch, and hand construction ofthe unique vehicle itself. In this paper, we demonstratethat technology has progressed to the stage where wecan tackle both of these problems simultaneously b y creating swarms of totally autonomous microrovers i n the I to 2 Kg range. This way, total mass delivered to theplanetary surface is minimised and in addition, themultiple copies of the rovers increase the chance of themission’s success. Cost savings in terms of constructiondollar per Kg result, due to the opportunity to applymass production techniques to the roved manufacture.

that would be needed to create an intelligent entity andhow should those components be put together?Driven by the reality of experiments with actual robotsour ideas took a route different from the traditionalapproach in Artificial Intelligence. Our approachemphasized(1)that there would be no traditional notion ofplanning(2)that no central representation was needed(3)that notions of world modelling are impractical andunnecessary(4)that biology and evolution were good models t o follow in our quest(5)that we insist on building complete systems thatexisted in the real world so that we would not trickourselves into skipping hard problemsTo encapsulate these ideas and to address the real-world,real-time issues, we developed a general layeringmethodology for the organisation of the intelligencesystem. Simple behaviours were built first connectingsensing to actuation. Then higher level task behaviourswere layered on in parallel. Because certain higher layersof task achieving behaviours could subsume lower levelbehaviours in our system, we called this framework thesubsumption architecture [5]. We have used thisorganisation to implement a variety of behaviours on anumber of mobile robots.In essence, the subsumption architecture is a parallel anddistributed computational formalism for connectingsensors to actuators in robots. One writes a subsumptionprogramme by specifying layers of networks ofaugmented finite state machines. Augmented finite statemachines are traditional finite state machines augmentedwith timers which can be set to initiate a state changeafter some fixed time period has passed. Details of thesubsumption architecture can be found in [2, 5 & 6].The three key aspects of the subsumption architecture arethat (1) it imposes a layering methodology in buildingintelligent control programmes, (2) within eachnetwork, the finite state machines give the layer somestructure and also provide a repository for state, and (3)with this organisation, very small amounts ofcomputation are needed to generate intelligentbehaviours.The underlying architecture is very distributed. There i s no "free" communication network nor any sharedmemory between computational elements. Anycommunication path must be made quite explicit b y specifying a wire. It is thus difficult to maintain a centralworld model. Indeed it often becomes easier to use theworld as its own model, and sense the pertinent aspectsof the world when it is necessary. This is a good idea asthe world really is a rather good model of itself.Continual sensing automatically adds robustness to thesystem as there is neither a tendency for the world modelto be out of date, nor are large amounts of computationpoured into making sure it is not. We take this idea evenfurther and often actually use the world as thecommunication medium-between distributed parts of thesubsumption programme. Thus, one layer senses whatreally happened in the world, rather than being told whatanother layer expects to happen.Given that there is no world model, there is also no placefor traditional AI planning which examines a worldmodel and reasons about consequences of actions.Rather, in the subsumption architecture, it is morenatural to locally react to sensed aspects of the world,and let a pre-wired priority scheme resolve any conflictsgenerated within the distributed system. It is entirelyplausible for different parts of the system to "believe"wildly inconsistent things about the world. Of course,belief is all in the mind of an outside beholder as thereare no explicit symbolic representations of any believedfacts within the subsumption architecture.Lastly, with no central world model there is no need forsensor fusion in the usual sense of the phrase. There i s no perception system which delivers descriptions of theworld to a �central� system which controls an�actuation� system. In the subsumption architecture, thefusion of data from different sensors, or even fromdifferent processing applied to the same sensor data(e.g., stereo and motion algorithms applied to the samecamera inputs), does not happen in the �perception� endat all. Individual strands of perceptual data are deliveredto individual subsumption layers and then actuatorcommands are generated. Fusion happens in resolvingconflicts between these actuator commands.3 . EXISTING SUBSUMPTION ROBOTSIn this section we briefly review some previoussuccessful robots built with the subsumption architectureand highlight the ways in which they have exploited orepitomise that architecture. The family portrait of all therobots is shown in Fig. 2.3.1AllenOur first robot Allen, had sonar distance sensors andodometry onboard and used an offboard lisp machine t o simulate the subsumption architecture. In [5] wedescribed three layers of control implemented in thesubsumption architecture.The first layer let the robot avoid both static anddynamic obstacles; Allen would happily sit in the middleof a room until approached, then scurry away, avoidingcollisions as it went. The internal representation usedwas that every sonar return represented a repulsive forcewith an inverse square drop off in strength. The vectorsum of the repulsive forces, suitably thresholded, toldthe robot in which direction it should move. Anadditional reflex halted the robot whenever there wassomething right in front of the robot and it was movingforward (rather than turning in place).

The second layer made the robot randomly wander aboutEvery 10 seconds or so, a desire to head in a randomdirection would be generated. That desire was coupledwith the instinct to avoid obstacles by vector addition.The summed vector suppressed the more primitiveobstacle avoidance vector, but the obstacle avoidancebehaviour still operated, having been subsumed by thenew layer, in its account of the lower level’s repulsiveforce. Additionally, the halt reflex of the lower leveloperated autonomously and unchanged.The third layer made the robot look (with its sonars) fordistant places and try to head towards them. This layermonitored progress through odometry, generating adesired heading which suppressed the direction desiredby the wander layer. The desired heading was then fedinto a vector addition with the instinctive obstacleavoidance layer. The physical robot did not thereforeremain true to the desires of the upper layer. The upperlayer had to watch what happened in the world, throughodometry, in order to understand what was reallyhappening in the lower control layers, and send downcorrection signals.In [7] we described an alternate set of layers for the robotAllen.3.2Tom and JerryTom and Jerry [8] were two identical robots built t o demonstrate just how little raw computation is necessaryto support the subsumption architecture. Athree layersubsumption programme was implemented, yet all datapaths were just one bit wide and the whole programmewas implemented on a single 256 gate programmablearray logic chip. Tom and Jerry physically are toy carswith three one-bit infrared proximity sensors mountedon the front plus one at the rear. The sensors areindividually tuned to a specific proximity distance atwhich they will fire. The central front sensor fires onlyon much closer objects than the two side sensors, whichpoint slightly outwards.The lowest layer of Tom, and Jerry implements ourstandard pair of first level behaviours. These are a vectorsum of repulsive forces from obstacles to perform anavoidance maneuver or to trigger a halt reflex to stopwhen something is too close ahead, as detected by thecentral front looking sensor. There are extracomplications with Tom and Jerry in that we need to usethe subsumption architecture to implement an activebraking scheme because of the high speed of the robotsrelative to their sensor sensitivities. Tom and Jerry’ssecond layers are much like Allen’s original second layer- an urge to wander about, which is implemented by anattractive force which gets added to the repulsive forcesfrom obstacles. The third layer detects moving objectsusing the front three sensors and creates a followingbehaviour. When something is detected, it is attractedand moves towards it. The lower level collide behaviourstops the robot from actually hitting the target,however. While the robot is chasing its target, thewander behaviour is suppressed.We see with Tom and Jerry both the notion ofindependent behaviours combining without knowingabout each other (chasing obstacles but staying backfrom them a little ways) and the idea again of using theworld as its own best model. Tom and Jerry alsodemonstrated that the subsumption architecture could becompiled (by hand) down to the gate level, and that i t could be run at clock speeds of only a few hundred Hertz.3 . 3 HerbertHerbert [9,10] is a much more ambitious robot which i s now complete. It has a 24-processor distributed, looselycoupled, onboard computer to run the subsumptionarchitecture. The processors are slow CMOS 8-bitmicroprocessors (which ran on low electrical power, animportant consideration when carrying batteries), whichcan communicate only by slow serial interfaces(maximum 10 packets each, 24 bits wide per second).Onboard Herbert, the interconnections have physicalembodiments as actual copper wires which provide themedium to support the serial sending of messages.Herbert has 30 infrared proximity sensors for localobstacle avoidance, an onboard manipulator with anumber of simple sensors attached to the hand, and alaser light striping system to collect three dimensionaldepth data in a 60 degree wide swath in front of the robotout to a range of about 12 feet. A256 pixel wide by 3 2 pixel high depth image is collected every second.Through a special purpose distributed serpentinememory, four of the onboard 8-bit processors are able t o expend about 30 instructions on each data pixel. Bylinking the processors in a chain we are able t o implement quite high performance vision algorithms.Connell [6] has programmed Herbert to wander aroundoffice areas, go into people’s offices and steal emptysoda cans

search for a soda can in front of the robot, locate it andpick it up.Herbert shows many instances of using the world as itsown ’best model and as a communication medium.The laser-based table-like object finder initiates abehaviour which drives the robot closer to a table. Itdoes not communicate with any other subsumptionlayers, However, when the robot is close to a table thereis a better chance that the laserbased soda-can-likeobject finder will trigger. In turn, it centers the robot o n the detected object, but does not communicate anythingto other subsumption layers. The arm control behavioursnotice that the robot is stationary, and reaches outlooking for a soda can. The advantage of this approachis that there is no need to set up internal expectations forwhat is going to happen next; this means that thecontrol system can both (1) be naturally opportunistic iffortuitous circumstances present themselves, and (2) i t can easily respond to changed circumstances, such assome other object approaching it on a collision course.In a similar vein, the arm and hand do not communicatedirectly either. The hand has a grasp reflex that operateswhenever something breaks an infrared beam betweenthe fingers. When the arm locates a soda can with itslocal sensors, it simply drives the hand so that the twofingers line up on either side of the can. The hand thenindependently grasps the can. Given this arrangement, itis possible for a human to hand a soda can to the robot.As soon as it is grasped, the arm retracts -it does notmatter whether it was a soda can that was intentionallygrasped, or one that magically appeared.3 . 4 SeymourSeymour is a new robot we are building with all onboardprocessing to support vision processing of 9 lowresolution cameras at approximately 10 frames persecond [11]. The cameras feed into different subsumptionlayers which act upon those aspects of the world theyperceive. Anumber of vision based behavioursdeveloped for Seymour have been prototyped on earlierrobots.Horswill and Brooks [12] describe a subsumptionprogramme that controls two simple and unreliablevisual processing routines to produce, a reliablebehaviour which follows moving objects using vision.One vision process tracks a single moving blob. It getsbootstrapped by another process which overlays theblob image with an indication of where motion is seen.The robot then tries to servo a selected blob to stay in afixed location in image coordinates. The blob trackeroften loses the blob it is tracking. The motion finderproduces a lot of noise especially when the robot i s moving, but between the two of them they let the robotreliably follow a moving object (any moving object; wehave seen the robot chase a black trash can dragged by astring, a radio controlled toy blue car on a blue floor, apink plastic flamingo, a grey notebook on a greycarpeted floor and a drinking mug moved around b y hand), by switching back and forth between the visualroutines as either one fails. Nowhere internally does thesubsumption programme have the notion of anidentifiable object, yet to an outside observer it,certainly appears to follow a moving object very well.Using the robot Tito, [13] demonstrated two visuallyguided behaviours which will be used in support ofSeymour. Each behaviour used a stem pair of linearcamera . A vertically mounted pair made use of rotationalmotions of the base to produce images from winch thedimensions of the room could be extracted even thoughthe camera system was uncalibrated. Then employingearlier results from [14], the robot used forward motionto calibrate a horizontally mounted pair of cameras,which were used to find doorways through which therobot drove.3.5 GenghisGenghis [2] is a six legged robot which walks undersubsumption control and has an extremely distributedcontrol system. The robot successfully walks over roughterrain using 12 motors, 12 force sensors, 6 pyroelectricsensors, one inclinometre and 2 whiskers. It alsofollows cooperative humans using its pyroelectricsensors.The software that implements Genghis’ intelligence i s organised in a novel way. There is no notion of a centralcontroller which directs where to put each foot or howhigh to lift a leg should there be an obstacle ahead.Instead, each leg is granted a few simple behaviours andeach independently knows what to do under variouscircumstances. For instance, one of the most basicbehaviours can be thought of as �If I’m a leg and fin up,put myself down�. Additionally, there are behaviourssuch as �If I’m a leg and I’m forward, put the other fivelegs back a little� and �If I’m a leg and I’m up then swingforward�. Nowhere in the control system is there anynotion of a central controller calling these behaviours assubroutines. These processes exist independently, run atall times and fire whenever the sensory preconditions aretrue.To create walking then, there just needs to be asequencing (this is the only instance where any centralcontrol is evident) of lifting legs. As soon as a leg i s raised it automatically swings itself forward, and alsodown. But the act of swinging forward causes all theother legs to move back a little. Since those legs happento be touching the ground, the body moves forward. Nowthe leg notices it is up in the air, and so puts itself down.The process repeats by lifting the next leg and so on,and the robot starts to walk.Once these first few basic layers of software areimplemented and the robot begins to lumber across flatterrain additional layers can be incorporated which payattention to new sensors such as pitch and rollinclinometres or force sensors on the legs. With thesesensory triggers, new behaviours can be composedwhich make the robot walk better. Note however, thatthere is no need to modify the original basic layers. Thenew higher level behaviours just suppress the originallayers whenever the higher levels get triggered. So ifGenghis is climbing over a pile of books and one leg detects a high force before it has reached its set position,it triggers a behaviour to move the set position closer t o the current position. This is implemented b y suppressing the original layer’s command to the leg. Thecode for the lower level behaviour has not been altered,just ignored in appropriate circumstances. The result ofthis force balancing is that the robot’s legs comply Withrough terrain. When back on flat terrain Genghis’ forcesensor does not trigger the higher level behaviours, s o the lower level conducts its business as originallydesigned.The control system is organised into eight incrementallayers: Standup, Simple Walk, Force Balancing, LegLifting, Whiskers, Pitch Stabilisation, Prowling andSteered Prowling. Prowling and Steered Prowling arelevels that pay attention to pyroelectric sensors whichdetect people. These levels initiate behaviours thatsuppress walking unless triggered. Thus the net effect i s that Genghis sands up and stays still until a personwalks through his field of view. Then he attacks.The control system utilizes 57 finite state machines, 4 8 of which are organised as 6 complete copies of an8-machine control system for each leg, 2 of which areassociated with local behaviours connecting whiskers t o the front legs and 2 of which are associated withinhibition of balance behaviours in the front and backpairs of legs. This leaves only 5 finite state machineswith any sort of central role, of which 2 coordinatewalking, 1 coordinates steering and 2 produce the highlevel following behaviour using pyroelectric sensors t o track and follow people.The notion of organising the sensors into the controlsystem in this way, that is, by having various sensorstrigger distinct behaviours which are then arbitrated b y interconnections of suppressing mechanisms, is verypowerful. Specifically, this matter of organisation doesaway with any need for sensor fusion or having to makejudgements about which sensors to believe and when.Those decisions are put off until after behaviours areinitiated and those behaviours are arbitrated through thefixed priority interconnect scheme in a way specified b y how the control system has been programmed. Forinstance, one fallout of this approach is that there is n o need to calculate footfalls, or safe places for the robot t o place each leg. Genghis does not bother to try to place arear foot on a footprint from an earlier leg either.Instead, it just goes to put its foot down ballistically,but if that causes the body to pitch, then the pitchstabilisation behaviour kicks in and adjusts the stiffnessof the force balancing behaviour on the load bearinglegs. Failure to make this adjustment would allow thoseload bearing legs to collapse in a misguided effort t o shift weight to other legs. By having lots of tight,real-time feedback loops that run in parallel and respondto sensory input we can get around the bottlenecks oflong contemplative thought about what to do aboutinput from a multitude of sensors.We are currently building a new version of Genghis [4]which will be a much stronger climber and able t o scramble at around three kilometres per hour. Each leghas three degrees of freedom and three force sensorsmounted on load bearing beams. Asingle-chipmicroprocessor with onboard RAM and EEPROM i s easily able to force servo the complete leg. Figure 3shows the first prototype leg for this new robot Thetotal mass of the final robot will be 1.3 Kg. Attila willhave batteries which will power it for about 30 minuteswhile actively walking. Following that, it will have t o recharge from solar cells for about 4.5 hours in EarthSunlight.3.6 SquirtSquirt is the smallest robot we have ever built [15].However, we are sure he is the world’s largest one cubicinch robot. We have noticed from engineering all ourprevious robots that the bulk of most robots is made upof motors and batteries, whereas the componentswherein we focus our research, the sensors andcomputers, take up only a small amount of space. Webuilt Squirt as an exercise in shrinking brawn down t o the scale of the brain using strictly off the shelfcomponents. The design goal was a final volume of onecubic inch, but Squirt came in a little over spec, about 11/4 cubic inches, hence the accolade.Even at his modest dimensions however, Squirtincorporates an 8-bit computer, an on-board powersupply, three sensors and a propulsion system, all ofwhich can be seen in Fig. 4. His normal mode ofoperation is to act as a �bug�, hiding in dark comers-andventuring out in the direction of noises, only after thenoises are long gone, looking for a new place to hidenear where the previous set of noises came from.Squirt�s lowest level of behaviour monitors a lightsensor and causes him to move in a spiral patternsearching for darkness. The spiral trajectories are createdby a coupling of a forward motion along with aback-and-turn motion, implemented through the use ofonly one motor and made possible by a unidirectionalclutch on the rear axle. Once he finds a dark spot, hestops.Squirt�s second level of behaviour is triggered once adark hiding place has been established. This behaviourmonitors two microphones and measures the time ofarrival of sound at each microphone. By noting thedifference in time of arrival, he can localise the directionfrom which the sound came. Squirt then waits for apattern of a sharp noise followed by a few moments ofsilence. If this pattern is recognised, Squirt ventures outin the direction of the last heard noise, suppressing thedesire to stay in the dark. After this ballisticstraight-line motion times out, the lower level is nolonger suppressed and the light sensor is againrecognised. If it is light, the spiraling pattern kicksback in. The end result is that Squirt gravitates towardsthe centre of action. The entire control system for Squirtfits in 1300 bytes of code.

Not all of the small rovers need be alike. Different onescould be specialised to particular scientific goals by theselection of (small) instruments onboard. The overallscience component of the mission need not becompromised if time is spent rethinking the size andtype of instruments used. The possibilities arising fromhaving multiple well separated rovers which cannevertheless communicate with each other might lead t o new and better measurement techniques on some fields.