Prospects for Human Level Intelligence for Humanoid RobotsRodney A. BrooksMIT Artificial Intelligence Laboratory545 Technology SquareCambridge, MA 02139, USAbrooks@ai.mit.eduAbstractBoth direct, and evolved, behavior-based approaches to mobile robots have yielded a number ofinteresting demonstrations of robots that navigate, map, plan and operate in the real world. The workcan best be described as attempts to emulate insect level locomotion and navigation, with very littlework on behavior-based non-trivial manipulation of the world. There have been some behavior-basedattempts at exploring social interactions, but these too have been modeled after the sorts of socialinteractions we see in insects. But thinking how to scale from all this insect level work to full humanlevel intelligence and social interactions leads to a synthesis that is very different from that imaginedin traditional Artificial Intelligence and Cognitive Science. We report on work towards that goal.1 Why Humanoid Robots?The implicit dream of ArtificialIntelligence has been to build human levelintelligence. This is one more instantiation ofthe human dream to build an artificial humanwhich has been present for almost all ofrecorded history, and regularly appears inmodern popular culture. Building a humanoidrobot is the challenge par excellence forartificial intelligence and robotics workers.Recent progress in many fields now meansthat is practical to make serious attempts at thisgoal. These attempts will not likely becompletely successful in the near term. butthey will shed light on many new fundamentalproblem areas, and provide new directions forresearch towards the ultimate goal.2 New Challenges for HumanoidRobotsIn order to act like a human1 an artificialcreature with a human form needs a vastlyricher set of abilities in gaining sensorinformation, even from a single vantage point.Some of these basic capabilities includesaccading to motion, eyes respondingappropriately to vestibular signals, smoothtracking, coordinating body, head, and eyemotions, compensating for visual slip when the

1 It is difficult to establish hard and fast criteria forwhat it might mean to act like ahuman � roughly wemean that the robot should act in such a way that anaverage (whatever that might mean) human observerwould say that it is acting in a human-like manner, ratherthan a machine-like or alien-like manner.head or body moves, correlating soundlocalization to occulomotor coordinates,maintaining a zero disparity common fixationpoint between eyes, and saccading whilemaintaining a fixation distance. In addition itneeds much more coordinated motor controlover many subsystems, as it must, for instance,maintain body posture as the head and armsare moved, coordinate redundant degrees offreedom so as to maximize effective sense andwork space, and protect itself from self-injury.In using arms and hands some of the newchallenges include visually guided reaching,identification of self motion, compliantinteraction with the world, self protectivereflexes, grasping strategies without accurategeometric models, material estimation,dynamic load balancing, and smoothon-the-fly trajectory generation.In thinking about interacting with peoplesome of the important issues are detectingfaces, distinguishing human voices from othersounds, making eye contact, following thegaze of people, understanding where peopleare pointing, interpreting facial gestures,responding appropriately to breaking ormaking of eye contact, making eye contact toindicate a change of turn in social interactions,and understanding personal space sufficiently.Besides this significantly increasedbehavioral repertoire there are also a numberof key issues that have not been so obviouslyessential in the previous work onbehavior-based robots. When consideringcognitive robotics, or cognobotics, one mustdeal with the following issues:¥ bodily form

¥ motivation¥ coherence¥ self adaptation¥ development¥ historical contingencies¥ inspiration from the brainWe will examine each of these issues in alittle more detail in the following paragraphs.While some of these issues have been touchedupon in behavior-based robotics it seems thatthey are much more critical in very complexrobots such as a humanoid robot.2.1 Bodily formIn building small behavior-based robots theoverall morphology of the body has not beenviewed as critical. The detailed morphologyhas been viewed as very critical, as very smallchanges in morphology have been observed tomake major changes in the behavior of arobot running any particular set of programsas the dynamics of its interaction with theenvironment can be greatly affected. But,there has been no particular reason to makethe robots morphologically similar to anyparticular living creature.In thinking about human level intelligencehowever, there are two sets of reasons onemight build a robot with humanoid form.If one takes seriously the arguments ofJohnson (1987) and Lakoff (1987), then theform of our bodies is critical to therepresentations that we develop and use forboth our internal thought and our language.If we are to build a robot with human likeintelligence then it must have a human likebody in order to be able to develop similarsorts of representations. However, there is alarge cautionary note to accompany thisparticular line of reasoning. Since we can onlybuild a very crude approximation to a humanbody there is a danger that the essentialaspects of the human body will be totallymissed. There is thus a danger of engaging incargo-cult science, where only the broadoutline form is mimicked, but none of theinternal essentials are there at all.A second reason for building a humanoidform robot stands on firmer ground. Animportant aspect of being human is interactionwith other humans. For a human-levelintelligent robot to gain experience ininteracting with humans it needs a largenumber of interactions. If the robot hashumanoid form then it will be both easy andnatural for humans to interact with it in ahuman like way. In fact it has been ourobservation that with just a very fewhuman-like cues from a humanoid robot.people naturally fall into the pattern ofinteracting with it as if it were a human. Thuswe can get a large source of dynamicinteraction examples for the robot toparticipate in. These examples can be usedwith various internal and external evaluationfunctions to provide experiences for learningin the robot. Note that this source would notbe at all possible if we simply had adisembodied human intelligence. There wouldbe no reason for people to interact with it in ahuman-like way.2.2 MotivationRecent work in behavior-based robots hasdealt with systems with only a few sensors andmostly with a single activity of navigation. Theissue of the robot having any motivation toengage in different activities does not arise.The robots have some small set of navigationbehaviors built in, some switching betweenbehaviors may occur, and the robot mustsimply navigate about in the world. There isno choice of activities in these papers, so thereneeds be no mechanism to motivate thepursuit of one activity over another. The onemajor activity that these robots engage in, has,naturally, a special place, and so the systemsare constructed so that they engage in thatactivity � there is no mechanism built in forthem not to engage in that activity.When we move to much more complexsystems there are new considerations:¥When the system has many degrees offreedom, or actuators, it can be the case thatcertain activities can be engaged in usingonly some subsystems of the physical robot.Thus it can be the case that it may bepossible for the system to engage in morethan one activity simultaneously usingseparable sensory and mechanicalsubsystems.¥ The system may have many possibleactivities that it can engage in, but theseactivities may conflict�i.e., if engaging inactivity A it may be impossible tosimultaneously engage in activity B.Thus for more complex systems, such aswith a full human level intelligence in ahuman form, we are faced with the problem ofmotivation. When a humanoid robot is placed in a room with many artifacts around it, whyshould it interact with them at all? When thereare people within its sensory range why shouldit respond to them? Unlike the mobile robotcase where an implicit unitary motivationsufficed, in the case of a full humanoid robotthere is the problem of a confrontation with amyriad of choices of what or who to interactwith, and how that interaction should takeplace. The system needs to have some sort ofmotivations, which may vary over time bothabsolutely and relatively to other motivations,and these motivations must be able to reachsome sort of expression in what it is that thehumanoid does.2.3 CoherenceOf course, with a complex robot, such as ahumanoid robot with many degrees offreedom, and many different computationaland mechanical and sensory subsystemsanother problem arises. Whereas with smallbehavior-based robots it was rather clear whatthe robot had to do at any point, and very littlechance for conflict between subsystems, this isnot the case with a humanoid robot.Suppose the humanoid robot is trying tocarry out some manipulation task and isfoveating on its hand and the object withwhich it is interacting. But, then suppose someobject moves in its peripheral vision. Should itsaccade to the motion to determine what it is?Under some circumstances this would be theappropriate behavior, for instance when thehumanoid is just fooling around and is nothighly motivated by the task at hand. Butwhen it is engaged in active play with a person,and there is a lot of background activity goingon in the room this would be entirelyinappropriate. If it kept saccading toeverything moving in the room it would notbe able to engage the person sufficiently, whono doubt would find the robot’s behaviordistracting and even annoying.This is just one simple example of theproblem of coherence. A humanoid robot hasmany different subsystems, and manydifferent low level reflexes and behavioralpatterns. How all these should be orchestrated,especially without a centralized controller, intosome sort of coherent behavior will become acentral problem.2.4 Self adaptationWhen we want a humanoid robot to actfluently in the world interacting with differentobjects and people it is a very differentsituation to that in classical robotics (Brooks1991) where the robot essentially goesthrough only a limited number of stereotypedactions. Now the robot must be able to adaptits motor control to changes in the dynamicsof its interaction with the world, variously dueto changes in what it is grasping, changes inrelative internal temperatures of its many parts� brought about by the widely differentactivities it engages in over time, drift in itsmany and various sensors, changes in lightingconditions during the day as the sun moves,etc. Given the wide variety of sensory andmotor patterns expected of the robot it issimply not practical to think of having a fullycalibrated system where calibration is separatefrom interaction. Instead the system must becontinuously self adapting, and thus selfcalibrating. The challenge is to identify theappropriate signals that can be extracted fromthe environment in order to have thisadaptation happen seamlessly behind thescenes.Two classical types of learning that havebeen little used in robotics are habituation andsensitization. Both of these types of learningseem to be critical in adapting a complexrobot to a complex environment. Both arelikely to turn out to be critical for selfadaptation of complex systems.2.5 DevelopmentThe designers of the hardware andsoftware for a humanoid robot can play therole of evolution, trying to instill in the robotthe resources with which evolution endowshuman individuals. But a human baby is not adeveloped human. It goes through a longseries of developmental stages usingscaffolding (see (Rutkowska 1994) for areview) built at previous stages, andexpectation-based drives from its primary caregivers to develop into an adult human. Whilein principle it might be possible to build anadult-level intelligence fully formed, anotherapproach is to build the baby-like levels, andthen recapitulate human development in orderto gain adult human-like understanding of theworld and self. Such coupling of thedevelopment of cognitive, sensory and motordevelopments has also been suggested byPfeiffer (1996). Cognitive development is acompletely new challenge for robotics,behavior-based or otherwise. Apart from thecomplexities of building development systems,there is also the added complication that inhumans (and, indeed, most animals) there is aparallel development between cognitiveactivities, sensory capabilities, and motorabilities. The latter two are usually fullyformed in any robot that is built so additionalcare must be taken in order to gain the natural advantage that such lockstep developmentnaturally provides.2.6 Historical contingenciesIn trying to understand the human systemenough to build something which has humanlike behavior one always has to be consciousof what is essential and what is accidental inthe human system. Slavishly incorporatingeverything that exists in the human systemmay well be a waste of time if the particularthing is merely a historical contingency of theevolutionary process, and no longer plays anysignificant role in the operation of people. Onthe other hand there may be aspects ofhumans that play no visible role in the fullydeveloped system, but which act as part of thescaffolding that is crucial during development.2.7 Inspiration from the brainIn building a human-level intelligence, anatural approach is to try to understand all theconstraints that we can from what is knownabout the organization of the human brain.The truth is that the picture is entirely fuzzyand undergoes almost weekly revision as anyscanning of the weekly journals indicates.What once appeared as matching anatomicaland functional divisions of the brain arequickly disappearing, as we find that manydifferent anatomical features are activated inmany different sorts of tasks. The brain, notsurprisingly, does not have the modularity thateither a carefully designed system might have,nor that a philosophically pure, wished for,brain might have. Thus skepticism should beapplied towards approaches that try to getfunctional decompositions from what isknown about the brain, and trying to applythat directly to the design of the processingsystem for a humanoid robot.3 The Humanoid CogWork has proceeded on Cog since 1993.3.1 The Cog robotThe Cog robot, figure 1, is a human sizedand shaped torso from the waist up, with anarm (soon to be two), an onboard claw for ahand (a full hand has been built but notintegrated), a neck, and a head.The torso is mounted on a fixed base withthree degree of freedom hips. The neck alsohas three degrees of freedom. The arm(s) hassix degrees of freedom, and the eyes eachhave two degrees of freedom.All motors in the system are controlled byindividual servo processors which update aPWM chip at 1000Hz. The motors havetemperature sensors mounted on them, as dothe driver chips � these, along with currentsensors, are available to give a kinestheticsense of the body and its activities in theworld. Those motors on the eyes, neck, andtorso all drive joints which have limit switchesattached to them. On power up, the robotsubsystems must drive the joints to their limitsto calibrate the 16 bit shaft encoders whichgive position feedback.The eyes have undergone a number ofrevisions, and will continue to do so. Theyform part of a high performance active visionsystem. In the first two versions each eye had aseparate pan and tilt motor. In the thirdversion a single tilt motor is shared by botheyes. Much care has been taken to reduce thedrag from the video cables to the cameras.The eyes are capable of performing saccadeswith human level speeds, and similar levels ofstability. A vestibular system using threeorthogonal solid state gyroscopes and twoinclinometers in now mounted within thehead. The eyes themselves each consist of twoblack and white cameras mounted verticallyone above the other.The lower one is a wide angle peripheralcamera (120’ field of view), and the upper is afoveal camera (23’ field of view).The arm demonstrates a novel design inthat all the joints use series elastic actuators(Williamson 1995). There is a physical springin series between each motor and the link thatit drives. Strain gauges are mounted on thespring to measure the twist induced in it. A 16bit shaft encoder is mounted on the motoritself. The servo loops turn the physical springinto a virtual spring with a virtual springconstant. As far as control is concerned onecan best think of controlling each link withtwo opposing springs as muscles. By settingthe virtual spring constants one can setdifferent equilibrium points for the link, withcontrollable stiffness (by making both springsproportionately more or less stiff).The currently mounted hand is a touchsensitive claw.The main processing system for Cog is anetwork of Motorola 68332s. These run amultithreaded lisp, L (written by the author), adownwardly compatible subset of CommonLisp. Each processing board has eightcommunications ports. Communications canbe connected to each other via flat cables anddual ported RAMs. Video input and output is connected in the same manner from framegrabbers and to display boards. The motordriver boards communicate via a differentserial mechanism to individual 68332 boards.All the 68332’s communicate with aMacintosh computer which acts as a file serverand window manager.3.2 Experiments with CogEngineering a full humanoid robot is a majortask and has taken a number of years.Recently, however, we have started to be able tomake interesting demonstrations on theintegrated hardware. There have been anumber of Master theses, namely Irie (1995),Marjanovic (1995), Matsuoka (1995a), a n d Williamson (1995), and a number of morerecent papers Matsuoka (1995b), Ferrell(1996), Marjanovic, Scassellatti & Williamson(1996), and Williamson (1996), describingvarious aspects of the demonstrations withCog.

Maijanovic, Brian Scassellati, Robert Irie, a n d Yoky Matsuoka. Earlier Michael Binnardcontributed to the body and neck, and EleniKappogiannis built the first version of thebrain. They have all labored long and hard.Various pieces of software have beencontributed by Mike Wessler, Lynn Stein, a n d Joanna Bryson. A number of undergraduateshave been involved, including Elmer Lee, ErinPanttaja, Jonah Peskin, and Milton Wong.James McLurkin and Nicholas Schectmanhave contributed engineering assistance to theproject. Rene Schaad recently built avestibular system for Cog.ReferencesBizzi, E., Giszter. S. F., Loeb, E., Mussa-Ivaldi, F. A. &Saltiel, P. (1995), �Modular Organization o f Motor Behavior in the Frog�s Spinal Cord�,Trends in Neurosciences 18, 442-446.Brooks, R. A. (1991), �New Approaches to Robotics�,Science 253, 1227-1232.Ferrell, C. (1996), �Orientation Behavior UsingRegistered Topographic Maps�, in FourthInternational Conference on Simulation o f Adaptive Behavior, Cape Cod, Massachusetts. Toappear.Irie, R. E. (1995), �Robust Sound Localization: AnApplication of an Auditory Perception System fora Humanoid Robot�, Master�s t h e s i s , Massachusetts Institute of Technology,Cambridge, Massachusetts.Johnson, M. (1987), The Body in the Mind &The BodilyBasis of Meaning, Imagination, and Reason, TheUniversity of Chicago Press, Chicago, Illinois.Lakoff, G. (1987), Women, Fire, and Dangerous Things:What Categories Reveal about the Mind,University of Chicago Press, Chicago, Illinois.Marjanovic, M. J. (1995), �Learning Maps BetweenSensorimotor Systems on a Humanoid R o b o t� ,Master’s thesis, Massachusetts Institute o f Technology, Cambridge, Massachusetts.Marjanovic, M., Scassellatti, B. & Williamson, M . (1996), �Self-Taught Visually-Guided Pointing fora Humanoid Robot�, in Fourth InternationalConference on Simulation of Adaptive Behavior,Cape Cod, Massachusetts. To appear.Matsuoka, Y. (1995a), �Embodiment and ManipulationLearning Process for a Humanoid Hand�, TechnicalReport TR-1546, Massachusetts Institute o f Technology, Cambridge, Massachusetts.Matsuoka, Y. (1995b), �Primitive ManipulationLearning with Connectionism�, in M.C.D.S.Touretzky & M. Hasselmo, eds, Advances i n Neural Information Processing Systems 8 , MITPress, Cambridge, Massachusetts, pp. 889-895.Pfeiffer, R. (1996), Building �Fungus Eaters�: DesignPrinciples of Autonomous Agents�, in FourthInternational Conference on Simulation o f Adaptive Behavior, Cape Cod, Massachusetts. Toappear.Rutkowska, J. C. (1994), �Scaling Up SensorimotorSystems: Constraints from Human Infancy�,Adaptive Behavior 2(4), 349-373.Williamson, M. (1996), �Postural Primitives:Interactive Behavior for a Humanoid Robot Arm�,in Fourth International Conference on Simulationof Adaptive Behavior, Cape Cod, Massachusetts.To appear.Williamson, M. M. (1995), �Series Elastic Actuators�,Technical Report 1524, Massachusetts Institute o f Technology, Cambridge, Massachusetts.