Chapter 7

Examples

This chapter describes a number of example applications using oscillators which further demonstrate their versatility. The tasks differ from the ones described in previous chapters by consisting of a single motion, rather than continuous motions. The oscillator dynamics are used to produce these motions, with feedback being used to modify the oscillator outputs in the usual way.

The first half of the chapter describes using the oscillators for a task which is partly rhythmic and partly discrete: the task of drumming. The “beat” is a continuous signal, while the individual drum beats are discrete. The oscillator system uses auditory feedback of the sound of the drumming to create and maintain a steady beating rhythm. The chapter shows how the oscillator properties make it easy to beat in time with another drummer, and construct a variety of different rhythms, using both one and two arms.

The second half of the chapter describes the tasks of throwing, hitting and hammering. The oscillators are used to drive the arm back and forward in a single motion to achieve a good throw or a powerful hit. These motions exploit the natural dynamics by storing and releasing energy in the joints of the arm, and also exploit the oscillator properties, the oscillators responding to the system dynamics. The effect of feedback in these discrete tasks is less clear than in the continuous case, although it appears to have approximately the correct effect: making the arm move faster.

7.1 Drumming

The first example in this chapter is drumming. This task combines elements of the rhythmic motions described in previous chapters with discrete motions. The overall rhythm or beat is a continuous signal, while the individual hits on the drum are discrete. The example also shows how other sensory modalities can be used as feedback to the oscillators. In this case auditory feedback (the sound of the drum) is used to modify the oscillator behavior. This has interesting and useful properties as described in this section.

The overall setup is illustrated in figure 7-1, and a picture of the robot drumming is included in figure 7-2. An oscillator is used to drive either the wrist or the elbow of the robot to hit the drum. The master-slave oscillator system described in section 5.3 was also used to drive the elbow and wrist joints as a single unit. The sound of the drumming was recorded by a microphone, processed and applied as an input to the oscillators. The auditory processing is simple, with the raw auditory signal sampled at 8kHz, and thresholded to find the sound of the drum. This is then low-pass filtered and subsampled to reduce the sampling rate to around 50Hz, an appropriate rate for the oscillators.

The drumming action of the robot is accomplished by moving the arm up and down, with the drum being hit on the down stroke. When the arm is still, the drum stick is held slightly above the drum, so it actually hits the drum on the follow through. This is similar to the hitting and throwing examples in the previous sections. Human drummers grip the drumstick lightly and exploit the dynamics of the stick on the drum to achieve high frequency rolls. The light grip has the added advantage of reducing the inertia of the stick so it can bounce on the drum and make a good note. To achieve this on the robot, a simple passive hand was built to hold the drumstick, as shown in

Figure 7-1: Schematic of drumming. The system is set up so that the drumming task is a auditorymotor loop, where the action of the oscillators is to drive the arm to hit the drum, and the sound of the drum is recorded and used as an input to the oscillator. Details of the auditory processing are included in the text.

Figure 7-2: Picture of Cog hitting a drum. The robot uses its elbow and wrist joints to move the arm up and down, so hitting the drum.

Figure 7-3: Drumstick holder. This special purpose hand was made for the robot to hold the drumstick. The stick swings freely on a pivot, rotating between two pads made of either rubber or felt. The whole hand is rotated by the wrist joint of the robot. When the hand is moved up and down, the stick swings on the pivot, and bounces on the drum. The interaction of the drum, stick and pads can be used to get single or multiple hits on the drum, exploiting the bounce of the drum head.

figure 7-3. The stick is pivoted so it can swing freely, its motion damped by two felt or rubber pads. By using a piece of tape to modulate the free motion of the stick, the number of bounces of the stick on the drum could be controlled. This passive system worked well. Other researchers have considered active low impedance holders for drumsticks with similar results (Hajian et al., 1997).

The overall system (shown in figure 7-1) forms a closed auditory-motor loop. There are considerable delays in the system, mostly in transferring the auditory signals to the oscillators, and from the command to move the arm to the actual hit on the drum.^1 These delays combine with the oscillator dynamics to create a limit cycle drumming solution with a steady beat, as shown in figure 7-4. The main effect of the feedback is to make the drumming faster, and because the stick is moving faster the sound is slightly louder. The auditory signal is a series of spikes, but is strong enough to cause entrainment of the oscillators.

By entraining the oscillators to the sound of drumming, the oscillator system produces a steady beat without requiring a timer. This is important for the particular implementation of the robot arm, because there is no global clock. The system does not require any model of the delays in the system, and in fact requires the delays in order to work. The tuning of the system is also simple, because of the robustness to the value of the input gain (see chapter 3). As long as the gain is large enough to cause entrainment, its exact value is not important.

Since the oscillators use the raw auditory signal as an input it can respond to other noises, such as an additional drum beat. The oscillator adjusts its phase and frequency to beat in phase with the extra beat. This effect is shown in figure 7-5. One arm of the robot was used to produce a constant beat, and the other arm was controlled with an oscillator. The effect of the feedback is make the oscillator driven arm hit in phase with the extra beat.

Hitting in phase is the only possible solution because the robot “hears” both beats. The stable limit cycle without the extra noise has the arm hitting just before the noise, so the stable entrained cycle with the extra beat must have the same characteristic. Thus the only stable cycle is one where the oscillator hits in phase with the extra beat. Because the speed of the limit cycle is determined by the delays in the system, the range of frequencies with exact synchronization is quite small (in the range 9.3 to 10.3 rad/s about a “natural” frequency of 9.8 rad/s). If the oscillator only responds to the extra beat and ignores the sound that it makes then it can entrain over a wider range of frequencies, although the hits are not exactly in phase. Changing time constants and delays in the

1The architecture for the system is described in Appendix A.

Figure 7-4: real Plot showing the effect of feedback on the drumming system. The plots show the auditory signal (top trace in both plots), the command to the joints (solid line) and the actual joint motion (dashed). The drum is hit when the arm is moving down. The main effect of the feedback is to speed up the drumming, which has the consequence of making more noise. The final speed of the drumming is determined by the delays in the system, which are dominated here by the delay from the command to the arm to the arm actually moving. The shape of the auditory signal is quite different from a sine wave, yet the oscillators can still entrain to it.

Figure 7-5: real Two time plots for the oscillator entraining with an external beat. One arm of the robot was used to create a constant beat (dash-dot line), while the other arm used the auditory signal (top trace) to control the arm motion (solid line). The feedback gain is indicated by the dashed line. When the feedback is on, the oscillator drives the arm in phase with the external beat, and when it is off there is no coordination.

Figure 7-6: real Plot showing examples of different rhythms possible using counting. The top plot shows the auditory signal (top trace), the motion of the dominant arm (middle trace), and the motion of the second arm which is hitting every second beat. The lower plot shows the same, but the second arm is hitting every fourth beat. Since the underlying oscillator for the second arm is entrained to the auditory signal, the two arms hit in phase. The up and down motion of the arm is visible in the lower traces, the drum being hit on the follow through, after the arm has been lifted up and down.

system, either by introducing new delays, or changing the stiffness of the arm can change the limit cycle frequency.

This example illustrates the power of coupling systems using feedback from the environment. It is only because the sound of the two drums is combined by being detected with a single microphone that the oscillator beats in phase.

7.1.1 Counting

This section describes how the drumming can be extended to using two arms, and how the auditorymotor loop can be used to synchronize the arms with one another, even when the arms are beating at different rates.

Synchronizing two arms using the oscillators is easy, by using an oscillator for each arm and feeding both oscillators the same auditory signal. Since the coordination of the system is determined by how the oscillators entrain with the auditory signal, both arms will make the same motion, and so hit the drum in phase. The architecture of the system (see Appendix A) has the controllers for each arm in separate processors, with low bandwidth communication between the processors. Applying the feedback separately allows both arms to be coordinated with one another using a distributed control system.

Getting the arms to hit at different rates can be achieved by using something analogous to counting. Say for example one arm is hitting every cycle, and we want the other arm to hit on every other cycle. A simple way to achieve this is to keep the oscillator for the second arm synchronized to the auditory signal (so oscillating in phase with the first arm), but only use its output to drive the arm every other cycle. The counting is easily implemented by counting the cycles of the oscillator

Figure 7-7: real Plot showing two stable limit cycles when the arms both hit on every other beat. The top graph shows the slow cycle, the arms hitting together, and the lower graph shows the arm hitting alternately. The speed of the faster cycle is the same as if it were made by one arm drumming on every beat.

since the last hit. The robotic performance of this rhythm is shown in figure 7-6.

An interesting limit cycle is created when both arms hit on alternate cycles. This results in two auditory-motor limit cycles, one slow cycle where the arms beat in phase, and one faster one where the arms beat alternately. These are shown in figure 7-7. Both cycles appear to be stable, and can be switched from one to another by disturbing the system with an extra auditory signal as shown in figure 7-8. The oscillators for the two arms are completely independent, but are coordinated with one another using the common auditory signal.

7.1.2 Hitting on the offbeat

Another extension of the system allows the arms to hit between the beats. This is easily achieved by inverting the sign of the feedback signal to one of the arms. This will cause that arm’s oscillator to entrain out of phase with the other arm, and so hit the drum halfway between the other arm’s beats. Unfortunately, hitting in this way creates a more complex auditory signal, to which the oscillators cannot easily entrain. The system needs to ignore the extra beats, and only pay attention to the dominant beat.

One solution to this problem is to improve the auditory processing to ignore the extra beat. There is a considerable literature on beat tracking (e.g. Scheirer (1998)), and the task here is simplified by the clean sound of the drum.

An alternative and simpler solution is to inhibit the auditory feedback except when a sound is expected, i.e. only listen for a short period after the motion of the dominant arm. This was implemented on the arm, and was successful at producing a range of rhythms, with the entrainment of the system undisturbed by the offbeats. Rhythms hitting every fourth, second and alternate beats are shown in figure 7-9. It is also easy to change the rhythm produced by the arms, by altering the number of beats “counted”, as shown in figure 7-10. Since the system only listens for a short period after the motion of the dominant arm, changing the second arm does not disturb the steady

7.2. DISCRETE FROM RHYTHMIC 127

Figure 7-8: real Plot showing how an auditory disturbance can alter the limit cycle found by the oscillator when each arm hits on alternate beats. The disturbance was from a third drumstick banging the drum, which caused the system to switch from fast to slow (top graph) or slow to fast (lower graph).

entrained beating pattern.

7.1.3 Hitting more than one drum

It is also possible to use an extra oscillator to enable the system to hit more than one drum. As described in chapter 3, the setpoint for the whole arm is generated by adding the normal oscillator output y_{out} to a fixed posture θ_p:

θ_v = θ_p + y_{out} (7.1)

The posture does not need to be fixed, and can be generated by the output of another oscillator. If that oscillator provides a series of steps, then the arm will move backwards and forwards between two locations. If this movement is superimposed on the drumming, the arm will hit two different drums. The synchronization between the drumming and the posture change is obtained by using the auditory signal to entrain the posture oscillator.

This method was used to hit a drum and a cymbal as shown in figure 7-11. Unfortunately, the auditory feedback was not clean enough in this case to get the oscillators to entrain. A fake sine wave signal was used instead, which was easier to entrain with.

The oscillator system was used for a variety of percussion instruments, including tambourines, maracas, cow bells etc. For some of these (e.g. the maracas), the auditory signal was sufficiently complex for the simple auditory processing to not be able to extract a signal which the oscillators could entrain with. In those cases a sine wave was used to produce the rhythms.

7.2 Discrete from rhythmic

The discrete motions which are considered in the rest of this chapter are single, dynamic motions which contrast with the continuous dynamic tasks in the previous chapters. For example, a golf

Figure 7-9: real Three different rhythms which use the motion of the dominant arm to inhibit the auditory processing. The plots show the raw auditory signal (dashed), together with the signal applied to the oscillators (top solid trace), and the two arm motions. Since the oscillator only “listens” for a short period (approx 0.25s) following the motion of the arm, the sound of the second arm drumming on the offbeat is ignored. This allows the system to remain entrained.

Figure 7-10: real Switching between different rhythms. By changing the number of beats which are “counted” by the oscillator, the system can change the rhythm produced. The top plot shows the second arm changing from hitting every other beat, to hitting every second, and the lower plot shows the change from every fourth, to alternate beats. The auditory signals are shown as described in figure 7-9.

swing is a discrete dynamical motion, while the actions during eating are also discrete but less obviously dynamic! The commands required for this kind of motion are pulses and steps, which can be obtained by starting and stopping the oscillator at peaks in its output, as shown in figure 7-12. Pulses are created by stopping at peaks of the same sign, while steps by stopping at peaks of opposite sign.^2

Feedback can be applied to this discrete oscillator system exactly as in the rhythmic case. The effect of feedback is more complex because the final motion is not a converged limit cycle, but the transient trajectory towards that limit cycle. The oscillator entrains quickly, which implies that the feedback will have an effect. Because the oscillator tends to find resonant-like motions when run continuously, one would expect the transient to have the quality of “moving towards resonant-like motions”, or injecting energy into the system. Like the continuous case, the feedback should make the oscillators sensitive to the arm dynamics, and create movement where an appreciable amount of energy is stored and released in the arm springs.

Schöner (1990) also suggested using a rhythmic system to produce discrete motions. His system was perhaps more mathematically elegant than the solution presented here, although it was sensitive to parameter values and not used for any practical purpose.

7.3 Throwing

The throwing task was implemented by using the oscillators in discrete mode to drive the joints of the arm. There was no connection between the joints except through mechanical coupling, and the feedback to the oscillators was from the joint angles of the arm.

Figure 7-13 shows a sequence through an underarm throwing action implemented on the robot.

2The peaks can be easily detected by checking the zero crossings of the rate of change of oscillator output ẏout.

Figure 7-11: real Four stills from a video of the robot drumming. The pictures are in no particular order. The robot uses its right arm to hit the drum, and its left arm alternates between the drum and the cymbal.

Figure 7-12: Schematic of discrete motion. A single cycle of the oscillator can be used to create single motions by detecting peaks in the oscillator output and stopping and starting the integration. The thin line shows the usual oscillator output, and the thick line shows how this can generate (a) a pulse and (b) a step.

Figure 7-13: real Series of stills from sequence of the arm throwing a ball. The picture sequence is left to right and then top to bottom. The overall time of the throw is about 1.2 s, although these pictures are not equally spaced over that time. The arm holds the ball up, swings the elbow and shoulder back, and then swings the straight arm forward and releases the ball.

Figure 7-14: real Plot of joint angles (θ) and setpoints (θ_v) during throwing. Two cases are plotted, using thick lines indicate when feedback is on, and thin when it is off. The plots show the shoulder moving back and forward and the elbow moving straight back. Some photographs of this motion are shown in figure 7-13. The ball is released at the end of the shoulder motion, as indicated by the vertical lines, although the ball does not actually leave the hand until about 0.5 seconds later. The most obvious effect of the feedback is to increase the speed of the setpoints to the joints (solid lines), and thus change the speed of the arm. The feedback also makes the hand release earlier in the motion, which throws the ball forward rather than up.

The postures of the arm were chosen to be similar to a human action. The arm starts holding the object up, then the elbow is driven back using a step command, and the shoulder back and forward using a pulse. This has the effect of swinging the arm back firmly, so hyperextending the shoulder joint, and storing energy in the shoulder spring. The arm comes forward straight and releases the object. Since the robot has no hand, the object is gripped between the wrist and a sheet of metal attached to the forearm. The wrist releases grip when the shoulder oscillator has finished its pulse.

The effect of the feedback on the throwing action is not very great, at least for the example throw shown in figure 7-14. The feedback makes the arm move faster, and also releases the object earlier in the throw. When using feedback, the wrist starts to release the ball when the arm is extended all the way back, but the ball is carried by the hand and not actually thrown until some time later (see photographs in figure 7-13). Without feedback, the ball is released much later. Releasing earlier may give a better follow through on the throw, and contributes to throwing forward rather than up.

In any case, the effect of the feedback is not large. One might expect it to be greater, and this is an area for further work. The oscillator’s ability to quickly adapt to the dynamics of the arm might make it particularly appropriate for throwing tasks, by adjusting automatically to the mass of the object. Work by Bingham et al. (1989) suggests that humans heft objects to determine their properties before tuning the stiffnesses of their arms to achieve a powerful throw.

Throwing objects is sensitive to the release of the object, which was somewhat arbitrary in this implementation. Even a good swing can produce a poor throw if the release is fumbled. An overarm throw was also implemented, using four joints of the arm, with a sequence shown in figure 7-15. For this case, the shape of the hand was redesigned to give a better throw.

Figure 7-15: real Overarm throw sequence, with pictures taken every 0.2 seconds. The sequence goes from left to right and top to bottom. Two shoulder joints and two elbow joints are used to produce this motion, all activated with pulses except for one elbow joint which was driven using a step. Throwing is sensitive to the release of the object, and in this case a redesigned hand was used to improve the throw.

7.4 Hitting

The task of hitting or hammering requires a similar motion to throwing but avoids the difficulty of releasing the object. Two applications are described here, with the robot hitting a “punchbag” and hammering a nail. These motions exploit the natural dynamics of the arm, using energy stored in the arm springs and gravity to produce effective hitting. They also exploit the ability of the arm design to withstand considerable shock loads.

The punchbag was constructed to measure the energy transfered from the arm to the target for tuning purposes. It consists of a rubber ball on a sprung boom. When the arm hits the ball, it causes the boom to rotate against the spring. By measuring the maximum deflection of the boom, the energy of the impact can be determined.

Figure 7-16 shows a sequence from the oscillator hitting the punch bag. The elbow and shoulder are activated by oscillators with the wrist having a low stiffness. The energy stored in the wrist is visible in the lower left frame, it being swung back by the action of lifting the arm, before rebounding onto the punchbag. The hitting action is much stronger when the arm is lifted up and then down, rather than just going down, due to this extra stored energy. The hit is also more powerful when the wrist stiffness is low, the mass of the hand acting like a hammer.

Figure 7-17 shows the shape of the hitting motion in the vertical plane, computed by using the joint angles and an approximation to the forward kinematics of the arm. When the feedback is on, the arm is moved up and then directly down to hit the punchbag (represented by the black rectangle). Without feedback the motion is more curved and much slower (the arm is drawn at 0.02 second intervals). This is shown more clearly in figure 7-18 which plots the height of the hand against time. The position of the punchbag is shown with the horizontal line, and the increased speed at impact is apparent.

The same configuration was used to hammer nails into wood, as shown in figure 7-19. Unfortunately no visual guidance was used so careful alignment of the nail with the hammer was required!

Figure 7-16: real Four stills from a video of the robot hitting the punchbag. The sequence goes from left to right and top to bottom. The arm starts resting on the punchbag, and is raised up as shown at the top. The arm whips down, overextending the wrist joint (bottom left) and hitting the target powerfully. The shock tolerance of the arm is exploited to produce this movement without damage.

Figure 7-17: real Motion of the arm in the vertical plane during hitting. The target is the punchbag which is indicated by the rectangle. The trajectory of the hand is marked, together with the position of the arm at 0.02 second intervals on the downward stroke. In the left hand graph, feedback is used and the arm moves faster and more directly to the target, as opposed to the nonfeedback case in the right hand graph. The hyperextension of the wrist and its contribution to the hitting is also apparent when feedback is used.

Figure 7-18: real Graph of the height of the hand plotted against time for hitting the punchbag. The full trajectory is shown in figure 7-17. The hand moves up at about the same speed regardless of the feedback, but with feedback it accelerates down rapidly, with a much higher speed at impact (where the lines cross the starting height, marked by the horizontal line). The impact does not affect the arm motion a great deal because the inertia of the punchbag is small, and because it is sprung and so presents a small resisting force.

Figure 7-19: real Four stills from a video of the robot hammering a nail. The sequence goes from left to right and top to bottom. The elbow and shoulder joints drive up and down to give a powerful hit with the hammer. The motion causes the hammer to be swung fairly high, and extend the wrist joint (lower left picture). This stored energy is then released into the nail (lower right).

7.5. CONCLUSION 137

The arm swings the hammer up, storing gravitational potential energy in the hammer, and storing energy in the springs of the arm. These are both released into the nail.

As with throwing, the effect of the feedback is predominately that of changing the speed of the motion, which could easily be achieved by using a pulse with no feedback. The oscillator does make the motion faster, which is the correct action for both tasks. Anecdotally the feedback was useful from a safety point of view. If the arm was restrained, the oscillator was affected by the feedback from the slowly moving arm, causing it to drive the arm in a less violent manner. As with the throwing task, more research is needed to elucidate the effect of the feedback, and determine whether it is useful.

7.5 Conclusion

This chapter has shown that the oscillators are versatile, and can be used for a wide range of tasks, both rhythmic and discrete, and use other sensory modalities to provide feedback and entrainment.

The oscillator solutions in these examples are all adaptive, altering the drive to the arm depending on the motion of the arm, or in the case of the drumming, the sound created by the arm. For the discrete tasks the nature of adaptation is not very clear, although it appears to have roughly the right effect. The feedback causes the arm to move out and back faster, so creating a more powerful throw or a more powerful hit. The effect of the feedback is more clear for the drumming, allowing the arm to synchronize with an external beat, and create a stable drumming rhythm.

The drumming example shows the simplicity of exploiting the natural dynamics of the system for a complex task. The arm synchronizes with an external beat because the sound of that beat and the arms own drumming are combined by being heard by the same microphone. The synchronization occurs even though the overall system is not calibrated, has unknown delays and uses a low gain controller to move the arm. It is synchronized because hitting in phase is the limit cycle solution of the auditory-motor loop set up by the oscillators. The system requires the delays and low stiffness in order to work, which reduces the pressure on making efficient auditory processing or having high bandwidth connections between the system processors.

The examples also illustrate the ease of implementation of the oscillators for these tasks. The oscillators can entrain with a range of input signals, and are robust to changes in the parameters. Once the input gain is large enough that the system is entrained, changing it has little effect on the overall system. The method of inhibiting the auditory signal when it is not expected is another simple and robust method to obtain complex behavior.

The particular implementation of the arms uses a number of processors with low bandwidth communication between them. The entrainment properties of the oscillators make them appropriate for this distributed system, and more robust than attempting to create a synchronized global clock.

Finally, it is interesting in the drumming example that the two phases that were easy to create were in phase and out of phase. These were made by simply flipping the sign of a feedback signal, and modifying the auditory input. Humans also appear to find these phases easy to produce, and others more difficult. There is considerable literature (e.g. Haken et al. (1985), Kay et al. (1987)) which shows that humans have a preference for these phases. The preference varies with frequency, with out of phase motions being only possible at low frequencies, and in phase motions possible at all frequencies. It would be interesting to explore the frequency dependence of the oscillator system from this respect.

138 CHAPTER 7. EXAMPLES

Chapter 8

Conclusion

8.1 Further work

There are many topics arising from the thesis which deserve further study. These include:

• Complex timing constraints. There exist tasks which fit into the general framework exploited by the oscillators but which have complex timing constraints. For example, consider the cases of a Yoyo and a Slinky toy. Both exert forces on the arm, and in both cases the steady state motion requires coordination between these forces and the arm motion. This suggests that the oscillator solution should work well. While the oscillators work well with the Slinky, they do not appear to work with the Yoyo. This is because the coordination required of the arm is more complex and dependent on timing for the Yoyo case. This is true both in steady state, and particularly in the startup transient. Extending or manipulating the timing of the oscillator system would allow it to perform tasks with complex timing constraints.

• Potential fields. The idea of applying potential fields to the arm was mentioned in chapter 5 and deserves further study because the work was restricted to a simple example due to hardware and time limitations. One interesting aspect of the potential field is that it need only be strong enough to cancel the undesirable natural dynamics of the arm. This means that it need not be stiff (which facilitates implementation) and need only be specified where necessary. This makes it particularly appropriate for incremental learning through imitation. One might envisage a system where a human guides the arm through a desired motion, and then corrects the motion as the robot repeats it. The correction would be implemented by increasing the strength of the field locally, so constraining the arm motion at that point. Learning by imitation has recently become an intensive field of study because it promises to provide simple and flexible ways to control robots. Recent examples include Miyamoto et al. (1996), Miyamoto and Kawato (1998), Brooks et al. (1999) and Schaal (1999). The robustness and ease of implementation of the oscillator systems should make them appropriate for imitating rhythmic and dynamic discrete tasks.

• Sequences and compound motions. One problem not addressed in the thesis is how to switch among a number of oscillators to produce compound motions or sequences. This is another possible method to increase the complexity of tasks that are possible using oscillator control. Switching between controllers raises a number of interesting questions:

– How should the oscillators be synchronized across the switch? and is that necessary? – When should the switch be made? (after a certain amount of time, or dependent on the state) – How should the subcontrollers be designed?

– Will the final system be stable?

There is theoretical work on hybrid systems (e.g. Branicky (1994)) which is relevant here. One robotic example which combines switching and exploiting the natural dynamics is the work of Kuniyoshi and Nagakubo (1997) where a simulated humanoid was controlled to stand up from a supine position using a sequence of simple controllers.

• Discrete motions. The oscillator behavior for single motions was described in chapter 7.

An analysis method analogous to the describing function analysis developed for the rhythmic case is required to gain improved insight into the discrete behavior. This would hopefully shed light on the exact role of the feedback in these motions. One idea for an evaluation criterion is to determine the energy imparted to a robot link by a single cycle of the oscillator. This could then be compared to the optimal pulse, given the system stiffness and inertial properties.

• Theoretical questions. The theoretical results in chapter 6 indicate that many questions concerning the oscillators remain unanswered. These include results on the classes of systems that have limit cycle solutions when driven by oscillators and the global or semi-global stability of these limit cycles. The oscillators are a compelling system for further study in this respect. They exhibit a range of interesting behaviors, their piecewise-linear dynamics open them to a range of techniques, and any new theoretical results will have an impact on the practical design of systems.

8.2 Vision

This thesis has demonstrated an exciting range of tasks with a simple control system. While it has demonstrated the power both of exploiting natural dynamics and using oscillators to control arms, the method has a long way to go to reach the kind of versatility and flexibility of actions that humans routinely demonstrate. This section considers how to create that kind of performance, considering other ways to exploit the arm dynamics, exploiting the arm statics, tidying up details, and looking at the problem of learning.

• Generalization. This thesis has argued strongly for exploiting natural dynamics using the Matsuoka oscillator. This approach, while perhaps surprisingly versatile, is limited due to the dynamics of the oscillator. To achieve anything like human versatility other controllers and control methods need to be explored. Investigating other controllers which exploit natural dynamics should open up a variety of different tasks, for example discrete motions, slow motions, compound rhythmic motions, or asymmetric motions.

This thesis has concentrated on exploiting the resonant properties of the arm, when there are other aspects of natural dynamics which can be exploited to give wider ranges of tasks. These include the use of the skeleton for load carrying, and also the use of internal inertia for explosive tasks (as in the work of Brown (1994)).

Generalizing the ideas in this thesis to other controller types which can exploit the natural dynamics, as well as generalizing to other aspects of the robot dynamics should give greater versatility.

• Exploiting task statics. All the applications in this thesis are dynamic tasks, where precise motion is not required. Humans are generally skilled both at dynamic motions and precise manipulation tasks, such as threading a needle, sewing, writing, or peeling potatoes. For these tasks the static behavior of the arm is more important than its dynamical behavior. The static properties of the arm such as its stiffness, whether it is braced to remove excess degrees of freedom, and whether the active degrees of freedom are aligned with the task can all be exploited to simplify the control required. The sensory modalities for these tasks are also different from the dynamic case, relying more on touch, force and vision sensing. These

8.3. SUMMARY 141

different sensory modalities might have to be applied in different ways to modify the arm behavior.

The questions of how arm properties can be exploited for precise tasks, and how the sensory feedback should be used are challenging. Any progress towards performing these tasks with the same robustness and computational simplicity as the work in this thesis would be an exciting step forward. It would also greatly increase the versatility of robots.

• Details. Most of the work in this thesis ignores the details of arm control which would be needed for a flexible working system. A good example of this is starting and stopping the oscillators cleanly. This was not considered during the thesis but could be important for some tasks. A complete system would need details of this kind to be worked out more carefully.

• Programming/learning. The combination of arm and task dynamics is complicated, particularly if a wide range of tasks are considered. For the final system to be versatile and flexible it is inevitable that some learning will be required. This raises the questions of what should be learned and how should it be learned. While these specifics remained to be worked out, the type of tuning used in this thesis is a good model. Static parameters were tuned which determined a complete dynamic behavior, with the oscillator behavior reducing the complexity of the learning problem (by automatically being coordinated with the task). In addition the parameters themselves were easy to set, with good performance for a wide variety of parameter settings. While not all learning problems will be so straightforward these characteristics make the learning easy and so are worthwhile to bear in mind.

One of the major issues will be learning and scaling the complexity while retaining the useful properties of exploiting natural dynamics. This issue was touched on in chapter 5 where two different methods of connecting oscillators had rather different robustness properties.

Attacking the learning issue should shed light on how to increase the complexity of the robot behavior. Questions which are relevant here are the role of imitation in teaching the robot new tasks, and perhaps the role of memory and internal models in remembering and applying previously learnt behaviors to new situations. The transfer of skills to different parts of the workspace, to different arms and to different tasks is also important. Thinking of these questions in the context of exploiting natural dynamics may facilitate finding answers. For example, transfer of skills may only be useful if the underlying dynamics are similar.

8.3 Summary

This thesis has presented an approach to robot arm control which exploits natural dynamics. The approach uses a a set of simple non-linear oscillators to drive the joints of a compliant arm. The oscillators use feedback to adjust their commands relative to the actual joint motion, and so tune into the arm’s natural dynamics.

Chapter 3 introduced the oscillator and described its behavior when coupled to single degree of freedom systems. This behavior is generally coordinated with the motion of the system and robust to system and oscillator parameter changes. An analysis method using describing functions was described which is accurate and powerful; it enables detailed design of oscillator systems by predicting their behavior. It can also be used to explain the inherent robustness of the oscillators. The design tool is simple and easy to apply. It enables other researchers to understand, design and compare oscillator solutions to other approaches.

The oscillator robustness properties carry over to the multiple degree of freedom tasks which were considered in chapter 4. Using mechanical coupling between the oscillators as opposed to any explicit connections, the oscillators find and drive the system in its resonant mode, automatically adjusting themselves relative to the task. This is both remarkable and useful. It is remarkable that independent control at the joints can give such complex coordinated behavior of the whole arm. It is also remarkable that this works when the arm is redundant, with more than one arm, and when the coupling is fairly weak, as in the Slinky toy example. This property is useful because a variety of tasks are defined as resonant modes of the arm system.

The robustness of this system is also compelling. Most of the parameters can be changed by factors of three without changing the overall performance. This makes tuning parameters trivial. The oscillator natural behavior removes the need to specify coordination between the joints, which makes tuning easier still, because there are less parameters to tune.

Not all tasks are conveniently specified by the resonant mode of the mechanical system and chapter 5 considered methods to extend the oscillator system to some of those cases. The main difficulty is retaining the robustness and self-organizing properties of the oscillators while influencing their final behavior. The chapter showed that coupling the oscillators through the natural dynamics was more robust and more powerful than connecting the oscillators into networks. This result is a compelling argument for exploiting natural dynamics.

Chapter 6 returned to the issue of analysis first raised in chapters 3 and 4. It presented a variety of theoretically exact results and tools for predicting the final behavior of oscillator driven systems. These methods together with the earlier results provide a powerful set of tools for understanding the behavior of oscillator driven systems.

Chapter 7 discussed various applications of the oscillator system. The chapter showed that the oscillators can produce both discrete and rhythmic motions. The oscillator system is generally easy to use. The parameters are easy to set and the feedback gives powerful and sensible behavior. It is indicative of the merits of the oscillators that all the tasks in the thesis were accomplished with the same oscillator architecture. The only changes were adjustments to the posture of the arm, the sizes of the joint commands, and the object attached to the robot’s hand.

To conclude; the approach taken in this thesis of exploiting the natural dynamics of the arm using non-linear oscillators has been shown to work well in a number of respects. The approach can be applied over a wide range of discrete and rhythmic tasks, is robust and is easy to implement. These results suggests that the general approach of exploiting natural dynamics is a powerful method for obtaining coordinated dynamic behavior for robots.

Bibliography

Adolfsson, J., Dankowicz, H., and Nordmark, A. (1998). 3-D stable gait in passive bipedal mechanisms. Proceedings of 357 Euromech.

Alexander, R. M. (1990). Three uses for springs in legged locomotion. International Journal of Robotics Research, 9 (2), 53–61.

An, C. H., Atkeson, C. G., and Hollerbach, J. M. (1988). Model-based control of a robot manipulator.

Cambridge, MA, MIT Press.

Arimoto, S. and Miyazaki, F. (1985). Stability and robustness of PID feedback control for robot manipulators of sensory capability. In Proceedings of Third International Symposium of Robotics Research, Gouvieux, France.

Arshavsky, Y. I., Grillner, S., Orlovsky, G. N., and Panchin, Y. V. (1991). Central generators and the spatio-temporal pattern of movements. In J. Fagard and P. H. Wolff (Eds.), The Development of Timing Control and Temporal Organization in Coordinated Action, pp. 93–113. Elsevier Science.

Asteroth, A., Fischer, M. S., Möller, K., and Schnepf, U. (1992). Tracking and grasping of moving objects - a behaviour-based approach. In Proceedings of the 5th International Conference IEA/AIE-92. Industrial and Engineering Applications of AI and Expert systems, Vol. 1, pp. 195–204.

Atkeson, C. G. and Hollerbach, J. M. (1985). Kinematic features of unrestrained vertical arm movements. Journal of Neuroscience, 5, 2318–2330.

Bäck, T. and Schwefel, H.-P. (1993). An overview of evolutionary algorithms for parameter optimization. Evolutionary Computation, 1 (1), 1–23.

Barbeau, H. and Rossignol, S. (1994). Enhancement of locomotor recovery following spinal cord injury. Current Opinion in Neurology, 7, 517–524.

Beccari, G. and Stramigioli, S. (1998). Impedance control as merging mechanism for a behaviourbased architecture. In Proceedings of the 1998 IEEE International Conference on Robotics and Automation, pp. 1429–1434, Leuven, Belgium.

Bennett, D. J., Hollerbach, J. M., Xu, Y., and Hunter, I. W. (1992). Time-varying stiffness of human elbow joint during cyclic voluntary movement. Experimental Brain Research, 88, 433–442.

Bergen, A. R., Chua, L. O., Mees, A. I., and Szeto, E. W. (1982). Error bounds for general describing function problems. IEEE Transactions on Circuits and Systems, CAS-29 (6), 345–354.

Bernstein, N. S. (1967). The coordination and regulation of movements. Oxford, Pergamon.

Bingham, G. P., Schmidt, R. C., and Rosenblum, L. D. (1989). Hefting for a maximum distance throw: A smart perceptual mechanism. Journal of Experimental Psychology: Human Perception and Performance, 15 (3), 507–528.

Bingham, G. P., Schmidt, R. C., Turvey, M. T., and Rosenblum, L. D. (1991). Task dynamics and resource dynamics in the assembly of a coordinated rhythmic activity. Journal of Experimental Psychology: Human Perception and Performance, 17 (2), 359–381.

Bird, J. O. (1997). Electrical Circuit Theory and Technology. Butterworth-Heinemann.

Branicky, M. S. (1994). Stability of switched and hybrid systems. In Proceedings of the 33rd Conference on Decision and Control, pp. 3498–3503, Lake Buena Vista FL.

Brooks, R. A. (1986). A robust layered control system for a mobile robot. IEEE Journal of Robotics and Automation, RA-2, 14–23.

Brooks, R. A. (1995). The L Manual. IS Robotics, Cambridge MA.

Brooks, R. A., Breazeal, C., Irie, R., Kemp, C. C., Marjanović, M., Scassellati, B., and Williamson, M. (1998). Alternate essences of intelligence. In Proceedings of American Association of Artificial Intelligence (AAAI-98), Madison, WI.

Brooks, R. A., Breazeal, C., Kemp, C. C., Marjanović, M., Scassellati, B., and Williamson, M.

(1999). Imitation through social interaction. Applied Artificial Intelligence. In preparation.

Brooks, R. A. and Stein, L. A. (1994). Building brains for bodies. Autonomous Robots, 1 (1), 7–25.

Brown, K. L. (1994). Design and Analysis of Robots that Perform Dynamic Tasks Using Internal Body Motion. PhD thesis, Department of Mechanical Engineering, Massachusetts Institute of Technology, Cambridge, MA.

Canavier, C. C., Butera, R. J., Dror, R. O., Baxter, D. A., j. W. Clark, and Byrne, J. H. (1997).

Phase response characteristics of model neurons determine which patterns are expressed in a ring circuit model of gait generation. Biological Cybernetics, 77 (6), 367–380.

Cohen, A. H., Holmes, P. J., and Rand, R. H. (1982). The nature of coupling between segmental oscillators of the lamprey spinal generator for locomotion: A mathematical model. Journal of Mathematical Biology, 13, 345–369.

Colgate, J. E. and Hogan, N. (1988). Robust control of dynamically interacting systems. International Journal of Control, 48 (1), 65–88.

Colgate, J. E. and Hogan, N. (1989). An analysis of contact instability in terms of passive equivalents.

In Proceedings of the 1989 IEEE International Conference on Robotics and Automation, pp. 404– 409.

Collins, J. J. and Richmond, S. A. (1994). Hard-wired central pattern generators for quadrupedal locomotion. Biological Cybernetics, 71, 375–385.

Connell, J. H. (1988). A behavior-based arm controller. Technical Report 1025, Massachusetts Institute of Technology Artificial Intelligence Lab, Cambridge, Massachusetts.

Connell, J. H. (1994). Get me that screwdriver! developing an sensory-action vocabulary for fetchand-carry tasks. Technical Report RC 19473, IBM T. J. Watson.

der Linde, R. Q. V. (1998). Active leg compliance for passive walking. IEEE Conference on Robotics and Automation, pp. 2339–2345.

Doya, K. and Yoshizawa, S. (1989). Adaptive neural oscillator using continuous-time backpropagation learning. Neural Networks, 2, 375–385.

Doya, K. and Yoshizawa, S. (1992). Adaptive synchronization of neural and physical oscillators. In J. E. Moody, S. J. Hanson, and R. P. Lippmann (Eds.), Advances in Neural Information Processing Systems, Vol. 4, pp. 109–116, San Mateo, CA. Morgan Kaufmann.

Drake, S. H. (1977). Using Compliance in Lieu of Sensory Feedback for Automatic Assembly. PhD thesis, Department of Mechanical Engineering, Massachusetts Institute of Technology.

Dror, R. O., Canavier, C. C., Butera, R. J., Clark, J. W., and Byrne, J. H. (1999). A mathematical criterion based on phase response curves for stability in a ring of coupled oscillators. Biological Cybernetics, 80 (1), 11–23.

Ekeberg, Ö. (1993). A combined neuronal and mechanical model of fish swimming. Biological Cybernetics, 69, 363–374.

Epstein, S. and Kopell, N. (1999). Resonance tuning revisited. In preparation.

Ermentrout, B. and Kopell, N. (1994). Learning of phase lags in coupled oscillators. Neural Computation, 6 (2), 225–241.

Fowble, J. and Kuo, A. (1996). Stability and control of passive locomotion in 3D. Proceedings of the Conference on Biomechanics and Neural Control of Movement, pp. 28–29.

Franklin, G. F., Powell, J. D., and Workman, M. L. (1992). Digital Control of Dynamic Systems.

Addison-Wesley, 2nd edition.

Gandolfo, F., Mussa-Ivaldi, F. A., and Bizzi, E. (1996). Motor learning by field approximation.

Proceedings of the National Academy of Sciences, 93 (9), 3842–3846.

Garcia, M., Chatterjee, A., and Ruina, A. (1998). Speed, efficiency, and stability of small-slope 2D passive dynamic bipedal walking. IEEE International Conference on Robotics and Automation, pp. 2351–2356.

Gelb, A. and Vander Velde, W. E. (1968). Multiple-input Describing Function and Nonlinear System Design. McGraw-Hill.

Gershon, D. (1990). Parallel process decomposition of a dynamic manipulation task: Robotic sewing.

IEEE Transactions of Robotics and Automation, 6 (3), 357–367.

Getting, P. A. (1988). Comparative analysis of invertebrate central pattern generators. In A. H.

Cohen, S. Rossignol, and S. Grillner (Eds.), Neural Control of Rhythmic Movements in Vertebrates, chapter 4, pp. 101–127. New York, Wiley.

Goldfield, E. C., Kay, B. A., and Warren, W. H. (1993). Infant bouncing—the assembly and tuning of action systems. Child Development, 64 (4), 1128–1142.

Gonçalves, J. M. (1999). Analysis of switching systems. PhD thesis proposal, MIT Dept of Electrical Engineering and Computer Science.

Gonçalves, J. M., Megretski, A., and Dahleh, M. (1998). Semi-global analysis of relay feedback systems. In Proceedings IEEE Conference on Decision and Control.

Gribble, P. L., Ostry, D. J., Sanguineti, V., and Laboissiere, R. (1998). Are complex control signals required for human arm movement? Journal of Neuroscience, 79 (3), 1409–1424.

Hajian, A. Z., Sanchez, D. S., and Howe, R. D. (1997). Drum roll: Increasing bandwidth through passive impedance modulation. In Proceedings IEEE International Conference on Robotics and Automation, pp. 2294–2299, Alberquerque, NM.

Haken, H., Kelso, J. A. S., and Bunz, H. (1985). A theoretical model of phase transitions in human hand movements. Biological Cybernetics, 51, 347–356.

Hatsopoulos, N. G. (1996). Coupling the neural and physical dynamics in rhythmic movements.

Neural Computation, 8, 567–581.

Hatsopoulos, N. G. and Warren, W. H. (1996). Resonance tuning in rhythmic arm movements.

Journal of Motor Behavior, 28 (1), 3–14.

Hatsopoulos, N. G., Warren, W. H., and Sanes, J. N. (1992). A neural pattern generator that tunes into the physical dynamics of the limb system. In Proceedings of the International Joint Conference on Neural Networks, Vol. 1, pp. 104–109, Baltimore, MD.

Herr, H. (1993). Human Powered Elastic Mechanisms. Master’s thesis, Massachusetts Institute of Technology, Cambridge, Massachusetts.

Hogan, N. (1985a). Impedance control: An approach to manipulation. Journal of Dynamic Systems, Measurement, and Control, 107, 1–24.

Hogan, N. (1985b). The mechanics of multi-joint posture and movement control. Biological Cybernetics, 52, 315–331.

Hollerbach, J. M. (1981). An oscillator theory of handwriting. Biological Cybernetics, 39 (2), 139– 156.

Hunter, I. W., Hollerbach, J. M., and Ballantyne, J. (1991). A comparative analysis of actuator technologies for robotics. Robotics Review, 2.

Ijspeert, A. J., Hallam, J., and Willshaw, D. (1998). From lampreys to salamanders: Evolving neural controllers for swimming and walking. In R. Pfiefer, B. Blumberg, J.-A. Meyer, and S. W. Wilson (Eds.), Fifth International Conference on Simulation of Adaptive Behavior, pp. 390–399, Cambridge, MA. The MIT Press.

Kay, B. A., Kelso, J. A. S., Saltzman, E. L., and Schöner, G. S. (1987). The space-time behavior of single and bimanual movements: Data and model. Journal of Experimental Psychology: Human Perception and Performance, 13, 178–192.

Khalil, H. K. (1996). Nonlinear Systems. New Jersey, Prentice-Hall, 2nd edition.

Kimura, H., Sakurama, K., and Akiyama, S. (1998). Dynamic walking and running of the quadraped using neural oscillators. In Proceedings of the IEEE/RSJ International Workshop on Intelligent Robots and Systems (IROS-98), Vol. 1, pp. 50–57, Victoria, B.C.

Kimura, S., Yano, M., and Shimizu, H. (1993). A self-organizing model of walking patterns of insects. Biological Cybernetics, 69, 183–193.

Kuniyoshi, Y. and Nagakubo, A. (1997). Humanoid as a research vehicle into flexible complex interaction. In Proceedings of 1997 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS ’97), Vol. 2, pp. 811–820.

Latombe, J.-C. (1991). Robot Motion Planning. Norwell, Massachusetts, Kluwer Academic Press.

Lohmiller, W. and Slotine, J.-J. (1998). On contraction analysis for non-linear systems. Automatica, 34 (6), 683–696.

Lynch, K. M., Shiroma, N., Arai, H., and Tanie, K. (1998). The roles of shape and motion in dynamic manipulation: The butterfly example. In Proceedings of the 1998 IEEE International Conference on Robotics and Automation, pp. 1958–1963, Leuven, Belgium.

Marjanović, M. J., Scassellati, B., and Williamson, M. M. (1996). Self-taught visually-guided pointing for a humanoid robot. In P. Maes, M. Matarić, J.-A. Meyer, J. Pollock, and S. Wilson (Eds.), From Animals to Animats: Proceedings 1996 Society of Adaptive Behaviour, pp. 35–44, Cambridge, MA. The MIT Press.

Mason, M. T. (1982). Compliant motion. In M. Brady, J. M. Hollerbach, T. L. Johnson, T. Lozano- Pérez, and M. T. Mason (Eds.), Robot Motion: planning and control, chapter 5, pp. 305–322. MIT Press.

Mason, M. T. and Lynch, K. M. (1993). Dynamic manipulation. In Proceedings of the IEEE/RSJ International Workshop on Intelligent Robots and Systems (IROS-93), pp. 152–159, Yokohama, Japan.

Massone, L. L. E. and Myres, J. D. (1996). The role of plant properties in arm trajectory formation:

A neural network study. IEEE Transactions on Systems, Man and Cybernetics, 26, 719–732.

Matsuoka, K. (1985). Sustained oscillations generated by mutually inhibiting neurons with adaption.

Biological Cybernetics, 52, 367–376.

Matsuoka, K. (1987). Mechanisms of frequency and pattern control in neural rhythm generators.

Biological Cybernetics, 56, 345–353.

McGeer, T. (1990). Passive dynamic walking. International Journal of Robotics Research, 9 (2), 62– 82. Megretski, A. (1997). Global stability of oscillations induced by a relay feedback. In Proceedings of 13th World Congress, International Federation of Automatic Control, Vol. E, pp. 49–54, Oxford, UK. Pergamon.

Miyakoshi, S., Taga, G., Kuniyoshi, Y., and Nagakubo, A. (1998). Three dimensional bipedal stepping motion using neural oscillators - towards humanoid motion in the real world. In Proceedings of the IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS-98), Vol. 1, pp. 84–89, Victoria, B.C.

Miyakoshi, S., Yamakita, M., and Furata, K. (1994). Juggling control using neural oscillators. In Proceedings of the IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS- 94), Vol. 2, pp. 1186–1193, Munich, Germany.

Miyamoto, H. and Kawato, M. (1998). A tennis serve and upswing learning robot based on bidirectional theory. Neural Networks, 11 (7-8), 1331–1344.

Miyamoto, H., Schaal, S., Gandolfo, F., Gomi, H., Koike, Y., Osu, R., Nakano, E., Wada, Y., and Kawato, M. (1996). A kendama learning robot based on bi-directional theory. Neural Networks, 9 (8), 1281–1302.

Morasso, P. (1981). Spatial control of arm movements. Experimental Brain Research, 42, 223–227.

Mussa-Ivaldi, F. A., Hogan, N., and Bizzi, E. (1985). Neural, mechanical, and geometric factors subserving arm posture in humans. Journal of Neuroscience, 5 (10), 2732–2743.

Niemeyer, G. and Slotine, J.-J. E. (1997). A simple strategy for opening an unknown door. In Proceedings of 1997 IEEE International Conference on Robotics and Automation, pp. 1448–1453.

Nishii, J. (1995). An adaptive control model of a locomotion by the central pattern generator. In Proceeding of IWANN‘95. International Workshop on Artificial Neural Networks, pp. 151–157, Malaga-Torremolinos, Spain.

Nishii, J. (1998). A learning model for oscillatory networks. Neural Networks, 11, 249–257.

Ogata, K. (1970). Modern Control Engineering. Prentice-Hall.

Pagano, C. and Turvey, M. T. (1995). The inertia tensor as a basis for the perception of limb orientation. Journal of Experimental Psychology: Human Perception and Performance, 21 (5), 1070– 1087.

Pearson, K. G. (1993). Common principles of motor control in vertebrates and invertebrates. Annual Review of Neuroscience, 16, 265–297.

Pettit, N. B. O. L. (1995). Analysis of Piecewise Linear Dynamical Systems. New York, NY, Wiley.

Playter, R. R. (1994). Passive Dynamics in the Control of Gymnastic Maneuvers. PhD thesis, Department of Aeronautical and Astronautical Engineering, Massachusetts Institute of Technology, Cambridge, MA.

Playter, R. R. and Raibert, M. H. (1992). Control of a biped somersault in 3D. In Proceedings IROS ’92, Raleigh, NC.

Playter, R. R. and Raibert, M. H. (1994). Passively stable layout somersaults. In Proceedings Eighth Yale Workshop on Adaptive and Learning Systems, pp. 66–71, New Haven, CT.

Pratt, G. A. and Williamson, M. M. (1995). Series elastic actuators. In Proceedings of the IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS-95), Vol. 1, pp. 399–406, Pittsburg, PA.

Pratt, J., Dilworth, P., and Pratt, G. (1997). Virtual model control of a bipedal walking robot.

In Proceedings of the IEEE International Conference on Robotics and Automations (ICRA ’97), Albuquerque, NM.

Pratt, J., Torres, A., Dilworth, P., and Pratt, G. (1996). Virtual actuator control. In Proceedings of the IEEE International Conference on Intelligent Robots and Systems, Osaka, Japan.

Pratt, J. E. and Pratt, G. A. (1998). Exploiting natural dynamics in the control of a planar bipedal walking robot. In Proceedings of the Thirty-Sixth Annual Allerton Conference on Communication, Control and Computing, Monticello, IL.

Pribe, C., Grossberg, S., and Cohen, M. A. (1997). Neural control of interlimb oscillations. II. Biped and quadruped gaits and bifurcations. Biological Cybernetics, 77, 141–152.

Raibert, M. H. (1986). Legged Robots That Balance. Cambridge, Massachusetts, MIT Press.

Raibert, M. H. and Craig, J. J. (1981). Hybrid position/force control of manipulators. Journal of Dynamic Systems, Measurement, and Control, 103, 126–133.

Rich, E. and Knight, K. (1991). Artificial Intelligence. McGraw-Hill, second edition.

Rizzi, A. A. and Koditschek, D. E. (1994). Further progress in robot juggling: Solvable mirror laws.

In Proceedings of the IEEE International Conference on Robotics and Automation, Vol. 4, pp. 2935–2940, San Diego, CA.

Rossignol, S. (1996). Neural control of stereotypic limb movements. In L. B. Rowell and J. T.

Sheperd (Eds.), Handbook of Physiology, Section 12. Exercise: Regulation and Integration of Multiple Systems, chapter 5, pp. 173–216. American Physiological Society.

Rossignol, S. and Dubuc, E. (1994). Spinal pattern generation. Current Opinion in Neurobiology, 4, 894–902.

Sabes, P. N. and Jordan, M. I. (1997). Obstacle avoidance and a perturbation sensitivity model for motor planning. Journal of Neuroscience, 17 (18), 7119–7128.

Salisbury, J., Townsend, W. T., Eberman, B. S., and DiPietro, D. M. (1988). Preliminary design of a whole arm manipulation system (WAMS). In Proceedings 1988 IEEE International Conference on Robotics and Automation.

Saltzman, E. L. and Kelso, J. A. S. (1987). Skilled actions: A task dynamic approach. Psychological Review, 94 (1), 84–106.

Scassellati, B. (1998). A binocular, foveated active vision system. Technical Report 1628, MIT Artificial Intelligence Lab Memo.

Schaal, S. (1999). Is imitation learning the way to humanoid robots? Trends in Cognitive Sciences.

In submission.

Schaal, S. and Atkeson, C. G. (1993). Open loop stable control strategies for robot juggling. In Proceedings 1993 IEEE International Conference on Robotics and Automation, Vol. 3, pp. 913– 918.

Schaal, S. and Sternad, D. (1998). Programmable pattern generators. In Proceedings of International Conference on Computational Intelligence in Neuroscience (ICCIN ’98), Triangle Park, NC.

Scheirer, E. D. (1998). Tempo and beat analysis of acoustic musical signals. J. Acoust. Soc. Am., 103 (1), 588–601.

Schneider, K., Zernicke, R. F., Schmidt, R. A., and Hart, T. J. (1989). Changes in limb dynamics during the practice of rapid arm movements. Journal of Biomechanics, 22 (8–9), 805–817.

Schöner, G. (1990). A dynamic theory of coordination of discrete movement. Biological Cybernetics, 63, 257–270.

Slotine, J.-J. E. (1988). Putting physics in control—the example of robotics. IEEE Control Systems Magazine, 8 (6), 12–18.

Slotine, J.-J. E. and Li, W. (1991). Applied nonlinear control. Englewood Cliffs, N.J., Prentice Hall.

Smithers, T. and Malcolm, C. (1988). Programming robotic assembly in terms of task achieving behavioural modules. DAI Research Paper 417, University of Edinburgh, Edinburgh, Scotland.

Strang, G. (1993). Introduction to Linear Algebra. Wellesley, MA, Wellesley-Cambridge Press.

Strogatz, S. H. (1994). Nonlinear dynamics and chaos: with application to physics, biology, chemistry and engineering. Reading, MA, Addison-Wesley.

Taga, G. (1995a). A model of the neuro-musculo-skeletal system for human locomotion. I. Emergence of basic gait. Biological Cybernetics, 73 (2), 97–111.

Taga, G. (1995b). A model of the neuro-musculo-skeletal system for human locomotion. II. Real-time adaptibility under various constraints. Biological Cybernetics, 73 (2), 113–121.

Taga, G. (1998). A model of the neuro-musculo-skeletal system for anticipatory adjustment of human locomotion during obstacle avoidance. Biological Cybernetics, 78 (1), 9–17.

Taga, G., Yamaguchi, Y., and Shimizu, H. (1991). Self-organized control of bipedal locomotion by neural oscillators in unpredictable environment. Biological Cybernetics, 65 (3), 147–159.

Takanobu, H., Kuchiki, N., and Takanishi, A. (1995). Control of rapid closing motion of a robot jaw using nonlinear spring mechanism. In Proceedings 1995 IEEE/RSJ International Conference on Intelligent Robots and Systems., Vol. 1, pp. 372–377, Los Alamitos, CA.

Takegaki, M. and Arimoto, S. (1981). A new feedback method for dynamic control of manipulators.

Journal of Dynamic Systems, Measurement, and Control, 102.

Terman, D., Kopell, N., and Bose, A. (1998). Dynamics of two mutually inhibitory neurons. Physica D, 117, 241–275.

Thelen, E., Zernicke, R., Schneider, K., Jensen, J., Kamm, K., and Corbetta, D. (1992). The role of intersegmental dynamics in infant neuromotor development. In G. E. Stelmach and J. Requin (Eds.), Tutorials in Motor Behavior II, pp. 533–548. Elsevier Science Publishers.

Trevelyan, J. (1992). Force controlled surface following without stability problems. In TENCON ’92. ’Technology Enabling Tomorrow’ 1992 IEEE Region 10 International Conference. Computers, Communications and Automation towards the 21st Century, Vol. 1, pp. 247–251, New York, NY.

Turvey, M. T. and Carello, C. (1995). Dynamic touch. In W. Epstein and S. Rogers (Eds.), Perception of Space and Motion, pp. 401–490. Academic Press.

Ulrich, N. T. (1990). Mechanical design optimization of robot manipulator performance. Technical Report MS-CIS-90-72, GRASP LAB 238, Department of Computer and Information Science, School of Engineering and Applied Science, University of Pennsylvania, Philadephia, PA.

Wadden, T. and Ekeberg, Ö. (1998). A neuro-mechanical model of legged locomotion: single leg control. Biological Cybernetics, 79, 161–173.

Whitney, D. E. (1977). Force feedback control of manipulator fine motions. Transactions of the ASME Journal of Dynamical Systems, Measurement and Control, 99, 91–97.

Whitney, D. E. (1982). Quasi-static assembly of compliantly supported rigid parts. Journal of Dynamic Systems, Measurement and Control, 104, 65–77.

Williamson, M. M. (1995). Series elastic actuators. Technical Report 1524, Massachusetts Institute of Technology Artificial Intelligence Lab, Cambridge, Massachusetts.

Williamson, M. M. (1996). Postural primitives: Interactive behavior for a humanoid robot arm.

In Fourth International Conference on Simulation of Adaptive Behavior, pp. 124–131, Cape Cod, Massachusetts.

Williamson, M. M. (1998a). Neural control of rhythmic arm movements. Neural Networks, 11, 1379– 1394.

Williamson, M. M. (1998b). Rhythmic robot control using oscillators. In Proceedings of IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS ’98).

Wolpert, D. M., Ghahramani, Z., and Jordan, M. I. (1995). Are arm trajectories planned in kinematic or dynamic coordinates—An adaptation study. Experimental Brain Research, 103 (3), 460–470.

Zajac, F. E. (1989). Muscle and tendon: Properties, models, scaling, and application to biomechanics and motor control. CRC Critical Reviews of Biomedical Engineering, 17 (4), 359–411.

Zielińska, T. (1996). Coupled oscillators utilised as gait rhythm generators of a two-legged walking machine. Biological Cybernetics, 74, 263–273.