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�
I. Introduction





	Walking agents are intrinsically more difficult to design than rolling agents. Not only is the mechanical structure far more demanding but the control required to actuate legs is an order of magnitude more complex than simply controlling speed to a DC motor. Legs must be coordinated with a high degree of precision and walking sequences developed with great attention to detail. Some attempts have been made to construct pneumatically actuated legs, but a majority of attempts have used servo motors as actuating elements.


	Traditionally, walking agent design has been limited by a number of factors. Perhaps the greatest of these is the lack of an inexpensive and accurate method of controlling the numerous servo motors. A hexapod agent with two degrees of freedom per leg requires a minimum of twelve servos. The most popular hexapod, “Ghengis,” uses four 68HC11 processors to control these servos. Intercommunication among processors becomes very complex when four devices are required to synchronize leg movements. 


	Construction of walking agents would be made much easier if a new control algorithm allowing all servos to be connected to a single processor were developed. Previous attempts have allowed up to eight servos per processor with marginal precision. This paper describes the traditional methods of servo control using the 68HC11 processor, the previous attempts to control multiple channels from a single chip, and the development of the Active Bitmap Algorithm allowing precise control of up to sixteen channels from a single 68HC11. A novel servo control language with specific applications for walking agents is also presented.





�
II. Background


What is a Servo?


	A servo motor is a digitally controlled motor with a limited range of motion and an internal feedback mechanism directly actuating the motor. The servo user cannot directly control the motor. Instead, a control pulse indicating the desired servo position is supplied and the feedback controller engages the motor in order to reach the desired position. If the control pulse is sent repeatedly, the motor is actuated until the position is reached. Feedback is typically achieved using an internal potentiometer and the physical range is typically around 180 degrees.


Uses of a Servo Motor


Radio-controlled Models


	Radio-controlled models employ servos for a variety of functions. Model cars use servos to control the steering system. Control surfaces on model airplanes also use servos connected by push-rods. High-performance servos can also be used on model boats to position the mast. 


Pan-tilt Units


	By attaching two servos such that their axes of rotation are perpendicular, a pan-tilt unit can be constructed. Typically, such a device can point a sensor or other device to any point in a hemisphere within the resolution of the servos used. Sonar heads configured in this manner can scan completely around the point of origin at any declination greater than zero.


Mobile Robotics


	Mobile robots can use servos to sweep sensors across a given range. This allows one sensor to replace an otherwise necessary array covering 180 degrees. One CDS cell mounted on a servo becomes an effective one-dimensional linear CCD array. Pyroelectric sensors mounted on a servo can be swept across a field in order to detect warm or moving objects.


Walking Robots


	Ghengis (Brooks 1989), perhaps the most famous of the walking robots, uses two servos per leg giving each two degrees of freedom. Although the entire range of the servo cannot be used, the ability to imitate insect-like motion is remarkable. Several mechanical variations are possible, but servos are the motors of choice for any walking robot. “Thing” from the Laboratory for Perceptual Robotics at the University of Massachusetts (Macdonal 1994) uses three servos for each of its four legs and a total of five 68HC11 processors. Unlike Ghengis, Thing is not an autonomous agent and requires an umbilical chord connected to a computer running a control program.


Properties of a Servo Motor


Operating Range


	Normal operating range of a servo is 180 degrees. For radio-controlled models, it is customary to use only 90 degrees of this range. Range depends on the physical structure of the servo rather than the control circuitry. The feedback device, usually a potentiometer, is the limiting component. 


Power Consumption


	The servo can be thought of as two discrete electrical systems. The logic system consists of input logic which translates the control signal into an analog voltage. This system then directs the motor to move in such a way as to minimize the difference between the desired and the actual position. This logic is realized using an application specific integrated circuit (ASIC) and requires minimal power for operation. The drive system is composed of the motor and the motor driver circuit. When actuated by the control logic, the motor is engaged until the feedback signal matches the desired position.


	Both systems share the same power source. A supply voltage between 4.8V and 6.0V is required for proper operation. At idle the Futaba S148 servo consumes only about 8mA. Idle is defined as a state in which either the control pulse is not supplied or the feedback signal is zero. In either case, the motor need not engage. When these idle conditions are not met, the motor attempts to correct the servo’s position and consumes up to 125mA. If the servo is unable to reach the desired position, the motor may stall requiring even higher current levels. 


Output Torque


	Since torque is most nearly related to motor size and gearing, a hobbyist interested in minimal weight will normally choose the lightest servo having the torque rating that just exceeds the project requirements. A model airplane would require very light servos for the flight control surfaces. A sailboat servo used to position the mast would require much more torque and need not be particularly light.


Operating Speed


	Servo speed is usually given as the time required to traverse sixty degrees. Slower servos are preferred for beginning hobbyists since the control is less jerky. Fast servos allow for much tighter control but are also more expensive. The speed given does not incorporate the varying loads that might be applied. For a more accurate assessment of servo speed, the motor current can be plotted over time. The time from the first spike as the control position is selected to the return to idle current is a more accurate representation of the servo speed when attached to the control structure.


Dimensions


	In general, servo size is proportional to output torque. Larger servos can house larger motors and consequently weight more. The relative dimensions of most servos are the same with the height and length nearly equal and the width about half the length. 


Weight


	The heaviest part of the servo is the motor. The casing and gears are commonly made of light-weight plastic. Although more expensive servos feature metal gear and ball-bearings, most of their weight still resides in their motors.


III. Servo Control


Pulse Width Modulation


	Pulse width modulation is a digital means of simulating an analog voltage. Most accurate control systems require analog feedback. Analog electronics can be less precise but much cheaper than their digital counterparts. Consider, for example, performing a running average and comparing the value of some input at time t to the average. In the digital domain, this might require a high-speed analog-to-digital converter and processor. The sampling time would be compromised by the speed of the converter and processor and the resolution of the converter. The same calculation can be performed in analog using a capacitor and an analog comparator. The output is continuous and reasonably accurate to very high frequencies. 


	In the digital world, it is still desirable to represent analog voltages. In the case of the servo, the analog value of the desired position is passed as the pulse width of a digital signal. The servo will then translate the pulse width into an analog value for use in comparison to the feedback signal. A pulse is created by forcing a digital output line high, waiting a desired time (the pulse width), and then forcing the line back low. Pulse width modulation is also used to control DC motors. By applying a pulse width modulated signal to the enable lines of motor drivers, the “duty cycle” of the motors is varied. When applied at an appropriate frequency, the modulation imitates an analog modulation of the motor supply voltage. The frequency of the signal is not arbitrary. Too low a frequency will result in pulsing motor output while too high a frequency will lower the output torque of the motor. 


	Experimentally, the valid input pulses range for the Futaba S148 is found to be 800us to 2200us with a maximum error of 6.75us. Documentation supplied from Futaba lists the neutral pulse width as 1520us, but is experimentally found as the mean of the given extrema values. Figure 1 shows the control structure of the Futaba S148.
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Servo Power Supply


	A servo requires only one power supply from which both the motor and the electronics operate. Unless a dedicated power system is supplied, care must be taken to assure that power transients caused by the servo motors do not cause failure or errors in other electronic components or subsystems.


Motor Requirements


	Because the motors are essentially analog systems, glitches in the motor power are not considered as potential trouble. During the time of motor supply failure, the system will act as if in idle with no force applied to the servo horn. A standard motor supply should continuously provide at least 125mA to each motor in the system and have the instantaneous ability to supply three or four times that. This can be achieved using a NiCd battery which features the capability of providing very high instantaneous current. 


Logic Requirements


	At idle, the Futaba S148 consumes about 8mA. For proper operation, this current must be supplied for each servo channel at all times. Logic power failure results in a loss of motor actuation The logic circuits do not cause any significant voltage or current transients.


Typical Consumption 


	In general, the logic and motor will use the same power source. When this source is a NiCd battery, the logic system is generally protected from the motor transients. However, the battery must support at least 133mA continuous current per servo and have the ability to maintain the terminal voltage at a reasonable level when the motor transients disturb the system. 


Update Frequency


Recommended Value


	Traditionally, servos PWM signals are updated at 50Hz, or once every 20ms. Each manufacturer will usually supply their own optimum frequency. It is sometimes preferred to specify a range of valid frequencies rather than an exact value. One Futaba engineer gave 17ms as the optimum time between updates but guaranteed performance up to 20ms. 


Effect on Servo Performance


	Update rates faster than the optimum rate may have two effects. If the servo electronics cannot handle the higher frequency, the signal may be ignored causing the actual update frequency to be only half that intended. This “aliasing” would be counterproductive as it might actually bring the update frequency outside the acceptable range. Frequencies slower than that recommended may cause the system to enter effective idle states between pulses. This will cause problems as the servo load will counter the intended motion of the horn between pulses, potentially causing a “buzzing” effect.


�
IV. Multiple-Servo Control


Why is Multi-channel Control Necessary?


	On a platform such as a remote-control vehicle, there may not arise a need for more than one servo. The steering column is the only component which requires the use of a servo. However, robotics applications such as pan-tilt units or other devices certainly require more than one servo. In fact, designers are often limited by the number of channels they can control and employ the maximum number of servos possible. Because of the details involved in controlling multiple servos as well as the hardware and software costs, designers must often cut their aspirations short. Not only does the servo hardware add to the cost of a project, but the algorithm required to consistently generate the control pulses might interfere with other processes. Two conclusions can be drawn regarding multi-channel servo control. First, as more channels become available, more uses for servos will be implemented. Second, the control architecture must be such that controlling a great number of servos should not interfere with the higher level of control such as a behavior program.


First Solution using the 68HC11 Microcontroller


Digital Output Control


	The simplest method of controlling a servo is to modulate a digital output pin. The pin is forced high at a set time. After a delay time which corresponds to the pulse width, the pin is forced low. For precision, it is preferable to follow the pulse with a delay equal to the update rate minus the previous pulse width. This preserves the update frequency. Note however that the processor running this program is completely dedicated to controlling a single servo channel.


Using the Output-compare Function


	The output compare function of the 68HC11 is ideal for producing pulse-width modulated signals. If an interrupt generated by an output compare sets the control pin high and then loops through a delay before forcing the pin back low, the processor is free do perform other functions during the time between interrupts. 


OC1 as a Master Control Function


	On the 68HC11, the OC1 pin can be made to serve as a “master” to the remaining four output compare pins. Thus, if OC1 triggers the rising edge of the control signal, OC2 through OC5 can be made to force the pulse low independently. This provides for very effective servo control since the process is not software intensive and allows the processor to perform other functions while not servicing the interrupts. Four channels can be controlled using the OC1 master configuration. It should be noted that the output compares support duty cycles from 0 to 100% whereas the servos can generally only accept 1 to 11%. With individual control of each output compare channel, five PWM signals can be created. However, an interrupt service routine (ISR) is necessary for each channel introducing software overhead. Controlling more than five channels on a 68HC11 introduces the need for a new programming approach.


Current Multi-Channel Techniques


Features


	The sorted-list algorithm allows for multi-channel control without directly using the timing subsystem. The simplicity of background executing is traded for more channels at the expense of programming complexity. General purpose I/O pins can be used, preserving dedicated timing pins for other functions. Extensive software processing is necessary to support this algorithm. The general model of the Sorted-list algorithm is shown in figure 2.
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	The algorithm can use a single interrupt or delay cycle depending on available hardware. A list of timing values corresponding to each servo channel is kept in memory. For the 68HC11, this list can be implemented using 8 or 16-bit values. Each value represents either the number of delay cycles to keep the PWM pulse high or the system timer count at which each channel will be serviced by an interrupt. All channels are turned on by an interrupt at some initial time. The system then enters the service loop.


At the beginning of the loop, the system must sort the list from shortest to longest PWM pulse. The subsequent pulse generation algorithm depends on whether the system is interrupt or loop based.


	In an interrupt based system, a timing interrupt is set at the system counter plus the first value in the table. Subsequent table values are processed so as to reflect their difference from the preceding value. At the first interrupt, the channel whose value is first in the list will have its pulse forced back low and the next table value will be added to the interrupt register so as to cause an interrupt. In this manner, the list is processed through an interrupt for each table value. Note that the timing difference between channels must be at least as long as the duration of the service routine. This limits the number of channels that can be accurately serviced.


	A loop based algorithm solves the problem of servo pulses that are nearly equal. The table values reflect numbers of delay cycles to run between subsequent channels. In this manner, each channel will always be serviced although not at precisely the correct time. Because the total time of the PWM signal is dependent on the delay count and the number of servos with shorter control pulses, total accuracy is not possible. If all channels are given the same pulse length, their pulses will actually be staggered slightly based on which channels are serviced first. This staggering effect can be minimized by decreasing the length of the delay loop. 


Memory Requirements


	Some memory must be allocated for the list structure. The size of this list depends on the size of the timing values. Interrupt-based values must be 16-bit on the 68HC11 whereas loop based values can be 8-bit. If the delay time is very small, 16-bit values might be necessary to allow full range.


Implementing a Minimal Pulse-width. 


	Because sorting a list is not hardware intensive, the sorting routine can be implemented during the minimum pulse width generation. After all active lines are forced high, a minimum delay of 164us must be used before any channels can be forced low. If the sorting algorithm is used, great care must be taken to assure that the run-time is the same regardless of the number of active channels and degree of sorting required. 


Coding the List-loop


	For an interrupt based loop, the service routine required is of minimal complexity. The number of the channel to force low is retrieved from a global variable and the line forced low. The channel counter is then incremented and the next timing value set before clearing for subsequent interrupts. 


	A delay based system required starting a counter. The table values are then compared to the counter until is match is found and the appropriate channel forced low. Unless special precautions are taken, it is required that each list value be greater than the previous value. For accuracy, it is required that the duration of the delay be equal to the service time of any given channel. Thus, the deviation from the normal count is minimized. 


Problems with the Current Algorithm


	The intrinsic problem with the sorted-list algorithm is its failure to deal with multiple channels with the same timing value. Even when this problem is corrected using extensive preprocessing, the channel service routine can rarely be shortened to the length of the delay loop. To preserve accuracy when multiple channels are simultaneously active, the delay must be very small. However, the difference between the service routine and the delay will add another form of inaccuracy. Either way, the system can never generate completely accurate results.


The Servo 16 Active-bitmap Algorithm


Features


	The active bitmap algorithm eliminates the inaccuracy of the sorted list algorithm and allows for up to sixteen simultaneous servo channels. Channels with equal timing values are pulsed for exactly the same duration starting at exactly the same time. As will be made clear, this algorithm is designed specifically for servos and devices that require at most a 15% duty cycle pulse.


General Description


	Whereas the sorted-list algorithm stores the times at which changes in the output channel occur, the Active Bitmap Algorithm stores the behavior of the channel for the entire length of the update cycle. The sixteen behaviors, in terms of channel pulse widths, is stored in a table called the Active-bitmap table. In essence, the table consist of bitmaps describing the active state of the servo channels at time divisions from the smallest to the largest possible pulse widths. For the purpose of this discussion, a channel is defined as “active” if its state is being changed. Thus, at the beginning of the control cycle, all channels turned on will be active. Subsequent channels will become active again when their state is forced back low terminating the pulse. A general model of the Active-Bitmap Algorithm follows in figure 3.
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Memory Requirements


	Memory requirements of the active bitmap algorithm are far greater that the sorted list algorithm. For a 16 channel system, 2 bytes are required for each minimal timing segment, defined as the smallest possible increase or decrease in control pulse width supported by the algorithm. If the total control pulse range of the system is X possible divisions or timing segments of the total range, then 2X bytes are required for the active-bitmap table. Additional memory is required for the registers holding the users desired location of the active servos. These data, referred to as timing values, are usually 8-bit values. Minor additional memory is required for temporary variables. 


The Active-bitmap Table


	The 2X bytes of memory mentioned previously are arranged into the Active-bitmap Table. Each word represents the channels to be forced low at a time inversely proportional to the index of the word. For example, a value of $0301 (%0000001100000001) at index 12 in the table would indicate that channels 0,9, and 10 (read in binary from right to left) will be forced low at time equal to the minimal pulse width plus the table length minus 12 iterations of the service routine. Pulse widths from the minimal pulse width to the minimal pulse width plus the product of the table size and service routine duration are available. The necessity of reverse indexing the table will be made clear as the algorithm is discussed in more detail. The following diagram shows an Active-bitmap table with sixteen entries used to control four servo channels. The system shown indicates that the user has turn on channels 0, 1, and 3 and has set them to timing values 11, 3, and 13 respectively. Note that even though channel 2 has a valid timing value, the zero in the On_Mask bit disables the channel. 


	At some initial time, (table processing) the timing values are processed to create the Active-bitmap Table and the On_Mask asserted on the servo control port. The system then waits for a time corresponding to the minimal pulse width indicated by the dotted and jagged lines. At the end of this period, the control pulses have been asserted exactly 800us, the shortest allowed pulse. A table loop routine now takes the table bitmaps and performs an exclusive or with the servo control port as shown in figure 4.


�
Sample Active Bitmap Table
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Active-bitmap Table			Output		Control Pulses








��
Implementing a Minimal Pulse-width


	Since significant processing is required, the minimal pulse width may be implemented as an interruption of the table processing routines. The best way to create a minimal pulse width is to count machine cycles backwards from the start of the service loop and implement a loop counter in the subroutine at the resulting location. This will be explained in detail when discussing the supporting table routines


Coding the Table-loop


	The efficacy of the algorithm depends on the “tightness” of the table loop. The loop itself must perform the following:





1) Retrieve the current channel state. (2 bytes),


2) XOR the table value with the current state,


3) Store the modified state, and


4) Decrement the table pointer and check for the last entry.





	Recall that each entry of the Active-bitmap table describes the active state of the control channels at a specific time. By retrieving the current channel state, the table loop is preparing to terminate the control pulse of any channel active during that particular iteration. Since a “1” in the table entry corresponds to an active channel, applying the exclusive-or operation on the current state and table entry will force any active channels low. Recall that a binary one when exclusive-or’ed with another one will result in zero. When this modified current value is returned to the port being used for the control pulses, the active channels will have terminated their pulses. Because the table is used backwards, the table pointer will be decremented to point to the next entry and the terminating condition evaluated. 


	This loop can be constructed so as to require only 13.5us per iteration. Several steps are taken to minimize the loop duration. Because the HC11 required two opcodes to branch on a comparison, the table is processed in reverse so as to exit on an index of zero, the last entry. The resulting loop structure follows:





TURNOFF	LDX    #TABLE_OFFSET   	; GET TIMING TABLE ADDRESS


* TIMED LOOP STARTS HERE: 27E'S = 13.5 uS PER LOOP


OFFLOOP 	LDD	0,X             		; GET THE TIMING VALUE


        		EORA	PORTC           	; XOR TO TAKE HIGH LINE


        		EORB	PORTB           	; LOW AND THEN


        		STD    	PORTC           	; UPDATE THE SERVO CHANNELS


        		DEX                     		; GO TO NEXT 16 BIT


		DEX                     		; TABLE VALUE


		BNE   	OFFLOOP         	; IF NOT DONE CONTINUE TABLE


* TIMED LOOP ENDS HERE        


		LDD    0,X             		; MUST DO FINAL TABLE VALUE


        		EORA	PORTC           	; SINCE A COMPARISON TO ZERO


        		EORB	PORTB           	; WAS THE TIGHTEST LOOP


        		STD 	PORTC           	; POSSIBLE





	Because the branch occurs on zero, the last entry must be processed after the loop. This does not cause any timing discrepancies.


Supporting the Table Structure


	The table structure requires significant book-keeping to operate properly. Every iteration of the algorithm, the table must be cleared of old values and the new values inserted. Ultimately, the new values must be stored as old values for processing during the next iteration. The entire table need not be cleared as long as some record of the past entries exists. For 16 channels, 32 bytes must be reserved for the current timing values and the past timing values.


	The table service routine must perform four functions. First the table must be cleared of previous values. Once done, the current values can by processed and the new table formed. The table loop then implements the turn-off points. Finally, the current table values must be preserved for the next iteration to allow their removal from the table. At some point during the first two functions, the On-mask must be asserted onto the control lines to implement the minimal pulse width. The exact time that this must be done may occur in the middle of the table creation routine. Two methods are employed to properly align the minimal pulse width and can be pictured as course and fine tuning of the timing pulses.


	Course timing is performed by determining the iteration of the service routine that the pulses should be started within half the duration of the routine. Since sixteen table values must be processed, this creates a range of possible entry points. Properly coding the service routine will allow a minimal pulse width with an accuracy of 40us. Fine tuning can be performed in two ways. A delay of user defined length can be placed between the service routine and the table loop to add extra time to the minimal pulse width. A more sophisticated scheme uses extra table length which the user can not address. If the table loop is set to start at a location one iteration beyond the first valid table entry, an extra 13.5us is added to the minimal pulse width. Although some memory may be sacrificed if multiple extra table locations are required, the elegance of this method is preferable if very few extra entries are needed.


Presets and Mask


Uses


	When multiple channels are active, it can be advantageous to group some channels together. If all the even channels are required to move to a certain location, a single command could move all channels in the “even” group to that location. Since this group would only be defined once and then used multiple times, the effect is to cut the commands required by a factor equal to the number of channels. For sixteen channels, masks must be two byte values.


	Presets are useful when a certain system state is desired at multiple times. The preset must specify the exact timing values sought for each channel so that the entire preset can be “activated” with one command. 


Memory Allocation


	Since masks might be used by a variety of functions, it is preferable to allocate memory for them. Even on a limited microcontroller, a small number of two byte memory locations will probably have little effect on system resources. Presets, on the other hand, require one byte of memory per channel for an 8-bit timing value or two bytes for a 16-bit timing value. A limited number of presets can thus be employed due to the high memory requirement. Every preset added could be replaced with eight masks using 8-bit timing values.


Limitations


	Even though memory requirement for a few masks is minimal, having too many masks is wasteful. Since each channel can be addressed independently, a mask should specify at least two channels. It is unlikely that more than sixteen groups would ever be necessary. On the chance that more than sixteen masks are needed, provisions should be made to allow a user to create new masks at any given time, replacing older masks in order to preserve memory.


	Presets consume much more memory than masks. Having more than four would seriously compromise the system resources of a microcontrollers like the 68HC11. All presets should therefor be user controlled. Because masks could be used to select parts of a preset, the apparent number of presets would be more than the actual four.


Default Values


	Certain masks and presets should have default values. For walking robots, certain timing values might exceed physical limitations of the walking mechanisms. It would be helpful to have one mask default to all channels and a preset specify midrange or startup values for all servo positions. Because presets would be entered at initialization, there is no memory penalty. However, additional code area must be allocated and the time between application of power and the ready state of a servo controller would increase as this additional code is executed. The additional startup time is not considered significant because of the fast execution of the code relative to the user time-frame and the servos themselves.


�
V. The Servo 16 Control Language


Programmer’s Model


The Active-bitmap Table


	The Active-bitmap table holds all the data necessary to construct the servo command pulses. Table entries are 16-bits wide with each bit representing a servo channel. For coding efficiency reasons, the servo numbers are taken from the MSB of each entry. Thus, servo zero is bit 15 of the table entry, servo 1 is bit 14, and so forth. If the entry is converted into binary, the channels would read from left to right. To avoid confusion, servo channels are numbered 0 to 15. The user may not directly write to the Active-bitmap table. During each interrupt service, the table is cleared and reconstructed using the currently selected timing values. Again, the table is indexed in the forward direction but processed backwards to allow the tighter service loop.


The On-mask


	The On-mask is a 2-byte user-controlled register specifying which servo channels are currently active. Channels are read from the MSB to the LSB with a 1 representing an active channel and a 0 representing a channel which does not receive a control pulse. The On-mask supersedes any timing value chosen. No channel will acknowledge any user command unless the corresponding bit in the On-mask is a 1.


The On-wait register


	A 68HC11 running at 8MHz cannot complete the table processing during the minimal pulse width creation period. Thus, the rise of all pulse width must be started in the middle of this processing. The  2-byte On-wait register allows the pulse widths to rise at a given iteration of one of the table processing functions. Changing this value will increase or decrease the minimal pulse width and is intended to provide compatibility with systems running at over 8MHz. Because a faster chip would process the table in less time, implementing the minimal pulse width requires applying the On-mask at an earlier point on the processing code. Upon initialization, the On-wait register is loaded with a number between 0 and 15. Larger values create a smaller minimal pulse width. This register is not user addressable and can only be modified by recompiling the control program. This register can also be used to support different servo types which can’t be accommodated simply by extending the active-bitmap table.


The System Counter


	A 16-bit non-resetable system counter is provided for wait and timing functions. The counter increments every 20ms during the interrupt service routine. The actual time for a count is accurate to within 17ms, the worst case occurring if the counter is read immediately prior to an interrupt.


The Current Value Register


	All desired timing values are placed directly into the 16-byte current value register. The user can enter values for a single channels, multiple channels specified by a mask, or transfer a preset register into the current value register. Transfers from preset register may be subjected to masks as well.


The Previous Value Register


	The 16-byte previous value register is used to clear the active-bitmap table before the current values are processed. The user does not have access to this register. Because it is possible for the user to have written several values to the current value register before an interrupt occurs, only the values present at the time of the interrupt are transferred to the previous value register. The primary purpose of this register is to save time. Clearing the entire table would take a significant number of clock cycles to accomplish. Furthermore, the amount of time would increase as the table length increases. The table can’t increase dynamically, but if a user recompiled the controller program using a longer table, the service cycle during the interrupt would take longer. Using a previous value register assures that equal time is spent regardless of the size of the table and that a minimum time is spent.


Preset Registers


	The four 16-byte preset register are user addressable blocks of timing values. Each register can hold a timing value for each of the sixteen channels. The user may change the contents of these registers at any time. Default values may be loaded at initialization. The user may move a preset into the current value register using any of the sixteen masks. 


Mask Registers


	Sixteen 2-byte mask registers are user addressable at all times. Masks can be used to turn channels on or off and select which values from presets are transferred to the current value register. 


EEPROM Presets


	The 68HC11E9 features 512 bytes of EEPROM. This memory area can be written to using PCBUG11 without UV erasing or using a special programming voltage. It is desirable to allow the user to place presets in this area and use them in the same manner as RAM based presets. A simple script can be used to compile a preset ASM file and download the data to a chip.


EPROM Presets


	EEPROM presets provide an excellent development platform for designing and testing gaits. Once the presets required are determined and the functionality of the gait verified, the memory area between $E000 and $EFFF can be used to store 256 presets indexed as $00 to $FF. These presets are called enhanced presets and are accessed by the enhanced gating function SV. Recall that in order to change a preset in EPROM, the chip must be erased. However, if a new preset is to be added to a location where no preset has previously resided (an unprogrammed area), the preset can be burned using the programming voltage without erasing the chip.


EPROM Gaits


	EPROM gaits, or walking styles, are used to define highly sophisticated gaits that have been previously verified in EEPROM using the SZ commands. These enhanced gaits allow a different user defined delay after each preset and can use any of the 256 enhanced presets. Each gait consist of a 16-bit control word giving the length of the gait followed by the 31 gait steps. Unused steps are left black providing a total of 60 bi-directional gaits. The preset identification structure is a two byte word taken as a byte representing the enhanced preset followed by the mask used and the delay count. Delays between 0 and 15 20ms counts are allowed. The defined delay can be overridden by writing $FF to the upper byte of the GAIT_DELAY register and writing the desired step delay to the lower byte. Values other than $FF will be ignored and the programmed wait used.


Command Syntax


	In order to provide greater fault tolerance, the serial input routine should be able to detect the start of a command string and ignore any bytes not representing a valid string. In this manner, any command which is garbled due to noise will be ignored and the controller will await the next start of a command string after ignoring any peripheral parts of the garbled command string. Following the example set by Kilian, the author or the sorted-list algorithm, the character “S” was chosen as the start of every command. Commands are entered and processed upon arrival of each byte. This means that there exist no provisions for correcting a typo. This should pose no problems for an embedded controller. 


	All command strings are converted to upper-case. The controller is thus not case-sensitive. The prompt character “%” is sent when the controller is ready to process another command.


Commands


	Operands take the form of either nibbles of bytes. Because entry from a console is directly supported, the controller will perform the necessary ASCII to nibble and double ASCII to byte conversions. Nibbles are designated “N” and bytes designated “B” for the below commands followed immediately by their number as received on the serial channel. For example, the operand string “N1,N2,B1,N3,B2” would be interpreted as a five operand command in which operands one, two, and four are nibbles and numbers three and five are bytes. If the command associated were SK, then a valid command might be “SK2045365” where the operands are 2, 0, 45, 3, and 65. 


Set Servo by Number (SA N1,B1)


	The timing value B1 is applied to the servo specified by N1. Input filtering is performed to handle out-of-range timing values.


Set Servo by Mask (SB N1,B1)


	The timing value B1 is applied to all servos specified by mask number N1. Filtering is performed if necessary


Turn On Servo by Number (SC N1)


	The On-mask bit corresponding to servo N1 is set to 1 turning the channel on.


Turn On Servo by Mask (SD)


	The On-mask bits corresponding to the servos specified by mask N1 are set to 1 turning the channels on.


Apply Preset 0 using Mask (SE N1)


	Preset 0 is applied to those servos specified by N1


Apply Preset 1 using Mask (SF N1)


	Preset 1 is applied to those servos specified by N1


Apply Preset 2 using Mask (SG N1)


	Preset 2 is applied to those servos specified by N1


Apply Preset 3 using Mask (SH N1)


	Preset 3 is applied to those servos specified by N1


Turn Off Servo by Number (SI N1)


	The On-mask bit corresponding to servo N1 is set to 0 turning the channel off.


Turn Off Servo by Mask (SJ N1)


	The On-mask bits corresponding to the servos specified by mask N1 are set to 0 turning the channels off.


Load Mask (SL N1,B1,B2)


	The Value B1,B2 taken as a 16-bit word is entered into Mask N1. 


Load Preset 0 (SM B1,B2,...B16)


	Bytes B1, B2,...B16 are loaded into preset register 0


Load Preset 1 (SN B1,B2,...B16)


	Bytes B1, B2,...B16 are loaded into preset register 1


Load Preset 2 (SO B1,B2,...B16)


	Bytes B1, B2,...B16 are loaded into preset register 2


Load Preset 3 (SP B1,B2,...B16)


	Bytes B1, B2,...B16 are loaded into preset register 3


Direct Addition by Number (SQ N1,B1)


	The two’s-complement value B1 is added to the current timing value in the current value register of servo N1. Overflow and underflow protection to 4 bits is provided.


Direct Addition by Mask (SR N1,B1)


	The two’s-complement value B1 is added to the current servo value in the current value register of servos specified by mask N1. Overflow and underflow protection to 4 bits is provided.


Enhanced Gait (SV B1)


	The enhanced gait specified by B1 is engaged until the control character “9” is encountered.


Wait (SW B1,B2)


	The prompt character “%” is not returned for 20ms times the 16-bit value of B1,B2. The actual delay is between the desired time and the desired time minus 17ms.


Apply Extended Preset (SX, SY N1,N2)


	The preset N1 in the preset page (X or Y) is applied to the current value register using the mask N2.


Forward Gait 0 (SZ0 N1)


	The N1 step walk loaded into preset 0 will be executed forwards using the delay specified by the gait delay command. A “9” stops the walk at the next completion of N1 steps. 


Forward Gait 1 (SZ1 N1)


	The N1 step walk loaded into preset 0 will be executed forward using the delay specified by the gait delay command. A “9” stops the walk at the next completion of N1 steps. 


Forward Gait 2 (SZ2 N1)


	The N1 step walk loaded into preset 0 will be executed forward using the delay specified by the gait delay command. A “9” stops the walk at the next completion of N1 steps. 


Forward Gait 3 (SZ3 N1)


	The N1 step walk loaded into preset 0 will be executed forward using the delay specified by the gait delay command. A “9” stops the walk at the next completion of N1 steps. 


Backward Gait 0 (SZ4 N1)


	The N1 step walk loaded into preset 0 will be executed backward using the delay specified by the gait delay command. A “9” stops the walk at the next completion of N1 steps. 


Backward Gait 1 (SZ5 N1)


	The N1 step walk loaded into preset 0 will be executed backward using the delay specified by the gait delay command. A “9” stops the walk at the next completion of N1 steps. 


Backward Gait 2 (SZ6 N1)


	The N1 step walk loaded into preset 0 will be executed backward using the delay specified by the gait delay command. A “9” stops the walk at the next completion of N1 steps. 


Backward Gait 3 (SZ7 N1)


	The N1 step walk loaded into preset 0 will be executed backward using the delay specified by the gait delay command. A “9” stops the walk at the next completion of N1 steps. 


Set Gait Delay (SZ8 B1,B2)


	The high bit of B1 specified the extended preset page (X or Y) to be used for the gaits. A 0 will select page X and a 1 page Y. The remaining 15 bits specify the number of 20ms delays to take between each gait step. The high byte will also determine which step delay is used for the enhanced gait command. A value of $FF will cause the lower byte to be used for all delays while any other value will have no effect on enhanced gaits.


Using the Servo 16 as an Embedded Controller


Minimal Requirements


	The Servo 16 controller can operate as a stand-alone unit with any source of serial communication provided the proper serial protocol is observed. The CTS line must be connected to OC2 (Pin 28) of the Servo 16 controller. It is also advised that OC2 be connected to the DSR and DCD pins. If this is not done, the user is required to prevent more than one serial character from arriving during the time that the OC2 pin is high. During this time, the controller can not accept serial data and the serial buffer will only preserve one character until the pin rises again. If another embedded controller using TTL level control signals is used, the OC2 pin should be used as a transmit enable line.


Example using the Basic Stamp


	One simple method of communicating with the Servo 16 controller is to use the Basic Stamp. The Servo 16 controller will consume only about 15mA which can be drawn from the Stamp’s regulator. The Servo 16’s OC2, Tx, and Rx lines are tied to any three Stamp data lines. The Stamp pins connected to Tx and Rx should be set up as Serial Transmit and Serial Receive respectively. For proper protocol, the OC2 pin should act as an active-low transmit enable. 


Robobug: a Case Study


	Robobug is the hexapod robot created by David Novick at the Machine Intelligence Laboratory. Each leg features two degrees of freedom using two Futaba S148 servos. Servo 16 provided an effective control solution.


	The general strategy for controlling a walking robot is to program preset positions for each leg and then plan a gait based on transitions through a power stroke and recovery stroke. One simple walk method, referred to as a gait, is the tripod gait. This gait groups the six legs onto two tripods, each of which could support the robot’s weight in a stable manner. While one tripod is in contact with the walking surface and pushing the robot forward (power stroke) the other tripod is elevated and returning to the front of the robot (recovery stroke). This gait can be accomplished using the four presets forward-down, backward-down, backward-up, and forward-up. By using masks to define the two tripods, the use can assure that at any given time, at least one tripod will be in contact with the walking surface. Thus, a six-step gait can be created using only four presets and two masks.


	The centipede gait is a more stable and more advanced 12-step gait. Each leg goes through 12 positions eleven of which are “down” and one of which is “up”. The general motion achieved is a long power stroke followed by a quick recovery stroke. Each leg takes two steps to recover going from backward-down to center-up and then center-up to forward-down . The six legs will each  perform a recovery stroke at staggered intervals creating a system for which five legs are always in contact with the walking surface and one leg is moving forward at any given time. 


�
VI. Future Expansion


Going Beyond 16 Channels


	The Active-bitmap algorithm provides a novel and advanced method of multi-channel servo control. Accuracy, taken here as the difference between the desired and the actual pulse width will be at most 6.75us or half the duration of the table loop. This accuracy could be improved only by running the 68HC11 at a frequency greater than 8MHz. The precision of the control pulses, taken here as the deviation between channels assigned equal control pulses, is zero. As long as the Active-bitmap algorithm is used, high precision is assured. Other microcontrollers with additional 16-bit logical operations or faster clocks would be best suited to achieve greater accuracy. 


	Going beyond 16 channels numerically can be achieved in several ways. Provided enough ram, another active-bitmap table could be implemented and processed 10ms after the first table allowing for 32 channels. With proper book-keeping, the same table could be used again using a second current-values register. This would however decrease the system time available for serial processing possibly causing problems. Note also that the Servo 16 controller achieves its tight loop due to the adjacent locations of the B and C ports of the HC11. If these ports could not have been accessed in a single 16-bit read, precision would have been lost. 


Increasing Range


	Increased range is directly supported by increasing the active-bitmap table length. As a general rule, the table should be only as long as the required range and the alignment offset needed. 


Expanding the Control Language


	The Servo 16 command structure was created using bottom-up design. All fundamental commands were kept even as newer more sophisticated structures rendered them obsolete. This allows the user to compile his own special functions using the standard commands as templates. The current language is intended to support a three-level programming hierarchy.


	To create a gait, the user first applies the basic functions to position the servos at desired locations. Presets can be used to simulate in real-time the transitions from one preset to another. Once presets have been realized, they can be programmed into EEPROM and gaits tested using the 16-step gait SZ commands. When perfected, the presets and the gait sequence can be transferred to EPROM and run using the SV and SU commands. 


	Over 2K of program space remains between $D800 and $DFFF for the user to design proprietary functions. These may involve simply modifying the existing SV gait command, but can include such features as analog feedback or digital sensors. 


�
VII. Conclusion








	After reviewing the servo controllers currently used by a number of walking robots with six, four, end even two legs, one design tenet becomes clear. It is always preferable to have the fewest number of processors doing the greatest amount of processing. This not only reduces cost but minimizes complexity by reducing interprocessor communication requirements. 


	Any walking robot can greatly benefit from the Servo 16 controller. The advanced command structures possible allow such a wide range of functions that virtually any servo configuration is supported. The ease of usage will hopefully encourage others to pursue even more complex control structures. After all, the 68HC11, although no slouch, is not an extremely powerful processor. The Active-bitmap algorithm implemented in a 68332 could achieve incredible results. 


	There remains also the unexplored area of specializing the Servo 16 controller for use in a specific robot. It is likely that the unused processor time could be used to completely control several sensors and a simple behavior program. This would certain prove a dramatic development if a single 68HC11 could completely control a walking robot. 
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X. Source Code





	The complete source code for the Servo 16 Multichannel Servo Controller at the time of this printing follows. 
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