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ABSTRACT



A program control system is disclosed wherein the coordinates of a plurality of speci?ed points of a pre scribed path in the space to be traced by a manipulator assembly which are spaced apart from each other by a line segment of the same unit length are stored in a storage device in a teaching mode, and one set of coor
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dinates of the adjacent speci?ed points are simulta neously and sequentially read out from the storage de vice in a repeat mode so that the position command



signals or coordinates of a plurality of interpolation



points between the adjacent speci?ed points are ob tained by linear interpolation and are sequentially com pared, at a predetermined time interval, with the actual or present positions of the manipulator assembly. The manipulator assembly is displaced at a velocity corre sponding to the difference between the position com mand signal and the actual or present position signal so that the difference may become zero.
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BACKGROUND OF THE INVENTION



complexity in the so-called “teaching mode”. Further more, a large volume of the position signals represent ing the coordinates of the speci?ed points must of



to be traced by the robots or manipulators is considered as consisting of the totality of points of a prescribed PROGRAM CONTROL SYSTEM FOR path, so that the manipulator is caused to move from MANIPULATOR one speci?ed point to the next to trace the whole pre Matter enclosed in heavy brackets [ ] appears in the 5 scribed path. But this system has a distinct disadvantage original patent but forms no part of this reissue specifica in that a tremendous number of sets of the coordinates tion; matter printed in italics indicates the additions made of the speci?ed points of a prescribed path must be by reissue. stored in a storage device, thus resulting in intolerable



The present invention relates to a program control



require continuous controls.



course be read out in the repeat mode, so that it be comes extremely dif?cult to attain highspeed control. One of the objects of the present invention is to pro



Various industrial robots have been recently devel oped and used in various ?elds. In the so-called "teach



vide an improved program control system especially adapted for use in the operations in which the manipula



ing mode”, the manipulator assembly of an industrial robot is taught to trace a prescribed path to perform a



tor assembly of an industrial robot must correctly and continuously trace a prescribed path in the space as in



series of operation steps in succession. Speci?ed posi tion information, that is the coordinates of the speci?ed



the case of arc weldings, coatings and so on.



system especially adapted for the operations such as automatic welding, automatic coating and so on which



points of the prescribed path at which the speci?ed



Another object of the present invention is to provide an improved program control system of the type de



steps of operations must be performed are stored in a scribed without causing complexity in the teaching storage device. In the so-called “repeat cycles", the mode and without increasing of the capacity of a stor industrial robot performs a series of operational steps age device. 25 taught in succession. Brie?y stated, according to the control system em To control the industrial robots of the type described, ploying a program control system in accordance with the so-called point-to-point control system has been the present invention, a manipulator assembly is caused widely employed. In the repeat cycle, the command to displace itself along a line segment of a unit length of signal for causing the industrial robot to perform the a prescribed path from one speci?ed point to the next. ?rst step is read out from the storage device, and is The position information or the coordinates of each compared with the actual or present position informa speci?ed point of the prescribed path is converted into tion representative of the actual or present position of digital signals by an encoder, which is provided for the manipulator assembly of the industrial robot, so that each axis or degree of freedom of the manipulator as manipulator may be actuated or displaced in the direc tion in which the difference between the command 35 semby, and the digital signals are stored in a storage device. In the repeat mode one set of the specified posi signal and the actual or present position signal may tion information or coordinates of the adjacent speci?ed become zero. When the difference becomes zero, that is



when the manipulator reaches the point designated by the command signal, the manipulator is stopped and



points are read out substantially simultaneously at a predetermined time interval, and are applied to a linear



then the next command signal is read out and compared with the actual or present position signal so that the manipulator is actuated or displaced in the direction in which the difference between the two signals may be



interpolation unit so that the position command signals or coordinates of the interpolation points between the



come zero. In like manner, the above operations are



adjacent speci?ed points may be sequentially obtained. The position command signals are sequentially com pared, at a predetermined time interval, with the actual or present position signal representing the actual or present position of the manipulator assembly so that the manipulator may be displaced at a velocity correspond ing to the difference between the position command signal and the actual or present position signal in the



cycled as the manipulator is displaced from one speci 45 ?ed point to another. As is clear from the above explanation of the point-to point control system, it suffices to control the manipula tor assembly of an industrial robot so that the manipula tor assembly may be displaced from one speci?ed point 50 direction which the difference may become zero or may to another of a prescribed path in space, and where the be eliminated. Thus the manipulator assembly may cor speci?c path the manipulator assembly follows as it rectly trace a prescribed path. moves from one speci?ed point to the next is immate The above and other objects, features and advantages rial. The industrial robots employing the point-to-point of the present invention will become more apparent control system arebest adapted for use in the spot weld 55 from the following description of one preferred em ing operations, assembly work and so on, in which the bodiment thereof taken in conjunction with the accom



path along which the manipulator assembly traces from



one speci?ed point to the next is immaterial so that



considerable man-power saving and the improvement in



operation ef?ciency may be expected. However, there arise various problems when the



industrial robots employing the point-to-point control



panying drawing. BRIEF DESCRIPTION OF THE DRAWING FIG. 1 is a perspective view of one example of an industrial robot employing a program control system in



accordance with the present invention; system are employed in the operations such as are weld FIGS. 2A and 2B show two examples of a hand as ings, coating and so on in which the manipulator assem bly of the robot must correctly trace a prescribed path 65 sembly adapted for use with the industrial robot of the type shown in FIG. 1; in space continuously. Therefore there has been devised FIG. 3 shows a prescribed path used for the ‘explana and demonstrated a program control system for indus tion of the underlying principle of the present invention; trial robots or manipulators in which a prescribed path
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FIG. 4 shows an example of a set of speci?ed position information or coordinates of speci?ed points of a pre



In other words, the distance or increment between the



scribed path stored in a storage device;



adjacent speci?ed points P,-_ 1 and Pior the length l of a line segment is constant. In this speci?cation, the length



FIGS. 5A and 5B is a block diagram of one preferred embodiment of a program control system in accordance



I will be referred to either as “the unit length of a line



with the present invention; and



segment" or “the unit length l”. The speci?ed position or coordinate information of every speci?ed point P,~ of the curved line to be traced



FIG. 6 is a detailed block diagram of a linear interpo lation unit shown in FIG. 5.



DESCRIPTION OF THE PREFERRED EMBODIMENT



and spaced apart from each other by the unit length l is 10



An industrial robot shown in FIG. 1 has a casing 1 housing therein a part of a hydraulic system and electri cal and electronic devices including a power source,



stored in a storage device of the industrial robot, and, in case of the "repeat mode”, is read out at a predeter



mined time interval so that the manipulator assembly may control the hand assembly so as to trace a pre



scribed curved line. FIG. 4 shows the table of the speci ?ed position or coordinate information stored. It is readily understandable to those skilled in the art that it is not preferable to reduce the unit length l in?nitely because the number of the speci?ed points Pi is tremen



motors, control circuits and so on in order to provide a desired four articulations or degrees of freedom for a



manipulator assembly 3. The hydraulically-powered manipulator assembly 3 is supported by a hollow trunk or pole 2 which in turn is rotatably mounted upon the



dously increased, the “teaching" mode becomes very



casing l and is rotated by a hydraulic cylinder housed in



complex, and a memory device with a large capacity is



the casing 1, so that the hydraulically powered manipu



required. Therefore, in the instant embodiment the unit



lator assembly 3 may rotate in unison with the hollow trunk 2. Around the trunk 2 is disposed an elevating



hydraulic cylinder (not shown) so that the manipulator assembly 3 may be vertically displaced along the trunk



4



length l is selected as 1 mm, and the coordinates of some



interpolation points between the adjacent speci?ed 25



points P,‘_| and Rare obtained by a linear interpolation as will be described in more detail hereinafter.



2. A pair of hollow extension rods 4 are attached to the manipulator assembly 3 in such a way that they may be



In general, the distances or increments between the adjacent points P,-_i and Pialong the X and Y axes are



extended out of, or retracted into the manipulator as



given by



sembly 3 by a hydraulic cylinder housed therein. The ends of the pair of extension rods 4 terminate in a hand gear-train assembly 5 to which is coupled a hand assem



bly through a rotary joint 6. Examples of the hand assembly adapted to be coupled to the hand-gear-train assembly 5 of the industrial robot



i



(2)



Vx



For the sake of simplicity, it is assumed that the unit are shown in FIGS. 2A and 2B. The hand assembly of 35 length l is divided into ten sections, and that the interpo the type shown in FIG. 2A and coupled to the hand~ lation points are P(,~_1,1), P(|-._1,2). . . and P(,-_ 1,9). Then, gear-train assembly 5 through its joint 9 is adapted to their coordinates obtained by a linear interpolation are perform arc welding with a welding torch 8 while the given by the following table. hand assembly 10, of the type shown in FIG. 2B and



coupled to the hand-gear-train assembly 5 through its joint 12, has a pair of gripping ?ngers 11 adapted to handle an object of a speci?ed con?guration. Since the industrial robot of the type described above with reference to FIGS. 1, 2A, and 2B is described in detail for instance in US. Pat. No. 3,661,051, granted to M. J. Dunne et al., further description shall not be made



Table l



interpolation points



X coordinate



Y coordinate



V



in this speci?cation. The program control system in accordance with the



present invention permits the hand-gear-train assembly and hence the hand-arm assembly of the industrial robot of the type shown in FIG. 1 to be continuously posi tioned at the speci?ed points of a prescribed curve in the space. When, for instance, the hand assembly 7 of the type shown in FIG. 2A is utilized, arc welding along a prescribed path or welding line may be easily



accomplished. Next referring to FIGS. 3 and 4, the underlying prin ciple of the present invention will be described herein after. For the sake of simplicity, it is assumed that the hand assembly traces a prescribed path or curved line passing through the speci?ed points P1, P2 . . . and P,I



whose coordinates in the two-dimensional rectangular cartesian coordinate system with X and Y axes are gen erally given by (xi, y;), where i: l, 2 . . . and n. Further



more, it is assumed that any adjacent speci?ed points



P,-_1 and Pisatisfy the following equation



According to the present invention, in case of the



“repeat mode”, the coordinates of the adjacent speci?ed points PH and P, are substantially simultaneously read out from the memory device, next the distance or incre ments Vx and Vy along the X and Y axes are calculated,



and then the coordinates of the interpolating points P(,-_1,1), P141). . . and P(,~_1,9) are obtained by a linear



interpolation. The coordinates of the interpolation points that is, the position command signals are sequen tially and from time to time compared with the actual or present position of the hand assembly, so that the devia



tion of the actual position from the interpolation point may be made zero. Since the coordinates of the interpo lation points are read out at a predetermined time inter val, the operating unit seems to be tracing a prescribed



curved line passing through all of the speci?ed points substantially at a constant resultant velocity. In other



Re. 30,132 5 words, in general, the velocity of the manipulator as semby is dependent upon the difference between the position command signal and the actual or present posi tion signal so that, according to the present invention, the command velocity is given at each interpolation point so as to trace the prescribed path passing through



the speci?ed points.
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device is used to obtain the position command signals or



coordinates of the interpolation points between the adjacent speci?ed points P; to be applied to the manipu lator unit 103. The teaching or repeat mode may be arbitarily se lected by a control panel 112 connected to a sequence circuit 113 which has a function of giving not only the



polation points (a sort of velocity command) and the



timing signals, but also the control signals to other com ponent parts in the control system in response to the command signals from the control panel 112. For in stance, a scanning timing circuit 117, which controls not only the timing of the scanning cycle of the scanner 105 and but also an integrator-demodulator 108 to be de scribed hereinafter in more detail, is driven in response to the timing signals derived from the sequence circuit 113. The sequence circuit 113 is connected to a velocity setting circuit 114, which in turn is connected to a linear



information of the present or actual position is applied to the servo valves in the manipulator assembly through



connected to an address counter 116. The velocity set



However, it is apparent to those skilled in the art that,



unlike the conventional point-to-point control system, in the control system of the present invention the devia tion continually occurs so that it does not follow that



the operating unit traces the prescribed path de?ned by the coordinates of the interpolation points. In order to overcome this problem, according to the present inven tion, the discrepancy or difference between the position command information, i.e. the coordinates of the inter



interpolation timing setting circuit 115, which in turn is



an integrator so that when the deviation increases, the 20 ting circuit 114 is adapted to step down the clock signals velocity of the manipulating assembly is increased so as derived from the sequence circuit 113 so that the speed to make the deviation zero. This means that the position for reading the speci?ed position information from the



is controlled based upon the position command signals plotted over each unit length l.



storage device 109, that is, the velocity at which the manipulating unit 103 traces a prescribed path, may be



FIG. 5 is a block diagram of the program control 25 changed. The velocity setting circuit 114 is controlled system in accordance with the present invention. A in response to the signal from the control panel 112. The storage device 109 stores the coordinates of all of the output pulses of the velocity setting circuit 114, that is speci?ed points P,- and other auxiliary information the clock pulse signals stepped down to a predeter which is required for causing the hand assembly to mined repetition rate, cause the linear interpolation perform a required operation. Since the industrial robot timing setting circuit 115 to step up and to cause the of the type shown in FIG. 1 has four degrees of freedom address counter 116 to step up in response to an over or four axes, the speci?ed position information for each ?ow pulse from the timing circuit 115. The timing with of four axes must be stored in the storage device 109. which a linear interpolation unit 110 operates is deter Like the conventional industrial robots, the robot of the mined by the interpolation timing signal derived from 35 type shown in FIG. 1 is controlled by a program con the timing circuit 115. A decoder 111 decodes the vari trol system having the two fundamental modes, that is ous auxiliary information read out of the storage device the “teach mode” and “the repeat mode”. 109, and its output is applied to the manipulating assem In the teach mode, a switch SW is thrown as indi cated by the broken lines in FIG. 5 so that a teach con



trol unit 101 drives a servo ampli?er 102 to cause a 40



manipulator unit 103 to advance over the unit length I along a prescribed path each time. In practice, four servo ampli?ers 102 must be provided for four axes or



degrees of freedom. The speci?ed point information for



bly 103. In “the repeat mode”, the address counter 116 steps up at a predetermined time interval in response to the



clock signals which have been stepped down to a prede termined repetition rate as the timing pulses derived from the sequence circuit 113 pass through the velocity



each axis is converted by a encoder 104 into digital 45 setting circuit 114, and the interpolation timing setting circuit 115. In response to the output signal from the signals which are transferred through a scanner 105 and address counter 116, the coordinates of the ?rst speci the switch SW into the storage device 109. The scanner ?ed point P\ are read out, and then the coordinates of 105 has a function of scanning the encoder output of the next speci?ed I’; point are read out. In this case, each axis. The above operations are cycled each time when the coordinates of, for instance, the ?rst speci?ed the manipulator assembly 103 is advanced over the unit point P1 are read out, the signal representative of the length I from one speci?ed point to the next of a pre completion of read out is generated, so that the output scribed path so that the speci?ed position information signal or address signal (that is, the content in the ad or the coordinates of the speci?ed points P,- may be dress counter 116) which is to be applied to the storage sequentially stored in the storage device 109. In the teach mode, the addresses in the storage device 109 are 55 device 109 is stepped up so that the coordinates of the next speci?ed point P2 may be read out from the storage accessible in response to the output of an address device 109. The operation for stepping up the address counter 116 which is incremented by one each time the counter 116 is accomplished by a +1 circuit 118. The manipulating unit 103 is advanced over the unit length coordinates of the ?rst and next speci?ed points Pl and l along a prescribed path. As described hereinbefore, other auxiliary information which is required for caus 60 P2 read out from the storage device 109 are applied to the linear interpolation arithmetic unit 110 which com ing the hand assembly of the industrial robot to perform putes ?rst the distances or increments V; and Vy be a desired operation at a certain speci?ed point is also tween the ?rst and next speci?ed points P1 and P2 (see stored in the storage device 109, together with the spec FIG. 3) and then divides them (V x and Vy) by the num i?ed position information. For instance, the auxiliary ber (in the instant embodiment, 10) of desired interpola information is such that when the manipulator assembly tion points. Thereafter in response to the interpolation 103 reaches a predetermined point it causes the hand timing signal from the interpolation timing setting cir assembly to grip or release an object. In the repeat mode



the speci?ed position information stored in the storage



cuit 115, the quotients, that is (x1—x1)/ l0 and (y2.
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— y1)/l0, are added to the coordinates in and it; so that



polation timing signal from the interpolation timing



the position command signal or coordinates



setting circuit multiplies a multiplicand, that is the output of the shift circuit 110-4, and the product, that is the output of the multiplier 110-5 is applied to the adder-subtractor 110-6 together with the output of the ?rst register 110-1 and the polarity signal from the ?rst



10



to



l



of the ?rst interpolation point may be obtained. In like manner, the coordinates of the second interpolation



subtractor 110-3. The adder-subtractor 110-6 adds or subtracts the output of the multiplier 110-5 to or from



point and so on may be obtained. In practice, the X and



the output of the ?rst register 110-l, depending upon whether the polarity signal from the ?rst subtractor



Y coordinates for each of the four axes are of course



obtained not simultaneously but sequentially in syn chronism with the scanning timing of the scanner 105. Meanwhile the actual position of the manipulator as sembly 103 is detected and converted by the encoder 104 into the digital signals which are scanned by the



110-3 indicates a positive or negative increment. The



output of the adder-subtractor 110-6 is the position command signal representing the coordinates of each



interpolation point between the speci?ed points P1 and Pm, the line segment of the unit length 1 connecting these two speci?ed points being divided by 2”. As



scanner 105. In the repeat mode the switch SW is



switched to the position indicated by the solid lines in



described with reference to FIG. 5, the output of the adder-subtractor 110-6 is applied to the comparator



FIG. 5.



The position command signal, that is the coordinates 106. As with the case of the comparator 106 and the of each interpolation point are compared by a compara 20 digital-to-analog converter 107 shown in FIG. 5, it tor 106 with the actual or present position signal de suffices to provide only one linear interpolation circuit rived from the scanner 105 so that the deviation be tween them may be detected. It is suf?cient to provide only one comparator 106 and only one digital-to-analog



110 in common for all axes.



What is claimed is: 1. A program control system for controlling the mo converter 107, regardless of the degree of freedom of 25 tions of a manipulator assembly for tracing a prescribed the manipulator assembly in FIG. 1. The output signal



path in space comprising:



of the comparator 106, representing the deviation be tween the position command signal and the actual or



a. encoder means for generating position information



representative of the coordinates of a plurality of



present position signal representative of the actual posi



speci?ed points of said prescribed path in space



tion of the manipulator assembly, is applied to the digi



which are spaced apart from each other solely by line segments of the same unit length,



tal-to-analog converter 107 to be converted into the



analog signal which is converted to the signal represen tative of a velocity by an integrator-demodulator 108, the number of which is equal to the number of axes (in



the instant embodiment, four). The integrator



b. storage means connected to said encoder means for 35



demodulator 108 has also a function of integrating the



deviation described hereinbefore. The output signal from the integrator-demodulator 108 is ampli?ed by the servo ampli?er 102 so that the manipulator assembly 103 may be controlled. The component parts 102 through 108 described



storing therein in addressable locations said speci ?ed position information representative of the co ordinates of said plurality of speci?ed points of said prescribed path which are spaced apart from each other by line segments of the same unit length, c. means for receiving a pulsatory clock signal, ad dress counter means responsive to said clock signal



for periodically generating addresses of said stor age means at regularly spaced intervals, said clock



hereinbefore with reference to FIG. 5 are substantially similar in construction and operation to those of the conventional industrial robots, and are disclosed in de



comprising reader means for reading from said



tail in said US. Pat. No. 3,661,051. The storage device 45



storage means at a predetermined time interval the



signal receiving means and address counter means



109 may be a magnetic drum or disk or magnetic core



speci?ed position information representative of the



memory. The velocity setting circuit 114 may be a vari able frequency divider, and the circuits 115 and 116 may



coordinates of the adjacent speci?ed points as one set of the speci?ed position information,



be a binary or n-step counter.



The linear interpolation circuit may be of the type 50 shown in FIG. 6. The position command information or coordinates of the speci?ed points Pi read out of the storage device are transferred into a ?rst register 110-1, while that of the next speci?ed point P,~+1, into a second register 110-2 as a switch SW’ is so thrown as to inter



d. interpolation arithmetic means for sequentially



providing the coordinates of N interpolation points as position command signals between said adjacent



speci?ed points by linear interpolation based upon said set of speci?ed position information, e. detecting means for sequentially comparing said



position command signals with the signals repre



connect the storage device and the second register



sentative of the actual or present position of said



110-2. The absolute difference or increment between



manipulator assembly and for generating a signal representing the difference between said two sig



the two reference points P,- and P1+1 is obtained by a subtractor 110~3, and is applied to a shift circuit 110-4, while a polarity signal is applied from the subtractor



nals, and f. means for moving said manipulator assembly at a



ll0~3 to an adder-subtractor 110-6. In the shift circuit



velocity corresponding to said signal representing



110-4, the signal representative of the difference or increment between the two reference points P; and PM] is stepped down by N bits that is, to (Pi-— P,-+1)/2N,



the difference between said two signals so that the difference between said two signals may become zero.



2. A program control system as de?ned in claim 1 and transferred into a multiplier 110-5. Therefore pass 65 further comprising means for integrating the signals ing the output of the subtractor 110-3 is equivalent to each representing the difference between the position dividing it by 2”, Le. an N power of the base 2. In the



multiplier 110-5, the multiplier, that is the N-bit inter



command signal at each interpolation point and the
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mand signals for controlling the movement of said manipulator arm between the positions represented by said two command signals. 7. The programmable manipulator apparatus of claim 6



said manipulator assembly so that said manipulator as sembly may be displaced at a velocity corresponding to



the resulting integrated value. 3. A program control system as de?ned in claim 1, 5



wherein said multiplying means comprises means for devel



wherein the manipulator assembly has four degrees of freedom, further comprising scanning means for sequentially transferring the digi tal signals corresponding to the coordinates of each point into the storage means, and



10



means responsive to said series of interpolation com



signal representative of the actual or present position of



IO



oping a digital signal, d, equal to the difference between said two command signals for each of said axes. 8. The programmable manipulator apparatus of claim 7 wherein said multiplying means further comprises means



for dividing said digital difference signal d by a predeter



switch means connected to said scanner for providing



mined factor n equal to the number of interpolation com mand signals. and sequential means for developing a prod uct equal to the divided digital di?’erence signal d/n multi



said sequential digital signals to said detector means whereby the coordinates of the manipulator assem bly are sequentially available for comparison with said coordinates from said interpolation arithmetic



plied by a factor in, where m varies from I to n.



9. The programmable manipulator apparatus of claim 8



means.



wherein said multiplying means further comprises sequen tial advancing means for controlling the sequential ad vanc



4. A program control system as de?ned in claim 1,



wherein said manipulator assembly further comprises a hand assembly for gripping objects, address counter means for providing a unique output signal correspond ing to each position command signal, said storage means



ing of said sequential product developing means. 10. The programmable manipulator apparatus of claim 6 wherein said movement controlling means comprises encoder means for each of said axes operative to develop



further comprising means for storing a hand motion signal at a storage location corresponding to at least one of the output signals from said address counter means and decoder means connected to said storage means and



encoder position signals representing the position of said arm in each of said axes and means for comparing said



encoder position signals with said interpolation command



signals. responsive to the reading from said storage means of the II. The programmable manipulator apparatus of claim speci?ed position information at a storage location cor )0 wherein said comparing means is operative to develop a responding to said at least one of said output signals of digital output signal equal t9 the di?'erence between said said address counter means and for providing hand 30 respective encoder position .signals and said interpolation motion signals to said hand assembly. command signals. 5. A program control system as de?ned in claim 1, 12. The programmable manipulator apparatus of claim wherein said interpolation arithmetic means comprises a I I wherein said movement controlling means further com ?rst register, a second register, means for transferring prises motive means responsive to said digital output signal the position information corresponding to two adjacent ofsaid comparing means to move said manipulator arm in positions into said ?rst and second register, means for said axes toward the position represented by said interpola subtracting the contents of said ?rst and second register, tion command signal. shift circuit means for dividing the output of said sub 13. The programmable manipulator apparatus of claim traction means by N where N is equal to a positive integer, multiplier means for sequentially multiplying the output of said shift circuit means by integers be tween ! and 10 and combining means for combining the output of said subtraction means with the output of said



multiplier means thereby sequentially providing the coordinates of N interpolation points. 6. In a programmable manipulator apparatus having a manipulator arm movable in a plurality of controllable axes, the combination of.‘ storage means having stored therein a plurality of com



mand signals at addressable locations, said position



signals representing the position of said manipulator arm in said plurality of controllable axes.‘ address means for controlling the read out of said com



mand signals from said storage means; linear interpolation means responsive to two predeter mined command signals read out of said storage means for generating a series of interpolation com



40



12 wherein said linear interpolation command signal gen erating means further comprises means for controlling the sequential advancing ofsaid multiplying means to multiply



by said predetermined series of multiplication factors. 14. The programmable manipulator apparatus of claim 13 wherein said motive means comprises means for moving 45 said manipulator arm at a velocity corresponding to said



digital output signal of said comparing means 15. The programmable manipulator apparatus of claim 10 further comprising teach means for recording said en coder position signals into said storage means during a 50 teaching phase as said manipulator arm is moved over a



desired path. I 6. The programmable manipulator apparatus of claim 15 further comprising mode means for controlling the operation of said manipulator apparatus in a first teach 55 mode and a second repeat mode.



I 7. The programmable manipulator apparatus of claim



16 wherein said mode controlling means comprises switch means for providing said encoder position signals to said equally spaced positions between said command sig teach recording means in said teach mode and for provid nals for each of said axes, said linear interpolation command signal generating means comprising means 60 ing said encoder position signals to said comparing means in said repeat mode. for sequentially multiplying the di?'erence between 18. The programmable manipulator apparatus of claim said two command signals by a predetermined series



mand signals representing a series of substantially,



of multiplication factors in accordance with a linear interpolation operation to provide a series ofproducts;



6 further comprising multiplex means for controlling the operation of said linear interpolation command signal



signals: and



interpolation command signal for each of said axes.



means for successively combining a predetermined one 65 generating means and said address read out controlling means for each of said axes, each of said linear interpola of said two command signals with each of said prod tion command signals in said series comprising an axis ucts to provide said series of interpolation command



11



Re. 30,132



12



means for successively combining each of the incremen



19. The programmable manipulator apparatus of claim 18 wherein said multiplex controlling means comprises



tal command signals in said series with one ofsaid two



scanning means to de?ne a sequential multiplex scan se quence, said multiplex scan sequence de?ning a scan inter



command signals to generate interpolation command signals representing a sequence of substantially equally spaced positions of said arm in each of said



val for each of said axes.



axes between the arm positions represented by said two



20. The programmable manipulator apparatus of claim



successive stored command signals. 29. In a programmable manipulator apparatus having a manipulator arm movable in a plurality of controllable axes, the combination of



6 wherein said linear interpolation command signal gener ating means further comprises storage register means for storing each of said two command signals.



2]. The programmable manipulator apparatus of claim 6 further comprising timing means for sequentially ad vancing the operations of said linear interpolation com



storage means having stored therein an addressable



series ofcommand signals for each ofsaid controllable axes, said command signals representing positions of said manipulator arm in said plurality of controllable



mand signal generating means to generate said series of



interpolation command signals.



axes;



22. The programmable manipulator apparatus of claim



means for controlling the read out of said command signals by addressing said storage means;



6further comprising storage control means for sequentially advancing said address read out controlling means.



linear interpolation means responsive to two successive



23. The programmable manipulator apparatus of claim



command signals read out of said storage means for



6 wherein said two command signals represent two manip ulator arm positions taught and recorded during a teach



generating a series of interpolation command signals representing a predetermined number of sequential,



phase.



substantially equally spaced positions between said



24. The programmable manipulator apparatus of claim



two successive command signals, said linear interpola tion generating means comprising meansfor multiply



6 wherein said address read out controlling means com



prises means for reading out two command signals having successive address locations.



ing the di?'erence between said two successive com



mand signals by a predetermined multiplication fac



25. The programmable manipulator apparatus of claim



tor in accordance with a linear interpolation opera



tion; and



6 wherein each of said command signals comprises an axis



position signal for each of said axes. 26. The programmable manipulator apparatus of claim



means responsive to one of said two successive command 30



first manipulator arm position along a predetermined work



signals.



path to which said manipulator arm has been moved and said second command signal represents a second manipu lator arm position along said work path to which said manipulator arm is to be moved.



signals and said series of intetpolation command sig nals for moving said manipulator arm between the positions represented by said two successive command



6 wherein a first of said two command signals represents a



30. A linear interpolation unit for generating interpola tion command signals to control the movement of a pm grammable manipulator having a manipulator arm mov able in a plurality of controllable axes and having stored therein an addressable series of position signals represent



_



27. The programmable manipulator apparatus of claim 6 further comprising means for alternately controlling said



ing positions of the manipulator arm in the plurality of



address read out controlling means to address and read out 40 axes, said linear interpolation unit comprising:



a first of said two command signals during a first time interval and said second command signal during a second



means for developing a digital di?‘erence signal repre senting the difference between two successive stored



time interval.



position signals;



28. A linear interpolation unit for generating command signals to control the movement of a programmed manipu lator apparatus of the type having a manipulator arm



means for dividing said digital difference signal into a



predetermined number of increments and for multi plying said increments by a variable integer multiplier



movable in a plurality of controllable axes and an address



to generate a series of multiplied interpolation incre



able series of stored command signals representing posi



ment signals representing equally spaced incremental



tions of the arm in each of the axes, said linear interpola tion unit comprising: 50



positions between said two successive stored position



means for reading out two successive ones of said stored



one for each sequential interpolation increment signal



command signals;



signals; said variable integer multiplier increasing by in said series; and



means for subtracting said two command signals;



means for combining said multiplied interpolation incre



means for successively multiplying the output of said



ment signals with one of said two successive stored



subtracting means by a predetermined series of multi 55 pliers to generate a series of substantially equally



position signals to generate said interpolation com



mand signals. .



spaced incremental command signals; and
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