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[51] ABSTRACT 
A method and apparatus are disclosed for modifying 
command signals representing predetermined positions 
of a machine element relative a workpiece as a function 
of measurable unprogrammed changes in the relative 
position therebetween. The machine element is respon 
sive to a servomechanism circuit which in turn responds 
to a control device producing the command signals to 
command motion of the machine element to pro 
grammed points relative to the workpiece. The servo 
mechanism circuit produces interrupt signals for trans 
ferring the command signals thereto. A measuring cir 
cuit is responsive to the unprogrammed change in rela 
tive position between the machine element and the 
workpiece and is operative to produce feedback signals 
representing the direction and magnitude of the change 
in relative position. A ?rst circuit is responsive to the 
measuring circuit for producing a ?rst signal represent 
ing a current unprogrammed change in relative position 
with reference to a predetermined point. A second cir 
cuit is responsive to the measuring circuit for producing 
a second signal representing an estimate of the unpro 
grammed change in relative position during a queuing 
delay de?ned by a number of interrupt signals. A fur 
ther circuit is operative to modify the command signals 
as a function of the ?rst signals and the second signals 
whereby said modi?ed command signals are compen 
sated by the unprogrammed change in relative position 
and cause the machine element to move to the predeter 
mined positions relative to the workpiece. 

41 Claims, 12 Drawing Figures 
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METHOD AND APPARATUS FOR 
COMPENSATING FOR UNPROGRAMMED 

CHANGES IN RELATIVE POSITION BETWEEN A 
MACHINE AND WORKPIECE 

Matter enclosed in heavy brackets [ ] appears in the 
original patent but forms no part of this reissue speci?ca 
tion; matter printed in italics indicates the additions made 
by reissue. 

BACKGROUND OF THE INVENTION 

The invention relates generally to the area of pro 
grammable machines and speci?cally discloses a 
method and apparatus for synchronizing the operation 
of a machine element with a workpiece which is experi 
encing a measurable unprogrammed change of position 
with respect to the machine. 
There is signi?cant current development in the area 

of programmable industrial manipulators. These de 
vices have great versatility and may be employed in 
relatively simple operations, e.g. loading and unloading 
workpieces, painting, welding, assembling, etc. Indus 
trial manipulators are generally designed to operate in 
conjunction with a stationary workpiece. However, to 
maintain the economies of many industrial environ 
ments, it is necessary that a manipulator operate in con 
junction with a workpiece as it is found in the existing 
industrial environment. This substantially increases the 
complexity of the problem. Generally, when manipula 
tors are programmed, the relative position of the manip 
ulator to the workpiece is ?xed. However, in many 
industrial enviroments, the position of the workpiece 
relative to the manipulator may change during the exe 
cution of a program. 
One example of the above situation is the requirment 

that a machine execute a program of operations while 
the workpiece is moving past the machine on a con 
veyor. The prior art illustrates several solutions to this 
problem. One solution shown is to mount the machine 
on a moving base, and the motion of the moving base is 
synchronized with the conveyor motion by electrical, 
hydraulic or mechanical means. In a second solution, 
the machine remains stationary; but the conveyor mo 
tion is programmed during a dry cycle. Therefore, dur 
ing the execution of the program, the machine opera 
tion is coordinated with the conveyor motion. Finally, 
one solution illustrates programming the machine by a 
lead through method while the conveyor is moving, 
therefore, the conveyor motion is inherently part of the 
program. 
A stationary base machine is disclosed which re 

sponds to unprogrammed changes in relative position 
between the machine and workpiece. However, the 
disclosed invention is applicable to any machine regard 
less of its con?guration. Further, the disclosed inven 
tion can compensate for any measurable unprogrammed 
change in relative position between the machine and 
workpiece. Further, the invention is not dependent on 
the location of a measuring device detecting the unpro 
grammed change in relative position. 

SUMMARY OF THE INVENTION 

According to one embodiment of the invention, a 
method and apparatus are disclosed for modifying com 
mand signals representing predetermined positions of a 
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2 
machine element relative to a workpiece. The machine 
element is controlled by a servomechanism circuit gen 
erating interrupt signals de?ning ?xed time intervals. 
The apparatus operates in response to the command 
signals to produce modi?ed command signals and trans 
fers the modi?ed command signals to a servomechanism 
circuit in response to the interrupt signals. The appara 
tus comprises means for producing feedback signals 
representing the sign and magnitude of unprogrammed 
changes in the relative position between the machine 
element and the workpiece. Further means are respon 
sive to the feedback signals for producing a ?rst signal 
representing the unprogrammed change in relative posi 
tion with respect to a predetermined point. Means are 
provided for producing a second signal representing the 
average change in relative position during a queuing 
time de?ned by a number of the ?xed time intervals. 
Further, means are provided for modifying the com' 
mand signals as a function of the ?rst and second signals 
to produce the modi?ed command signals. These sig 
nals compensate for the unprogrammed changes in rela 
tive position between the machine element and the 
workpiece and are operative to move the machine ele 
ment to the predetermined positions relative to the 
workpiece. 
BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. I is a block diagram of a control system illus 
trating the elements of the disclosed invention. 
FIG. 2 is a ?ow chart of a general routine for operat 

ing the system in an automatic mode. 
FIG. 3 is a flow chart of a routine for generating 

signals for the servo-drive and interrupt circuit. 
FIG. 4 is a detailed ?ow chart of a routine for modi 

fying the command signals to compensate for the un 
programmed change in the relative position. ‘ 
FIG. Sis a ?ow chart of a routine for determining th 

current unprogrammed change in the relative position. 
FIG. 6 is a ?ow chart of a routine for calculating the 

unprogrammed change in the relative position during 
the queuing time. 
FIG. 7 is a flow chart of a routine for calculating the 

following error of a machine in response to the modi? 
cation of the command signals. 

FIG. 8 illustrates a conveyor tracking embodiment of 
the disclosed invention. 
FIG. 9 is a flow chart of a routine for operating the 

conveyor tracking system in an automatic mode. 
FIG. 10 is a flow chart of a routine for intiating the 

operation of the conveyor tracking system. 
FIG. 11 is a flow chart of a routine for continuously 

modifying the command signals as a function of unpro 
grammed changes in the relative position between the 
machine element and workpiece. 
FIG. 12 illustrates a further embodiment of the dis 

closed invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

FIG. 1 is a diagram of a control system illustrating 
the elements of the disclosed invention. In FIG. 1, a 
workpiece 12 is shown in full view and in phantom. The 
phantom view 11 illustrates a measurable unpro 
grammed change in position of the workpiece 12 rela 
tive to a machine 10. The invention is applicable to any 
measurable relative change in position. 
The machine 10 is illustrated as an articulated arm 

which has an actuator and feedback transducer at each 
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joint. The con?guration of the machine as well as the 
drive mechanism for moving the machine element 21 is 
not a limitation of the present invention. The disclosed 
invention can be applied to a machine of any con?gura 
tion or drive. 
A feedback circuit 14 is responsive to the unpro 

grammed change in the relative position between the 
machine element 21 and workpiece l2 and produces 
feedback signals representing the direction and magni 
tude of the unprogrammed change in the relative posi 
tion. The feedback circuit 14 is comprised of a start 
signal generator 16, a feedback transducer 18 and a 
measuring circuit 20. The exact embodiment of the start 
signal generator 16 and feedback transducer 18 is de' 
pendent on the application and the relative change in 
position being measured. For example, if the workpiece 
is on a moving conveyor which provides an unpro 
grammed change in the relative position between the 
machine and the workpiece, the start signal generator 
may be a limit switch; and the feedback transducer may 
be an encoder or resolver connected to the conveyor. In 
the alternative, the feedback transducer may be 
mounted on the machine element in association with a 
probe device. Upon contact between the probe and the 
workpiece, a start signal is generated; and the probe 
may then be used to detect a change in the relative 
position therebetween. 
The measuring circuit 20 is responsive to a start signal 

on line 46 produced by the start signal generator 16 
which is operative to reset the measuring circuit. The 
measuring circuit 20 is also responsive to output signals 
on line 58 from the feedback transducer representing 
the unprogrammed changes in relative position. There 
fore, from the time of occurence of the start signal, the 
measuring circuit detects the sign and incremental mag 
nitude of the unprogrammed changes in relative posi 
tion between the machine element 21 and workpiece 12. 
As will be appreciated by those who are skilled in the 
art, in the above disclosure, the output of feedback 
signals are incremental in nature. The start signal gener 
ator produces a reference signal from which the mea 
suring circuit may begin detecting the output signal 
from the feedback transducer. Therefore, the start sig 
nal generator provides the output signal from the feed 
back transducer with an absolute characteristic. The 
same function may be achieved by using a feedback 
transducer having an output signal which is absolute in 
nature. In other words, the output signal represents the 
absolute position of the conveyor relative to some pre 
determined reference point. Therefore, with the abso 
lute feedback transducer, a start signal generator would 
not be required. 
A position store 52 is responsive to the feedback 

signals from the measuring circuit and a reset signal on 
the line 50 from the data processor 26. The processor 26 
is responsive to the start signal on line 46 via the input 
/output interface 42 for producing a reset signal to the 
position store 52. The reset signal causes the position 
store 52 to be reset to some predetermined number. 
Therefore, the position store produces an absolute posi 
tion signal representing the total unprogrammed change 
in the relative position with respect to said predeter 
mined [member] number. 
An incremental position store 54 is also responsive to 

the feedback signals and is further responsive to an 
interrupt signal on line 53 from the servo drive and 
interrupt circuit 22. With the occurrence of each inter» 
rupt signal, the incremental position store 54 is reset to 
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4 
zero. Therefore, the incremental position store 54 pro 
duces an incremental position signal representing the 
unprogrammed change in the relative position between 
interrupt signals. 
The lines at 23 illustrate the transfer of modi?ed com 

mand signals from the servo drive and interrupt circuit 
22 to the machine actuators and the return of signals 
from the feedback transducers to the servo drive and 
interrupt circuit 22. The servo drive and interrupt cir 
cuit 22 operates with a buffer store 24 which queues 
command signals generated by the data processor 26. 
Associated with the processor 26 is a data store 28 and 
a program store 30. The program store contains an 
automatic mode program 32 for operating the machine 
element in response to input signals representing prede 
termined points in space. Next, a modify command 
signal program 34 is operative with the processor 26, 
the position store 52 and the incremental position store 
54 for modifying command signals generated during the 
automatic mode. Finally, a servo-interrupt program 38 
operates in conjunction with the servo drive and inter 
rupt circuit 22 for transferring the command signals 
from the buffer store to the servo drive circuit 22. A 
console unit 40 is operative with an input/output inter 
face 42 for causing the machine element to respond to a 
number of manually initiated input signals. 
One further characteristic of the disclosed system 

should be discussed at this point. The signals generated 
by the processor 26 are not transferred directly to the 
servo drive and interrupt circuit 22 but are transferred 
to a buffer store 24. The servo drive and interrupt cir 
cuit 22 operates on a ?xed time base which is nonsyn 
chronous with the operation of the processor 26. At 
successive ?xed time intervals, the servo drive circuit 
22 produces an interrupt signal which is operative to 
transfer a command signal from the buffer store 24 to 
the servo drive circuit 22. The signal represents the 
distance the machine element 21 is to move between 
interrupt signals. To guarantee that there is no disconti 
nuity of operation, the processor generates data in ad 
vance and queues one or more command signals in the 
buffer store. The number of signals queued is a function 
of many things including the particular application, the 
hardware available and the discretion of an individual 
design engineer. 
However, when a number of operations are pro 

grammed relative to a stationary workpiece and are 
executed relative to a workpiece which has changed 
position relative to the machine, the asynchronous oper 
ation of the processor and the servo drive and interrupt 
circuit gives rise to an error. The queuing delay of the 
command signals and the change in position of the 
workpiece during this delay will cause a loss of align 
ment between the actual position of the workpiece and 
the position defined by the command signals. The dis 
closed method and apparatus is effective to compensate 
for this loss of alignment and may be readily adapted to 
accommodate any number of queuing delays. 

FIG. 2 is a flow chart of a routine illustrating a gen 
eral cycle of operation when operating in an automatic 
mode. It should be noted that FIG. 2 is general in nature 
and speci?c only in the areas where the automatic mode 
operation interfaces with the modi?cation function. 
The prior art illustrates a number of systems for operat 
ing a machine in an automatic mode in response to 
stored program information. Further, the automatic 
mode of operation of the preferred embodiment is dis 
closed in detail in copending application Ser No. 
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364,381 ?led May 31, 1973, now US. Pat. No. 3,909,600 
and assigned to the present assignee. 

In FIG. 2, block 70 calls for the calculation of param 
eters which are required to move the machine element 
21 from its present position to the next programmed 
point. Next, the block 72 requires that command signals 
be generated by the processor representing the coordi 
nate values of the next point to which the machine 
element is to move. The system contains an interpola 
tion capability which will iteratively produce a number 
of command signals representing a number of points 
along a predetermined path between two of the pro 
grammed points. After the command signals represent-_ 
ing the coordinate values of the next point are pro 
duced, the process block 74 determines whether or not 
a modi?cation of the data is required. If modi?cation is 
not required, the process moves to block 75 which 
transforms the coordinate values represented by the 
command signals to coordinate values which represent 
the next point with respect to a coordinate system de 
?ned by the physical con?guration of the machine 10. 
Obviously, if the geometry of the machine de?nes the 
same coordinate system in which the data is stored, then 
a transformation step is not required. However, in the 
preferred embodiment, the data is stored with respect to 
a convenient coordinate system which is not de?ned by 
the geometric con?guration of the machine. After the 
transformation, the process moves to block 76 where 
the transformed command signals are queued in the 
buffer store to await a servo interrupt. As discussed 
earlier the servo drive and interrupt circuit operates 
asynchronously with the timing within the processor 
26. 
FIG. 3 illustrates a simple routine describing the op 

eration of the servo interrupt. When the servo drive and 
interrupt circuit 22 produces a servo interrupt signal, 
block 77, requires that the command signals represent 
ing the coordinate values of the next point be trans 
ferred from the buffer store 24 to the servo drive and 
interrupt circuit 22. Further, in response to the servo 
interrupt signal input/output block 81 requires that an 
absolute position signal be read from the position store 
52. Further, input/output block 83 reads an incremental 
position signal from the incremental position store 54, 
and the store is reset to zero. The absolute and incre 
mental position signals are temporarily stored until re 
quired by the process. 

It should be noted that a new position of the machine 
element may be de?ned by a number of command sig 
nals representing coordinate values corresponding to 
the number of degrees of freedom of the machine ele 
ment; and these command signals will be output to the 
servo drive circuit at this time. As shown in FIG. 2, the 
initial generation of command signals and the transfer of 
command signals to the servomechanism circuit is com 
pletely unaffected by the disclosed position modi?ca 
tion process. After the regular automatic process in 
process block 72 has de?ned the command signals rep 
resenting new coordinate values of a successive point, 
the apparatus disclosed herein is operable to modify the 
command signals to compensate for an unprogrammed 
change in relative position between the machine ele 
ment and workpiece. The modi?ed command signals 
are transferred to the servomechanism by means of the 
process de?ned in block 76 of FIG. 2 and block 77 of 
FIG. 3. 
At the end of the servo-interrupt, the process contin 

ues to the decision block 78 which determines whether 
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6 
or not the process is on a programmed point. If the 
process is not on a programmed point, it returns to 
block 72 to calculate the next set of command signals 
representing coordinate values of a further point along 
the predetermined path. The process cycles in this man 
ner until the next program point is reached. At this time, 
the process moves to subsroutine block 80 which re 
quires that the programmed function for that point he 
executed. 

If process block 74 requires a modi?cation of the 
command signals, the process moves to process block 
73 which calls for a subroutine to execute the modi?ca 
tion process. The modi?cation subroutine is shown in 
detail in FIG. 4. The ?rst block 130 of FIG. 4 calls for 
a subroutine to determine the current unprogrammed 
change in relative position between the machine and 
workpiece. This process is generally illustrated in FIG. 
5 wherein the ?rst block 102 requires that the absolute 
position signal representing the current unprogrammed 
change in the relative position read during the last inter 
rupt signal be recalled from temporary storage. A ?rst 
signal is produced by sealing the absolute position signal 
in block 104 as a function of the mechanical gearing 
used with the feedback transducer to cause the resolu 
tion of the ?rst signal to correspond to the resolution of 
the command signals. After the current unprogrammed 
change in the relative position has been determined, the 
process in FIG. 4 calls for a subroutine in block 132 to 
calculate the unprogrammed change in the relative 
position from the time the absolute position signal is 
read from the store 52 until the time a servo interrupt 
signal occurs transferring to the servomechanism a 
modified command signal embodying the ?rst signal. 
The above time period is referred to herein as the queu 
ing time. 
FIG. 6 illustrates generally the steps required to esti 

mate the unprogrammed change in the relative position 
during the queuing time. First in block 106, the incre 
mental position signal which was read during the last 
interrupt signal is recalled from temporary storage. 
Next, in block 108, the incremental position signal is 
scaled to cause its resolution to correspond to the reso 
lution of the command signals. The incremental position 
signal represents the unprogrammed change in the rela 
tive position between the machine element and work 
piece during the ?xed time interval between interrupt 
signals. Consequently the incremental position signal 
dimensionally represents velocity. Therefore, the un 
programmed change in the relative position during the 
queuing time may be calculated by multiplying the 
velocity during the intervals defining the queuing time 
by the duration of the queuing time. 

It should be remembered that the purpose of the 
subroutine in FIG. 6 is to estimate an unprogrammed 
change in relative position during a future queuing time 
which is de?ned by a number of ?xed time intervals. To 
estimate this change in the relative position, one may 
decide to measure the change in the relative position 
during a prior queuing time and use that as an estimate 
of the change in the relative position during a subse 
quent queuing time. However, as a practical [man 
ner,] matter the change in the relative position may not 
occur in a smooth continuous manner, but may occur in 
an intermittent manner. Therefore, monitoring a single 
?xed time interval to estimate a change in the relative 
position may give rise to a substantially inaccurate esti 
mate. To achieve a more accurate estimate, in the pre 
ferred embodiment, the change in the relative position 
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over a few number of ?xed time intervals is averaged. 
This is done by process block 110. As will be appreci 
ated by those who are skilled in the art, there are a 
number of techniques which may be used to determine 
the average change in the relative position. The choice 
of a particular technique is not important to the present 
[disclosed] discosure, and therefore, the averaging 
process will not be discussed in further detail. After the 
average change in the relative position over a number of 
?xed time intervals is determined, it is multiplied by the 
queuing time to provide a second signal representing an 
estimate of a change in the relative position between the 
machine element and the workpiece during a subse 
quent queuing time. 
The process then returns to the process of FIG. 4 and 

moves to block 134 which requires the generation of a 
following error signal. The following error is de?ned as 
the inherent lag in the servo loop in response to an input 
signal derived from the change in the relative position. 
This lag in response of the machine to the input signal is 
a function of the gain of the servo loop. In the preferred 
embodiment, a relatively low gain system is used which 
will have a larger following error. Consequently, the 
disclosed process operates to modify the command 
signals as a function of the ratio of the rate of the unpro 
grammed change in the relative position to the velocity 
constant of the servomechanism. This modi?cation 
represents a feed forward signal to cause the actual 
position of the machine element to more closely corre 
spond to its desired position. The calculation of follow~ 
ing error is shown in FIG. 7. First, in block 114, the 
average velocity signal as previously determined is 
recalled from temporary storage. Next, in block 116, the 
average velocity is multiplied by the inverse of the 
velocity constant to produce a following error signal 
representing the following error of the machine element 
in response to the input generated by the unpro 
grammed change in relative position between the ma 
chine and workpiece. As will be appreciated, in deter 
mining the following error signal, it is assumed that the 
position loop gain is the same for each of the axes of 
motion. Further, a feedforward signal may be generated 
in the servo drive and interrupt circuit in which case the 
following error signal as generated in FIG. 7 would not 
be required. After the following error is determined, the 
process returns to FIG. 4. 

Process block 138 is operative to generate modi?ed 
command signals. Generally, the unprogrammed 
change in the relative position will be measured along 
an axis parallel to one of coordinate axes associated with 
one of the command signals. Therefore, this command 
signal will be modi?ed and the other command signals 
will continue through the process of FIG. 2 in the nor 
mal manner. In some cases, the unprogrammed change 
in the relative position may be measured along a path 
which is not parallel to one of the coordinate axes asso 
ciated with one of the command signals. In this case, the 
measured unprogrammed change in the relative posi 
tion must be broken down into components along the 
coordinate axes associated with the command signals. 
Therefore, the command signals associated with the 
coordinate axes requiring modi?cation will be modi?ed 
in the process block 138, and the other command signals 
will continue through the process of FIG. 2 in the nor 
mal manner. Process block 138 generates a modi?ed 
command signal by causing the appropriate command 
signal to be added to the sum of the ?rst signal repre 
senting the current unprogrammed change in the rela 
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8 
tive position plus the second signal representing the 
unprogrammed change in the relative position during 
the queuing time plus the following error signal. The 
modi?ed command signal is operative to move the ma 
chine element to the point de?ned by the command 
signal even though an unprogrammed change in the 
relative position between the machine element and the 
workpiece has occurred. 

After the modi?ed command signal has been gener 
ated, process block 131 determines whether or not the 
modi?ed command signal de?nes a point within the 
operating range of the machine element. If the modi? 
?ed command signal de?nes a point outside the opera 
tional limits of the machine element, the process moves 
to block 133 which establishes a set of prede?ned posi 
tion signals which will withdraw the machine element 
from the environment of the workpiece. Next, process 
block 135 sets up an abort function to cause the machine 
to abort the current cycle of operation and move to the 
point de?ned by the predetermined position signals. If 
process block 131 determines that the modi?ed com 
mand signal de?nes a point within the physical limits of 
the machine, the process returns to the process of FIG. 
2. If required, the command signals are transformed and 
queued in the buffer store by process block 76 to await 
a subsequent servo interrupt. 
The modi?cation process described above is suscepti 

ble to many applications. For example, FIG. 8 illus 
trates conjunction with a conveyor tracking operation. 
A workpiece 180 is contained on a moving conveyor 
182 which moves the workpiece past the machine ele 
ment 184. A switching device 186 corresponds to the 
start signal generator 16 shown in FIG. 1, and a resolver 
188 corresponds to the feedback transducer 18 shown in 
FIG. 1. 

In the tracking embodiment, input signals represent 
ing the predetermined points which de?ne an overall 
path of motion of the machine element are programmed 
by manually moving the machine element to each of the 
predetermined points. At each of the predetermined 
points, the processor stores input signals representing 
coordinate values of the predetermined points in the 
data store 28 shown in FIG. 1. This type of teaching 
technique is referred to as on-line programming. Fur 
ther, to achieve this programming operation, push but 
tons and other input devices contained on the console 
unit 40 are used in conjunction with a teaching program 
(not shown) to command the desired motion of the 
machine 10. When the element 21 or 184 in FIG. 8 is in 
a desired position, the operator executes a program 
function which causes the processor 26 to transfer data 
de?ning the coordinate values of the desired position 
[of] to a data store 28. After a complete cycle of oper 
ation has been programmed, the system is switched to 
an automatic mode. The stored data is sequentially re 
called by the processor, and command signals are pro 
duced to cause the machine element to move through a 
cycle of motion de?ned by the programmed points. A 
teaching system of the type preferred is fully disclosed 
in a [co-pening] co-pending application Ser. No. 
488,968 ?led on July 16, 1974, now US. Pat. No. 
3,920,972 and assigned to the present assignee. Because 
there are a number of on-line programming systems 
shown in the prior art, a full disclosure of such a teach 
ing system will not be recited at this time. The teaching 
system will only be discussed as it relates speci?cally to 
the modi?cation process. 
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Referring to FIG. 8, when in the on-line teaching 
mode, a tracking function signal is programmed; and 
the conveyor 182 is activated to move the workpiece 
180 within the operating range of the machine element 
184. In doing so, the workpiece activates a switching 
device 186. This device may be a limit switch, optical 
sensor or other apparatus for sensing the presence of the 
workpiece 180 on the conveyor 182 within the operat 
ing range of the machine element 184. 
When the workpiece activates the switching device 

186, a start signal is generated on line 46 which is opera 
tive to reset a measuring circuit 20 shown in FIG. 1. 
The measuring circuit 20 may be any apparatus for‘ 
measuring the motion of the conveyor after the switch 
ing device 186 has been actuated. The start signal is 
transferred through the input/output interface 42 to the 
processor 26. The processor 26 is operative to generate 
a preset signal on line 50 to a position store 52. The 
position store 52 may be preset to any predetermined 
number including zero. The preset number causes the 
position store to accumulate the conveyor motion rela 
tive to an arbitrary predetermined point along the track 
ing axis, i.e., the axis of motion parallel to the conveyor 
motion. 
The resolver 188 has a mechanical input 181 in com 

munication with a drive mechanism 183 of the con 
veyor 182 and produces electrical output signals on a 
line 58 to the measuring circuit 20. The output signals 
may be analogue or digital in nature. After being reset 
by the start signal, the measuring circuit 20 is responsive 
to the resolver 188 for producing feedback signals rep 
resenting the direction and incremental magnitudes of 
motion of the workpiece. The direction and magnitude 
of motion of the workpiece is stored in the position 
store 52 which has been preset or biased to some prede 
termined number. The position store contains an up/ 
down counter which is responsive to the measuring 
circuit 20 for producing the absolute position signal. 

In the teaching process, after the workpiece has been 
moved to within the operating range of the machine 
element 184, it is stopped at some arbitrary position. In 
response to signals from the console unit 40, the proces 
sor 26 produces command signals operative to move the 
machine element to desired positions relative to the 
workpiece. After the desired position is achieved, the 
processor 26 biases a command signal representing a 
machine element position along a machine coordinate 
axis parallel to the axis of motion of the conveyor with 
the ?rst signal derived from the position store 52. The 
bias may occur by adding or subtracting the ?rst signal 
from the command signal. However, whichever bias 
function is chosen in the teach mode, the opposite func 
tion must be used when modifying the command signals 
during the automatic mode. In the preferred embodi 
ment, the ?rst [differenced] signal is [difference] 
differenced with the command signal during the teach 
ing process. During the automatic mode the command 
signal is initialized by adding the first signal thereto. In 
the teach mode, the biasing process produces an input 
signal representing a programmed position which is 
stored in the data store 28. 

Consequently, with this process, the position of the 
workpiece relative to the machine element is constantly 
monitored during the teaching or programming opera» 
tion. Further, alignment between the program and the 
workpiece is maintained even if the workpiece is moved 
during the teaching process. After the teaching process 
is completed, the system is switched from a teaching 
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mode to an automatic mode; and the taught program is 
replayed. 

It should be noted at this point that the conveyor 
tracking apparatus may be used in conjunction with an 
off-line generated program. To generate an off-line 
program, the interaction of the machine with the appli 
cation is simulated at a point removed from the actual 
operating environment. The simulation may be 
achieved with physical models and/or computer mod 
els. Subsequently, the program may be loaded in a con 
trol system in the desired industrial environment. 
During the automatic operation of an off-line gener 

ated program, the program is loaded into the data store. 
This be accomplished by a reading device associated 
with the console unit 40, or the program may be input 
directly via a communication line. A workpiece is 
loaded on the conveyor, and the cycle is initiated in a 
manner similar to that earlier described. As the work 
piece moves on the conveyor, a tracking function signal 
is recognized; and the workpiece activates the switch 
ing device 186. A start signal is generated on line 46 
which is operative via the processor 26 to preset the 
position store 52. In contrast to the earlier embodiment 
wherein the preset number may be chosen arbitrarily, 
with an off-line generated program, the magnitude of 
the preset number is most important. The exact distance 
from the switching device to a reference point on the 
machine element can be precisely determined. Further, 
at the point where the workpiece triggers the switching 
device, the distance from the switching device to a 
reference point on the workpiece can be precisely de 
termined. At the time the switching device is activated, 
the distance from the reference point on the workpiece 
to the reference point on the machine element repre 
sents an alignment or bias dimension which is preset in 
the store 52. Further, the reference points may be 
chosen such that the coincidence of these two points 
represents an alignment point for initiating the genera 
tion of the off-line program. With the exception of the 
difference in presetting the store 52 as described above, 
the operation of the tracking apparatus is exactly the 
same as that disclosed for an on-line generated program. 
FIG. 9 is a flow chart of a routine illustrating a gen 

eral cycle of operation for conveyor tracking in the 
automatic mode. It should be noted that FIG. 9 is simi 
lar to FIG. 2 with the addition of some process steps 
unique to tracking. The process relative to blocks 70 
through 78 operates as earlier described. If the machine 
moves to a programmed point, the process moves to 
block 190 which requires that the process be set up for 
a function execution. Next, block 192 determines 
whether or not a tracking function has been pro 
grammed. If not, the process goes to block 194 to deter 
mine if the function has been executed and continues as 
subsequently described. If tracking is called for, the 
process moves to the tracking function subroutine called 
for in block 196 and shown in detail in FIG. 10. 
The first step in the tracking function subroutine is 

described in the input-output block 200 which requires 
that the tracking interface be initialized or reset. This is 
a standart process required in any digital circuit before 
its operation is to commence, i.e. the digital circuit is set 
up to some predetermined condition. Next, in process 
block 202, the process waits for a start signal generated 
by the limit switch 186. When the motion of the work 
piece 180 on the moving conveyor 182 closes the limit 
switch 186, the start signal produces a tracking interrupt 
to the input/output interface 42. The input/output pro 
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cess block 204 reads the status of an interface board 
within the input/output interface 42. The board status 
may be set to a number of conditions which are repre 
sented by a like number of binary codes. If the limit 
switch is activated, and a status code exists which repre 
sents hardware failure condition, the decision block 206 
moves the process to the input/output block 208 which 
causes this board to be disabled. Next, a subroutine 210 
is executed which causes a failure message to be dis 
played to an operator. Finally, the process moves to a 
stop routine which disables the operation of the ma 
chine. 

If the limit switch 186 is activated and the board 
status as read by block 204 indicates that there are no 
hardware error conditions, the decision block 206 
moves the process to block 214 which sets the start 
signal status. From here, the process returns to the orig 
inal subroutine and moves to block 216 to set a tracking 
status. After this, the process continues to the tracking 
idle routine called for in process block 198 of FIG. 9 
and shown in detail in FIG. 11. 
FIG. 11 is a detailed flow chart illustrating a routine 

for causing the machine element to follow the conveyor 
motion with no successive command signals being gen 
erated by the automatic mode program. The ?rst step of 
the process illustrated in block 220 is to get the next 
programmed input signal along the tracking axis. This 
coordinate is temporarily stored until it is needed later 
on in the program. Next, the block 222 modi?es the last 
calculated command signal to compensate for conveyor 
motion. The details of this [undating] updating process 
are illustrated in FIGS. 4 through 7 and have been 
described earlier. 

After the command signals has been modi?ed in ac 
cordance with the conveyor motion, the process returns 
to FIG. 11; and the modi?ed command signals are 
queued in the buffer store for a servo interrupt signal in 
block 224. The servo interrupt process operates in the 
same manner as disclosed in FIG. 3. After the modi?ed 
command signals have been transferred from the buffer 
store to the servo drive and interrupt circuit, the pro 
cess moves to the subroutine block 226 which requires 
that the next programmed [iput] input signal obtained 
in process block 226 be initialized. The initialization 
process is similar to that described in FIG. 5. The cur 
rent conveyor position as represented by the absolute 
position signal from the position store 52 is scaled ac 
cording to the mechanical drive on the conveyor trans 
ducer to produce a ?rst signal. This ?rst signal is added 
to the next programmed input signal to produce an 
initialized input signal. Decision block 228 examines the 
initialized input signal to determine whether or not the 
point on the workpiece associated with the initialized 
input signal has moved to within the physical range of 
operation on the machine element. If it is not, the pro 
cess returns to block 222 which again modi?es the most 
recent calculated command signal as a function of the 
continuous conveyor motion. The modi?cation routine 
has been previously described and is shown in FIG. 4. 
After this program produces modi?ed command sig 
nals, they are output from the buffer store to the servo 
drive and interrupt circuit. Next, in block 226, the next 
programmed input signal is initialized again according 
to the now current conveyor position; and again, block 
228 determines if the point on the workpiece associated 
with the initialized input signal is within the physical 
range of motion of the machine element. If not, the 
process iterates through the loop de?ned by blocks 222 
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through 228 until the point on the workpiece moves 
within the physical tracking range of motion of the 
machine element. When this occurs the process returns 
to subroutine block 194 of the automatic mode shown in 
FIG. 9. If the function has been executed, the process 
goes to block 70. 
At this point, subroutine 70 in FIG. 9 calculates the 

data for the motion to move the machine element to the 
next programmed point. Next, block 72 produces com~ 
mand signals representing coordinate values of the next 
point. Next, block 74 determines whether or not modi? 
cation is required, i.e. if tracking is required, and moves 
up to subroutine 73 which causes the command signals 
to be updated in accordance with the subroutines dis 
closed in FIGS. 4 through 7. After updating, the modi 
?ed command signals are transformed and transferred 
from the buffer store to the servo drive and interrupt 
circuit consistent with the routine shown in FIG. 3. 
Next, the process moves to block 78 which determines 
whether or not the machine element has moved to the 
next program point. If not, the process iterates between 
blocks 72 and 78 until the next program point is 
reached. 
At this time, the execute function blocks 190, 192 and 

194 will move to the tracking decision block 199 as 
shown in FIG. 9. If the process is still in a tracking 
mode, the process moves to the tracking idle routine 
described in FIG. 11. If the process is not in the tracking 
mode, the process moves back to the subroutine block 
70 via block 194 and proceeds through the automatic 
mode in the normal manner without tracking. 

Several points should be noted relative to the appara 
tus shown in FIGS. 9 through 11. First, the application 
of the disclosed tracking mode is applicable to either a 
linear or non-linear conveyor motion. There may be 
situations where the conveyor moves in an are around 
the manipulator, and it is required that the manipulator 
move in a similar arc to follow a workpiece moving on 
the conveyor. Obviously, the command signals gener 
ated by the automatic mode program would be in units 
of rotational displacement. Further, the feedback signal 
would have to have similar dimensional units. How 
ever, such a situation could be readily handled by one 
who was skilled in the art; and the disclosed apparatus 
would be applicable to such a situation. 

Second, the apparatus is applicable to the situation 
where a programmed point relative to a workpiece 
moves along a path de?ned by two or more axes of 
motion, and it is required that the manipulator follow 
the programmed point along such a path. In this situa 
tion, duplicate start signal generators, feedback trans 
ducers, measuring circuits, incremental position stores 
and position stores would be required. For example, as 
shown in FIG. 12, a point on a workpiece 176 may 
experience an unprogrammed change in its position 
relative to a machine element 166 along an axis of mo 
tion perpendicular to the axis of workpiece motion. In 
this case, a start signal generator 170 and feedback 
transducer 172 may be coupled to a spring loaded probe 
168 attached to the machine element 166. Duplicate 
measuring circuit and position stores would be respon 
sive to the start signal on line 46 and output signals on 
line 58. As discussed earlier, the start signal generator 
170 and feedback transducer 172 may be replaced by a 
feedback transducer producing output signals repre 
senting the absolute position of the probe. In operation, 
the probe 168 contacts the workpiece 176 as it moves 
past the machine element 166. The probe will de?ect in 
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response changes in workpiece position along an axis of 
motion perpendicular to the workpiece motion. The 
probe de?ection is detected by the feedback transducer 
172, and the control system would operate as heretofore 
described to modify the appropriate command signal to 
compensate for the unprogrammed change in the rela 
tive position between the workpiece and machine ele 
ment. 
Another variation on the embodiment exists in the 

situation where the workpiece does not move conti 
nously on the conveyor past the machine element but 
merely moves some arbitrary distance past the switch 
ing device 186 and then stops. The control system 
would be sensitive to such a situation and maintain 
alignment between the manipulator element and the 
non-moving workpiece. Another alternative exists 
where the transducer instead of being mechanically 
connected to the conveyor is mechanically connected 
to a manual handwheel input, e.g. a handwheel which 
permits the operator to input the signals precisely align 
ing the program with a workpiece. This may be useful, 
for example, in the situation where an off-line program 
is used with a stationary workpiece. In order to align 
the program to the workpiece, the ?rst point of the 
program is replayed; and then by manually moving the 
transducer, the machine element is moved to a location 
on the workpiece corresponding to the ?rst pro 
grammed position. At this point, the transducer input is 
locked, and the remaining points in the program will be 
aligned. 
While the invention has been illustrated in some de 

tail, according to the preferred embodiment shown in 
the accompanying drawings, and while the preferred 
embodiments have been described in some detail, there 
is no intention to thus limit the invention to such detail. 
On the contrary, it is intended to cover all modi?ca 
tions, alterations and equivalents falling within the spirit 
and scope of the appended claims. 
What is claimed is: 
1. An apparatus for modifying command signals rep 

resenting predetermined positions of a machine element 
relative to a workpiece to compensate for measurable 
unprogrammed changes in the relative position between 
said machine element and workpiece, said machine 
element being controlled by a servomechanism circuit 
generating interrupt signals de?ning ?xed time intervals 
and causing command signals to be transferred to the 
servomechanism circuit, the apparatus comprising: 

a. means for producing feedback signals representing 
the sign and magnitude of an unprogrammed 
change in the relative position between the ma 
chine element and the workpiece; 
means responsive to command signals and the feed 
back signals for initializing the command signal as 
a function of the unprogrammed change in the 
relative position occurring up to the time of a ?rst 
interrupt signal de?ned by the most recent occur 
rence of an interrupt; and 

c. means responsive to the feedback signals and the 
interrupt signals for producing a modi?ed com 
mand signal by modifying the initialized command 
signal as a function of the unprogrammed change in 
the relative position occurring from the time of the 
?rst interrupt signal until the occurrence of a sec 
ond interrupt signal causing the modi?ed command 
signal to be transferred to a servomechanism cir 
cuit. 
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2. An apparatus for modifying a command signal 

representing a predetermined position of a machine 
element relative to a workpiece to compensate for mea 
surable unprogrammed changes in the relative position 
between said machine element and said workpiece, said 
machine element being controlled by a servomechanism 
circuit generating interrupt signals de?ning ?xed time 
intervals, the apparatus comprising: 

a. means responsive to a predetermined position of 
the machine element relative to the workpiece for 
generating a start signal; 

b. means for producing feedback signals representing 
the sign and incremental magnitude of unpro 
grammed changes in the relative position between 
the machine element and the workpiece; 

c. means responsive to the start signal and the feed 
back signals for producing a ?rst signal represent 
ing a current change in the relative position be 
tween the machine element and the workpiece 
with respect to a predetermined point; 

C]. means responsive to an interrupt signal and the 
feedback signals for producing a second signal 
representing a change in the position of the ma 
chine element relative to the workpiece during a 
queuing time de?ned by a number of ?xed time 
intervals; and 

e. means responsive to the ?rst signal, the second 
signal and the command signal for producing a 
modi?ed command signal, said modi?ed command 
signal compensating the machine element motion 
for the unprogrammed changes in the relative posi‘ 
tion between the machine element and the work 
piece and causing the machine element to move to 
the predetermined position relative to the work 
piece. 

3. The apparatus of claim 2, wherein the means for 
producing feedback signals further comprises: 

a. means responsive to the unprogrammed changes in 
the relative position between the machine element 
and the workpiece for producing electrical output 
signals in response thereto; and 

. means responsive to the start signal and the electri 
cal output signals for producing a ?rst feedback 
signal representing an incremental magnitude of 
the unprogrammed change in the relative position 
between the machine element and the workpiece 
and a second feedback signal representing the di 
rection of said unprogrammed change in the rela 
tive position. 

4. The apparatus of claim 3, wherein the means for 
producing the ?rst signal further comprises: 

a. means responsive to the feedback signals for stor 
ing the algebraic accumulation of the feedback 
signals to produce an absolute position signal; and 

b. means responsive to the storing means for scaling 
the absolute position signal to produce the ?rst 
signal. 

5. The apparatus of claim 4, wherein the means for 
producing the ?rst signal further comprises means re 
sponsive to the start signal for presetting the storing 
means to a predetermined number whereby the absolute 
position signal represents the current unprogrammed 
change in the relative position with respect to the pre 
determined number. 

6. The apparatus of claim 5, wherein the means for 
producing the second signal further includes: 

a. means responsive to the feedback signals and the 
interrupt signals for storing an algebraic accumula 
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tion of the feedback signals during a ?xed time 
interval to produce an incremental position signal; 
and 

. means responsive to the incremental position signal 
for producing an average velocity signal represent 
ing the average velocity of the unprogrammed 
change in the relative position between the ma 
chine element and the workpiece during the num 
ber of ?xed time intervals; and 

0. means for multiplying the average velocity signal 
by the time duration de?ned by the number of ?xed 
time intervals to produce the second signal. 

7. The apparatus of claim 6, wherein the means for 
producing the modi?ed command signal further com 
prises means for algebraically summing the command 
signal plus the ?rst signal plus the second signal. 

8. A method for modifying command signals repre 
senting predetermined positions of a machine element 
relative to a workpiece to compensate for measurable 
unprogrammed changes in the relative position between 
said machine element and workpiece, said machine 
element being controlled by a servomechanism circuit 
generating interrupt signals defining ?xed time intervals 
and causing command signals to be transferred to the 
servomechanism circuit, the method comprising the 
steps of: 

a. producing feedback signals representing the direc 
tion and magnitude of an unprogrammed change in 
the relative position between the machine element 
and the workpiece; 

b. initializing a command signal in response to the 
feedback signals as a function of the unpro 
grammed change in the relative position occurring 
up to the time of a ?rst interrupt signal representing 
the most recent occurrence of an interrupt; 

c. producing, in response to the initialized command 
signal and the feedback signals, a modi?ed com 
mand signal by modifying the initialized command 
signal as a function of the unprogrammed change in 
relative position occurring from the time of the 
?rst interrupt signal to the time of the second inter 
rupt signal causing the modi?ed command signal to 
be transferred to the servomechanism circuit; and 

d. iterating steps (b) and (c) during each ?xed time 
interval in which an unprogrammed changed in the 
relative position occurs between the machine ele 
ment and the workpiece occurs. 

9. A method for modifying command signals repre 
senting predetermined positions of a machine element 
relative to a workpiece to compensate for measurable 
unprogrammed changes in the relative position between 
said machine element and workpiece, said machine 
element being controlled by a servomechanism circuit 
generating interrupt signals de?ning ?xed time inter 
vals, the method comprising the steps of: 

a. generating a start signal in response to a predeter 
mined position of the machine element relative to 
the workpiece; 

. producing feedback signals representing the direc 
tion and incremental magnitude of unprogrammed 
changes in the relative position between the ma 
chine element and the workpiece; 

c. producing, in response to the start signal and the 
feedback signals, a ?rst signal representing a cur 
rent change in the relative position between the 
machine element and the workpiece with respect 
to a predetermined point; 
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d. generating, in response to the feedback signals and 

an interrupt signal, a second signal representing a 
change in the relative position between the ma 
chine element and the workpiece during a queuing 
time de?ned by a number of ?xed time intervals; 

e. modifying a command signal as a function of the 
?rst signal and the second signal to produce a mod 
i?ed command signal, said modi?ed command 
signal compensating the motion of the machine 
element for the unprogrammed real time changes 
in the relative position between the machine ele 
ment and the workpiece and causing the machine 
element to move to the predetermined position 
relative to the workpiece; and 

f. iterating steps (b) through (e) to compensate the 
command signal for further unprogrammed 
changes in the relative position between the ma 
chine element and the workpiece. 

10. The method of claim 9 wherein the step of pro 
ducing feedback signals further comprises the steps of: 

a. detecting the unprogrammed change in the relative 
position between the machine element and the 
workpiece; 

. producing electrical output signals as a function of 
the direction and magnitude of said unprogrammed 
change in the relative position; and 

c. producing in response to the start signal a ?rst 
feedback signal representing an incremental magni 
tude of the unprogrammed change in the relative 
position and a second feedback signal representing 
the direction of the unprogrammed change in the 
relative position. 

11. The method of claim 10, wherein the step of pro 
ducing the ?rst signal further comprises: 

a. presetting a storage device in response to the start 
signal whereby the number in the storage device 
represents a displacement relative to a predeter 
mined point; and 

. storing the feedback signals in the storage device to 
produce an absolute position signal representing 
the total change in the relative position between 
the machine element and workpiece with respect 
to the predetermined point; and 

c. scaling the absolute position signal to produce the 
?rst signal whereby the resolution of the ?rst signal 
corresponds to the resolution of the command sig 
nal. 

12. The apparatus of claim 11, wherein the step of 
generating the second signal further comprises the steps 
of: 

a. measuring the sign and magnitude of the unpro 
grammed change in the relative position between 
the machine element and workpiece during each 
fixed time interval; 

b. calculating the average velocity of the unpro 
grammed change in the relative position during the 
number of ?xed time intervals; and 

c. multiplying the average velocity of the magnitude 
of the queuing time to produce the second signal. 

13. The method of claim 12, wherein the step of mea 
suring the sign and magnitude of the unprogrammed 
change in position further comprises the steps of: 

a. presetting a second storage device in response to 
each interrupt signal; 

b. storing the feedback signals in the second storage 
device to produce an incremental position signals 
representing the total change in relative position 
during the ?xed time intervals; and 
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c. scaling the incremental position signal to cause the 
resolution of the incremental position signal to the 
command signal. 

14. The method of claim 12, wherein the step of pro 
ducing the modi?ed command signal further comprises 
the step of multiplying the average velocity of the un 
programmed change in the relative position times the 
inverse of the magnitude of a velocity constant of the 
servomechanism circuit to produce a following error 
signal. 

15. The method of claim 14, wherein the step of gen 
erating a modi?ed command signal further comprises 
the step of algebraically summing the command signal 
plus the ?rst signal plus the second signal plus the fol 
lowing error signal. 

16. An apparatus for causing a machine element to 
track a moving conveyor containing a workpiece, said 
machine element operating in response to a servomech 
anism circuit generating interrupt signals de?ning ?xed 
time intervals and causing command signals to be trans 
ferred to the servomechanism circuit, said servomecha 
nism circuit operating in response to a control system 
producing command signals representing successive 
positions of the machine relative to the workpiece along 
an axis of motion approximately parallel to the motion 
of the conveyor, the apparatus comprising: 

a. means responsive to the motion of the workpiece 
for generating a start signal representing the start 
of a tracking operation; 

b. means responsive to the start signal and the con 
veyor motion for producing feedback signals rep 
resenting the direction and magnitude of the con 
veyor motion; 

0. means responsive to the start signal and the feed 
back signals for producing ?rst signal representing 
the displacement of the conveyor relative to a pre 
determined point; 

d. means responsive to the interrupt signals and the 
feedback signals for producing a second signal 
representing the displacement of the conveyor 
during a queuing time de?ned by a number of ?xed 
time intervals; 

e. means responsive to the ?rst signal, the second 
signal and a command signal for generating a modi 
?ed command signal representing a new position of 
the machine element after a subsequent queuing 
time; and 

f. means responsive to the generating means for stor 
ing the modi?ed command signal whereby said 
modi?ed command signal is transferred to the ser 
vomechanism circuit in response to an interrupt 
signal de?ning the subsequent queuing time. 

17. The apparatus of claim 16, wherein the means for 
producing conveyor feedback signals further includes: 

a. means mechanically connected to the conveyor 
and producing electrical output signals in response 
to the conveyor motion; and 

b. means responsive to the electrical output signals 
for producing a ?rst feedback signal representing 
an incremental magnitude of conveyor motion and 
a second feedback signal representing the direction 
of conveyor motion. 

18. The apparatus of claim 17, wherein the means for 
producing the ?rst signal further comprises: 

a. means responsive to the feedback signals for stor 
ing the algebraic accumulation of conveyor mo 
tions to produce an absolute position signal; 
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b. means responsive to the start signal for presetting 

the storing means to a predetermined number 
whereby the absolute position signal represents the 
algebraic accumulation of conveyor motion rela 
tive to said predetermind number; and 

c. means for scaling the absolute position signal to 
produce the ?rst signal. 

19. The apparatus of claim 18, wherein the means for 
producing the second signal further includes: 

a. means responsive to the interrupt signals and the 
feedback signals for storing an incremental position 
signal representing the displacement of the con 
veyor during a ?xed time interval; and 

b. means responsive to a number of successive incre 
mental position signals for producing the second 
signal representing an average displacement of the 
conveyor over the number of ?xed time intervals. 

20. The apparatus of claim 19, wherein the means for 
producing the modi?ed command signal further com 
prises means for algebraically summing the command 
signal plus the ?rst signal plus the second signal to pro 
duce the modi?ed command signal. 

21. An apparatus for causing a machine element to 
track a moving conveyor containing a workpiece, said 
machine element operating in response to a servomech 
anism circuit generating interrupt signals de?ning ?xed 
time intervals and causing command signals to be trans 
ferred to the servomechanism circuit, said command 
signals representing coordinate values of positions of 
the machine element relative to a predetermined point 
along an axis of motion approximately parallel to the 
motion of the moving conveyor, the apparatus compris 
mg: 

a. means responsive to the motion of the workpiece 
for generating a start signal representing the start 
of a tracking operation; \ 

b. means responsive to the start signal and the con 
veyor motion for producing feedback signals rep 
resenting the direction and magnitude of the con 
veyor motion; 

c. means responsive to a command signal and the 
feedback signals for initializing the command signal 
as a function of the conveyor motion occurring 
from the time of occurence of the start signal to the 
most recent occurrence of a ?rst interrupt signal; 

. means responsive to the feedback signals and the 
?xed time interval for modifying the initialized 
command signal to produce a modi?ed command 
signal to compensate for conveyor motion from the 
time of the first interrupt signal until the occur 
rence of a second interrupt signal causing the trans 
fer of the modi?ed command signal to the servo 
mechanism circuit; 

e. means for storing the modi?ed command signal 
during the time between said ?rst and second inter 
rupt signals. \ 

22. The apparatus of claim 21, wherein said apparatus 
further comprises means responsive to the feedback 
signals for compensating the command signal for the 
following error of the machine element motion occur 
ing in response to initializing and modifying the com 
mand signal. 

23. The apparatus of claim 22, wherein the means for 
generating a start signal further comprises switching 
means located within the operating range of the ma 
chine element adjacent to the conveyor for generating 
the start signal in response to the presence of the work 
piece. 
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24. The apparatus of claim 23, wherein the means for 
producing feedback signals further comprises: 

a. means connected to the conveyor and producing 
electrical output signals in response to the con 
veyor motion; and 

b. means responsive to the electrical output signals 
for producing feedback signals representing the 
direction and magnitude of the conveyor motion. 

25. The apparatus of claim 24, wherein the means for 
initializing the command signal further comprises: 

a. storage means responsive to the feedback signals 
for producing an absolute position signal represent 
ing the displacement of the conveyor; 

b. means responsive to the start signal for presetting 
the storage means with a predetermined number 
whereby the absolute position signal represents the 
cumulative displacement of the conveyor relative 
to the predetermined point after the occurrence of 
the start signal; 

c. means responsive to the command signal and the 
absolute position signal for algebraically summing 
said signals to produce an initialized command 
signal representing a new position of the machine 
element as a function of the conveyor motion. 

26. The apparatus of claim 25, wherein the means for 
modifying the initialized command signal further com 
prises: 

a. means responsive to the feedback signals and the 
occurrences of a number of ?xed time intervals for 
producing incremental position signals, each incre 
mental position signal representing the displace 
ment of the conveyor during a corresponding ?xed 
time interval; . 

b. means responsive to the incremental position sig 
nals for producing an average velocity signal rep 
resenting the average velocity of the conveyor 
over the number of ?xed time intervals; 

c. means for multiplying the average velocity signal 
by the length of time between said ?rst and second 
interrupt signals to produce a second signal repre 
senting the change in conveyor displacement dur 
ing the time between said ?rst and second interrupt 
signals; and 

d. means for algebraically summing the initialized 
command signal and the second signal to produce a 
modi?ed command signal. 

27. The apparatus of claim 26, wherein the means for 
compensating the command signal further comprises 
means for multiplying the average velocity signal by the 
inverse of the velocity constant of the servomechanism. 

28. A method for causing a machine element to track 
a moving conveyor containing a workpiece, said ma 
chine element operating in response to a servomecha 
nism circuit generating interrupt signals de?ning ?xed 
time intervals and causing the command signals repre 
senting new positions of the machine element to be 
transferred to the servomechanism circuit, said com 
mand signals representing new positions of the machine 
element along an axis of motion approximately parallel 
to the motion of the moving conveyor, the method 
comprising the steps of: 

a. producing a start signal in response to the presence 
of the workpiece within the operating range of the 
machine element; 

b. producing, in response to the start signal, a ?rst 
signal representing the cumulative conveyor dis 
placement relative to a predetermined point; 
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c. initializing, in response to the ?rst signal, a com 
mand signal as a function of conveyor motion from 
the point of occurrence of the start signal; 

d. modifying the initialized command signal as a func 
tion of an estimate of conveyor motion occuring 
over a ?xed time interval to produce a modi?ed 
command signal; 

e. storing the modi?ed command signal in a buffer 
store whereby said modi?ed command signal is 
transferred to the servomechanism circuit in re 
sponse to the next occurrence of an interrupt sig 
nal; and 

f. iterating steps (b) through (c) during each ?xed 
time interval to cause the machine element to fol 
low the conveyor. 

29. The method of claim 28, wherein the step of pro 
ducing a ?rst signal further comprises the steps of: 

a. detecting the motion of the conveyor; 
b. producing electrical output signals as a function of 

the direction and magnitude of the conveyor mo 
tion; 

c. presetting a storage device in response to the start 
signal whereby the number preset in the storage 
device represents a displacement relative to the 
predetermined point; and 

d. accumulating in the storage device, in response to 
the feedback signals, an absolute position signal 
representing the displacement of the conveyor 
relative to the predetermined point; and 

e. scaling the absolute position signal to produce the 
?rst signal, whereby the resolution of the ?rst sig 
nal corresponds with the resolution of the com 
mand signal. 

30, The method of claim 29, wherein the step of ini 
tializing a command signal further comprises the step of 
algebraically adding the ?rst signal to the command 
signal. 

31. The method of claim 30, wherein the step of mod 
ifying a command signal further comprises the steps of: 

a. measuring the'displacement of the conveyor during 
each of a number of ?xed time intervals; 

b. calculating the average velocity of the conveyor 
over the number of ?xed time intervals; 

c. multiplying the average velocity by the magnitude 
of a time interval de?ned by the number of ?xed 
time intervals to produce an average position sig 
nal; 

d. scaling the average position signal to produce a 
second signal; and 

e. adding the second signal to the initialized com 
mand signal to produce the modi?ed command 
signal. 

32. The method of claim 31, wherein the step of mod 
ifying the initialized command signal further comprises 
the steps of: 

a. measuring the displacement of the conveyor during 
each of a number of ?xed time intervals; 

b. calculating the average velocity of the conveyor 
over the number of ?xed time intervals; 

c. multiplying the average velocity times the inverse 
of the magnitude ofa velocity constant of the ser 
vomechanism circuit to produce a following error 
signal; and 

d. adding the following error signal to the initialized 
command signal. 

33. An apparatus for modzfving a first command signal 
representing a position of an element ofa machine relative 
to a first axis ofa ?rst coordinate system, said first cam 
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mand signal de?ning a predetermined position of the ma 
chine element relative to a workpiece having an axis of 
motion, said machine having a geometric con?guration 
de?ning a generalized coordinate system di?‘erent from the 
?rst coordinate system and said machine being controlled 
by a servomechanism circuit receiving command signals in 
response to control signals generated at time intervals; the 
apparatus comprising: 

a. means for producing feedback signals representing an 
unprogrammed change in the relative position be 
tween the machine and the workpiece; 

b. means responsive to a ?rst control signal and the 
feedback signals for generating a ?rst signal repre-. 
senting the unprogrammed change in the relative 
position between the machine and workpiece; 

c. means responsive to the ?rst signal and the ?rst com 
mand signal for providing modified command signals, 
said modi?ed command signals causing the machine 
element to move to the predetermined position relative 
to the workpiece independent of the unprogrammed 
change in the relative position between the machine 
and workpiece; and 

d. means responsive to the modified command signals 
and connected to the servomechanism circuit for 
transferring the modified command signals to the 
servomechanism circuit in response to a subsequent 
control signal. 

34. An apparatus for modt?ting a ?rst command signal 
representing a position of an element of a machine relative 
to a ?rst axis of a ?rst coordinate system, said ?rst com 
mand signal de?ning a predetermined position of the ma 
chine element relative to a workpiece having an axis of 
motion, said machine having a geometric con?guration 
de?ning a generalized coordinate system different from the 
?rst coordinate system and said machine being controlled 
by a servomechanism circuit receiving command signals in 
response to control signals generated at time intervals, the 
apparatus comprising: 

a. means for producing feedback signals representing an 
unprogrammed change in the relative position be 
tween the machine and the workpiece; 

b. means responsive to a ?rst control signal and the 
feedback signals for generating a ?rst signal repre 
senting the unprogrammed change in the relative 
position between the machine and the workpiece oc 
curring up to the time of the ?rst control signal.‘ 

c. means responsive to the ?rst command signal and the 
generating means for compensating the ?rst com 
mand signal as a function of the unprogrammed 
change in the relative position between the machine 
and the workpiece; 

d. means responsive to the compensating means for pro 
viding transformed command signals representing the 
position of the machine element relative to the gener 
alized coordinate system: 

c. storage means connected between the providing means 
and the servomechanism circuit for queuing the trans 
formed command signals; and 

f means responsive to a subsequent control signal and 
the storage means for causing the transformed com 
mand signals to be transferred to the servomechanism 
circuit whereby the machine element moves to the 
predetermined position relative to the workpiece inde 
pendent of the unprogrammed change in the relative 
position between the machine and the workpiece. 

35. The apparatus ‘of claim 34 wherein the generating 
means further comprises means responsive to the feedback 
signals and a second control signal for generating a com 
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pensation signal representing the following error of the 
machine element along the axis of the ?rst coordinate 
system caused by the feedback signals 

36. The apparatus of claim 35 wherein the generating 
means further comprises means responsive to the feedback 
signals and the second control signal ?Jr generating a sec 
ond signal representing an estimate of the unprogrammed 
change in relative position between the machine and the 
workpiece occurring between said ?rst and second control 
signals. 

37. A method for modifying a ?rst command signal 
representing a position of an element of a machine relative 
to a ?rst axis of a ?rst coordinate system, said ?rst com 
mand signal de?ning a predetermined position of the ma 
chine element relative to a workpiece having an axis of 
motion. said machine having a geometric con?guration 
de?ning a generalized coordinate system different from the 
?rst coordinate system and said machine being controlled 
by a servomechanism circuit receiving command signals in 
response to control signals generated at time intervals, the 
method comprising the steps of? 

a. producing feedback signals representing an unpro 
grammed change in relative position between the ma 
chine and the workpiece; 

b. generating in response to a ?rst control signal and the 
feedback signals a ?rst signal representing the unpro 
grammed change in the relative position between the 
machine and the workpiece along the axis of motion of 
the workpiece; 

c. providing modified command signals in response to 
the ?rst signal and the ?rst command signal. said 
modified command signals causing the machine ele 
ment to move to the predetermined position relative to 
the workpiece independent of the unprogrammed 
change in the relative position between the machin 
and the workpiece; and ‘ 

e. iterating steps (a) through (d) for each of the ?rst 
command signals. 

38. A method for modifying ?rst command signals rep 
resenting positions of an element of a machine relative to a 
?rst axis of a ?rst coordinate system, said ?rst command 
signals de?ning predetermined positions of the machine 
element relative to a workpiece having an axis of motion, 
said machine having a geometric con?guration de?ning a 
generalized coordinate system different from the ?rst coor 
dinate system and said machine being controlled by a 
servomechanism circuit receiving command signals in re 
sponse to control signals generated at time intervals, the 
method comprising the steps of‘ 

a. producing feedback signals representing an unpro 
grammed change in the relative position between the 
machine and the workpiece; 

b. generating in response to a ?rst control signal and the 
feedback signals a ?rst signal representing the unpro 
grammed change in relative position between the ma 
chine and the workpiece occurring up to the time of 
the ?rst control signal; 

c. compensating a ?rst command signal as a function 
of the ?rst signal to produce a compensated com 
mand signal; 

d. transforming the compensated command signal into 
transformed command signals representing the posi 
tion of the machine element relative to the generalized 
coordinate system; 

e. queuing the transformed command signals; 
f transferring the transformed command signals to the 

servomechanism circuit in response to a subsequent 
control signal; and 
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g. iterating steps (a) through (I) for each of the ?rst 
command signals to cause the machine element to 
move to the predetermined positions relative to the 
workpiece independent of the unprogrammed changes 
in the relative position between the machine and the 
workpiece. 

39. The method of claim 3 7 wherein the step of compen 
sating the ?rst command signal further comprises the steps 
of‘ 

a. measuring the unprogrammed change in the relative 
position between the machine and the workpiece be 
tween the occurrence of at least two control signals; 

b. calculating the average velocity of the workpiece; 
c. multiplying the average velocity times the inverse of 

the magnitude of a velocity constant of the servomech 
anism circuit to produce a following error signal,‘ and 

d. compensating the ?rst command signal by the follow 
ing error signal. 

40. The method of claim 38 wherein the step of compen 
sating the ?rst command signal further comprises the steps 
of‘ 

a. measuring the unprogrammed change in relative 
position between the machine and the workpiece be 
tween the occurrence of at least two control signals; 

b. calculating the average velocity of the workpiece; 
c. multiplying the average velocity by the magnitude of 

time the transformed command signal is stored to 
produce an average position signal; and 

d. compensating the first command signal by the average 
position signal. 

41. A method for modifying program command signals 
representing programmed positions of an element of a 
machine relative to a ?rst axis of a ?rst coordinate system. 
said program command signals de?ning predetermined 
positions of the machine element relative to a workpiece 
having an axis of motion, said program command signals 
being de?ned during a teaching mode of operation and 
used during an automatic mode of operation to generate 
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subsequent command signals, wherein the method com 
prises the steps of’ 

a. generating during the teaching mode a ?rst bias signal 
representing the absolute position of .the workpiece 
relative to a predetermined point along the axis of 
motion of the workpiece; 

be producing during the teaching mode on initial com 
mand signal representing the absolute position of the 
machine element relative to the ?rst axis of the ?rst 
coordinate system; 

c. combining during the teaching mode the ?rst bias 
signal with the initial command signal to produce a 
program command signal de?ning a predetermined 
position of the machine element relative to the work 
piece; 

d. storing the program command signal for subsequent 
use during the automatic mode of operation; 

e. iterating steps (a) through (d) during the teaching 
mode of operation for each initial command signal to 
be stored; 

f generating during the automatic mode a second bias 
signal representing an unprogrammed change in the 
position of the workpiece relative to the predetermined 
point along the axis of motion of the workpiece; 

g. producing during the automatic mode and in response 
to the program command signals a ?rst command 
signal representing the programmed position of the 
machine element relative to the ?rst axis of the ?rst 
coordinate system; 

h. combining the second bias signal with the ?rst com 
mand signal to cause the machine element to move to 
the predetermined position relative to the workpiece 
independent of the unprogrammed change in the 
position of the workpiece.‘ 

i. iterating the steps (I) through (h) during the automatic 
mode for each of the program command signals. 
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