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(57) ABSTRACT 

A method for preventing collisions betWeen robots by caus 
ing a ?rst robot to stop or pause so that a second robot may 
safely pass by or perform a speci?ed operation. Once the 
second robot has completed its operation then the ?rst robot 
is alloWed to resume operation. Each robot automatically 

stops When it reaches a certain point in its job. The robots 
communicate With a central controller Which alloWs the 
robots to resume operation When the central controller has 
determined that all of the robots have reached their respec 
tive correct positions. This prevents collisions betWeen 
robots Which are operating in the same area, especially those 
robots operating on the same workpiece. This method Works 
With existing robot Welders, does not require modi?cations 
to the robots, and does not require expensive spatial analysis 
computer programs, Which may not even be available for the 
type of processor used in a particular robot. The present 
invention also provides a method for specifying a compart 
ment entry point for a Welding operation based upon data 
provided from a CAD program. The present invention also 
provides a method for automatically determining the starting 
and ending coordinates of a Weld using a touch-sensing 
capability of the robot. The present invention also provides 
a method for automatically tracking the joint for a Welding 
seam by periodically measuring the coordinates of the 
components by using the touchsensing feature of the robot. 
The present invention also provides a method for automati 
cally determining the position of a torch to provide for an 
optimum angle of attack for a Welding operation based upon 
data, such as beam height and ?ange overhang, provided 
from a CAD program. The present invention also provides 
a method for automatically tracking the joint for a Welding 
seam by Weaving (dithering) the torch along the desired 
path, measuring the arc Welding current at peak deviations 
from the travel path, and comparing the measured current on 
the tWo different sides of the Weld to determine Whether the 
torch is on the seam. The present invention also uses this 
method to automatically track the edge of a component for 
applying a Welding bead to the edge of the component. The 
present invention also provides for automatically selecting a 
Welding program from a standard set of Welding programs 
based upon data from a CAD program. 
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METHOD FOR PROGRAMMING A ROBOT USING 
A PENDANT CONTROLLER 

TECHNICAL FIELD 

[0001] This invention relates to automated (robot) Welding 
systems and, more particularly, is for methods for simulta 
neously operating robot Welders on the same workpiece so 
as to avoid collisions betWeen the robot Welders, for auto 
matically determining hoW a Weld is to be performed, for 
automatically keeping the Weld on the desired path, and for 
automatically selecting a Welding program based upon the 
particulars of the components. 

BACKGROUND OF THE INVENTION 

[0002] Robot Welders are automated Welding machines 
Which operate under the control of a microprocessor. They 
are being used in more and more applications because they 
provide several advantages With respect to human Welders. 
Some, but not all, of the advantages are that they do not need 
to take breaks, they can tolerate adverse environmental 
conditions, they can Work in very tight areas, and they yield 
a consistent, quality Weld. 

[0003] HoWever, a robot, like a human, must be told What 
to Weld. Aprogram for a robot Welder can be Written Which 
speci?es the exact spot or line that must be Welded. Typi 
cally, an operator speci?es the starting point of a Weld and 
the length of the Weld or the ending point of the Weld. This 
information is given in precise coordinates, for example, 
start at point x=1.05 inches, y=1.77 inches, and Z=0.0 inches 
and end at x=2.00 inches, y=2.00 inches, and Z=0.5 inches. 
In this case the robot Will Weld on a seam de?ned by a line 
betWeen the given starting and ending points. This procedure 
is simple and straightforward, but is very time consuming 
because the operator must determine the starting and ending 
points of the Weld. This procedure is also prone to errors 
because the operator must manually enter these starting and 
ending points into the program and the operator may make 
errors in measuring the points or in entering the points into 
the program. Further, some points may be dif?cult or impos 
sible for the operator to measure manually. 

[0004] The robots have sensing devices, often referred to 
as touch sensors, Which indicate that contact has been made 
With an object. In Welding environments, the Workpiece is 
typically a conductive material, such as iron or steel. There 
fore, in these environments, the touch sensor is often the tip 
of the Welding torch, or the Welding Wire, and the robot 
senses When the tip or Wire has reached the Workpiece by 
simply monitoring the output voltage or current at the tip or 
Wire. When contact is made, the output voltage Will drop and 
the output current Will increase. The operator can therefore 
operate the robot to determine the coordinates of the starting 
and ending points of the Weld, and then enter these coordi 
nates into a Welding program. This procedure is simple and 
straightforWard, but is also very time consuming and prone 
to errors because, even though the robot makes the mea 
surements precisely, the operator may make errors in enter 
ing the measurements. 

[0005] Thus, each Weld requires a substantial amount of 
attention by the operator. In some cases, the amount of time 
required to determine the coordinates of the Weld and enter 
the points into the Welding program can easily exceed the 
amount of time required for the robot to perform the Weld. 
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Also, because of human measurement and data entry, errors 
are quite possible. Therefore, there is a need for a method of 
operating a robot Welder so as to reduce or eliminate the 

amount of attention required from the operator. 

[0006] Further, once a Welding program is Written it Will 
generally be useful for only one speci?ed Weld. That is, as 
long as the coordinates of the Welds are identical (same 
starting and ending points), then the robot Will faithfully 
repeat the Weld. This is most useful on assembly lines Where 
the robot performs the same Welding operation on each 
Workpiece Which comes doWn the assembly line. HoWever, 
if the coordinates of the Welds are not identical then a 
different program is required. This may occur Where one 
robot is required to make several Welds on the same Work 
piece. Thus, the amount of memory required to store the 
several programs necessary for multiple Welding operations 
can be substantial or even beyond the capability of the robot. 

[0007] Robot Welders, although useful, do only What the 
programmer instructs them to do. This is of little concern if 
there is only one robot performing a Welding operation 
because, other than hitting the Workpiece, there is little 
danger of the robot hitting anything. HoWever, speed of 
assembly is frequently a customer requirement so it Would 
be bene?cial if tWo or more robots could be assigned to Weld 
on the same Workpiece at the same time. The problem With 
tWo or more robot Welders is that they may try to occupy the 
same space at the same time. TWo humans assigned to 
perform con?icting Welding operations may be able to 
discuss and resolve the problem among themselves. They 
may also contact a supervisor to determine Whose Work Will 
be done ?rst. HoWever, robots do not have the capability to 
recogniZe that a problem exists, much less discuss and 
resolve the problem or seek the guidance of a superior 
authority. Therefore, each robot folloWs its oWn program, 
mindless of the presence of any other robot. The result at 
some point, With some programs, Will be a collision. The 
resulting damage to the robots and possibly even the Work 
piece can be extensive and expensive, and can cause serious 
delays. 

[0008] It is dif?cult, if not impossible, to knoW in advance 
of the performance of an operation Whether or not there Will 
be a collision betWeen the tWo robots. When programming 
a robot to perform a Welding operation, the operator may 
specify a series of points to Which the robot must move, With 
or Without specifying exactly hoW the robot Will get there. 
HoWever, the microprocessor Which controls the robot has 
its oWn set of manufacturer-installed operating instructions 
as to hoW the robot should operate. This problem is com 
pounded by the fact that a robot typically has numerous 
degrees of freedom. For example, the Panasonic industrial 
robot model AW-OlOA has 6 degrees of freedom (rotation, 
upper arm, front arm, rotating Wrist, bending Wrist, tWisting 
Wrist), and tWo directions of linear motion (forWard-back 
Ward, up-doWn). The particular moves generated by these 
operating instructions are frequently not the same moves, or 
in the same sequence, that the operator Would have thought 
to use to accomplish the same result. Therefore, even if the 
operator speci?es that a robot is to go from one point to 
another point, the operator has no information on What 
motions the robot may implement to do so. Further, the 
operator may have to particularly specify parts of the 
sequence to get the Welding torch in the right position and 
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at the right angle While avoiding parts of the workpiece, for 
example, an overhanging ?ange from a T-beam. 

[0009] This problem is made Worse if one attempts to 
simultaneously operate more than one robot on the same 
Workpiece. None of the robots knoWs, or has the capability 
to knoW, Where the other robots are located, What the other 
robots are doing, What the other robots are preparing to do, 
or hoW the other robots are going to accomplish Whatever 
their next actions may be. Therefore, in the past, the only 
certain Ways to avoid a collision Were to put only a single 
robot on a Workpiece, or to space the robots far enough apart 
to Where it Was impossible for one robot to intrude into the 
operating area of another robot. HoWever, a single robot 
provides for sloW operation. Further, in some situations, the 
small siZe of the Workpiece may prevent spacing the robots 
such that they cannot hit each other. Also, operating space is 
like any other resource; it has a value and should be 
conserved Whenever possible. There is therefore a need for 
a method Which provides for simultaneous operation of the 
robots in close proximity to each other While preventing the 
collisions Which, With the current state of the art, are 
probable. 

[0010] A sophisticated spatial analysis computer program 
could be used to generate a computer model of each robot 
and the Workpiece and perform a mathematical computation 
to determine if any robot Will attempt to occupy the same 
space as any other robot at the same time. HoWever, such a 
program is expensive and requires a substantial amount of 
time for programming of the dimensions and variables. Such 
a program is also very computation-intensive and requires a 
large amount of memory. This may tie up the resources of a 
company Which has its oWn computer, or increase the 
computer time rental costs for a company. Furthermore, a 
spatial analysis program may not have been Written for the 
particular processor being used to control a robot. In addi 
tion, there may be inadequate time, at a processing speed 
Which is not cost prohibitive, to perform the calculations in 
real time. Also, any change to any program may require 
running the analysis again to verify that the change has not 
caused a collision. 

[0011] Welding robots typically have current sensors asso 
ciated With each driving-motor. Therefore, if the robot 
contacts an object and a driving motor stalls out, then the 
current Will increase. This feature is often referred to as an 
amp-out condition and can be used to determine if the robot 
has hit an object or another robot. HoWever, at the speeds at 
Which robots operate, the damage Will still be serious. It is, 
of course, possible to program the robots to move at a very 
sloW rate so that the amp-out condition can be used to 
determine if a collision is occurring and to stop movement 
of the robots so that the collision Will not cause further 
damage. HoWever, this only prevents further damage, it does 
not prevent any damage caused by the initial contact nor 
resolve the original problem: both robots trying to be in the 
same space at the same time. Also, by moving at this sloW 
speed, the time needed for a Welding operation is greatly 
increased. Further, the sloW movement approach is only 
useful for positioning. A Welding operation must usually 
occur at a predetermined speed. Moving the robot arm at a 
sloWer speed during a Welding operation may result in the 
Workpiece being damaged by excessive heat. The Workpiece 
may be Warped or even burned through, or an excessively 
large Welding bead may be deposited. Therefore, there is a 
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need for a method of operating robot Welders in a manner 
Which avoids collisions betWeen the robots. 

[0012] Before beginning a Welding operation, the robot 
must knoW hoW to get the torch into the compartment in 
Which the Welding operation is to be performed. This can be 
done by the operator, by manually measuring the coordi 
nates, or by manually positioning the robot in the compart 
ment. HoWever, manual measurement of the coordinates is 
time prone to errors, and manual positioning is time con 
suming. In many cases, the Workpiece is designed using a 
computer aided design (CAD) program. This CAD program 
contains information Which could be used to determine the 
entry point into a compartment for the torch. This Would 
eliminate the need for manual measurement or control, 
Would improve speed, and Would eliminate errors. There 
fore, there is a need for a method for specifying a compart 
ment entry point for a Welding operation based upon data 
provided from a CAD program. 

[0013] Even after the torch is guided into the compartment 
in Which a Welding operation is to be performed, the starting 
and ending points of the Weld must be determined. This can 
be done by the operator, by manually measuring the coor 
dinates, or by manually positioning the torch to determine 
the coordinates, and then loading these coordinates into the 
robot. HoWever, these procedures are time consuming and 
may introduce errors. Some robots have a “touch-sensing” 
capability. That is, the ability to locate the boundaries or 
Walls Which limit the operation area of the robot. This 
capability could be used to de?ne the coordinates of the 
Weld. Therefore, there is a need for a method for automati 
cally determining the starting and ending coordinates of a 
Weld. There is also a need for a method for automatically 
determining the starting and ending coordinates of a Weld 
using the touch-sensing capability of the robot. 

[0014] Programming a robot by going out on the shop 
?oor and using a pendant to teach the robot the steps 
necessary for the Welding operation is useful, but is time 
consuming and, therefore, inefficient and expensive. Further, 
it requires the operator to go into an environment Which is 
not climate controlled. If the Weather is particularly adverse 
then the time that the operator can spend on the shop ?oor 
may be very limited. To circumvent this problem, some 
facilities use programmers to Write the Welding program by 
looking at the CAD design, rather than by going out on the 
shop ?oor. The programmer is thus in a climate-controlled 
environment and is not affected by the Weather. HoWever, 
this approach is often unsuccessful on the ?rst attempt at 
programming. This occurs because there are limits on the 
agility of a robot. The robot may be able to turn its Wrist 
through most of, all of, or even slightly more than, a 360 
degree arc but there Will be a limit. This limit condition is 
installed in the robot by the manufacturer and prevents 
excessive turning so that Wires, hoses, and cables do not get 
Wrapped around the robot arm and/or broken. If this limit is 
implemented by softWare it is frequently referred to as a soft 
limit condition and if it is implemented by hardWare, such as 
a sWitch, it is frequently referred to as a hard limit condition. 
If a program instructs the robot to move more than the soft 
limit condition alloWs, the soft/hard limit causes the robot to 
disregard the program instruction. A programmer may 
unknoWingly Write a program Which attempts to cause the 
robot to exceed a limit condition. When the offending 
program instruction is reached then the robot simply stops 
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operating. The programmer may have to run the program 
several times to determine Why the robot stopped. Then, the 
programmer Will have to modify or completely reWrite the 
program in order to avoid reaching the limit sWitch condi 
tion. In some cases, the programmer may have to modify or 
reWrite the program by going out on the shop ?oor and using 
the pendant. There is therefore a need for a method of 
generating a Welding program Which avoids the limit sWitch 
problem and Which also prevents the operator from having 
to go to the shop ?oor for the programming. 

[0015] Before the Welding operation is performed, the 
angle of attack of the torch of the robot must be speci?ed. 
There is an optimum angle of attack for most Welding 
operations. HoWever, merely specifying that angle in the 
Welding job for a robot is not useful because the compart 
ment in Which the Welding is to be done may be too deep, 
or have a beam With too much of a ?ange overhang, to obtain 
the desired angle of attack and the robot may merely jam the 
torch into the Workpiece in a vain attempt to achieve the 
desired angle of attack. Therefore, there is a need for a 
method for automatically determining the positioning of a 
torch to provide for an optimum angle of attack for a 
Welding operation. 

[0016] Further, the optimum angle of attack for the torch 
is not ?xed, even for a knoWn compartment design. If the 
orientation (pitch or roll) of the compartment is changed 
then the optimum angle of attack for the torch Will vary to 
compensate for the tendency of the molten metal to How 
downhill. Also, if one takes the program for a compartment 
Which has no pitch (inclination) and tries to use the program 
for a compartment Which has some pitch, the robot may be 
able to get into position to start the Weld but may encounter 
a limit condition as the robot attempts to perform the Weld. 
Thus, a different orientation (yaW, pitch, roll) may require 
the robot to use a different approach path in order to get the 
torch into the compartment and be able to complete the 
Weld. Therefore, there is a need for a method for generating 
a program Which is responsive to the orientation of the 
Workpiece. 

[0017] Once the robot has successfully placed the torch 
Within the desired compartment and the torch is positioned 
at the best available angle of attack, the robot must move the 
torch along the joint of the pieces to be Welded together. 
Point-to-point speci?cations are very useful if the joint is 
along a straight line. HoWever, if the joint is along a curve 
or bend, or there is a change in the direction of the joint, then 
point-to-point speci?cations become less useful. Attempting 
to create a curve by a series of point-to-point speci?cations 
is time consuming and also prone to errors because the 
ending point of one path must precisely correspond to the 
starting point of the next path. Also, if the curve is severe, 
then numerous point-to-point speci?cations may be neces 
sary to simulate the curve closely enough to keep the torch 
on the joint. There exists a method for automatically track 
ing the joint for a Welding seam Where the seam is a joint 
betWeen tWo planar surfaces. HoWever, in some cases, the 
Weld to be made is not a joint betWeen tWo planar surfaces 
but is a joint betWeen tWo perpendicular surfaces. The prior 
art seam tracking method frequently fails to provide the 
desired results in the case of perpendicular surfaces. There 
fore, there is a need for a method for automatically tracking 
the seam betWeen tWo perpendicular surfaces. 
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[0018] In some cases, the Weld to be made is not a joint 
betWeen tWo surfaces but, rather, is simply a Welding bead 
placed along the edge of a piece to eliminate the rough edge, 
or provide for rust prevention, or provide a better edge for 
a later Welding operation, etc. As in the case of a seam, 
point-to-point speci?cations are very useful if the edge is a 
straight line. HoWever, if the edge is curved or bent, or there 
is a change in the direction of the edge, then point-to-point 
speci?cations become less useful. Attempting to create a 
curve by a series of point-to-point speci?cations is time 
consuming and also prone to errors because the ending point 
of one path must precisely correspond to the starting point 
of the next path. Also, if the curve is severe, then numerous 
point-to-point speci?cations may be necessary to simulate 
the curve closely enough to keep the torch on the edge. 
Therefore, there is a need for a method for automatically 
tracking the edge of a component so that a Welding bead can 
be applied to the edge. 

SUMMARY OF THE INVENTION 

[0019] The present invention provides a method Whereby 
collisions betWeen robots are avoided. In the present inven 
tion the operator instructs each robot, in the above-described 
conventional manner and using the control pendant for that 
robot, What Welding operation is to be performed and, to the 
extent necessary, hoW the robot is to position itself to 
perform the Welding operation. Preferably, this is done for 
the compartment Which is the smallest, or is the most 
dif?cult for the robot to get into and/or to position itself for 
the operation. For example, a Weld may be performed in an 
area Which is under the flange of a T-beam. A particular 
sequence of moves may be required to get the torch past the 
?ange and into position at the right angle. The operator then 
causes the robot to store this sequence of moves as its job. 
This procedure is performed for one robot at a time. The 
operator then uses the pendants to cause the robots to begin 
“single step” execution of the programs. Single-step execu 
tion means that a robot Will perform one command of the 
program and then stop until permission is given to perform 
the next command of the program. In the preferred embodi 
ment, the operator gives a robot permission to execute the 
next command by pressing a key on the control pendant for 
that particular robot. 

[0020] The operator then Watches the robots step through 
their respective jobs. At each stopping point (completion of 
the execution of a command in the job) the operator decides 
Whether any robots are heading for a collision. This is a 
judgment call based upon the experience of the operator. In 
the preferred embodiment, a collision is deemed possible if 
any robots Will pass Within three or four inches of each other. 
This is a conservative ?gure and smaller distances are 
acceptable. If a collision Will not occur then the programs 
are satisfactory at that point. HoWever, if the operator 
determines that a collision may occur then the operator 
determines if the collision can be avoided by, for example, 
letting robot Acomplete the next command, or even a series 
of commands, before robot B is alloWed to resume its job. 
If the collision can be avoided in this manner then the 
operator inserts stop commands into the program for robot 
A. These stop commands cause robot A to stop and to send 
out a “position” signal. This indicates that robot A has 
reached a desired point, such as completion of passage 
through the potential collision Zone. The position signal may 
be based upon any desired criteria but is preferably based 
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upon the completion of a command in the job. The operator 
also inserts stop commands into the program for robot B. 
Finally, the operator creates a control program for the central 
controller. The control program for the central controller is 
a series of instructions Which causes the central controller to 
look for a position signal from all of the robots. Once the 
central controller has received a position signal from all of 
the robots the central controller sends a resume signal to all 
the robots. The resume signal alloWs the robots to resume 
execution of their respective programs until the next stop 
command is encountered. The use of the stop commands 
causes a robots to stop at a preselected point and Wait until 
it receives permission to resume from the controller. The 
central controller Will not give permission until all of the 
robots have reached stop points. Therefore, the robots Will 
brie?y stop and, When all the robots have stopped, the 
central controller Will alloW the robots to resume. 

[0021] To avoid a collision, the operator Will insert a stop 
command into the program for robot B. The stop command 
is inserted to cause the robot B to stop at the point (command 
in the job) just prior to Where the robots may collide. The 
operator Will also insert a stop command into the program 
for robot A. This stop command is preferably inserted at the 
point Where robot A has cleared the area of danger (com 
pleted the steps necessary to be clear of robot B When robot 
B performs its sequence of steps). There is preferably the 
same number of stop commands in the program for robot A 
as in the program for robot B. OtherWise, robot Amight run 
completely through its program and begin the next program. 
Then, the operator Will insert a position tests into the central 
controller. When robot B reaches the beginning of the 
danger Zone it Will encounter its ?rst stop command and Will 
send a signal to the central controller that it has stopped. This 
assures that robot B is in knoWn position prior to beginning 
the collision avoidance sequence. When the controller has 
received the signal from robot Athat robot A has completed 
its operation then the controller Will send a signal authoriZ 
ing robot B to proceed. Note that, as a result, robot A is 
performing the desired movements While robot B is Waiting. 
When robot A completes its movements and encounters its 
stop command it Will stop and send a signal to the central 
controller that it has stopped. This means that robot A has 
completed its movements and so robot B can begin its 
movements. The central controller has noW received the 
position signals from both robots so the controller sends a 
signal to both robots authoriZing them to resume. The robots 
can then proceed to execute the remainder of their respective 
jobs, at least until the next stop command is encountered. 
Preferably, there is a stop command at the end of each job 
to notify the controller that the robots have completed their 
operations. Therefore, by the insertion of stop commands 
into the programs for the robots and tests into the program 
for the central controller, the movements of the robots have 
been sequenced so as to avoid collision betWeen the robots. 

[0022] In an alternative embodiment, to avoid a collision, 
the operator Will insert a stop command into the program for 
robot A and insert tWo consecutive stop commands into the 
program for robot B. The stop commands are inserted to 
cause the robots to stop at the point (command in the job) 
just prior to Where the robots may collide. The operator Will 
then insert tWo stop commands into the program for robotA 
at the point Where robot A has cleared the area of danger 
(completed the steps necessary to be clear of robot B When 
robot B performs its sequence of steps). Then, the operator 
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Will insert a stop command into the program from robot B 
at the point Where robot B has cleared the area of danger. 
Finally, the operator Will insert three position tests into the 
central controller. When robots A and B reach the beginning 
of the danger Zone they Will both encounter their ?rst stop 
commands and Will send a signal to the controller that they 
have stopped. This assures that both robots are in knoWn 
positions prior to beginning the collision avoidance 
sequence. When the central controller has received the 
signal from both robots then the central controller Will send 
a signal authoriZing the robots to proceed. Robot A then 
proceeds to execute the next command(s) in its job. HoW 
ever, robot B immediately encounters its second stop com 
mand so it stops and sends a signal to the controller that it 
has stopped. Note that, as a result, robot Ais performing the 
desired movements While robot B is Waiting. When robot A 
completes its movements it Will encounter its second stop 
command so it Will stop and send a signal to the controller 
that it has stopped. This means that robot A has completed 
its movements and so robot B can begin its movements. The 
central controller has noW received the position signals from 
both robots so the central controller sends a signal to both 
robots authoriZing them to resume. NoW, robot A Will 
immediately encounter its third stop command so it stops 
and sends a signal to the central controller that it has 
stopped. Note that, as a result, robot B is performing the 
desired movements While it is noW robot A that is Waiting. 
When robot B completes its movements it Will encounter its 
third stop command so it stops and sends a signal to the 
central controller that it has stopped. At this point both robot 
A and robot B have completed their respective movements, 
have cleared the danger Zone, and are Waiting for authori 
Zation to proceed. The central controller has noW received 
the position signals from both robots so the central controller 
sends a signal to both robots authoriZing them to resume. 
The robots can then proceed to execute the remainder of 
their respective jobs, at least until the next stop command is 
encountered. Preferably, there is a stop command at the end 
of each job to notify the controller that the robots have 
completed their operations. Therefore, by the insertion of 
three stop commands into the programs for the robots and 
three tests into the program for the central controller, the 
movements of the robots have been sequenced so as to avoid 
collision betWeen the robots. 

[0023] The touch-sensing operations and the Welding 
operations are very movement intensive in that extensive 
rotating, bending, and tWisting procedures may be used to 
achieve the desired results. Therefore, even if the robots do 
not appear to collide in the single-step process, there may be 
a collision if the robots are in the normal speed mode of 
operation and one robot is lagging behind the other robots 
because of a sloW motor, or the number and/or complexity 
of the operations required to get into position. This lag can 
cause a collision that otherWise Would not have occurred. 
Therefore, in the preferred embodiment, out of an abun 
dance of caution, the robots are synchroniZed at critical 
points. The job for each robot includes a stop command once 
the robot has positioned the Welding torch inside the com 
partment, a stop command at the end of each touch-sensing 
operation, a stop command before each Welding operation, 
and a stop command at the end of each Welding operation. 
Therefore, even if a robot is sloW, the controller Will not 
alloW any robot to proceed to the next set of steps until all 
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robots have reached the desired positions. As a result, all 
robots Will Wait until the sloWest robot has completed its 
operation. 

[0024] Once the jobs have been completely stepped 
through and the stopping points placed as necessary then the 
operator instructs the controller and the robots to execute 
their programs at a sloW speed. This alloWs the operator to 
con?rm that the robots Will not collide While still providing 
the operator enough time to react and immediately stop the 
execution of the programs if the operator determines that a 
collision is about to occur. The operator can then further 
modify the programs to insert additional stops or to modify 
the job of a robot so as to prevent the collision from 
occurring. 

[0025] After the operator has con?rmed that there Will be 
no collisions then the operator saves (stores) the modi?ed 
jobs. In the preferred embodiment, the programs are saved 
in the robot memories. In an alternative embodiment, the 
programs are saved in the central controller. Regardless of 
Where stored, the programs can be recalled and doWnloaded 
for use Whenever desired. 

[0026] In actual operation, each robot Will execute its oWn 
job at full speed, stopping at the speci?ed points, and Waiting 
for permission to resume. The controller Will monitor each 
robot and, When a robot noti?es the controller that the robot 
has stopped, the controller Will determine Whether the 
robot(s) may be alloWed to proceed. Further, a robot Will 
stop and notify the controller Whenever that robot reaches 
the speci?c point so that all the robots may resume execution 
of the jobs Without danger of a collision. 

[0027] The present invention therefore provides that col 
lisions betWeen robots are avoided While still maintaining 
the speed of operation of a Welding process. 

[0028] The present invention also provides for the use of 
a single Welding program to perform Welding operations for 
a plurality of different Welds. In the preferred embodiment, 
the Welding programs for the robots are stored in the 
individual robots. The single program is suitable for a 
plurality of different Welding operations and can be modi?ed 
for the particular Welding operation to be performed. More 
particularly, the Welding program may be modi?ed by 
changing the compartment entry point, the Weld starting 
point, and/or the Weld ending point. Therefore, a robot needs 
only store a Welding program Which is representative of a 
class of Welding operations. Further, the robot can automati 
cally modify the program by using the touchsensing feature 
and the change position feature to reprogram the starting, 
ending, and intermediate points along a Weld to be made. 

[0029] The Welding program for each robot contains sev 
eral segments. A ?rst segment performs the initial position 
ing of the torch in the compartment. A second segment 
determines the starting and ending coordinates for the Weld 
ing seam in the compartment determined by the ?rst seg 
ment. A third segment performs the Welding operation using 
the coordinates determined in the second segment and then 
returns the robot to the home position. The second segment 
uses the touch-sensing feature of the robot to determine the 
location of the Walls of the compartment of interest and, 
therefore, the exact coordinates of the corners Which are to 
be Welded. The robot therefore performs the actual Welding 
operation using these coordinates. The present invention has 
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thus automatically and precisely determined the exact start 
ing and ending points of the Welding operation. This pro 
vides for the performance of a desired Weld even if the 
precise coordinates on the Workpiece are unknoWn or cannot 
be directly measured by the operator. 

[0030] Therefore, a robot can use a single program to 
perform Welding operations on areas Which are merely 
similar, even if not identical, because the robot automatically 
determines the coordinates of the area prior to beginning a 
Welding operation and uses the coordinates in the Welding 
operation. The one program Will therefore suffice for a 
plurality of different Welding areas, rather than having to use 
a separate program for each Welding area. 

[0031] The present invention also provides a method for 
programming a ?rst robot and a second robot to avoid 
collisions betWeen these robots. The method comprises the 
steps of: specifying a desired Zone of operation for each of 
the robots; causing the robots to develop jobs, Where each 
robot develops its oWn job to reach its desired Zone of 
operation; stepping the robots through the jobs; inserting 
stop points in each of the jobs as necessary to prevent a 
collision betWeen the robots; specifying resume conditions 
for any stop points; and storing the jobs With the stop points. 
The step of specifying resume conditions preferably com 
prises determining that all the robots have stopped, but may 
also specify the occurrence of a speci?ed movement by 
another robot for the passage of a speci?ed amount of time. 

[0032] The present invention thus provides a method 
Which prevents collisions betWeen robots Which are operat 
ing in the same area, especially those robots operating on the 
same Workpiece. This method Works With existing robot 
Welders, does not require modi?cations to the robots, and 
does not require expensive computer spatial analysis pro 
grams, Which may not even be available for the type of 
processor used in a particular robot. 

[0033] Therefore, the present invention provides a method 
for programming a ?rst robot and a second robot to avoid 
collisions betWeen the robots by specifying a desired Zone of 
operation for the ?rst robot and a desired Zone of operation 
for the second robot, developing a job for each of the robots, 
Where the jobs instruct the robots hoW to reach the desired 
Zones, simultaneously stepping both robots through their 
oWn jobs, observing the robots as the robots are stepped 
through their jobs, inserting stop points as necessary to 
prevent a collision betWeen the robots, specifying resume 
conditions for the stop points, and storing the jobs With the 
stop points. The step of specifying resume conditions 
includes specifying at least one of the folloWing: all robots 
being at stop points, passage of a speci?ed amount of time, 
and completion of a speci?ed movement by another robot. 
The step of specifying the Zone of operation for a robot 
includes specifying an area Where the robot is to perform a 
speci?ed process, such as a Welding operation. 

[0034] The present invention also provides a method of 
operating a ?rst robot and a second robot by receiving a 
signal that the ?rst robot has reached a ?rst predetermined 
point, receiving a signal that the second robot has reached a 
second predetermined point, authoriZing the ?rst robot to 
proceed to a third predetermined point, Waiting for a signal 
that the ?rst robot has reached the third predetermined point, 
receiving the signal that the ?rst robot has reached the third 
predetermined point, and authoriZing the second robot to 
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proceed to a fourth predetermined point. This method further 
includes Waiting for a signal that the second robot has 
reached the fourth predetermined point, receiving the signal 
that the second robot has reached the fourth predetermined 
point, and authorizing the ?rst robot and the second robot to 
proceed to neXt points. 

[0035] The present invention further provides a method of 
operating a robot by proceeding to a ?rst predetermined 
point, sending a signal that the robot has reached the ?rst 
predetermined point, stopping the robot from proceeding 
further, Waiting for authoriZation to proceed to a second 
predetermined point, receiving the authoriZation to proceed 
to the second predetermined point, and proceeding to the 
second predetermined point. The method further includes 
sending a signal that the robot has reached the second 
predetermined point. 

[0036] The present invention also provides a method for 
specifying a compartment entry point for a Welding opera 
tion based upon data provided from a CAD program. The 
siZe and position of the components of the Workpiece are 
obtained from the CAD program, the largest component is 
determined, the center and edge of the largest component is 
determined, and the entry point is the above center and edge, 
offset to account for the dimensions of the robot arm. 

[0037] The present invention therefore provides a method 
of automatically determining an entry point into a compart 
ment composed of several members by determining a largest 
member, determining a center point of this largest member 
With respect to the compartment, determining a ?ange Width 
for this largest member, and offsetting the center point by the 
?ange Width to generate the entry point. If the entry point is 
for a robot arm having a predetermined physical siZe then 
the method includes further offsetting the center point by the 
siZe of the robot arm. The step of offsetting includes moving 
from the center point by the ?ange Width toWard the center 
of the compartment to generate the entry point. If the entry 
point is for a robot arm having a predetermined physical 
siZe, then the step of offsetting comprises moving from the 
center point by the ?ange Width and the siZe of the robot arm 
toWard the center of the compartment to generate the entry 
point. 

[0038] The present invention also provides a method for 
automatically determining the starting and ending coordi 
nates of a Weld. The touch-sensing capabilities of the robot 
are used to determine the locations of the corners of the 
Weld, the coordinates of the corners are then used to modify 
the Welding job by specifying the corners as the starting and 
ending points of the Weld. The starting coordinates of a Weld 
are determined by moving a probe, such as the tip or the Wire 
in the Welding torch, in a ?rst direction to determine a 
coordinate for a ?rst boundary, moving the probe in a second 
direction to determine a coordinate for a second boundary, 
the second direction being at a right angle to the ?rst 
direction, moving the probe in a third direction to determine 
a coordinate for a third boundary, the third direction being 
at right angles to both the ?rst direction and the second 
direction, and de?ning the starting coordinates as the coor 
dinate for the ?rst boundary, the coordinate for the second 
boundary, and the coordinate for the third boundary. The 
ending coordinates of a Weld are determined by moving a 
probe in a ?rst direction to determine a coordinate for a ?rst 
boundary, moving the probe in a second direction to deter 
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mine a coordinate for a second boundary, the second direc 
tion being at a right angle to the ?rst direction, moving the 
probe in a third direction to determine a coordinate for a 
third boundary, the third direction being at right angles to 
both the ?rst direction and the second direction, and de?ning 
the ending coordinates as the coordinate for the ?rst bound 
ary, the coordinate for the second boundary, and the coor 
dinate for the third boundary. 

[0039] The present invention also provides a method for 
automatically determining the position of a torch to provide 
for an optimum angle of attack for a Welding operation. The 
depth, Width, and ?ange overhang for a compartment are 
preferably obtained from a computer aided design (CAD) 
program used for designing the Workpiece. This information 
is then used to automatically determine the range of possible 
angles of attack for the torch. Robot arm positioning is then 
selected so as the most closely achieve the desired angle of 
attack Within he possible range of values. 

[0040] The present invention provides for determining a 
range of approach angles for a Welding torch in a con?ned 
area by determining a height for the con?ned area, deter 
mining an overhang for the con?ned area, determining a 
Width for the con?ned area, de?ning a ?rst approach angle 
based upon the height and the overhang, de?ning a second 
approach angle based upon the height and the Width, and 
de?ning the range as being bounded by the ?rst approach 
angle and the second approach angle. The present invention 
also provides for controlling an approach angle for a Weld 
ing torch of a robot in a con?ned area by determining a 
height for the con?ned area, determining an overhang for the 
con?ned area, determining a Width for the con?ned area, 
de?ning a ?rst approach angle based upon the height and the 
overhang, de?ning a second approach angle based upon the 
height and the Width, de?ning a range of approach angles as 
being bounded by the ?rst approach angle and the second 
approach angle, obtaining a desired approach angle for the 
Welding torch, if the desired approach angle is Within the 
range then instructing the robot to use the desired approach 
angle, if the desired approach angle is greater than the range 
then instructing the robot to use the ?rst approach angle, and 
if the desired approach angle is less than the range then 
instructing the robot to use the second approach angle. If the 
height, overhang, and Width of the con?ned area are de?ned 
in a computer-based speci?cation, such as a computer aided 
design (CAD) program, then the present invention includes 
the additional steps of selecting the con?ned area and 
automatically obtaining the height, overhang, and Width 
from the computer-based speci?cation in response to the 
selecting of the con?ned area. 

[0041] The present invention also provides a method for 
automatically tracking the joint for a Welding seam betWeen 
tWo components Which are not in the same plane, such as 
tWo plates Which are perpendicular to each other. The 
Welding torch is caused to deviate, such as Weaving or 
dithering, as it moves along the projected Welding path. The 
current is measured at the peak deviations and the current 
measurements are accumulated for a predetermined number 
of measurements. The cumulative current for the deviation 
in one direction is compared With the cumulative current for 
the deviation in the other direction and the torch is caused to 
move in the direction of the deviation Which produced the 
smaller cumulative current. 
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[0042] The present invention therefore provides for auto 
matically tracking the joint betWeen a ?rst component and a 
second component for performing a Welding operation by 
de?ning a preliminary path for the joint, moving a Welding 
torch along the preliminary path, providing an arc Welding 
current to the Welding torch, alternately moving the Welding 
torch slightly to a ?rst side of the preliminary path and to a 
second side of the preliminary path as the Welding torch is 
being moved along the preliminary path, providing a ?rst 
current measurement by measuring the arc Welding current 
When the Welding torch is to the ?rst side, providing a 
second current measurement by measuring the arc Welding 
current When the Welding torch is to the second side, 
comparing the ?rst current measurement and the second 
current measurement, and rede?ning the preliminary Weld 
ing path by moving the Welding torch slightly to the side 
having the smaller of the current measurements. The ?rst 
current measurement may be provided by measuring the arc 
Welding current at each of a predetermined number of 
points, and summing the measurements for these points to 
provide a cumulative current measurement as the ?rst cur 
rent measurement. The ?rst current measurement may also 
be provided by measuring the arc Welding current for each 
of a predetermined number of points, and averaging the 
measurements for these points to provide an average current 
measurement as the ?rst current measurement. 

[0043] The present invention also provides a method for 
automatically tracking an edge or an outside corner of a 
component for applying a Welding bead to the edge or 
corner. The Welding torch is caused to deviate, such as 
Weaving or dithering, as it moves along the edge. The 
current is measured at the peak deviations and the current 
measurements are accumulated for a predetermined number 
of measurements. The cumulative current for the deviation 
aWay from the edge is compared With the cumulative current 
for the deviation toWard the edge and the torch is caused to 
move in the direction of the deviation Which produced the 
larger cumulative current. 

[0044] The present invention provides for automatically 
tracking an edge of a component for performing a Welding 
operation, such as laying a Welding bead along the edge, by 
de?ning a preliminary path along the edge, moving the 
Welding torch along the preliminary path, providing an arc 
Welding current to the Welding torch, alternately moving the 
Welding torch slightly to a ?rst side of the preliminary path 
and to a second side of the preliminary path as the Welding 
torch is being moved along the preliminary path, providing 
a ?rst current measurement by measuring the arc Welding 
current When the Welding torch is to the ?rst side, providing 
a second current measurement by measuring the arc Welding 
current When the Welding torch is to the second side, 
comparing the ?rst current measurement and the second 
current measurement, and rede?ning the preliminary Weld 
ing path by moving the Welding torch slightly to the side 
having the smaller of the current measurements. The ?rst 
current measurement may be provided by measuring the arc 
Welding current for each of a predetermined number of 
points, and summing the measurements for these points to 
provide a cumulative current measurement as the ?rst cur 
rent measurement. The ?rst current measurement may also 
be provided by measuring the arc Welding current for each 
of a predetermined number of points, and averaging the 
measurements for these points to provide an average current 
measurement as the ?rst current measurement. 
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[0045] The present invention also provides a method for 
tracking a Welding seam and automatically detecting and 
compensating for certain conditions, such as a Wider than 
normal seam. The present invention uses a plurality of 
infrared emitters and detectors around the torch to detect 
changes in the re?ectivity of the components around the 
path. The central controller, or the microprocessor in the 
robot, evaluates the signals to determine the condition ahead 
and then eXecutes the response to that condition. For 
eXample, the presence of a small crack, or a slightly Wider 
seam, Will cause the robot to move the torch back and forth 
across the seam so as the encompass the crack or ?ll in the 
Wider seam. 

[0046] The present invention also provides for selecting a 
Welding program based upon the characteristics of the 
particular compartment to be Welded. Aplurality of Welding 
programs is generated for each of a plurality of different 
compartment types. The Welding program for the particular 
compartment is selected by inspecting the compartment 
types and orientations for the plurality of Welding programs 
and selecting a Welding program Which has a compartment 
type and orientation closest to those characteristics of the 
particular compartment. 

[0047] The present invention further provides for gener 
ating a Welding program from empirical formulas. Aplural 
ity of Welding programs is generated for each of a plurality 
of different compartment types. The Welding programs are 
inspected to empirically determine formulas for moving, 
placing, and Welding based upon such characteristics as the 
compartment type, siZe, and orientation. Then, the compart 
ment type, siZe and orientation for a particular Welding 
operation are speci?ed and the empirical formulas are used 
to generate a Welding program speci?c to that condition. 

[0048] The present invention also provides for storing a 
plurality of Welding programs in a central controller and 
doWnloading a program for a speci?c Welding operation to 
the robot Which is to perform the Welding operation. 

[0049] Other objects, features, and advantages of the 
present invention Will become apparent upon reading the 
folloWing description of the preferred embodiment, When 
taken in conjunction With the draWings and the claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0050] FIG. 1 is an illustration of a typical robot Welder as 
used in the preferred embodiment of the present invention. 

[0051] FIG. 2 is an illustration of a typical operating 
environment for the preferred embodiment of the present 
invention. 

[0052] FIGS. 3A-3B are a How chart illustrating the pro 
cess of the present invention. 

[0053] FIG. 4 is a How chart illustrating the operation of 
the controller of the present invention. 

[0054] FIG. 5 illustrates the touch sensing operation of the 
present invention. 

[0055] FIGS. 6A and 6B illustrate the torch in tWo 
differently shaped compartments. 

[0056] FIGS. 7A, 7B and 7C illustrate the seam tracking 
process for various types of Welds. 
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[0057] FIG. 8A illustrates a compartment or boX on a 
horizontal plane. 

[0058] FIG. 8B illustrates the same compartment on a 
different plane. 

[0059] FIG. 9 illustrates a Workpiece monitoring device. 

[0060] FIG. 10 illustrates the universal programming 
mechanism. 

[0061] FIG. 11 illustrates the use of bar codes for pro 
gramming the robots. 

[0062] FIG. 12 illustrates one method of off-line program 
ming of the robots. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0063] FIG. 1 is an illustration of a typical robot Welder as 
used in the preferred embodiment of the present invention. 
Robot Welder 100 may be, for example, a Panasonic Indus 
trial Robot Pana Robo Model AW-010A, manufactured by 
Matsushita Industrial Equipment Co., Ltd., Osaka, Japan. 
This particular model is speci?cally adapted for use in 
automatic Welding operations. Robot 100 has a base 101 and 
a turret 102. The turret 102 is rotatably connected to the base 
101 (turret rotation degree of freedom). A front arm 103 is 
rotatably connected to the turret 102 (front arm degree of 
freedom). Arear arm 104 is also connected to the turret 102. 
The front arm 103 and the rear arm 104 are connected to the 
upper arm 105. The front arm 103 and the rear arm 104 are 

independent so the rear arm 104 can be used to adjust the 
angle of the upper arm 105 after the front arm 103 has 
positioned the upper arm 105 (upper arm degree of free 
dom). 
[0064] The upper arm 105 is rotatably connected to a Wrist 
assembly 120 (Wrist rotation degree of freedom). The Wrist 
assembly to 120 can be eXtended or retracted (forWard 
backWard linear degree of freedom). Further, the Wrist 
assembly 120 is rotatably connected to a ?rst member 121 
(Wrist bending degree of freedom). The ?rst member 121 is 
rotatably connected to a second member 122 (Wrist tWisting 
degree of freedom). Also, the second member can be 
eXtended from or WithdraWn to the ?rst member (up-doWn 
linear degree of freedom). The second member 122 holds an 
electronic arc Welding torch 123, Which is fed by a Wire 
feeder 124. Each robot Welder 100 includes a microproces 
sor and a memory for storing a job (not shoWn). 

[0065] The memory in each robot 100 can store approXi 
mately 15000 steps or commands. In the preferred embodi 
ment, a job, also sometimes referred to herein as a move 
ment program, consists of a series of smaller programs, or 
subprograms. A robot can store about 1000 jobs. Each 
program consists of a series of steps and may be called from 
any job. Aprogram is a group of move, Weld, and sequence 
commands, as shoWn beloW, and may be, for eXample, an 
actual Welding operation on a speci?ed area, may be a robot 
arm or torch positioning operation, or may be a Wire cutting 
and nozzle cleaning procedure. In the eXample shoWn beloW, 
the JOB 76 consists of three Welding programs (34, 25, 30) 
plus three other programs (5, 440, 4) and tWo libraries (2, 3). 
A library is a group of sequencing commands, as shoWn 
beloW. Note that a program or library can be called more 
than once by the same job. 
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Gosub Library 3 Noti?es controller 230 that a job has been 
started. 
Robot moves from home position to a point 
above the Work area. 

Performs actual Welding operation and end With 
torch positioned over the Work area. 
Cut Welding Wire and clean nozzle. Position 
torch over the Work area. 

Performs actual Welding operation and ends 
With torch positioned over the Work area. 
Cut Welding Wire and clean nozzle. Position 
torch over the Work area. 

Performs actual Welding operation and end With 
torch positioned over the Work area. 
Robot returns to home position. 
Noti?es controller 230 that the job has been 
?nished. 

Gosub Program 5 

Gosub Program 34 

Gosub Program 440 

Gosub Program 25 

Gosub Program 440 

Gosub Program 30 

Gosub Program 4 
Gosub Library 2 

[0066] 

LIBRARY 3 

OUTB OPORT1 = 10 Causes robot to place a logic 1 at output no. 1. 
This alerts the controller 230 that the robot has 
reached the speci?ed-position. 
Causes robot to Wait to input no. 3 to be a 
logic 1. This signal comes from controller 230 
and is the resume command. 

WAIT IPORT3 = 1 

[0067] 

PROGRAM 5 

Movel 7.5 Moves robot arm to a speci?ed location at 7.5 
meters per second. 

Movel 7.5 Moves robot arm to a speci?ed location at 7.5 
meters per second. 
Calls Library 1 subroutine Which sends an 
output signal to the controller 230, signifying 
that the robot has noW reached a speci?ed 
position. Typically, the robot Will noW Wait 
until it receives a resume command from the 

controller 230, and the controller 230 Waits 
until it has received similar output signals from 
the other robots. 

Gosub Library 1 

Movel 7.5 Moves robot arm to a speci?ed location at 7.5 
meters per second. 

[0068] FIG. 2 is an illustration of a typical operating 
environment for the preferred embodiment of the present 
invention. The illustration shoWs four robots 100A-100D 
operating on a Workpiece 200. The Workpiece may be a 
complete assembly or may be part of an assembly Which is 
to be joined together into a complete assembly at a later 
time. One eXample of a Workpiece 200 is part of a military 
pontoon boat. The Workpiece 200 comprises a plurality of 
members 201A-201K, such as T’s, bars, and cross-bars, 
Which are used as, for eXample, stringers and headers. The 
members 201 form compartments 202A-202P Within Work 
piece 200. Robots 100A-100D are shoWn in position to 
perform an operation, such as a Welding operation, on the 
Workpiece 200. It Will be appreciated that if, for eXample, 
robot 100D attempts to rotate counterclockwise While robot 
100B is in the position shoWn then there Will be a collision. 
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This collision can possibly be avoided if robot 100B retracts 
and/or loWers second member 22B and/or turns counter 
clockWise to some degree. HoWever, the robots 100 operate 
independent of each other. Moreover, a robot 100 does not 
knoW and does not have the capability of knowing Where 
any other robot 100 is, so a robot 100 cannot initiate action 
to avoid a collision. 

[0069] A control/teaching pendant 135 having a plurality 
of control buttons or keys and a display screen (not shoWn 
separately) alloWs the operator to directly control the opera 
tion of a robot 100. The pendant 135 also alloWs the operator 
to insert commands, delete commands, and otherWise 
modify a program. There are four pendants, one associated 
With each of the robots 100A-100D but, for convenience of 
illustration, only pendant 135B is shoWn. Pendants 135 are 
standard equipment With the speci?ed robots 100. 

[0070] The preferred embodiment uses a central controller 
230 to control the position of the Workpiece, and to coor 
dinate the movement of the robots 100 to avoid collisions. 
Acontrol/teaching pendant 235, having a plurality of control 
buttons or keys and a display screen (not shoWn separately), 
alloWs the operator to insert commands, delete commands, 
and otherWise modify the program in the controller 230. A 
standard computer terminal keyboard (not shoWn) or other 
input device may also be used for this purpose. Pendant 235 
or the installed input device may also be used to input 
commands directly into the robot, in Which case controller 
230 acts merely as a conduit for the commands. 

[0071] In the preferred embodiment the Workpiece 200 is 
on a cart (not shoWn) Which may be moved forWard (toWard 
robots 100C and 100D) and backWard (toWard robots 100A 
and 100B) so that the different compartments in the Work 
piece 200 are accessible to the robots 100. The cart is 
servo-controlled and is operated under the control of con 
troller 230. In the preferred embodiment there are at least 
tWo carts so that Welding operations may be conducted on a 
Workpiece Which is on one cart While another Workpiece is 
being loaded onto or unloaded from the other cart This 
provides for continuous Welding Which increases the ef? 
ciency of the overall operation. 

[0072] Controller 230 is programmed by the operator to 
control the sequence of Welding operations, that is, Which 
compartment or group of compartments is ?rst, Which 
compartment or group of compartments is second, and so 
on. In the preferred embodiment the Welding is performed in 
a non-linear manner. That is, group 202A (compartments 
202A, 202B, 202C, and 202D) may be Welded ?rst, then 
group 202M, then group 202E, then group 202Q, and ?nally 
group 2021. This prevents heat buildup in any area because 
heat buildup can lead to distortion of the Workpiece 200. In 
the preferred embodiment the robots are stationary but is 
contemplated that, in some circumstances, such as Where the 
Workpiece is very large, it may be desirable or necessary to 
move the robots 100 With respect to the Workpiece 200. 

[0073] One function of the controller 230 therefore is to 
position the cart in the proper Zone. A proper Zone or 
position in a Zone is one Which provides for maximum 
agility of the robots. That is, a robot does not have to 
approach a limit condition on any axis in order to access the 
desired compartment. Acart does not move While the robots 
100 are Welding. Therefore, the controller program may 
instruct the cart to move to Zone 202A, Which may corre 
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spond to positioning the Workpiece, so that compartments 
202A - 202D are in position for the Welding operation. The 
controller then sends a command to all the robots to execute 
a speci?ed job, for example, JOB 76. Each robot 100 Will 
then begin to execute its oWn JOB 76, Which Will generally 
be slightly different than the JOB 76 for another robot 
because the home position of each robot is different and 
because each robot Will be Welding in a different area than 
any other robot. HoWever, the Jobs 76 Will have been 
previously synchroniZed, as described beloW, so that the 
robots 100 can execute their respective jobs 76 in unison 
Without colliding. Thus, the controller 230 program Would 
comprise the statements: Zone 202A, Job 76; Zone 202M, 
Job 76; Zone 202E, Job 76; Zone 202Q, Job 76; and Zone 
2021, Job 76. A job, such as JOB 76, preferably includes 
programs necessary to perform all of the Welding operations 
on a speci?ed compartment, such as compartment 202A. 

[0074] The controller 230 also monitors for various sig 
nals from the individual robots. These signals include, 
among others, emergency stop signals, signals triggered by 
the softWare in the robots 100, and “Wait” signals. A “Wait” 
signal is provided by a robot When it reaches a stop com 
mand in the program that it is executing. When the controller 
230 detects “Wait” signals from all of the robots 100 then it 
sends a “resume” signal to all of the robots 100. The 
program in a robot 100 provides that, once the robot has sent 
out a “Wait” signal, the robot Will not proceed until a 
“resume” signal has been received. 

Collision Avoidance 

[0075] To avoid collisions betWeen the robots the present 
invention provides that the operator synchroniZes the job 
programs for the robots. The process of synchroniZation 
requires the operator to insert a series of stop commands 
(stops) into the job for each robot, determine Which stops are 
necessary to prevent collisions, add the conditions under 
Which the program may be resumed, and remove unneces 
sary stops. Therefore, in the above example, robots 100A - 
100D Would be executing their respective jobs and robots 
100B and 100D Would be heading for a collision. HoWever, 
just prior to the collision point, robot 100D Would encounter 
a stop in its job. The other robots 100 Would continue in their 
operations because they had not encountered a stop com 
mand. Once these robots have completed the operations 
Which remove them from the danger Zone then they encoun 
ter a stop command. Controller 230 is noti?ed that all of the 
robots 100 have stopped so controller 230 sends out a 
resume command. Then, robots 100A- 100C Would encoun 
ter a second stop command in their jobs and notify controller 
230 that they had stopped. HoWever, robot 100D Would 
encounter normal commands so it Would continue in its 
movement. NoW, robots 100A - 100C are Waiting While 
robot 100D continues. Robot 100D continues movement 
until it reaches the next stop point. Robot 100D Would then 
stop and notify controller 230 that it had stopped. Controller 
230 Would then again knoW that all the robots 100A - 100D 
had reached their next desired positions and had stopped. 
Controller 230 Would then instruct the robots 100A - 100D 
to resume movement. 

[0076] In an alternative embodiment, the operator more 
closely synchroniZes the job programs for the robots. The 
process of synchroniZation requires the operator to insert a 
series of stop commands (stops) into the job for each robot, 
































