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Abstract
N,

Seam tracking is currently accomplished by special features of the robot and a priori knowledge of seam

geometry. In this paper we demonstrat"che feasibility of tracking a scam in real-time. A general-purpose

scam tracking algorithm is developed for implementation on a robot with six degrees-of-freedom. The

algorithm is motivated by a physical interpretation of the (T and rtW matrices, and the assumption that 3-D

seam data are available. In the past, the dt matrix and inverse Jacobian solutions have been used to

compute the differential changes in the joint angles. By using the inverse Jacobian, an iterative algorithm is

introduced to compute both large and small changes in the joint variables. The versatile seam tracking

algorithm can be applied to a multitude of robotic seam tracking activities such as gluing, surface grinding

and flame cutting.
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1. Introduction

Manufacturing operations such as robotic welding. gluing, scaling and surface grinding require trajectory

control of the tool mounted on the end-cffector of tie robot. While the kinematic control Algorithn

developed in this paper is applicablc to a multitude of manufacturing operations, robotic arc welding

nomenclature is used. iThc tool is called the welding torch, and the tool trajectory is defincd by the wcld

scam. The fundamental problem is to position a welding gun with the proper translational and rotational

positions with respect to a curved weld scam in three dimensional (3-1)) space. A seam in space can he traced

by a five degree-of-ffreedom robot. Since real-time scam tracing requires that bol the sensor and torch trace

the scam, a six degree-of-fri-eedom robot is required. Automation of'the welding process thus demands a robot

with si.x dcgrees-of-fieedom and acceptable performance in tenns of speed and accuracy. The control task

also demands a real-litne algorithm to guide the robot in a fixed geometrical relationship to the contour.

Automation of the welding process can be divided into two distinct components

" Seam data acquisition and interpretation by a sensor system : and

" Guidance and control of the robot to traverse the seam, while maintaining the proper orientation
and position.

Since the scam data constitite the 3-D coordinates of the scam, a visual sensory device (such as a light stripe

imagitig device) caru be used to obtai" the seam data. Methods for obtaiing 3) data from 2-1) imnge-, have

been developed [Agin 821. Havaing obtained and interpreted the seam data, the control system must guide tie

robot to traverse the scan and pkce the requisite amount of weld material along the path. The torch position

and attitude must be controlled precisely to ensure acceptable weld quality.

Seam tracking is currently accomplished by exploiting a special feature of the robot or limiting the

application to a particular type of a scam. Bollinger and Harrison [Bollingcr 71] describe the principles and

techniques of a spatial seam tracking system. In this application, the scam is constrained to lie oi a cylindrical

surface. Tomizuka, et a. rl'onliZUka 80] propose a preview control strategy for two-axis welding torch

positioning and velocity control. The scheme is only applicable for two-axis control and hence constrains the

sean to lie in a plane. Furthermore. the scheme cannot be implemented on a gei r:d purpose six degrec-of-

fircedom robot.

One of the first successful demonstrations of computer vision to arc welding is the NASA wehl skaie [Hill

801. This system has been implemented on a special-purpose robot and requires special edge preparation to

operate properly. '[lie system is incapable of making any determination regarding the joint fit-up. The

principle ofstructured illumination has been employed by Kawasaki Heavy Industries of Japan [Niasaki 791 to

develop a visual seam tracking system. Tihe approach used for image analysis is training-by-showing. A set of

I[
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typical images is acquired in a teaching operation prior to welding and stored in the memory of the processor.

As real-time images are acquired, a scarch is conducted (through the set of trained imagcs) until a match is

found. During the matching process, the positional displacement bctwecn the two images is computed and

used to correct the position of the torch. The system has been designed specifically for the ship building

industry and hence operates only on fillet joints. The system does not utilizC part fit-tip in formation for scam

tracking.

An example of welding-by-teaching is the system described by Masaki. el i1. [Masaki 811 which has a visual

scam tracking capability. The robot is taught the reference path for the end-effector and the reference image

for the image processor. In the teach mode, two passes are required for each work piece, one for sensing and

one for welding. The path for the welding operation is generated from the sensing pass inlormation.

Current robot welding systems are thus suitable for large batches of' parts which are cut and fit to tight

tolerances. The robot must trace and weld a seam, within acceptable tolerance limits, onl such closely fit parts.

Another limiting factor for a semi-automated welding system is the robot programming and set-tip time in the

shop when the part is changed. These constraints may be cased through the introduction of a CAD/CAM

data base in which the welding trajectories and speed. weave pattern, wire feed rate, voltage and current are

stored for each welding pare and then retrieved as requircd. Unprcifictable fit-up and loose part tolerances

create the need for a real-time guidance and control algorithm.

The objective of this paper is to introduce a versatile seam tracing algorithm that demonstrates the

feasibility of tracking a seam in real-time. The general purpose seam tracing algorithm can be

implementabled on any robot with six degrees-of-freedom. The algorithm is motivated by the physical

interpretation of the forward solution, or T6 matrix [Paul 81] and the inverse Jacobian. To facilitate

implementation of the inverse Jacobian solutions, an iterative algorithm is developed to compute the

differential changes in the joint variables from the dT6 matrix. To reduce significantly the on-line

computational requirements, the concept of a modified d 6 matrix is also introduced. 'To evaluate the

performance of the scant tracing algorithm, a functional simnulation package (for the Cyrol robot in our

laboratory) has been implemented. The outputs of the simulation are the joint po'ltion and velocity set-

points for the robot control system.

The paper is organized as follows. The !,:incmatics of the Cyro robot (including the forward and reverse

solutions , and the Jacobian and inverse Jacobian) are developed in Section 2. The Foundations for the seam

tracking algorithm are laid in Section 3. Focus is on the specification of the T6 matrices at the sample points

ICyro is a trademark of the Advanced Robotics Corporation.
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along the scan and planning the motion of the torch. To reduce tile computational requirements of the
algorithm for real-time applications, the concept of the modified d'" 6 matrix is introduced in Section 4, and an

iterative algorithm to compute both large and small changes in the joint coordinates is then developed. The

compuLational ,equiremncnts are enumerated to indicate the potential tor thc real-time implementation of the

algorithm. The salient features of the simuktor, which has been implemented to eValuate the performance of

the seam tracing algorithm, are presented in Section 5. Simulation experiments for representative test cases

are then highlighted in Section 6. Finally, in Section 7. conclusions are drawn from the simulation

experiments, and the paper is summarized.

2. Kinematics of the Cyro Robot

The forward solution (or '6 matrix) of the robot, from the base frame to the torch (or end-effector) frame, is

developed usiog homogeneous transformations [Paul 81). The homogeneous transformations, relating two

successive coordinate frames, are only a function of the six joint coordinates. Thus, knowledge or'all of the

joint coordinates leads to the transformation (or forward solution) from the base frame to the torch frame.

To develop the homogeneous transformation or A matrices, a coordinate frame is embedded in each of

six links of the robot, using the I)enavit-l-artenherg convention [I)enavit 551. The coordinate frames a,

shown in Figure 1. Joints 1. 2 and 6 ar revolute, and joints 3. 4 and 5 aro prismatic. The coordinates of the:

revolute joints are 06, 02 and 8 and the coordinates of the prismatic joints are x3 , z4 and y. The subscripts

on the coordinates indicate the joint number: the base is link zero. The base coordinate frame is fixed at the

center of the table of de robot and coincides with the first coordinate frame. When all of the six joint

coordinates are zero, the axes for joint 1 (table) and joint 6 (torch) are parallel and the robot becomes singular.

In the algorithm, the manipulator is assumed to be at the zero position. Without loss of generality, the

constant offsets of' the robot are assumed to be zero. A counter-clockwise rotation of the revolute joints is

considered to be positive, and translation of the prismatic joints along the positive z-axis is considered to be

positive.

The link parameters of the Cyro robot arc listed in Table 1, and the forward solution is displayed in Table 2.

Hlaving obtained the forward solution, the values of the joint coordinates that led to the 1 matrix can be

6computcd. This reverse solution [Paul 81] is required (by the simulator) to relate the T6 matrix to the present

values of the joint coordinates. The reverse solution is listed in Table 3.

Ilie differcntial changes in the cartesian coordinates of the torch are related to the differential changes in

the joint coordinates through the manipulator Jacobian [Whitney 72, Paul 81]. Each column of the Jacobian

matrix J is a differential translation and rotation vector. '[he column vectors of

I
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j al' 6  ai16  a'1' D016 a'1'6  a'[i 6
a~ D02 aX3 alt4 a7 Y

are listed inl Table 4.

In sex tracing. sensory data can hc Utilized to determineC [he incremental cliani~ inl thC position of' tdie
seam froi i di fferential changes inl the elements of tile T matrix. The di ffcren ral chainge imatix dLT is thuIs

availablc to. plan die incremental Moi(tions of thle torch. It ditiS bCcomes ii perdtix e t 1 lvd th1e in erse

Jacobian (or incrementalLil chlanges inl thle joint coordinates) which produce theC speciFied incremecntal change inl

tie Tl6 matrix.

Numerical inmersion of thle Jacobian [Whlitlicy 721 is coinpitamnonally inteniske and hence is not suitable fom

e-at-ti11 mecoiitrol applicaion~ls. I Ii reme vial chanlges inl the joilit Coordinates Call be ob La i ed hI iin a laylIor

series expansion of the rec erse Solution1. SuchI an approach leaids to anal ylical fovinuilac for thle di fl'ementiat

joint coordinates which are Functions of the elemlents of tile 1 a Lnd dl1 mnircesIPl 81.Al kii

:"01111.10 tr [iedil ICtill joint coordiniteS, which aeobtaint'd h% di fk'rte:1mtiiting Cre~e-S Soualol (in

T[able 3), ale listcd in [able 5.

3. Kinematic Seam Tracking Control
The cuntrol task is to Fill a volume with weld miate rial while inailiinuing the pi vper position iad orientation

Of the torch with respect to the seam. While travei sing the seamr, the tip of thle tor'Ch traCcs aI curve ill 3-I)

spalcc. If thle discreteC point(s on the cur-Ve to he traced avid the SUrflC con1tainling thle cur\ C7 ale identified, thle
.116 Inatric%:s canl be generated For ech1 point on thle discretized curve.

Specification of thc T '6 matrices at the sample points of die discretized curve accoui.plishecs die seami tracing

task. The TI matrix is6

lix ox ax px

11 a P 1 lio0> a, py
.r 0 0 011 ni, o, a, p,

0 0 0 1

and represents tile position and orientation of thle torch shown in Figure 2. The origin of' thle describing

coordinate frame is located It theC tip of theC torch and is described by thle '%CctOr p With respect to the base

frame. '[hle threeC Unit vectors n, o and a. which describe die orientation reative to the base Cranme, are

(lirected as follows (Pauli 811. 'The 7-axis of the describing framne lies along the direction that the torch

cipproaihes thle surface (containing the curve to be traced) and is called die alpproa3ch vctor a. 'The y-axis of

the describing frame lies along thle direction of the boom holding die caimera and is called thle orientation
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vector o. The normal vector n is then chosen to form a right-handed set or vectors and is computed as

= X

Thc vectors n, o and a descrihing the orientation of the torch and the vector p descrihing the position can be

specified independently. The control task can thus lbe split into two independent components

a racing a curve in 3-1) space; and

* Maintaining proper orientation of the torch with respect to the surfacc which contains the curve to
be traced.

The volume to be filled with the weld material is contained within two surfaces (of mctal) which are to be

joined together. Tle surfaces may be non-overlapping, as in the case of a butt joint (in Figure 3), or

overlapping as in the case of a lap joint or a fillet joint.

L.et ?n be a curve (in 3-1) space) which lies on the surface S and is to be tiaced by the tip of the torch. The

surface S may have a varying slope. Henceforth, the curve m will be termed the mid-scam. The mid-seam is

dircretized length-wise. Let n, be the vector (with respect to the baFse frane) pointing to the i-th sainpl point

mi on the mid-scam. hle dikcretization is specified to allow a piecewise linear approximation or the curc nt

between two adjacent sample points. It the surface (in the vicinity of the two sample points mi and mi  1) is

also Jiscretized, then a piecewise planar approximation of, is obtained. Let /P. denote the plane (contaiiiing

the points ini and mi, 1). The direction cosines of the plane spccig'y the orientation of the torch which is held

constant for the duration of travel from mi to mi+ V

The position of the torch is specified by the coordinates of the sample points. The foregoing description of

the position and the orientation of the torch completes the formulation of the "1"6 matrix at the sample points.

The ensuing section specifies the 6 matrix for butt, lap and fillet joints.

3.1. Specification of the T6 Matrix

Having interpreted physically the elements of the '16 matrix, de next step is to generite numerical values of

the elements of the ' 6 matrix in terms of the coordinates of the sample points obtained from the sensor

system. Since a light stripe projector and a solid state camera are assumed to be used as the sensory device,
the 3-D coordinates of the points on the surfaces to be joined are mapped into pixels in the camera image.

Figure 4 shows a typical camcra image (at the i-th sampling instant) obtained from a butt joint. The break

points in the camera images of the surface jndicate the discontinuity in the actual surfaces to be welded. To

specify the curve to be traced, it is essential to extract 3-) coordinates of die break points in the images. The
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inforr-naton regarding thc orientaition of thc surIfiaccs. i thc vicinity of die break points, can be obtained by

extracting thec oordinates of one additional point on cach surface. Tlhe break points irc called it and v. for

thec butt joint Shown in Figure 3. The additional points onl each of dic two surfaccs are called p, and i

respectively. [he SubIscript i denotes tile sampling instant. The coordinatcs of the sample poinits are specified

with respect to the base framic of thc robot. -and p., Ili V, and ti, - thc vcctors from the origin of tile base

frame to thc points p,. ui, vi and q, respectively. T'he cdgcs flornid by the samplc points I 1 p, qI. { u

and I arc denoted by p. q, u. and v, respectively.

T'o specify the 1) vector of theT 6', matrix requires knowledge of theC samnple pointLs along the mid-seam. For a

butt joint. the requirement that, thle torch be placcd exactly in the middle across the u and v'cdges forces thle x.

y and z coordinates of the mid-seam to be computed as:

l, + V1 i

2
nli Ui + Vyi

2

For both lap and Milt joints, torch stand-off is an important consideration for obtaining a quallity Weld. L et

the desired torch stand-off be chiaracterizecd by the parameter s. where s ranges from 0 to 1. T[he coordinates

of the mid-seam arc then computcd as

min = Ui + s(y v1 -U1 i)
m = zi + s( v,i - u .)

(2)

The pX, p Y and pz components of the Tl6 matrix are

PX = m~1  (3)

and specify conmpletely the last column of the T6 matrix.

Practical scams havc edges with slowly-varying slopes. Since the sample points arc assumed to lie close to

each other (typically separated by I mm), the edges between two sample points can be approximated by a
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straight line. This approximation leads to a plane which passes through at least three of the four sample

points (pi, p. .' q' q, q+ i) c The direction cosines of the plane are also the direction cosines of a vector normal

to the plane. Since the torch is required to be perpendicular to the fictitious scam surfauce, the direction

cosines of the approach vector a arc specified as the negative of the direction cosines of the normal to the

plane.

Thc values of the components of the orientation vector o are computed under the following constraint.

When the torch and the camera are on the seam, both should track the scam. This condition guarantees that

sample points will not be lost il" the slope of the mid-edge (at the point of the torch) differs from the slope at

the point-of-view of the camera. L.et M/I he a constant shift in the number of sample points between the torch

and the camera. Figure 2 shows that the o vector is pcrpendicular to the a vector and points along the

direction of the arm holding the camera. If the camera is traveling in the direction of the line joining i i + N-I

and mi+ N' then the robot system will never lose track of the scam, unless the slope experiences large changes

or discontinuities along the seam.

The equation ofa plane passing through three of the four points (Pi + N Pi'+N-I" qi+ N" q,+ N-I) can now be

specified, and the angle between the planes at the camera and the torch points can be determined. It'(X I, Pi,

v ) and (X2,)2' '2 ) are the direction cosines of the two planes, then the cosine of angle 0 between the planes

is

cos(0) =X 1X2 + L1 2 +PIP2

(6)

The vector a joining the points mi+ N-I and mi+ N along the mid-edge is computed as

6-- n-1 i +N - -I ni .N -1

(7)

The projection of the vector a onto the torch plane is chosen to be the o vector and is normalized to he of unit

length. Having obtained Lhe normalized o and a vectors, the it vector is computed as

to specify completely the "r matrix at the sample points.

While traversing from the i-th to the (i+ I)-th point, the orientation of the torch and consequently the n, o

and a vectors remain constant. The p vector in the T6 matrix changes linearly because of the straight line

approximation between the two points. To maintain a continuous speed and acceleration at tie end points of



the segment, die motion of dic torch is planned.

3.2. Planning the Motion of the Torch

The motion of the tip ofl'te torch, in travcrsing a scgmncnt, is composed of two parts:

" Motion along thc segment, and

" 1'ransition between segments.

To make a smooth transition between segmecnts, it is desirable to maintain a ContfinuOuIS velocity and

acceleration at thc transition Points. To specify the transition equations, a (bUri-ordcr curve is tic between

the point where a transition starts and tie point indicating the cnd of the transition [Paul 81). The equations

for the transition trajectories and velocities are oulLined in Section 3.3.

Let M be the total number of transition steps in which the (lesired change in T6 is to occur. The differential

changes in the ui, o and a vectors at each transition point arc

Ail 60t4Ir)4 -TIi

(9)

(10)

wherc the subscripts i and (i + 1) denote the i-th and (i + 1)-th segments, respectively. 'Ilic Anl, Ao and Aa

vectors are then added to the current n, o and a vectors, respectively, and normi~lizcd to Uinit length, to

produce the n. o and a vectors at the next segment. Ic-t n PoP a Pand nn, On, ;I he thie vectors of the .1' matrix

at the present and next segments, respectively: and let the subscript N indicate that these ' ectors have been

tiorrnaliz'ed to unit length. The nit' on and a,, vectors arc thuIs computed as follows

(12)

(13)
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(14)

Having computed the three component vectors (it, o and a) of TI6 at thc next sget h is he

columns of dhe differential change miatrix d'l' are determined, and the fourth column (or dp vector) can be

Computed from the transition trajectory to specify thc differential traniSlation. '[he differential change matrix

d'l' 6 is then

dii, do, da, dp,
6 dn, do, da, dp,

(15)

where the differential vector components (dn. do, d~a and dp) of the d(IT, matrix represent the corresponding

Chainge inl tle vector components (it. o, a and p) of theT n6 atrix.

IHaving gencratod, the present T6' matrix and dIl 6matrix to reach the neCXt point, the inverse Jacobianl (ill

'[aleI 5) is tused to compotLeC iteralively, the diffecrential changcs in the johil c'ordiir~ilc, . Fhe inveim w. Jacobiani

soltitions are derived tinlder the i'~suipmtion that the changes in the joint variables lead-ing (o the speci lied d'I'6
matrix are smnall. 'lI o oercome the practic.iJ ft that this assumption is not always sotisfled inl Scant tracing

applicaim'ns, an iteradve technique is developed to compute the charges inl the, joint %ariables. The \elocity

set-pi ints during the transition arc obtained by dividing the incremental values of thc joint variables by thc

time required to make the incremental change. Tlhe transition ends when the torch rcaches the point 1) onl the

segment B-C in Figure 5. At this point, the torch has thc required orientation and velocity to track the

(i + 1)-tb segmcnt 1)-C without error. '[his motion is called miont-alonig-!he-segmienft.

lDuring the motion of the torch, along the segment, the it, o and a vectors of the robot remain constant. 'I'he

updated d'[' matr'ix is seiedas:

0 0 0 dp,,
0 0 0 dpy

d1l6 - 0 0 0 dp,
.0 00 0

(16)

where dpx, dp Yand clp, arc the differential changes in tie x, y and zi coordinates of dic (i± 1 )-tb transition



t0

point. When the torch reaches thc next transition point, the process of planning dieC iotion of tile toich,

along thc segment and during tie transition, is repeated to plan thc motion For the next segment.

3.3. The Transition Curves

A transition segment is illustrated in Figure 5. The transition starts at point A in thc i-th segment and ends

at point 1) in thc (i + l)-th segment. Maintaiining a continuous velocity and acceleration at dhe points A and 1)

appears to rcquirc that Six boundary conditions be satiSkid. lfthi-order polynomial (with six paraiencr)

would then be needed to approximate the cartcsian transition curve. m'nunelt, of tdie transition guiarantees

that a quatic polynomnial canl approximate thle Cartesian transition curve (Paul 8112. To facilitte the
development, let T be the transition time and I h thle time requfired to traverse the segment li-C. T[he timne of

travei ( T' ) across a segment is computed hy dividing the volume of the weld material (to be deposited along

the Segment) by the weld-wire voIlumetric feed-rate, which is aIssumedCL to be constant. [he ratio (Tf/I) is

specified by the engineer (in Section 6). L et the normnaizedI time-step parameter Ih be defined according to

h=t

(17)

where t denotes the i-lmnning time-variable (-T < t < T).

I .et the fourth-order polynomial approxim-ating the cartesianl transition segment be

X(1h) = P.ih' +#111 3 1- #211 + Pill +#P

where the Five parameters (ja for i = 0 to 4) mnust be selected ror X(h) to satisfy the boundary conditions

tPatil 811:

X(0) =A X (l1) (C 1) +11I

1 ' 
( 1 9 )

X(O) =0 X(1 =0

(20)

where the dot denotes differentiation with respect to hi. (T[he initial acceleration condition X(O) =0 leads to

P2 = 0.)

The cartesian position, velocity and acceluration of the torch onl the tranition curVe (as Ifunctions of the

normnali~ed time-step parameter h) arc

2. hc transition equations arc reproduced here because of [lie typo~raphicAI mrors in ihe cited referece~.



X(h) = -(ACL -A13)h" + 2(AC-IL -AI)h 3 +2(Al)h +A

(21)X(h) = -4(ACL - AB)h 3 + 6(ACL - AB)h 2 + 2(AR)

(22)

and

X(h) =-12(ACI - AIh 2 + 12(AC L - AIlh

(23)

where AB = (13 - A) and AC = (C - II).

Equation (21) defines tile cartesian position of tile torch (in terms of' the normalized time-step parameter h)

and is used to CVallatC the coordinates of die transition point. The welding torch transits from the present

segment to the next and maintains a continuous velocity and acceleration at the end points (A and 1) in Figure

5) of the transition scgicnL;s. Equation (21) is used to compute the position of tie torch during the transition.

In the next section. the n, o and a vectors for the transition are formulated.

4. The Modified dT 6 Matrix

The d' 6 matrix specifies an incremental change in the orientation and )oSition of1 tl, torch induced by

incremental changes in the joint coordinates. Seam tracing requires incremental changes (in the base

coordinates) in both the position and orientation of tie torch. Since the changes in the base and the joint

coordinates are related through the nonlinear inverse Jacobian coordinate trans formation, a ;mali change in

the position and orientation of the torch in the base coordinates may require a large change in the joint

variables. This realization hampers application of the inverse Jacobian to compute the difl'rential changes in

the joint coordinates from the dT matrix.
6

lle goal of this section is to introduce the concept of a modified dT 6 matrix and an iterative algorithm

which does not restrict the nature of changes in the joint variables that led to tile specified dTb matrix [Khosla

83]. If the changes are incremental (as assumed for the derivation of the inverse Jacobian). then the algorithm

converges in the first iteration. In tie case of large changes, tie algorithm converges rapidly (in t)pically 2-3

iterations for the examples highlighted in Section 6) to the appropriate differential changes in the joint

coordinates. The T6 matrix at the next point is computed by adding the present T6 matrix to tie modified

dT6 matrix. This approach reduces computation time because computing the next '[, inatrix does not require

the forward solution.

Let R and S be two points on the mid-seam transition segment bet-vcen the points A and I) (in Figure 6).
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Let the position and the orientation of the torch at points R and S bc speciftied by 'I6R and'1' 6, respectively.

LeCtT be such that thc changc d'16 in T 6RJ leads to T 6S' ' I1litS,

T6S =T76R + dT(,
(24)j

It is also possible to reach T 6Sfroml T 6 th iO ugh a trnfrainC (in the base coriae)which Cnit

of a translation along the x, y and z. axes followed by a rotation 0 along anl axis k. Thus.

T,= CT6,

(25)

where

C =Trins( x.y, z) R oi k, 8)

(26)

LeCt n1~ 0R and at be thle comnponent vectors of tile T~ matrix specifying the orientation of thle torch at the

point R, and n~ 0 and a~ hC theC corresponding vectors of tile T matrix, From (24). the cor responding

dikfircntial vectors (In, do ;und da are

(27)
do = QV OR

-. (28)
da = iz~ - aR

(29)

While traveling from point A to point D) (in Figure 5), thc d1T6 matrices should bc Computed to preserve the

physical significance of thle TU m ratrices at the transition points. TIhus, '176R~ should be computed from (IT 6

according to (24). Gcometrically, thc loci or the ni. o and a vector of a' Trxsolheapeeofui

radius.

Figurc 6 depicts the total desired change in each of the n, o and a vectors, while traversing from point A to

point D (in Figure 5) in M1 steps. The components Ain, Ao and Aa. computed from (30)-(32), are shown in

Figure 6. Trhe arc of the unit circle represents thc loci of tie n, o and a vctoris dur11ing IlIe transition. L et

(n 1du. (oR)u and (altdu be the unnormalizcd vectors whose tips Hie onl the point R onl the straight line joining

points A and 1). The subscript U indicates that the vectors are unnormalized. [he vectors It R' 0 i and a1It are

obtained by normalizing the magnitude of tie corresponding vectors to unit length.
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"l'hc unnormalized vectors of thc ''S matrix are computed as

(n,). ,), +

(30)
(o,) 0(,) +So

(31)
(is)U =(0)u +-Sa

(32)

and then norm.ilized to obtain the i., os and as vectors. The right-hand sides of (27)-(29) are thereby

specified completely, and the differential vectors of the dT6 matrix call be computed to preserve the physical

significance of the ', matrix.

Having obtained the dii, do and da vectors of the d'' matrix in (15), it remains to complutc the dp vector to

specify completely the matrix. The vector dp is computed as

"IP -A5 -R

where the vectors p,, and ps are obtained from (21).

IlN construction, the dT matrix satisfies (26). Since the magnitudes of the chaMls in the joint variables are

not constrained in the derivation of the d'l', matrix, the comnputcd d'l'T matrix satisfies (27). Thus, the 16

matrix at the next point S can be obtained by adding the Tl'6 matrix at the present point R to the computed

LT, matrix (and consequently there is no need to compute the '16 matrix at the point S from the updated

values or the joint variables when the torch reaches the point S). The real-time computational requirements

of this constnmction arc detailed in Section 5.

4.1. An Iterative Algorithm to Compute the Differential Changes

In applications, such as scam tracing (in which the sample points lie at incremental distances along the
seam), the required changes in the joint variables may not be incremental. A practical example involves

tracing a scam which has largc slope variations. The dT6 matrix is related to the changes in the joint variables

through die inverse Jacobian which, in turn, is derived under the assuMtption ot smlall changes in the joint
variables. Many of the seams occurring in practice have slowly varying slopes and application of the inverse

Jacobian to make the incremental motions is computationally advantageous. In practice, de seam may

exhibit large slope changes at a few points, and the solution obtained (for the differential changes in the joint

coordinates to reach the next point) from the inverse Jacobian may exhibit significont errors. The torch is

thus placed at the incorrect point on the seam, and a large error (in the position and orientation of the torch)

is introduced. To overcome this problem, an iterative algorithm is introduced. A block-diagram of the
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iterative algorithm is shown in Figure 7.

The algorithm begins at i = 0 with the initialization of thC following variables: 16 ('6 matrix of the next

point), "I' (currcnt T6 matrix), and qi + ! (current values of the joint variables).

The algorithm implemented at the i-th iteration is;

dT 6 ='1'6* -' '6i

(33)
dqi, I = J-'[d6i.qi + 11

(34)
qi + I = ch i "lqi +1

(35)
"i6j =1-"[qi +1](5

(36)

qi =l)[qi+l(

(37)

where J-1 is the inverse Jacobian (in Table 5) tbr the conmpttation of the differential changes in the joint

variables from d'I'ii and qi+ . (in contrast to the symbolic or nunerical itnversion of the Jcobian matrix); F

denotes the operation of computing the T1 tidtrix (in Table 2); and I) signifies the comy attion (delay) time

for the forward solution.

Upon substituting (34) intoJ35),

qi+ 1 = q + J -+J dl'6idT l + 1

(38)

and hence,

dqi , I = (qi + 1 - ci) = J-'(d'l'6i, qi + 11

(39)

Equation (39), and consequently the algorithm depicted in Figure 7, is the Newton-Raphson method

[Atkinson 781 for solving the inverse Jacobian system of nonlinear equations (in Table 5).

The algorithm converges (in theory) when all of the components of the dl' W matrix in the block-diagran (in

Figure 7) are zero. In practice, the algorithm is assumed to converge when each or the elements of d16i is less

than a pre-set tolerance. h'lhc.computed vector qi contains the desired set-points (in the joint variables) to

reach the next position. When the desired changes in the joint variables are small, the algorithm converges in

one iteration and reduces to obtaining the inverse differential solutions from the inverse Jacobian (in Table 5).

[A
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For tie scams tested with the simulator, the algorithm always converged in a maximum of three iterations

(when the preset tolerance was set equal to zero). The conputational requirements of the scam tracing

algorithm arc outlined in the next section.

5. Computational Requirements
Thec computations rcquircd to follow the scam from tile present sample point to the next are outlined in

Tablc 6. The number of iterations rcquiricd tbr the transition point computation and iteratike algorithm

(33)-(37) are denoted by N and N2, respectively. (For the seams traced by the simulator, typical values are

found to be N = 2 and N2 = 1.) Fxecution times of the 8087 hardware instructions [Intel 831 are listed in

Table 7. l'hese floating point operation times (including the times required to load and store the operand) are

used to estimate the time required to move the torch from one sample point to the next. Typical times (shown

in Table 6) range from 24 to 29 milliseconds, which correspond to sampling rates of 35-40 fI/. For most

welding applications, a sampling frequency of 10 H-z appears to be adequate.

These computational estimates are based upon the matrix kinematic modeling of manilIulators Used

throughout this paper. Matrix representations of rotations are highly redundant. Quaicrnions [Beeler

72. Hamilton 69] offer a convenient representation for rotations and can reduce both the storage rcqiirenients

and colputational loud 'Lay'lo, 791. The autho:rs estimate that the quate''nion implemcntatio o" the seam

tracking algorihm would increasc tie achievable sampling rate to 60 Hz.

6. Simulation
To evaluate the algorithm, a software simulator has been developed (in the C programming language on a

VAX 11/780) for the six dcgree-of-free dom Cyro robot in our laboratory. The simulation is initialicd by

retrieving seam data (as coordinates of sample points) from a data File. The first two sampled cross-sections of

the seam arc used to compute the desired T"6 matrix of the robot at the First point on the mid-seam and to

compute the joint position and velocity set-points to reach the desired destination. Upon reaching the first

point on the mid-seam, the algorithm comptites the coordinates of the transition point on this ,'gmnet (for

the ratio rffI which is entered by tie engineer at the start of the simulation) and the total time T required to

traverse tile next segment. The T6 matrices at the present and next sample points are used to generate the

joint position and velocity set points by tile algorithm in (33)-(37). The trajectory from the beginning to end

of tie transition is comptited from (2 1), and the joint position and velocity set-points are computed to follow

the interpolated curve. Upon reaching the end of the transition, the process is repeated (for each transition

point), until the last sample point is reached. The simulation is then terminated and tile specified curve is

traced.

-. . ..
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To achieve a quality weld, the lag or lead angle of the torch must be controlled adaptively. In tile case of

fillet and lap joints, tie torch stand-off must also be controlled. Since an adaptive controller for these

parameters remains to be developed, we have included (in our simulator) the facility to spccify these control

parameters at the beginning of the Simulation.

In the software simulator, the torch can be rotated about IWo axcs. The first is about an axis parallel to the

dircetion of travel and the second is about an axis perpendicular to the direction of tra\ el (ill the plane of the

first axis). '[his capability allows control over the lead or lag ingle of the torch. Facility to specify tile

stand-ofT for lap and fillet joints has also been incorporated, Ihe simulator has tracked butt. lap and fillet

joints and the experimental resLlts are highlighted in the next section.

7. Experimental Results

The seam tracking algorithm approximates the curve between sample points by a straight-line. To

emphasize the effect of linear interpolation and the choice of sampling distance on the tracking accuracy, the

simulator tracked a sinusoidal curve (with uniform spacings of 30 and 10 degrees). The simulation results are

-depicted in Figures 8 and 9, respectively. As the sampling distance is decreased, the tracked curve approaches

the actual curve. 'The niaximuni tracking error ( which occurs Ibr h = 0.5) is

3 'r 3A .- -- All16 T' 16

and depends upon All, AC and the ratio r/T. For a plarticular seam and sample points. All and AC are

constant and the tracking error (with respect to die interpolated curve) is a !inear function of the ratio r/'.

[he simulatim experiments' illustrate that accurate tracking can be achieved by judiciously selecting the

sample points and maintaining the ratio (/[i') of transition time to segment time as small as possible.

8. Conclusions
A general-purpose real-time seam tracing algorithm, for implementation on any six degree-of'-freedom

robot, is proposed. The algorithm (which requires knowledge of only one-point-ahead to track a seani) can be

applied to a nultitude of robotic seam tracking activities such as gluing, surface grinding and flame cutting.

lhe algorithm incorporates tie physical interpretation of the "16 and d'l'6, matrices to rcali/e seam tracking. To

reduce the computational requirements, the paper introduces the concept of a modified d'l' inatrix. The

inverse Jacobian solution is generalized (according to Newton's method) to compute both large and small

changes in the joint coordinates.

ro test the erficacy of the proposed seam tracing algorithm, a simulator has been written and tested on a

VAX 11/780. The simulation results are highlighted in Section 7 of[Khosla 83]. The tracking accuracy is a

function of the sampling distance because of the straight-line approximation between two successive sample
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points, and thc tracking error increases with tile increcase in ratio Of the transition time to thc segmient travel

time.

Fu~ture activity will focus onl the adaptive control of tile weld parameters and dynamic rihbot control.

Successful practical implementation will depend uIpon thc a~ailahility of l ,ster processors and the

cxpcrimcncal performance evaluion01 of the algorithm.
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Flgur 1: Link Coordinuae Frames of the CYRO Robot
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Torch Camera
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Figure 2 Physical Interpretation of the T6 Matrix
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Figure 3: Butt Joint
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Flgure 4: Camera Image of a Butt Joint
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Figure 5: A Transition Segment
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Figure 7: Block Diagram of the Iterative Algorithm



25

-ActuuliCure

-Trackad Curve

80

. r0 go- A8 7 1.00 1.5 1.80 1.78 2.0 2.25 2.80 2.7 3.00 3.25
X oxis

Fipre & Sinusoidal Scam Trwaing (30 degree sampling interval)



26

-Actual Curve
-. Tracked Curve

S1.00.

.50.

.00 . 5 1 .5 1.0 1.25 1.20 1.7 2.00 2.25 2.50-2.175 3.0 3.2
X axis

Figur 9: Sinusoidal Scam Tracking (10 degrees sampling interval)



Link Variable 8 a a d
1 81 8 -90 0 -R.

2 02 82-90 -90 -H L

3 3 90 90 0 x3

4 4 90 90 0 z4

5 Ys 0 0 0 yS

6 06 8 0 1 0 0

Definition of the Parameters-

9 is the angle of rota ton about the r-aius

a is the angle of rotation about the xisz

a isthe engt oftranlatin aong he xaxi
a is the length of translation along the raids

Table 1: Link Parameters of the CYRO Robot

CjC2C. + SISG -CC2SG + SA - CIS2 C1(z4S2 + x3C2 - HS2) - S1 ( -y + L)
OGS 1C2C - C1S -SCA - CAC - SS2 S1(z4S 2 + xC2 - HS2) + C( - y, + L)

SA 5SA - C2  (14C2 - 3S2 -HC 2)- R

TAble 1, Forward Solution of the CYRO Robot
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Joint coordinate Analytical Expression Conditions

aian 2j a, T6(2,3)> 0

aian2 ~~L]r 6(2,3)< 0

-(Cla,, + Sla,)1
02 alan2j -,

X) CIC2Px + S1C2P, - S2P, S 2R[

Z4 CS 2p, + SIS2p, + C2p, + C2R + H

Y5 ~ SIN - C Ip + L

06 aan 212- 02> 0

06 azan 215 + 1800 02(0

NOMENCLATURE

Ci is the Cosine of the i- h joint angle

S, is the Sine of the iuh joint angle

atan2 is the double argment arc tangent fnction

Table 3: Reverse Kinematic Solution of the CYRO Robot
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4 ClC 2CG + SS6)( v rj) + (S1C2C4 - C 15(va2)

-(1CS + S1C.)(' arl) + (-S 1CZS6 - CICO)(var2)1
T5  C,54 varl) - S1S(var2)

-11 - sIC.
s2si.
-C2

-CC~var3) +S2C,(var4)
C3S6(var3) - SC.(var4)

8 S2(var3) - C4 vaz4)
-S6
- C.
0

C4
-S. 0

81, 0 i, -

0 1T
0 10

00

o 1'I

NOMENCLATURE

vail = S1 zS2 + x jC - H%) + C1 ( - ys + L)

var2 =Ci(..Si + x3C2 - HS, + S1( - ys + L)

va3= -zC. +x352 + HC3

vAr3 =&.5% +zC -1152

Taib k Colu m o odwJuobiwm n
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DIFFERENTIAL JOINT COORDINATES

d (- Sida. + Cida)

d2=NC2d(NS2)- - NS2d(NC2,)
d9 = (NS 2 + (NC 2)1

4z. =C 2Ajd8 2 +S 2A2 + C2dP, - S2A3d82

dys =C pd 1 + Sdp., + Sipyd 1 - C Idp

d 6C6do, + S6dn,

NOMENCLATURE

NC 2

d(NC2) -da

NS2 = -Cia. Sia,

d(NS2) =Sia~di - Cjda. -Clad9 -Sda,

AI = Clp, + Sip,

A 2 = -Sjp d~ + Cldp. + C~yddi + Sjdpy

Table 5: Inverse Jacobian of the CYRO Robot
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STEP COS- j SN IIMine

Find the mnid-scam

Butt Joint (1) 3 3 0.384

I ap/Fillet Joint (2) 3 6 0.462

Comptct segment travel ime '1

BUtt Joint 23 39 1 5 3.611

Lap/Fillet Joint 32 61. 1 6 5.256~

Find transition point

BUtt Joint 23*N 39*Nl N, S*N 1 7.222

1.ap/Fillct Joint 32*N I 61*N 1  Ni 6-N 110.5 12

Computation of

a Vector 9 14 5 1 1.611

o Vector (6)-(7) 15 11 3 1 1.615

n Vector (8) 3 6 0.402

Compute dTl . Matrix 12 0.576

Normaliz.ation 9 4 3 3 1.125

Iterative algorithm (33) - (37) 66*N 2 54*N 2 6*N 2 7.206

Total

ButtJoint 62+23*Na 86+39*Nl 15+Nl lO+Nl 6*N 2 23.872
+66*N 2  + 54* N2  I 2

Lap/Fillct Joint 73+23*N, 108+39*N, 15+N, 1 l0+Ni 6*N2  28.885
___________________________+66*N? + 54*N____ ____ ____

Table6: Computational Requirements of tie Seam Tracing Algorithm
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Function Time(ALs)

Multiply 27
Add 17
Divide 39
Square Root 36
Tangent 90
Exponentiation 100
Load 10
Store 21

Table 7: Execution Times of the 8086/8087 Microprocessor(5 MHz Clock) [Intel 831

I
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