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The ‘research uork involves the kineu\atic and d'ynan\ic analyses ot (
~ .
‘flexible mampulafnzs of' (a) known arc,hitecture, (b) -arbitrary
" aze{utecture, and “(c) ;edundam: mampulatoxs "rhe’analysgs al.sp

& . include- the,sglutlbn gf constrained,pmblems. Injorder to- increase

the computat’iohal efficienciés various éfficient numerical scheriés: .
have alsn begn studled for solving the dynamlc probl)ams.

The constramed dxsplacement analysis of :theése mampulatot Has
been carned out by successlve lJ.neat approxmanon principle ‘where ’_
lxnear dnd nén linear cpnstraints can bghangl_ed The- constrained~.

4 vela’c'itﬁ and acqeleration a { ;have beén' cariied oyt dsing - -

" quadratic programmng pnncxple and sm\plex method. €
‘©In the dynamc analysis, ‘the equations of motion have been obtained K
' usmg the fxmte element’ method The qlnbal system mahnces are s

B omatgel ':‘ functmn of. end-effector posxtion and” the force vector is a function
P T gy g kmqmanc parameters “The dynamic equatmns are solved using four
: efficf nt numerical “technxques The methods £ olving the' | ™

nstramed dynamc equations are the Karmarkar s algon.thm and the
sm\ple)rmethgd. 70" reduce the size of the system matnces,_the Guyan
- _reduction technique and component mode synthesis have been used. ¢
¥ § p . s #
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CHRPTER 1

INTRODUCTION _

1.1 Introduction to Robotics _ .

g " -
The prime requi*ement of a modern manufacturing system is to produce

ability é:"r—rﬁcorporate various changes in the p:oduct uesign Thxs
latgely demands flexmllxty in the manufacturing\ystems. Ina
mechamzed assemhly, the transfer line approach may fail when a major\ %
design change is required, as this will result in:abandoning the .
special-p\{zpos'e manufacturing assembly. Flexible automation has

always’ been a.coré issue in all manufactiring innovations. ¥
Numerically controlled p:qd;xction lines l1h:d, toa gre;af ‘extent, played 3

a vital role in introducing flexibility in manufact\iring. The

' contemporary robots are programabie, multifunction manipulator

ﬂesxgged to perfom a vanety oi tasks through variable programmed
motions, a feature that has svolved from the application of numerical -

control. Fig. 1.1 'shows the closed-loop assepfly line in a typical

. the high level of mobility and dexterity which results in %'very wide

. range of potential applications. This is mainly attributed to the

mechanical structure of the robot which is made of cantilevered beams

called links, co@y hinged joints. This serial linkage -

=
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configuration of manipulator arms is-described by complex non-linear
equations. Unlike the single-input mechanism where there is a single :

drive, a robot is a multx-input spatlal mechanisn and’ consequently

) requues more sophistlcated ana‘ysxs The robots ptesently used “in

mdustrial applxcations have six degrees of freedon. Nomally, a.’ L

ninimum of six degrees of freedom are required for a robot to -
accomplish any task. Out \of thesé six de'qtees of freedom,” three' degrees

are associated with tfe robot arms.to p051t10n itself at the —required

+ point in space and the rest three deg:ees are assuciated with the wrist

as shown in-Fig. 1.2 for its proper ouentatmn An end-effector is a
kind of gripper attached at Ithe end of robot wrist to perform ugefu} |
work., ihcugh desixéd end-effector motion can be achieved by a

six= degree-manlpulator but a large portion of the workspace is occupled
by the singularity conflgutatmns singularity al:ises ata particular
robot ‘configuration where the resolved motion rates reqlured to

achieve the desued motlon in certam directions are enormously high.

' In such ccnfiguratmns the manipulator's mobility is hau\pered as it 1s

\mable to move in the desired direction. By mtmduclng additional
oints, the degreés.of freedom can be accorquly increased as degrees

freedom of a manipulator is equal to total number of joints. This in
: n introduces redundancy in tbe system and the additional joints

help in avoiding the singularity configurations and.still ‘achieve the

desired posnmn Such :obots with .are called
manipulators. Such mampulators have mfxmte nunber of solitions tnat

provide the same motion required for the\end-effecmr. The human arm




Ne.od

FIG. #1.2: Wrist Coordinate System
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has seven degrees of freedom, thus it falls in the category-of
redundant arms. The study of redundant manipulatozs is an‘impoitant
research topic in advanced manipulation and there is always 2 need for

efficient numerical techmques for their analyses

1.2. . Literature Survey

1.2.1 Kinematic Analysis of Manipulators -

Kinematic analysis of the robot deals with the analytical study ofi
‘the spatial configuration of the robot arm as a function of tlme. For R
descubmg the spatial geometry of a ng1d link, Denavit and Haztenherg - 5
[2] first came up with the 4x4 homogeneous coordinate transformation . K‘
matrix. ’ ) ) .

The inverse displacement analys1s of robotic mampulators with six
degrees of freedon 1nvolves the solutlon of six joint (,oordmates ' -
corresponding to'a glven posumn and onentanon of the end effector
[3-5]. The solutign technique can be roughly divided into two ' AN
categories. In thznfirst type, the analyt_ical methods are usgd for
the manipulators having known architecture. In this type, the
e;;uations containing the wrist coordinates can be solved separately -
from the position coordinates like Stanford manipulator, PUMA-560,
T3R3, etc. This is possible if three axes intersect at a point (6].
By such separation, it is possible to get closed-form solutions. Some

f the important research work relating to the above nentfoned methods

-~~~ "can be seen in [7-10] and general kinematic methods in [11-17]. The
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v
’ existenge of a closed-form solution depends on the kinematic structure : ‘k
of the manipulator arms. Thus for kobots with redundant arms, the ':

closed form solutions ‘may not be possible toyobtain using an‘alfytical
approachés4 Also, -for robots, if the joint coordinates cannot be
se‘parat'ed, one has to solve for all ‘the unknown joint variables
together. This would be a formidable task if one looks for cl_csed

form solutions, i.e. in this case three consecutive revolute joints do
S ,

not meet at a single point. In sueh sithations one way,out would be i &

3 o '-ta go for numerical techniques based upon it:ax‘at'ive computatio?l

% schemes. On. the othér hand, for robots of arbitrary architecture the "
numerical §Olutiuns';;e also quite useful. As the task of the robot * .

‘Whecomes more ca*r\plica‘e ; it{i mobility i§ affected by various types of
implicit, explicit, lingar or non-Iineqr constraints. - Such constrained i
problems would be .quite difficult to solve analytically:- ’ 3
The. kinen)a\tic ‘nnk equations of arbitrary :obcts. can correspond to
under-determined systems in general. The joint displacements for such
. type of problems can be determined using methods bas;d on finding a

generaiized ~inverse {18], or one can also use Least thare Method
(LSM) involving Householder's reflections [19]. H})wever the work in 4
(19] does not include any type of constraints. BAnother possible )
problem .encountered in solving kinematic equations is the exister}ce of | TR
nultiple solutions as shown in Fig. 1.3, There are four pos;ible ways
for the end effectpr to reach the point P. For an 'obétacle free W

trajectory one seeks a solution which requires minimum movement of the

e joints to avoid undue oscillations in the mechanism. Such problems can
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FIG. #1.3: Multiple Solutions of the PUMA 560 -



be easily handled using methods based on optimization principles such

as discussed in (20]. In this work, the required solution was obtained

for the minimum change in the joint angies from the previous . .
_configuration using a composite objective function defined in terms gf 4

two non-linear functions, one of which was defined in terms of cartesian

space variables and the other, in terms of joint variables. However,

the technique requires a considerable amount of CPU time. Fast

computations are tequlred to transfqrm a large number’ of points along

the trajectory into the joint displacement space. Fu‘yrthemore the 5
computamon time Peccmes critical when transformation is required in

- real time. :

-

1.2.2 Dynamic Analyns of Robotic Mampulators

The dynamic equations of motion describe the dynamc behavmur of
& the mampulator. The formulation of robot am dynamcs can be
' approached by various techniques such as Lagrange-Eulér principle [21],
. the Recursive-h'agranée method [22], the Newton-Euler formilation (23] and I e
the Generalized D'A}embert technique [24]. The derivation of the dynamic '
equations based on Lagrange-Euler equatior is simple and systematic. .
Uicker [25] derived thé equations 0f motion for modelling multi—lo;)p,'
multi-degrerqf-freedom spatial linkage mgchanisms. I\not»her 25
5 . significant work came up using screw coordinate method [26] to derive

the equations of motion. Yang [27) came up with 'dual number' approach,

w - based on dual vectors and screw calculus. Butythese methods are only ’ ‘\ .

applicable to rigid link dynamics. Winfrey Vﬂj,used finite-element *




. robotic mampulators using Lagranqe equation was carxied out by Sunada

4 : N : . . : T
e calculating the dynamic response. The differential-equations of motion

. equations of not{on in the time domain can'be expregsed as a gystem of *

" of underdetermined, exact-or~over- determified system of equations ’I'he

" dynamic equation of motion also involves kingmatic pa:an\eté{ .

“the computation time and’still retains the accuracy in modelling: .~

"hand,” the kinematic or dynamic eELuatibns .can be expressed in the_ fénn '

approach to study the dynamic behaviour cj flexible lhechanisms. ‘In’
it al [29] analysed a Elexible
planar mechanism. Dynamic analysis af flexible spatxal mechanismg and

the lumped parameter fomurlatmn, Sadler

[30]. Using the finite-element modelling;" coordination reduction tgchnlques'

have been carried out in [31-33). This helps in considerably reducing E%

It is equally important to have efficien? solution tebhniéﬁes for
can be ‘sojved by finite difference schemes The ~system o:fvdynam'.'c )

Linear algebraic equations using various techniques [34]"-0n the other-

solut.lﬁhs of such problems can be found in [35-42].

1.3 Objectivel N !

The robots are l‘xsed to perform various kinds of tasks like
assembly, welding, loading-unloading, painting, drilling, etc. Some
of these tasks haye to be perfomed with very high accuracy and fast

speed which require accurate analyses of the dynamic effects. The

Therefore, the objectives of the present work are: o




1) The displacement analysis of robots of

(a) known archxtectute
(b) arbxtnty architecture, and

(c) redundant manipulators. °

~

The constrained displacement analysis of the above mentioned

manipulators.
The constiained_ and unconstrained velocity analyses of the above

fw

mentioned manipulators. .

4) The conptrained and unconstrained acceleration analyses of the abo'.'e
>

- mentioned maniph'atots
The derivation of dynanu.c equatxons of motion of flexible +

)

manipulaturs

6) 'H\e translent response calculatmn af these manxpular ors nsmq the

-

Nevmaxk. intégration scheme.

7-2 study of efﬁcxent technxques for the solution of resultmg

I~

dynamic equations. -

Use of the Linear ?rogtahning (L.P.) method and Karmarkar's .
algorithm in th‘e solution of constrained dynamic problems.

A study of lcunc{ensatiun techniques to reduce the size of system
matrices for enabling ecanomical transient calculations.

w

Iq Chapter 2, the kmematxc analyS{s of robotic mam.pulaturs have

)

been carri@ out uslng (a) successxve linear approximation pnnmple, 4 )

. (p) :linear programning m_ethod, and (c). quadranc_proqramunq. tn
~this way the inverse klnematic\p'r.jébl_em has been solved from the
information pkovidéd in the cartesian space which include the 5
- L




constraints. 5 &3 v B &

Next, the dynamic equation of motion are obtained usig the fi.nite
element analysis in Chapter 3. The resulting matrix differential
*  equation of motion have been reduced to a system of algebraic equations
' using the Newmark -integration schenel These equations are thensolved -
using various efficient numerical methods andstheir efficiencies are :
also compared. The con‘strained dynamic pti;blens have been solved by
linear programming and Karma:kar s alqodthm ‘Finally, the system

matnces ‘have-been reduced using two dynamic condensation techniques.

RN




CHAPTER 2

THE INVERSE KINEMATIC ANALYSIS OF ROBOTS
«OF ARBITRARY ARCHITECTURE

2.1 Introduction to Kinematic Analysis

\In the kinematic analysis of robotic manipulators, one normally
solves two kinds of problems., In the first- type, thé displacement
vector or its first and second order derivatives are specified in the
cartesian space and the solutions to such problems are requiréd in the vt‘
joint space. The varia’bles in thé joint'space can be Jectors .
’ cor;sisting of slidir\‘q and rotat‘i‘onal variables and the corresponding
" first and second -time derivatives. These types of problensare ’

referred to as inverse kinematic problems. On the other hand; if the ¢

joint space variables are given and the cartesian space variables are

to be found out then these would be called as the direct kinematic ! f
problems. 3 . e :

T As mentioned in the previous chapter, a given job can be performed .5 |
by correctly positioning the end-effector with proper orientation. In 3 ;

large number of manipulators the appropriate orientation can be achieved
independent of the various arms manipulations. The kinematic

equations for such type of manipulators can be de-coupled and-hence

* fewer equations are needed to be solved at a given time. This ;:es;ults
in considerable saving of computation time. The inverse kinematic

problems are most frequently encountered in actual pactice because
“ :



the tasks to be perforned are normallylin the ~carte:sian spéce “and
since the manipulation is done through motors, the joint space
variables a#d their derivatives must be calculated at various instants
of time. . : 5

In the present chapter, the non-linear inverse displacement

" analysis is carried out using a general technique uhxch is applicable

to commonly used-manipulators, mampulators of arbxtrary atchitecture

and redundant manipulators. After this, the inverse welocity and
acceleration analyses have -also been carried out by other new

techniques for these types of manipulators. . »

2.2 The Constrained Displacement Analysis of Robotic Manipulators

s

= ' 2.2.1. Solution of Non-linear Displacement Equations Using, s wf K2
e . tve Lirgar Approciat

The inverse displacement aﬁalysis of robutic manipukator‘s involves

solution of ]omt coordinates fzom the knowledge of cartesian space

e variables. These ylatmnshxps exist in form of non-linear set of
.

equations. In some of the \mampu].ators "the wrist coordinates can be

solved separately £rom #he end-effector coordinates. Examples of such
7 manipulators ar :nentioned earlier in Section 1.2.1, On the other

hand, the éoluZ:ns of othier kind of m‘;nipulators,' such as redundant : \
types or of azmtraxy archxtecture, are quite involved and not
necessanly knoun The solution methods”for such kind of manipulators

are quite challenqmq.




In the light of the above discus;i’cn, th‘e‘ intent*of the wquvhere
is to efficiently solve for the joint displacements of manipulators
having arbitrary architecture, or redundancy, sﬁbjected to _}inear,.
non-linear, equality or inequality constraints. This method is lbased on
Successive Linear Approximations [Si.A]. In this technique [43], both
the non-linear objective function and.the non-linear constraints are
linearized first and then. the solution is obtained by solving a two-

phase linear programming problem.

2.2.2 The Denavit-Hartenberg Representation

There exist a kinematic rélationship between a pair’of ad)’acen; _
links in an open kinematic chain system. The Denavit-Hartenberg
notation (2] is a systematic way of describing“tHis relatioﬁship
using 4x4 homogeneous transformation matrix..+Figure 2.1 shows the
relative orientat_ion and position of t_w‘o adjacentflinks, link % and
link i~ 1. The Denavit-H\a:tenberg representation of a robot link
depends upon four geometric parameters. Through these four parameters
complete description of a revolufe or prismatic -joint is possible.

The four parameters are as follows:
1. L; is the shortest distance between 2.y and Z; axes.
2. Gi is the joint angle from the Xy axis to the ¥; axis about

;) axis in the right hand sense.

w

Hj is the distance from the origin ofthe (i - 1)th coordinate
system to the intersection of 2, axis with the X akis along

the %5 “axis. »
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FIG. §2.1: Rartenberg-Denavit Notation \ :
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w2 . 4. 0; is the angle between Z; axis to the Z; axis about the N
Xy axis, in the ri&ht—hand sense.
The time vanying parameters for links connected by‘ revdlute joints
is Oi. Similarly for 3 link with prismatic joint, Hy is the time
varying bazameter’. Figure 2.1 also shows the position vectors of a
point P with respect to the global coordinate system iXO ¥y 2g)s '
and the moving coordinate system on the ith and (i-.l)‘t}‘l links. " So the
position vector r; can be written as
~
. : (2.1)
¢
.
L s .
Similarly, the position vector of this point with respect to the
(i-1)th link will be . s
N
1
. X1 2 5
I = | Vi1 2.2) )
. 5
3 :
] The transformation matrix relating these two position vectors is™ '
given by. A i
i srg = Imhly 2.3)
S v =i-l o 131 —_—
[ Y
’ ’
o —_p S B




Hﬁere’ IT}_I] is the Denavit-Hartenberg transformation matr'h_t and_ it

'1? expressed as: . =

1 0 0 0

\ i [Ti_l] = Licosﬂi cosei' -sin@icosai -sineisinﬂi -(2.4')
Lisin; sind;  cosbjcosq; -cosB;sina;
By 0 sing; - cosly
V.Usmq Et{ (2 3) one can write & 4 \‘
[Tom m o gl e Ml @)

Each of the transfomation matrices [TOJ, [’r1], etc., contain the

B . Joint vauables which are functmns of time. !

- %0 2.2.3 The Derivation of Displacement Equations

For a given position of the énd—effector,) th; matrix IT%] in Eq}.'
(2.4) contains the joint angles uhich_we will call as the generalized
coordinates. These generalized coordinates also include t_he‘
displacements in the prismatic joints. The vectors E‘i) or 5 in
Eq. (2.5} have four fomponents which include three cartesian space
variables. Suppose a rough approximate of the generalized coordmates
s made and substltuted in-Eq. (2. 5), then the difference betueen the

vector 52

and the product of [TO] and L will not, in general,
be equal to a null vector. The first component of the residual vector ~
. will always be zéro but the other three components may take positive .

- or neg'ative values. Defining three functions Fys Fpr By




-

[

corresponding to residues in the global xo, Yo, Z0 directions, one

. can write analytical éxpressions for any kind of manipulator with
. known link parameters. First we will discuss the analytical expressions

for standard robots with six degrees of freedom for better

understanding of the mathemftical fomulation and later the redundant

manipulators will be studied. y

A point t} be noted here is that the solutions for the

displacement equations for standard robots are well known and a S
ndmerical solution ‘would not be desirable in these caqu‘ But, for
those cases where Ehe'joint. space constraint and other linear,
non-linear constraint requirements are to be satisfied then the
proposed. method will be quite effective. Table 201 shaws4the

" geometric link parameters for,T3R3 manipulator shown in Figure 2.2.
The ‘threg residual functions @n the global direction for this

manipulator are expressed as:

B = chusqzcosql + »Lacosqlcos(qz + g3) - X ) (2.62)
F\Z = chosqzsinql + I.Jsi{lqlcos(qz taqy - ¥y (2.6b)

F3 = Lysing, + Lysin{g, + g3) - %, (2.6c)

<

¢  Similarly for Stanford manipul;tor and PUMA~560, shown in Figures

(2.3), ‘2.45) and (Z.fb) xefpectively, one can expréss, the functions
: Fl,' Fy and F3 as follows.

PMA-SE0 0 mg B
F) = H3q08q)c0s(q) + q3) - Lycosq)sin(gy + q3) +
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TABLE §2.1: Link Parameters of T3R3 Manipulator
bink i o4 (TR o |
|  (degrees) (degrees) (m) (m)
1 T 8 0 ‘o 3
T2 ) 8, T B 1.016 .
3, 0 8 0 1511,




avi

+ Hyposqycosgy - Lysingy - X, - (2.7a)

_E‘z = Hysingjcos(qy + q3) - L4s£nqlsin(q2 taqy +

$ + Hycosqysing) + Lyeda; - ¥ ) 8 (-2.47b)
s 0 By= -Hssil;(qz +q3) s L;cus (g +a3) = .
\ - Hysing, - 1y TR
Stanford Manipulator ,4‘ ’ .
Fy = qgcosqsingy - Lysingy - Xy T 2.8
Fy= ;[3sinqls_;.nq2 + Lycosqy = ¥y * " (2:80) )
F3 = q3c0sq, - Zo ” . (2.30).
3= st . . )

.

Thélgeometric link parameters for these manipulators aré shown in - )

‘Table 2.2 and 2.3 . o .

In a similar fashion analytical expressions can be derived for
manipulators with more than six degrees of freedom, which are cé_lled
redundant. nénipulators. “Figure 2.5 shows a'aaqipul_atcr with seven’
degrees of freedom. The displacement analysis of this mar;ipulator
requires determination of si’e\‘ren joint angles. Table 2.4 shows the

geometric link parameters for this ,m,anigulat’or. Unlike standard

“robots as discussed before, the positional analysis for this

manipulator requires solution of four joint angles. -The residual

functions ip. this case can be‘expres;ed’ as




TABIE #2:2: Link Parameters of PUMA-560 Manipulator

Link i g 8 Hy Dy
(deg:eéﬁ) .‘(Qegrees) \} (m) “(m)

1 0 (% o 0

2 -90 0, . 0.4318 0
3 0 8 C0 | -0
4 -90 0, 0 0.4318




TABLE #2.3: Link Parameters of Stanford Manipulator

- JLink i - o ei Hy Dy
T (degrees) (degrees) - (m) (m)
1 -9 6, 0 0

2 90 0, 0 0.1524
3 0 93 0 D3
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Seven Degrees of Freedom Redundant Manipulator

FIG. §2.5:



-

TABLE #2.4: Link Parameters For Seven-Degree of .
« Freedom Manipulator
Link i o 6 . a d;
. (degrees) (degrees) (m) (m)
=
1 90 8 0 0
2 -90 92 ) 0 0.356
3 90 By 0.029 -0.635
1, 0 A 0.508 0
5 -90 05 ) 0 0
6 90 06 0 0
1 0 07 0 0
L




Fy = Hy(cosq,cosq,cosqycosqy - sinq}sinqgcosqq) -
- ¥ H4(sinqzsinq4cosq1) + H3(cosq1cosq2qosq3 &

- singysings) + Dysingycosqy + Dysingy - Xy . (2.9)

}(4(sinq‘cos‘qzr:o_sqaz:osq,4 + ccsqlsbinqacosq‘1 %

- sing;singysingy) + H3(sinqlcnsqgcosq3 +

+ sinqscusql) + D3(sinqlsinq2) - Dycosqy = ¥ (2.9b)

= Hy(singycosqycosqy + cosgysing) +

+ H3(singycosqq) - Dacosqy -KZO .12.9)

. a
i p Y 7
\Xothet example of a redundant manipulator can be a modification of
N +
Stanford rebot as shown in Figure 2.6, where the redundancy arises
because of the prismatic joint introduced at the base of the robot.

THe three functidps in this case are

. g’ Fy = qycosqysingy - Lysingy = X , (2.10a)
' T
FZ = q3c0sqy + I..2 + Yo , and (2.10b)
F3 = q3singysing + Lycosqy + Dy = 2 . (2.10c)
N -







2.2.4 The Di Equstions /the Orientation &f the

End- Efi'ecf.or.

JIn order to orient the end-etfector properly to pertorm a task one‘
needs to know the wrist onentatlons as shown in Figure 1.2. In this
figure, {n} is the normal vector of the end-effector, {t} is the
sliding vector and f{a} is the approach vector. .The global
coordinates ::f the point P are X0 Yo %y which can be obtained
uéipg the following -successive matrix mrltiplication in the case of

T3R3 robot:

o i ad - el 2.11)
Here the matrix [A&] can be written in the following form.

< 110 0
6 e -
a8 =] %1 o0t ‘
2 [3g] 0! ]
\‘ Joy oy by gy
Bt nget,

" 1)

In Eq. (2.12), the 3x3 paztit}oned matrix catresi:onds té the orientation
of the wrist and (X Y 2g) are the global coordinates of the point

P. In actual pract.u:e the matrix [Agl“ is.normally known and one has ,

to calculat_e the joint variables occurring in each of the matrices in

the left hand side of Eq. (2.11). However, tt;e unknowns in the matrices-
[T%], [T?] and [T;I can be solved indepenéent of [T3], [T and

[T5] becatise the last three axes intersect at a pomt: Theréfore, for
the first three unknowns one can modlfy Eq. (2.11) as

- \ -



s i) = (13 = g
.
. . L B -
= X{) 0 0 0 (2.13)
1

B Y1 00 0

¢ Zo: 0 0 0
1

and solve for the three unknowns. "
The detfils of the method of solution are given -in the next section.
One substitutes ‘the value of these unknowns in the Eq. (2.11) and soives
for the remaining three variables. In thenext subsection the actual -
solution of various manipulators subject to various types of constraints

: is discussed.

e

",2.2.5 The Solution of the Displacement Equations Subject
to Constraints

In the Section 2.2.4 the diéplacement residual equations for PUMA-560
rr(an'ipulatcr were derived and expressed as Eqgs. (2.7a) to (2.7c) . This
manipulator is désigned to operate within a constrained work envelope.
The tonstraint space can be defined in terms of ‘the following
constraint équat!ons '




. -160° ¢ B, < 160°
-225° < By <45 L7 (2.14)
45" ¢ 8y <228°

Similarly, one can express a constraint for stanford manipulator as
0.127m € Dy £ 0.635m (2.19)

If there are any other constraints then those shmﬁaﬁo bé expressed
similarly. '

s One can clearly see that the ‘simultane‘ous solution of Fy, Fz,'and Py
which- are transcendental in nature andisubject to-constraints expressed

in Egs. (2.14) and (2.15), is quite involved and calls for non-linear )
methodé of solution. One of these methods is:the SLAanéthod. If ve define '

an objective function given by .

eyl -
Uy =F] +Fy +F3 (2.16)

and minimize this function to zero then we would bbtain the solution

for simultaneous equati'ons expressed as.Eq. (2.7a) to (2.7c). However

if the constraints are also to be included then one of the-ways would

‘be to substitute for the variable occurring in the constraint:equations

intor Fy, Fp and Fy. 'Sincé the constraint equations are of
inequality type, this method will be very tedious, but fortunately if
we use the SLA method then the constraint equations can be handled
separately.

" Bnother type of constraint which is very desirable in the > s

trajecﬁory planing is the minimum movements of the links between two
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°
successive points on a trajectory. Thus the resulting objective

function to be minimized can be expressed as:

U= Lin (a0 + Uy (2.17)
@ &N‘W’ N1 2 ¥

where ay is a large penalty associated with U; to assure its

mininization. In this equation U, is expressed as-

. LN
L U, = % (q; - gD (2.18) -
27 ey T g

. Here [qg} is the solution vector at the previous configuration.

Clearly our.objective -is to minimize U subject to constraints. "
Fylgy) =0

w o Fylqg) =0

! E
q \_.Fz“ﬁ""

q; $360°, 1=1,2 3, ..., Ny (219

where Np is the number ‘of links. .
The Eq. (2:19) reduces the range of search for the joint variables
‘ q;: for exanple it would be better if the range of q; 1is limited
" between 0° and 360' rather than -» to .+ because ql- occurs in the *
arqument of a cosife function. If we incorporate this qonstraint the

optimum would be found quicker numerically. .

. i



"In the constraint equation, Eq. (2 .'19), the anqlss can be changed(

depending upon the workspace limitation or obstacles. It is quité
possible that generalized variables are constrained by certain lower :
and upper limits. Under such situations, one s'hould write these
constraints in the foll;)uing form:

gt ah0,i21,23 .Y (2.20)
G-l S0, i=1,2 3 .,N (2.21)

where qli’ and™ qlij are the lower and upper limits for q
respectively. The objective function given by £4. (2.17) is non-linear

in nature. Also'the three residual functioﬁs in_global directions are
z _ g ;
non-linear. One-can linearize t’h\e function U about an ifftial =~ *
starting vector g* defined in the joint space as: '
- * A *
g - sk U = oty 0U
.ous=tt+ (g ql)%x‘ - g i+
S % + . +
U *, gu
+ (a3 - q3) ..t gy - gy ) S——
tlgma 3@ Ny qn; oy
% |
The above equation can be rewritfien as /

(
*

,u=‘hgg_;*q2v_gg—;+'qagg—;v‘.. +qN13gN_t
s g ) e

Similarly one can linearize the constraint equations also as




* * * *
0F; F; ;. oF;
T g, gty X, 4

JOEL LR L 0E ‘*HF L
q”ﬁf LEART q"zaqT
4

-E‘i], 121,23 vour Wy

(2.23)

Since the starting vector g' could be farther away from the optimal
bector (g) opt! we have to prqﬁ:ﬁthe opt imum bx a sequence of ) -
linear approximations. The essenC the scheme is the assumption
that the linear approximations used are useful only over a narrow
range. ‘' Because of this the value of the independent. variahleé may
change hy. only a small amount at each step Also, the varlable steps ' -
" taken for each of the generalized coordmates would depend on the
sensitivity of the objective function for that particular vpriable.
One can tak?larger steps for the favourable variables. Eq. (2.22) and

Eq. (2.23) can be written in the’ sta_ndard form as:
Us=cyq +cpq tc3q3 + .. t chqu + oy (2.24)
subject to constraints:
. .
B F ey t ey b Ay, < By
CaGy taggy Fagay bt aZ"lq"E =b, (2.25)

a0 tagdy gy e Fagydy, = by




where 2y l;fand cy are constants. It is understood tﬁat one c_an:.

write the Eq. (2.20) 'and Eq. (2.21) similar to Eq. (2.25) by adding

slack va:iables [44]. 1In the simplex algorithm we always sﬁaft with a

sek of equations whi:ch includes the objective furiction along with the

equality constraints in the canonical form. In fact, ogmjhas to
optimize Eq. (2.24) without the constant term ¢ which would vary

. from point to point as the global optimum is approached. At the gllcbalb
optimum Y srbpaﬁ be approaching zero by including the constant term

< Cy

_ To illustrate the concept graphically let us take an example of -a

function Uy which is a function of two variables qy and qy. Fig. 2.7
shows the first starting point and the first optimal point in the
liryarize& zone. The optimal solution.for the first ‘ste‘p 15 shown to:be
at the interséction of the imposed constraint ‘equations- arising due to.
the sfep ‘lengt-hs. In addition, we can also impose similar additional 4
constraints to avoid the possibility of .obtaining the multiple
solugions, since we are sgeking the closest possible solution vef:tor g
from the previous end-effector position. If this linear approximation
step is repeated a few times then we would reach the 6pt‘1mum point.

In the example above, the gereralized variables, q and qzr' were
all positive. But in some situations they can take negative values
ii,e.’the variabl‘es are un-restricted. By using the concept of ) ’

restricted variables, one can easily modify the objective function and

constraint. equations in the following ‘form:
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x— NON-LINEAR CONSTRAINT 1
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FIG. #2.7:, Programming by ive Linear Approximations
s .




J U= (ey%) +7co%p) = (cli3 + 92x4)

‘ where gy = xi - %3
GEx-x . R0

cx 20

All xi' are restricted variables as they éan take values either zero
- or pogitive. The constraint equations can,also be modified in a
similar manner. In the linear programming problem the optimal solution
vector exists at one of the vertices of thie linearized zone,. One
starts at one of the vertices and moves along a particular boundary
along which the objective function decreases at a maximum rate._. Nonz :
negative artificial var‘iables are added tohthe left hand side. of the
constraint equations which are either greater or equal to zero. %
Simultaneously, a larée penalty is also introduced in the objective
function® {44]: Since the objective func'tién is always of minimization
type, this artificial varia}wles will not appear in the optynum
solutions The slack variables are added whenever these equations are
less tha;x or equal to zero. The optimalsolution of the’linear ’

programming problem is sought in two phases. .The first phase 'is used

to find the optimum of the basic feasible solutions. , Using this
optimun-one uses phase II to obtain the global optimum.

The use of the constrained minimization can be understood by talung
another example.. In this case, one is interested in minimizing the

functiop .




. Blxx) = -3 - 26} b (2.21)
subject to constraints
ql-(xl,xz) = xg + xg <25
qz(xl,xz) = Bxl -xs 217 (2.28)

93(xy,%p) = x% + h‘ + xg =33

In this problem both the equality and inequality constraints are
present. The constraint eqﬁalions are modified by adding slack
variables in the case of inequality constraiggs and artificial variables
for the equality constraints. Thls 1s done after linearizing the
constraints and the object'ive function, These, at the point (1,1),
becone

Fl(x),%)) = -6x) - 4x) + 5
9 (x),%)) = 2%) + 2x) + X3 = 27 N
93 (Xy,%p) = 9%y - 2% + X, % 2

. ajlxy,xy) = 4x; + éxz txg =35

Here x5 and xg are slack variables aﬁq Xg 1s the artificial
variable. To obtain the optimum, the phase I is used to eliminate g
and phase II for X3 and *%y. The objective function, F(xl,xz), was
found to be equal to -66 at the point (4,3).




.all three manipulators.-The prismatic joint has a

The displacement analysis was carried out for two different tasks,
to be performed by different n;anipulaf:ars. The trajectories of the two
tasks are shown in fiqs. 2.8 and 2.9. In Fig. 2.8 the robots perform a
spot welding operation by going around a plate (18" X 18"). In Fig.
2.9 these robots measure the various diam}terg of- the stepped- shaft
duging a turning operation. The detailed description of the trajectory
of the stepped-shaft ié given in Table 2.5 ard 2.6. The ‘results )
obtainedr}f@( T3R3 ma;\ipulata: are shown in Figs. 2.10-2.15. In Fig. .

2,10, the"ahgle 8, is constant from points 1-11, it decreases rapidly

bel;weén 11-21; it stays constant between 21-31 and sharply increases
from 31-40. The variations of 02 and 93 in Figs. 2.11 and 2.12 ~ %
respectively, are non-linear, therefore there will be sharp variations
in the angular accelerations: For the secpnd. type of work, the
variations of 01,' 0, and B, with time are v}ety steep as shown in Figs:
2.13-2.15. The variation of 91 corresponding to the stepped shaft for
PUMA 560 and for Stanford manipulator are shown in.Figs. 2:16 and 2.17
respectively. Clearly, for this task, 8; variations jre very sharp for
y l.wét a constant

linear velocity from points 1-11 with a break at the point 6 as shown
in Fig. 2.18. Between points 11 and 30, the velocity increases uq'lth
time, correspondingly there will be variations in the linear
accelerations. These variations are in the opposite manmney, after the
point 30. . . !

The efficiency of SLA method can be judged from Table 2.7. In
this table the CPU time- (using VAX-8800) for one solution using the

v

T







’ « FIG. #2.9: Trajectory for the Stepped -Shaft
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TABLE §25: The Coordinate of Various Points of the
) Stepped-Shaft Trajectory for PUMA 560 .
POINTS Kimy . Y i) -
§ - 0.50 0.2754, 0.3
H 0.50 H 0.2754 0.4
A 0.50 0.3500 0.4 3
w e B 0.20 0.3500 (K
c 0.20 -~ 0.3627 0.4
! D -0.10 0.3627 0.4
£ <0.10 0.3754 0.4
F -0.35 0.3754 0.4
G -0.35 o015 0.4
¢ -0.35 0.215¢ ¢ 0.3
Ny,
: e




TABLE #2.6:

e

. v
Detailed Description, of the Stepped-Shaft Trajectory

JPath Description

Details of the c
End Effector Tra]ectoty N

4 -0
lw-a

A-B C-D, E~F

B-CD-E

Alon% -axis, -to bring the end-effecto: |
mtepianeofthesf e

Along Y~ax15, tb position the end-
. effector for performing the job.

Along X-axis, robot perfom\s the job,_
of measuring the dLamet,er at
. selected‘pomts

Along Y-axis step by end-effector
to pgsuwn ‘mself ggpnez configuratmn

Along Y-ax1s, end-effectot retraces back
after performing the job.

Akon %-axis, end-effector is positioned
in the lower z-plane.

: -‘Along. X~ axxs, straxght sweeg by end-
effector to come to the initial starting
gsxtmrla, m xcatxng the complﬂtmn of
e oyc
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J TABLE #2.7: CPU Tiu For One Solution by Various Tachniques
? : on Dlttazent llanipula ors .
Type of Complex Opt imization SIA Method LSM Method**
: Robot "Method* (seconds) x10% (seconds) | x10% (seconds)
1383 3 2 3
~ [puMa-560 3.8 25 3
s lstanford 28! % 2 3
* The details of this method can be seen in [20].
*+ The details of this method are given in [18,19].
: .




three methods are shown. It should be noted here that.the LSM method
does.not incorporate any constraint. Clearly, the S’LA method is the
most efficient among the three. Using the SLA method it took
only 0.98 seconds for spot welding of the plaie, thus achieving a
frequency of approximately 45 solutions per second. Therefore it can
be a promising method for on-line systems. Another example involves
the solution of all the six joint angles for PUMA 560 manipulator.
The homogeneous r‘natrix, describing the position and orientation of the
end effector in /Ehis case was
o
il 0 0 0
81 = | 0.3 -0.474 -0.7892 -0.6124 : (2.29)
0.2 0.6597 0.4356 =-0.6124
0.15 0.7500.-0.4330 0.5

CPU time taken by the SIA method was 0.09 seconds and it was 0.14
seconds when LSM was used. As explained earlier, in this example Bl,
: 82 and 93 were. obtained first and then the wrist angles 0, 95'_86

were solved. The solution vector obtained (expressed in degrees) was

0, 13.06

8, 40.78

05 | 43.23 '
= (2.30)

0y 30.71

85 63.49

(A 32.42

Similarly, computations were also carrie'd"oub.,for‘ redundant manipyla-



r

in Fig. 2.5 was «

4
wWi={1 0 0 03
o

and the solution vector was
»

10 0.2

-
0 -1 -0.60

00 0 1

& [ga.211]
-12.125
21.59
14.19
76.378
-89.724
|-64-§0 |

rd

this case was

[91.217]
-10.99
16.35
13.71
76,796}
-89.81
[-63.14 |

*_tors discussed in previous section. The IAZ] for manipulator shown

@23y’

(2.33)




For mod:fied Stanford manipulator the rotation submatrix was same as

given in Eg.a(2.31). Mathematically it was represe&ed as

. 0 1 0 0.1524
¥ mi=]1 0 0 0.203 (2.34)
0 0 -1°-0.152
. 24
1 , 00 0 1
A The solution vector obtained was
) ‘ dy 0.248]
-1 8 205.56
' 0 193.13 *
" I (R [ . (2.35)
dy 0.417
-
8, -64.92 )
65 84.29
L8 | |-11.94 |
and the previous solution vector here was
i B 4] [ 0.245]
! é 09 207.31
: (] 192.032
2] = @2.38°
- - | 0,442 N
0
. 03 -63.11
. 03 84.43
0
102 ]  [r10.78 ]
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2.3 The Constrained Velocity Malysis of Rnbots of’ Azh}.tﬁry
Architecture -

2.3.1 Introduction to Velocity Bnalysis

The sophistication required for'the trajeciory control of.a
robotic manipulator is dependent on the complekity of the task to be
carried out. This involves the kinematic and dynamic analyses of
robotic manipulatozs,r Such a type of anaiysis requires a complete -
knowledge of displacement, velociti and acceleration.as a ft'mction of
time in ;he cartesian space. One of the important aspects in solving
these. prol{%ems is to solve for sinqularity’conﬁgutationi This
problem arises because at singular poifts the'Jacobian is non- .
invertible as the rank of the matrix 1s lesstthan the dm@nsian of the
matrix. . In add1t1on, if one’ is deahnq w;th redundant manipulators,
then the inverse of the Jacobian is not defined in the regular sense;
one has to use the pseudo-inverse techni\que [45].. \In the design .
of these robpts one. should also make provisions for additional

£ copstraints imposed due to the cpératior\al reqoirements such as
workspace limitations, hnrse—poﬂer:requirements of the motor, etc.

The objective of the work in this section is to develop'a fast and
efficient technique for velocity and accettration analyses of general
manipulators subjected té 1inear‘and hon-linear constraints. In this

Ay vay one can also handle systems under singularity configurations as

well, by imposing constraints on the maximum values of velocities.
* The kinematic aﬁalysis of the redundant type of manipulators can also
be performed using the proposed technique. . ';
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2.3.2 The Derivation of the Velocity Equations

The equations for obtaining. three coordinates of a-general point

in the case of PUMA-560 manipulator can be written as

¥y = Hacosq)cos (g, + q3) = Lycosqysin(gy + q3) +

+ Hycosgycosqy = L3sinql »:
/ Yy = Hasin.qlcos.(qz +aq3) - quiﬁqlsin(qz tag
-~ *‘Hzcosqzsinql. +1c0sq; . (2.37)
%y = Hysin(gy™+ a3) - L,cos(qy + qz) - Hysing, o
~

.where q; are the generalized variables used in pléc'e of ei. The

- equations for velocity can be obtained by differentiating-the
displacement eduations i.e. Eq. (2.37) with respect to time. In this
way we obtain the equations for velocities as ’

Xy = (-H3Sq)Cap + 1489y 503 - ByCap5q) - LyCqy)q

+ (HyCaySay5 = LyCayCayy - HySapCay)g
+ (-HyCay8ay3 - LiCarlay)dy

Yy = (H3CayCapy - LyCaySdpg + HCa,Caf - LySay)dy
+ (-H389)50p3 = 145103 = HSay8q;)d,

+ (hySaySayy ~"bySay0ny)dy 2.3




g = 0190 (+H3Cayy + LySapy = Hylayl
G + Moy + Lyayldy

where

Cq; = cosiqy) A
Sq; = sin(g;) . "2y .
2 quj = cos{qy + "Ij)‘ » ‘,
q;5 = sinlg; + qy)
Eq. (2.38) can be Wwritten in the general form as
Yo = apgdy +agdy bty
e % g d .
Yo =an9 A%t et Gy, (2.39).

Iy =2qdy * 2y + oo+ Gy

The above velocity equations are linear in nature. Coefficients

2y which are funct‘igns of joint angles, are known after the’
displacement analyses. Equations, similar to Eq. (2.39), can be
obtained for all manipulators by taking the first time derivative of
their displacement equations. The detailed expzessions of alj for
other manxpulators are given in Appendix A. It should be noted here
that the proposed, methods are general methods and that Eq. (2.39) can
be derived for any' type of manipulator. %
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2.4 The Methods of Solution For Velocity Equations
Al
Four general techniques are proposed for the velocity analyses of

general manipulators of arbitrary architecture’ Depending upon the
problem definition, these techniques can efficiently handle various
kind of constraints. These are based on
i) Quadratic Programming Principle

1i) Linear Programming Principle

iii) Successive Linear Approximations .

iv) Non-linear Complex Optimization
In the next section each techniq.ue is discussed in detail.

2.4.1 Velécity Analysis Using Quadratic Programning

For robots of arbitrary architecture,' the system of equations, Eq.
(2.39) can be under-determined, exact or over-determined i.e. lthe
number of generalized variable q; can’be more than, equal t<; or less
than the number of equations. One of the methods available in the
literature to solve such problems is the LSMtusing Householder trans-
formation [19]. To solve the set of equationé for velocit,ié‘s, let us
define t}hree residual. functions‘ Fv.l, E‘vz and ?vs. The%e Functions
can be mathematically wriiten as ) ‘ R
Fiyf=andy +apgly apgdy to baggy, - %

Fry.= a8y “.32262'1‘ agig bt azul‘iul Y (3-40)

Fug = agydy + aggly +aggly b tagydy, S



In the'next step we replace the generalized variable "‘1' by two

-, variables called :est\:ticted vasiables b'ecau’se‘ these }:sn t;ké only

, . o .
positive values, whereas, q; dre nonrestricted variables as they can -

take both positive or negative values. The équatioq relating all
these variables can be written as ;o
" ‘ ' 3
‘:‘i="2i-l'v2i 'i=1, 2 3 e Ny (2.41)
where v]- 20,3=1,2 . Nl'."" ZNL
To solve Eq. (2.39) let us defipe a function U ‘such that
& = e g e nd, ; (2.42)"
Combining Eqs. (2.40) and (2.42) one can express U in terms of vy,
For Np =3, the obj!ctive function will be .
pd wopl 2 gt 5
U=pyvd + Byod +pyud 4 v 4 pgud gl 4
+ 17 (v1v2) + T2(v3v4) + T3(v5v6) + Tq(vlvj) - T4(v1v4) +
+ T4(v2v4) + T5(v3v5) - T5(v3v6) - Ts(v5v4) +

+ Ts(v4v§1 + Tg(vqvg) = Te(vyve) = Ts(vzvs) 3

+ TG(vzvs).- wlvl + o)lvz - 0’2"3 + - w3v5 + 0
= v
, + g + Ky (2.43)
In this equation By and T-' are funcuons of a-], "therefore after

the displacement analysis these can be considered as constants. ‘Here

K isa function of 34+ and end-effector” cartesian velocity




components; therefore a constant/foz a given end-effector displacement

and velocity conditions. The various constant tdrms in Eq. (2.43) are

expressed below:

T
T
T3

1

= -2p; T

= 2(aygagy + ayjag + ayay)

el a2 g ad
Byrapy vagi Hiegg

sy Biu 3 0 2
N By=ayg viagy Ry (2.44)

i g ek
Pyt a3y +agg tiagy
' t

= -2p,

= =20, (2.45)

Tg = 20210213 + 235253 + a3333)

T = 2(agga13 + 2513p3 + 235233

@ = 2(Kvjayg + Kvpay) + Kvgay)
'

o= 2(Kvlalz + Kvgagy + Kv3a32) s (2.46)

s 0y = 2(Kvjayy + Kvgagg + Kvgaz3)
, ;
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Kv3 =12 )
Ky =K + kD + R (2.47) "

For ‘a given end-effector velocity profile we can rewrite Eq. (2.43) in

: N
U-ZGV
j=1

%] + 2 j gy ijvjvk ©(2.48)

the form

If we replace the generalized va:iable‘ q using E:q (2.,41), then
velocity ‘equation, Eq. (2.40), can be expressed in the form’ >

v
g _ .
lllvi'Bi' i=1,23 -
vy 20 J=1,2 2§ (2.49)
< Egs. (2.48) and (2.49) can be written in the matrix form as Eqs. *
o (2.50) and (2.51) respectively. These equations are: -
L. * = {dv} +%{V}T(Q]{V} : /(Iz.sm R
subject to constraints i
. ) mfv} = {1} . L (251
' {v} 2 {0} (2.52) '
x : \ w . -
The expression for quadratic coefficient matrix is o
! .
N -
¢ '




»

TR T PR PR PR
@=|n ® oy Yy T (2.53)
Ty % T, T T
MYy N 2, T %
o T T T Ty 2y T
Mg B N T T3 28
5 '

{6} inEq. (2.50) includes &}inear coefficient terns and is givén by
{67 = {-o0 -0p0, o0 T (250

If‘we look at .the Eq. (2.43), By Ty and @ are constants.
Therefore the terms occurring in this equation are o% two types; the
first type are the linear terms having @; as the coefficients and
the rest are quadré:ic in nature. The problem given now is to
minimize the objective function U given by Eq. (2.50) subject to
ccnsa.traints -expressed by Egs. (2,51) and (2.52). This is a quadratic
progzami‘ng'prcblem and, the method of solution cag be seen in any text
such as [44]. In-addition to constraint equations, Eq. (2.’.'?1), we can~
“also have some other linear constraints imposed due to the Sperating

conditions or from other sources. Let us write.these as

. (A {v} ¢ [5"} ) (2.55)

. 3, . .
Using the slack varidble vector {52]' we can convert these ingquality
constraint into equality constraint as




= {p} ' [ (2.56)
g

e W . (6+n)x1

*To solve this problem we combine Egs. (2.51) and (2.56) as

7

" b1 .

| s

') o . )

21 e Vg B'

i EERELEEETEE IR CETEE ={---+= {8}

] 5, 8"

(a"] : [83] . (n43)x1
| i

()X (6tn) 5

R (641)X1 " X
or X . L ’ \

™y} = {2} @
| e W7 = ... st »
) T : We can also convert Eq. (2L52’) into an equality form ﬁy ;n;:l:dmﬂ
sufpl\[s'varipbles as ) '
Celse0 ) e
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/ » F
To solve this minimization problem one can use the Lagrange multiplier

technique. s ¢
Let L be the Lagrange function, then the objective function can

be written as

o uvh sy (s AL D = () ¢
Cc 3 WThabh s (M) - (eh
' GETb 6 e

To minimize the Lagrange function one has to differeqhate L with
respect to all the variables including ;'i and §i,/the Lagrangian
multipl‘iers. The necessary conditions as the result of differentiation

. can be written as

. {6} - {&} + v} + A} -
= {0} (2.60)
k{zizn, i=1,273 (2.61)
2.0, J=1,2 s 6 (2.62)

WO (g - (B =0}, =123 . @6

R T 1) B PR WP A" (2.60

where x L




(¥}, & (=} () 2 o}

and, {E} is a new set of variables expressed as
’

(2= (s 20

In the equamons above, -all the equations except Eq. (2.61) and (2.62)

are linear. We have a convéx objective function, thereby indicating
that any local minimum is the global ninimm. Also the nunber of
variables become equal to number of equations, Thus any solution '
which i.s found to be feasible will be optimum feasible so@ution.

- Such types. of pfoblem can be solved usin§ phase I of the simplex
algorithm by defining the objective function of the fomm ", '

c/ '

gt =

T e
e

subject to constraints

e} - {8} + v} + Ty l} {a} = {0} (2.66)

‘where aj are non-neqative artificial variables.

While solving this problem only phase I computations are required

and care is taken regar&inq the nonlinear constraints given by Eq.
(2.61) and (2.62) such that either l'i or\' E; are in the basis.

Similarly either &; or v; should be in the basis.
A ; 3 .
L

-2.4.2 The Velocity Analysis Using Linear Programing

The linear programming cah also be used to solve the velocity
problemw expressing the ob)ective function as

_(2165)




-~

\ U= + BV, + Fvg (2.67)

subject to constraints given by Eq. (2.57). The advantage-of
expressing the objective function in this form is that there are no
non-linear constraints as given by Eq. (2.61) and Eq. (2.62). The

" other details are similar to the prekus mer.hod where the smplex

techmque was used to find optimum. the only dxtference here is that
one has to carry out phase II computations of the simplex method.
Additional constraints given by Eq. (Z.SS)(axe handled in the same way
as before. : ’ . o

.

2.4.3 Successive Linear Appzoxmuon Principle :

In the previous two cases the‘additional constraints imposed due
to the robot workspace limitation etc. were linear. If these constraints
are non-linear in nature then the previous two methods cannot be used.
In that case, one can solve this problem by successively linearizing .
the non-linear constraint equations and solving the problem using
phase II of simplex algorithm at each étage. For example we can

v
linearize the ith non-linear constraint, Fvi' and express it in the

linearized form as

i’si - ql(ar,;ilaql) + (ai,ji/aqz) + qa(as;i/aqy

- {4;@;;‘/3@1; ALY

"' v +'§;(aF;i/a§3) Rl U (2.68)




where {q:) are the starting vectors and E“; is the value of
function at {q;] To illustrate this point further, consider a non-
linear constxa}nt, Fs., as > -
g 5
C S 8

: B dedcaxut 2.69)
Nov let us choose the starting values as VI = V; = v; = v; =0,

=4x107, and vg=1x 1073, . This will result in 4 = 0.0,
'qz'--4x103,and qJ--1x103 o

Then the value of the ‘unearized amtion, ¢ 0 will be - ) _L

Ff, 2 ql(ﬂ) +ap(-8x 107 + g2 x 10'3) <017 x 107
Similarly, by linearizing each of the additional constraints, we can
form a new set of these linearized equation which we can call as

' v} - (5 2.0
This has to be combined with Eq. (2.55) and these equa;ions can be

solved by either of the two methods mentioned abové.

2.5 The Constrained Acceleration mlyuh of Robots of
Arbitrary Architecture 3 ,
The acceleration analysis follows.on the simi.lar concepts as
developed in the previous section for velocity analysis. Diffe:entiatin;;
Eq. (2.38) with time we obtain the equations for acceleratign for
PUMA-560 as



Xy = (-H3S9Ca + LySaSay3 = HyapSay - LCa))dy
! ¥ (Hi0aySayy - by0ayCayg - BpSlay .
+ (3018053 = yCa;Cap3)ay + 2‘“35"113‘423 ‘
+ quqICqZ; + HyS55G;)d1dy + 2(-H,Cq1Cayg
E: chqlngs"izéz + 2(H359)58p3 + 1454, Cp3) 3y
+ (-H3Ca;Cap; B 1,Cayay3 = BafapCay + Lysqy )&}
. AR T SONGTY N

+ R0y + LnSapyd] )

Yy = (30003 - LyCySapy + H2‘3‘?2'}1 - Lzéql’ég
+ (389893 - 1459)Cay3 - Hy89,89))dy
A, - 1 q1Cp3)d + 2(s13Ca8a3
= - LyCayCayg = HpSa,0q)dydy + 2(-H380)Cays
+ 15950930433y + 2(-Hy0aySayy - LiCaCap3lapdy ¢
+ (H359Cay3 + 145953 - 0055 - 1y0 )4
+ (-HSayCapy + bySaySapy - HyCSay)d %

+ (~HySqCayy + LySq;5ap3) 4 PR )

i -




20 = (c)al + (-Hy0gy3 + L,Sqy3 - “zc‘iz)iz - # ) Lo

. ¥ %

+ (-HgCapy + LySap3)dy + 2(HgSapy + LyCapa) G38y . . e
+ {H35qp3 + LyCqp3 + HySay) + “*35‘123 + 10038 e
5 % * ¥ i T -

P

For a mampulator with arbxtrary archxtectute Eq. (2 71) ‘can be i

expressed in the standard: forn as S

X0 = apqy +apQ) faggdy to t amﬂ“lW C .
Y = agyd) + agdy +aygdyt ..t “2"{"": +C (27 I

Z0 =y taypl) tandyt e tagyay, * G -

¢ J
where C; are constants as they are functions of joint angles-and joint
velocities. The expressions for (fi for T3R3 manipulators and . E ;e
Stanford manipulator is given in Appendix A. . !
Let us define three res.{dual functions Fay, Fay and Fay which are
mathematically expressed as
Fag =319 + a8 Fapdyt o oy, TRt G
Fay = ap1q) +ap0) +ap3a3 + .00t amquz =Ygt Gyl (2.73) . P
PR w “ \
Fag = agq * g% *ayGy + oo ¥ gy, ~ % * O :
We can write the objective function for the acceleration analysis as
y
='pald 2 . 02 :
U=Faj +Faj +F3 (2.74)




/  which is alohg the parallel !

; 7 o ;
as given by £q. (2.42) > Using the

coni:ept'_uf resf\:inted‘_iariablga, we can replace Ehe ftj’ene;gl{ied °
_ variables™ gy by restricted variables given by equation

A-

Y 2 .
G5 =311 " 3 ¢ T =1, 203 2 (2.-75_!

v!leze aj'zo i 1:;1,3, wig 65

The {B} vector for acceleration analysis Willbe " . .
3 15l
X L {87} = {Ra; Kap Kay} s = _ ~
N e where Ka; = C1 *
hag:=iCy
5 e - i 2 S.h
i . Kaal =C3 ; S %
-and. i \ S e ad
. S e e f e
Ky =Eay € Kay HEay .
The rest of the procedure is same as de for the velocity . X
dnalysis. - i = .
2.6 Results and Di ions of y and Analyses =
. o nes X <

The veloc\i\t\y and acceleration analyses of T3R3 and PUMA 560 -
manipulator were cude‘d out while performing a spot welding job :
around a plate as shown in Fig. (2.8). The velocity and acceleration ~ od
profiles cqrreéponding to the eqd—effeétor's movemenrf between ﬂointa 1.

>~
y 5 \ .




and 11 shown in Figé. (2.19) and (2.20) respectively: Thesp two
robots were shown in Figs.. (2.2) ahﬁ (2.4a-2.4b) and link parame.ters were
given in Tables 2_:1 and 2.2 reséectiveiy _Eleven points were selected
on the trajectory of the plate. The results in the joint space for
these robots are shown in Figs. (2.21-2.28). Corresponding to this
task, él .and (;1 variations were found to be zero as 91 was
' constant-. ‘In these figures, ther«? are very sharp variations in the 2.
y magnitude of all the variables. The results show that even though . R
the velogity a,ndv}acceleration p_;:ofiles in thé cartesian space are
+  simple shapes but the calculated joint space variables are of quite i
complicated shapes. -This‘i%be use of the nonlinear relationship

- existing between these two types of varlables Secondly, these sharp

. ‘Variatlons Hlll pose very strmgent condluons in the}san of the
control systems. :
£ " ‘Table 2.8 shows CPU timesstaken fof velocity analysis of T3R3 robot
while using these mgthods. here uer; o ad\\ditianal constraints such as
given by Eq. (2.55) in these results. One—can-see that the CPU times

taken for the LSM and the s1mp1ex method are same but ‘the advantage in

using the simplex method i the possibility of handling linear and non-

"linear constraints. Time taken using quadratic programming is slightly
: r}nore than the other’tlgomethods. The prése'nt results show that linear .
* programming method caﬁ be successfully used in the velocity and /J
acceleration analyses. Sinte this method-can-handle linear and A
. nonlinear constraints, it {5 possible to solve advance pi:ob}ems in
;5\ tr;jectoty\path planning such as cf)staclé avoidance and singularities
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| TABLE #2.8: CPU'Time For One Solution by Various Mathods

. v B
Mét_hod. . ‘i&me
Complex lOpt}':mi‘zation x_‘ ')2:'8 secs [
s 0.015 secs
sinplex 0.015 secs
lQuadrat ic P‘roqramiing 0.018 secs
]




\usinq the methods discussed in this work. -

The singularities, can be of different types such as at the poin'ts
where accelerations take very high values or those where the inverse
of the Jacobian does not exist. These situations can be easily
expressed mathematically in this work by writing. constraint equations.

) In addition,-oné can use these techniques for redundant manipulators

also.

2.7 Conclusions

In this chapter the displacement equation\s of robots of known, or

) arbitrary architecéﬁre and also of redundant maxlipplaturs were
obtained using the Denavit-Hartenberg matrices. The relationships
between the cattesian_space‘ anq joi;lt‘ space variables were of non-
linear nature.  In addition, ii some cases additional constraints vere
alsd iiposed.' The solutions of the displacement equations ;‘e:xe .
carried out using the SLA Eechniéue. After this the joint velocity
and acceleration equations were derived where the Jacobian matrix was
also involved. The solution methods in these cases were, (a) Vthe )

. quadratigylproqramlfnq, and (b) the simplex method. The non-linear

constraints were handied:by the SLA technique. One can draw '

the following conclusion based on the ngk on this chapter:

1

The displacement’ equations of any type of manipulators can be
arrived at using the Denavit-ﬁaztenbetg matrices. R

b

The SLA xreghod can be success:fullyi used to solve unconstrained or
constrained digplacement equations® ‘




4

5)

=2

1

The SIA met_ho& 1; more efficient than the complex optimization %
method or the LSM metﬁod and this method (SLA) can be used for on iine e

systems. 1

The q\udratzc proqraning method can be ised to solve unconstrah\ed
or linearly constrained joint velocxty and acceleration equations
of robots. of any type. ’

iﬁe simplex method can also be used to solve for «the prob;ems N
mentioned just above., % ¥ g =

The SLA method can be used for solvxng ]oint velocity and acceler-

ation equations subjected to non—lmear boostraints for all class '

of manipulators. - . . .
The smgular config‘ura‘wns can a.lsn be handled easily by the SLA
method « . & s

. .

’



-“been discussed in detail,
'

_ CHAPTER 3

S THE DYNAMIC ANALYSIS OF ROBOTIC MANIPULATORS *

3.1 Introduction to Dynamic Analysis
] ,

It has been ‘shown by several authors [46-47] that the dynamic
equations of motion of robotic manipulators also involve kinematic
parameéers such as joint space variables and their derivatives.
Keeping this in mind the detailed kinematic analysis of various types
of manipulators was carried vour.\in Chapter 2. There exist.s a large
volume of literature for manipulafor dynamics with rigid arms; but for

high accuracy .oge\ Has to also include the flexibility of the various

links [30,46]. " This is especially true since the robotic manipulators'

are much more flexible than the machine tools.: One of the methuds of
including the flexibility of the;links is by using the fmxte element
method and it is discussed in the next secfion. If oné uses the
finite ‘Element method, the resulting system*rltairice; are very large
and requue efficient techniques to solve for the t)me dependent
response. Several n\éthods have been discussed in this chapter and
their coulputatlona;‘etf:uencx.es are conpared. To handle ‘constrained
problems, linear programming and the Karmarkar's algorithm are also
d1scussed vhere by one can obtain the dynamic response of the ‘
constrained systems. Fxnally, to reduce the” size jof system matnces
b

the Guyan's reduction. technique and the component mode synthesxs have




- 3.2 Dynamic Equations of Motion for Fleziblo-Hanipulators
¥ #oe » S

< a8

3.2.1 The Global System Matrices .

‘_ + .The global mass nattix’can be obtained by writing the Lagrange's ¥
dynanmic equation of motion for an element and then assu:blhzg the .
resulting elemental matrices. However, it is possible to assemble the
pelemntﬁ\equation ? a given l'ink-ax{d éhen Link by Link assenbly. can ¥
be performed for thé whole system. The advantage in using this schene
is €hat the stiffness, danplng. and force matrices’are qependent on
velocities and accelerations of various nodes. Since the nodes are on-
various.links, . which are in motion due to the anqular acceleratlans
i.mparted by the .corresponding drive motors, therefore it would be
quite logical to write dyhamic -equations llnk by link.

The Lagrange's equation of motion for ith link is expressed as

) L']'-al‘ B Ly il \‘(31)

&I 3‘&; )T; B v oeeer 1)

« .
where, L = i.agrangi’an function which is expressed as

L=Uk-Up

Uy = link kinetic energy

UP = link potential energy . N
1 “ . ) ; . . “
q generalized coosdmates 2 v “

q; =the first time derivative of generalized coordinates




Fiv = generalized forces

N = total number of generalized coordinates. - ' '

Dividing a link into number of €lements, the translational kinetic \
energy of the nth node of the ith link is given b;

)i = 3 mgg 1637+ 0d? + @2 N
- s i
I g . - »
77 M™in Yin Yin S 32", ) .
where
¢ - . N
™~
s 0 il .
Yo = "‘gn = inertial velocity vector for the .
. :0 [ nthnode on the ith link. ‘
Yin o
) >
Zin <
i P .
m;, = the mass of the ntl node of the ith link )
The total kinetic energy of the ith link having NG; nodes is given by
» * N * ~
‘ NGi’
| U = El (Uy) 4
i 1 T " \
. % R nzl 2 Min Yin Yin (3.3
The potential energy for the ith link due to the structural elasticity ‘
is given'by ' !
N . .




T g MR
sy NP{i) Ne (i) E\' LY AT
T3 gh NbEpRy B

where Eiﬂ‘{ is the finite-element structural stiffness term, -
N

{pin} = perturbation coordinates of the nth node 'on the ith link as
* shown in Fig. 3.1.

- 165 = i T e

NB(i) = 6 X NG(i) " (there a’ze six degrees of freedon at each node) .

The potential energy of the nth node point of the ith link due to

gravxtatmnal effect is given by ' N %

Vo . A

g S (UPG)in ‘“m(gxxin ¥ 9yyin b 972 m) PR

where (gx,gy, 9,) = acceleration ccmponents due to
s > graviiational effects, and

(x ) = coordmatesﬁot the nth ncde of the

m'y)n'zm
L ith link in tems of the lnrrual

coordinate system.

Since 9y = qy 0, therefore Eq. (3.5) ‘can be simplified)

N . ’ (“ps)in = Min gzzin




~aDeformed position of -
node pgint N
Pl n
Undeformed position of

npde point N
x in

P
’
(L
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(Up)i—(UpE)i’rpr)i: e (37)

By subsntutmg the expressions for kinetic enerqy from Eq. (3 3) a‘nd -

potential energy from Eq. (3.7), into the Lagrange's equanqn of
* motion given by Eq. Q3. 1), the natrix form of the dynamic equation

can be wntten as [46]. - £ . -

i
o (M]{q(t)}HCl{q(t)}’r[K]{q-(t)} {rm} B

2 " It should be noted that to obtain any of the global mat:ices, in - b
addition to the elemental matrices wbich dre given in the Appendix B, ;

one also needs the three di.mensiénal matrix of diréct@dﬁ cosines.
This matrix' ig also given im the Appendix B. ’ !
< ' » 0y

K r ¥

. . 3.2.2° The Global Force Vactor- . .

3.2.2:1 The Nodal Gravity Forces : P ‘4 i o :
. The force vecto? shown in Eti (3.8) consists of several tems, one
TR - of “which is due to gravitational accelerauon In the absence of any

’ extemal forces or any othér kmd of motmn, the deflection of the

v system Will be due to these forces a

o B ¥ (E‘G)1n be the force due ‘to gravx.ty on nth node on the ith . oy

link, then \‘ . : ‘7\_ Sy

e T (Folin = M. 9 5 RIER IR

! . ‘where, .m; is the lumped mass of the nth node of the 1th link, g, is | : i
~ . the acceleration due to gravity = 9.81 m/s T .

“as explained earher, for the vertical gravxty force, the camponents of\

¥ o q in x and y dxrectmn@ will be zero.




3.2.2.2 The Roda,]. Inertia !‘otces

When a robot is tracking an assigned path it. is subjeghed to
inertia forces arising due to angular accelerations afid .angular
.velocities 'of links. Therefore, in order to' calculate the inertia
forces at. each node, one has to have the pnor knovwledge of kmematlc
\ parameters such as anqular velocities and accelerations at, that pomt
Referring to acceleration analysxs discussed in Section 2.5, one can-
note that in Eq. (2.72), there are terms-which are functi?xs of joint -
velocxtxes and there are also terms uhxch are functions of joint
acceleratxons. Since Eq. (2,72) is expxessed with reference to global
coordinate system, so the zesultan inertia forces will also be in
ﬁus system.
' To calculate the inertia forces; folluumq steps shuuld be
: performed' ’ 4 -
Step 1: Foz a gwen end effector kinematic parameters, the inverse
.- kinematic analysis is carried out to c}fculate joint
displacements, velocities and ECC&IEIECiOI"lS.
Step 2: The robot arm is divided into finite number of ‘elﬁments‘ The
number of e).ements. depends upon how accurateiy one wants to
) model tt:e manipulator. . ® . '
Step 3: " At each node the accelerations are ca q_uiated using Eq. (2.72).
_S_t_ep_l: The acceleration components calculate ‘at each node from
Step 3 are multiplied with appropriatﬁ lumped masses of the
‘elements to obr:ain the inertia forces given by

« ~

<




) i "f"m‘au‘h # 3124(\ ¥ amlqnl o)
I

oo Pyt Txn(521q1+a22q2 ---”mlqn,”z) (.10

P
Fy) ing =iin (@31 + afgly + .o + ajyly, + D)

| - . .
where, (F) yny is|the inertia force due to the'nth node on ith

liqk in the\;élobal x_direction,
iny is \the inertia forcé due to-the nth node on ith

(Fp)
i » lmk 'm the global y di:ection, and -

(F)gpg 18 ﬁhe mettla force due’to the. ntl? node’ on ith '
link in the global 2 dlrectxon.u

S_p_.i' The global force\ vector is fomed by adding the forces due to
'tne gravn:y qiveh by Eq. (3.9) and the inertia forces.

expressed in Eq. | (3.10). T s &

) Step 6: The dynamic equation of moncn, given by Eq. (3. 8), is solved

by applying appropriate boundary conditions. Thxs results in
modifivation of the global matrices. F e
4 ) ) -
3.2.3 The Methods of Solution of the Dynamic Eqnatigns‘
The differential'equation of motion given by Eq. (3.8) can be

solved using several mzmezi‘cal integration® schemes. The approach uded

‘in the present study was tﬂg Newm.;}k, integration scheme [48]. It is

possible to véry the parameters in this scheme to obtain desired or ~
opt imim stability and accuracy characteristics. Two basic assumptions
are to be followed wlule carrying out the step by step integration in




this scheme. First, the scheme holds true forv&nly certain discrete
interval of time, say At and secondly,' a certain variation of
" displacement and its time derivatives is assumed within the selected
time step At. .For example, the acceleration can be considered as ’
constant. —Qne of the most cr. -g',txcal features to be®onsidered while
carrying out direct integration analysis is the number of time steps
‘requued for.accurately detailing the dynamic behakur of the /
structure. "Too large a time step can result in et§oneous solutlzn{and"

on the other hand, very small time step may be undesxreable as s

< . wlll increase the computation cost. The steps to be followed can be -«

found in any standard text [34,48]. It 1s obsetved that the maximum CPU
ume is taken uhile finding the mverse of the matux
" e
. + ‘8
&1 = [ el [M] Ty [c] + [K)]
for the damped systems or for the undamped systems finding the inverses
of the corresponding matrix given by . ¥

[—1—2 M+ MR
awn)? R

where. o, B are the stability parameters. For every timmstep‘ this
inverse cémputati'on of Eg. (3.11) is to be carried out. Also, as the
> . size of: the ms and stiffness matrices mcreases, the cost of the

-inverse computation shoots up. For accurately detailing the dynamic

model of any flexlble manxpulator, the number of element's should be




- large. - This in turn 1ncreases. the size of "‘[H] Snd K] and hence
the computation time. Thus there u alvays a.need for more efﬂcient
techniques. . K g B

Using this scheme one reduces Eq. (3:8) to-the following formg ’

P s ull{ql =3} (3.12)

== - .
The problen remains now is to obtain the vqtot {q} in the above : s
eqnat.mn The most obvious methbd uould be to find the mverse of the W
mitrix [AI] and obr.ain the soldtion in the form . 2
{ah =y 1{Bl] (3.03) -
B i .

However, to calculate the inverse og the magrlx "[;l), large number of .
mathematical operations are required. This is why one seldom .
calculates the inverse of this natnx One can obtain the solution -
usinq several other algorithms vnu.ch are more effmxent and are

dxscussed in the subsequenct sub:sections. =

3.2.3.1 The IDLT Decomposition usug«s@m Storage Scheme . :

.~

and a diagonal matrix (0] = diag [dy, ...,"dn] such that

(A = mpIE (.10
The matrix (L] is expressed_as

0 = ][] oo [lgeg] (.15




=
The general fformula for fomming [m is
- 11 -0
[Li] = 1 ® (3.16)
0 li+1,1
Liag,i0
Lo s 1 -
y
where - -
1
Yoo sm - Min,
% T Lt R 1

Also the -mat:ix ‘[Li] ha's all the colums zero except the ithcolumn
below the diagonal. All the diagonal tems are equal to one. The -
matrix i]'l is obtair(gd by Just cﬂanqing the signs of ith column
of [L;] “ but the diagonal terms do not change their signs.

The vector {q} is obtained by solving three sequence-of

equations given by

Wy = 1) - imy g2y} = {8} (3.17)
or {1} = g™t oo w7 Yey) -
as the first step. Then the equations = T

‘a ’
o){z} ={¥} and (3.18)
- . w'{a} = {2} (3.19




\ are solved. The number of mathematical operation; required for . .
solving Eqs. (3.1_7), (3‘."1 and- (3.19) are n2/2, n, nzli _:espect/ively'
for a (nxn) matriz, However, even further reduction in computation

s possible for matricés shown in the Fig. (3.2). In this figure, the ,l
skyiine of the matrix [A;] is clearly depictled. Now if we rgﬁie; to
Eq. (3.17), the terms above the skyline need not be 'ccgnputed because
the nunerator is zero. If\we compéxe a bipded matrix and a skyline -
matrix as shown in Fig. (3.2), one can seé that the skyline method is =
.even more efficient than the banded matrix"comp'utatim. This lis i )
because in the band sto;_'age schemé the zeros above the skyline are

also stored and need to be computed.

osition Using " éhold

This technique can be used where the matrix [All is square or
L~ . R
rectangular, i.e. the system is unique or over-determined. - Since the

solution téchnique is a bit involved, it can be best illustrated by

o o = o

. To solve this problen one starts with a vestor :{s;} = {5-4 1 o7,

which is thefirst column of the matrix (Aj]. Next we define a- -

N s

-
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{ug} = {s;} + pfeg} s (3.21)
where, p = Is;l, = “(31]1{51} and ° {ell is the hut column of a'unit
-matrix [I]. Then we can calculate a matrix ﬂlll expressed as

2{ugiu i
- (8] = (1 - %[l]- (3;22)
& ) (“1) {“1} 3
- | .
A : -0.7';15 10.6172 -0.154 0
. i " 0.6172°  0:7849  ,0.0537 0 )
o | <0154 0.537 . 098 0 % .
I 0 0 01
is a symmetdc and orthogotal matrix. Pre-lr;ultiplyinq left hand
o " sidd of Bq (lZﬂl by [H] - we get ‘:
l ;6.48074 © 7.40656  -4,166191 1.234427-
| ( 0_ 2.2584 -2.20005  0.569914
| Hyl (3] = s X
| 0 -3.00646  5.550012 ~-3.892478
[ 0 1.0000 -4.0000 5.0(!00
In the ‘second step we form {sz] using the second column of 'the

; to gero. Thus (sz}'r will be equal to '

{o 2.02 -3.006 1}

matrlx [lH1] (All where thé. term above the diaqonal is made equal




’ " e calculate {u,} using Eq."(3.21) and continue the procedure .

till the last column. For the problem at hand we will have

& -6.488074  7.40656 -4.16619 1.23442
. [Hy] [H,3 (6,1 (&) = ‘o -3.76069  6.68568 -4.74835
. . v 0 . -2.63523 .4.21637
" 0 “0 0 0.389249
1 -t.oon th_e left E;ngside and
g & ! J 9.67213 ) £
: 'IH3HH21[H1]{BI} = '-0.3795;%9_
g . -0.421637
- © 0504919

' . \ S v

on the .right- hand nde ’fne solutmn vector {q] is obtained by
back substitution and m the present case u. will be equal tc .

3

tol e |
r | 2.58 «
Yl2.4

1.41

. 3.2.3.3 The Chohsy, Decomposition 3

If [AI] is a positive definite symmetric mattix then there .
exists 2 lower t.xiangular matnx (Lq) with positive dxagonal entries

such that g . "




i

(Ag] = gl 1] W) = {Bﬂ/ e

Eq. (3.23) follows from the fact that there exxst a ~1.D1.."l

transformation qlven by Eq. (3.14). Since'all elements of the

diagonals matrix are positive, the matrix [LT] = (1] diaq(de, S

drl“/l2 is real, l_uwer triangular, has positive diagonal entries, and
satisfies Eq. (3.23). This decomposition is known as Cholesky

'

decomposition and (L] is referred to as the Cholesky triangle.

\ .
Equation (3.23) can be solved in two steps. .Let us rewrite this
"

equation as ‘ -
% (11 (11, = {3y} § -]
or figfy) = {8} )
Cwere (ngMa} - {1} - T

In the first step one solvés for ¥} in Eq. (3.25) by forvard
substitution and in the second step Eq., (3.26) is solved for {q} .

using backward substitution.

"3.2.4 Forced Time Response of Robotic Manipulators

To obtain the global system of equations one has to start with thg
elemental matrices. The details of an element are shown in Fig. 3.3.*
Here there are six degree_of freedom at each node ﬁi'dch corresponds to
three displacements and tﬁree rotations. Therefore the.size of, the’
elemental matrices will be 12x12. The T3R3 manipulator shown in Fig,

2.2 was divided into eleven elements out of which the forearm had six

_elements. The fixed boundary comditions were applied to the base of




FIG. #3.3: Three-Dimensional Beam Element with Six Degree of
Freedom 3t each Node :

-



"the robot. ;l'he various other details regarding thig robot are ‘éiven in,
the Table 3.1. The dynaxruc response was calculated for a weldinq
operation on one side of the square plate. The end-effector velocity

*  and acceleration profx.les in the cartesian ¢ space are shown in ‘the Fiqs.

.(2.19) and (2.20). The response calculated -at the end-effector position

are shown in Figs. (3.4) to (3:6)'.‘ The xe.;zp'onse curves clearly depict
2 - the ‘oscillatory nature of the system. The forcing functions a_ré given in

/'\'Eqs. (3.9) and (3.10) where ci aré due to the angular velocities and -
§i are due to the angular accelerations.” Since we have seen in the
. Chapte: 2 that both the angular velocities and angular acceleratmns
vary very sharply witn time, therefore these, forcing flinctions Waiil
undergo large variations. 3 o I B
The e£f1c1enc1es of .various methods dlscussed in earlier sectmn
"+ are shown in-Table 3 2. ‘Among all' the methods the L_DLT method with:
skyhlne storage. is the most efficient. The QR iteration is '
uneconomical but 1ts utility will becomg clearer when we solve an
. - overdetermined system later on in this chapter.
) i

3.2.5 The Rarmarkar's Algorithm And Solution of Overdetermined Systems

The solution of ‘overdetermined systems ihvolves solution of

. ) {5} = {8} m>n (.27,
A . (mxn) (nX1). (mx1).

These kinds of systems c‘a(u/occu: if we are solving dynamic equations

such as givén in Eq. (3.12) along with some added linear constraints.

.




- .
\
. ;"
TABLE #3.1: The Geometric Dimensions of T3R3 Robot .
2
Y . Link
Parameters
! Sl 2 -
Description Shoulder Upper Arm o~ Forearm
Angle (Dégrees) _ . 0 6, 93‘
|tength (m, 0’ -1,016 1.5113
.
Cross-Section 2] Hollow Square |Hollow Circle
Outer Dimension ' (m) - 0.1524 0.1524
Innez, Dimengion (n) -. 0.1143 0.1143
Material - Steel _ Aluminium
A Alloy
7 ‘q
-~ ) E
< i %
.
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TABLE #3.2: The Computational Efficiencies of Various Methods

—

. -
Number Methods R CPU Time (seconds)
i -10tT with skyline 10.97
2. LT without skyline 13.84
{1 QR Decomposition 19.41
L3 Cholesky Factorization 15.25




- " These'types of systems can also be there when one is solving for robt;ts
) of arbitrary architecture and redundant u[aniimlatoxs. Such types ‘of
problems can be solved by Least Square Analysis, uhere Eq. (3.27)-can
be written, aftet pre-multiplying by [Akl , as

. i i {xd = m0Ne) (3.28)
: T xd - [Ak]T[Ak]'llAk]T{Bk} . (3.29)

However, Eq. (3.27) can also be solved by fomnlatmg it as a-L.P:
problem where the objective function caft be written as-

Minimize

&
~
"
L]
s

~

1 al]]

]

vhere ;= [

g
subject to constraintp given by Eq. (3.27). The system of equations
given by the constraint equation above can be very large or small.

For example, in the finite element analysis of large systems the
constr:int matrix (L] will be very large. On the oth;,r hand, ‘in
the_kinematic ahalysis of redundant manipulators, this matrix will be
of very small size. In recently published papers [36-41), comparative
studies have béen doné for solving such linear programming problens. '

Therefore, this method is discussed with sufficient details in this

o5 7y ' (330

\




chapter. . Q = °
Before getting started with Karmarkar's algorithm let us review -

L.P. in general. The qéonet;rical interpretation reveals two important

featur®s about L.P. The first feature is that an optimal solution

always lies at a Sextex wheteb the vertices are determined by the

intersection of N lineaély independent hyperplanes defined by the

constraints. Secondly, if a vertex is not oggimal, then one of 'its

neighbours hag the value of objective function less than this for a

minimization problem. The ellipsoid method had been proposed earlier by -

the Russian mathematicians Iudm and Neimirovski as a means of solvmg

nonlinear opnmuatwn problems [49].. The proposed tec}quue could -

. / actually be applied to solve the prcblem of fmdmg feasxble solution
to a L.P prcblem Y e

The ellipsoid method starts with a larqe elhpsmd containing the . ‘

entire feasible region. The feasibility problem is solved if the
point located at the center of the ellipsoid is feasible. _The s
presence of inequality‘constraint separates the center point from the
feasible‘region. This separating hyperplane can be used to construct
another ellipseid with smaller volume which still contains all of the .
feasible region. Since the volume of these ellipsoids decrease at

every iteration, eventually the feasible region will betightly

bounded by a smaller ellipsoid whose center point is feasible: At - * = .
. first, the ellipsoid method was perceived as presenting t‘ne first real
challenge to the simplex method. But soon it was discovered that
[ - -
= '
. «




enormous computational efiorts were 1nvolved in large scale’ pxobleus
and the method proved to be mfenot to si.wlex in practice. .
=The major discovery came in form of a new polynomial-time -
algorithm for L.P. problen by Karmarkar [42) in May, mq."cum~
-were made that numerical results proved Lhat the ne\i nethod was. up to

50, times faster than the simplex alqouthm Unfortunately, no details on

the compuger implementation and expermental reSults were released by

-the auth

\Tpé linear programming prohlém in Karmarkar's framework ‘s

expgessed in the following homoqeneous fom'

Hlnmﬂze
L

subject to

where {ek}

“matrix

Zy =-(CK}T{X)(]

(L] [Xk} =0

fed ™t =1, () 20

is a vector with all its element as 1,

3.2.5.1 i 'i'he Mathematical Formulation of t:.hn Knm'i-_kn': ujo:ith

(3.3

(3.32)

(3.33)

k]' is a mxn

The minimum of Iy is always equal to Zero. let D]/ be a diagd)al :

‘matrix given by diaglxy, ..., Xgg)-




Karmarkar employed projective transformation described by the

following expression

o {xt + {g}

{xﬂ() m 13.34.)

}

Here (Dy] isla non-sinqular matrix; [dk} and [fk] are n-dimensional
vectors and dk' is a real number.

This transformation maps hyperplanes corresponding to constraint
boundaries in the original séace, into hyperplanes in the projected

| . i
region. Fig. 3.7 shows a feasible region with a point Xy * near the

. boundary. The projective transformation can be physically understood

by coﬁsideting the light source and the image or.shadow created by it.

Wxth the proper rotation, it is possxb’le to get the correspondmg

point Xk to lie near the center of the projected region. Hiere a

. steepest-descent direction can be found in this projected region. By

back projection a direction in the original spaCe Is obtained. Since
the search direction is a property intrinsic tq the problem,

Karmarkar's method is far superior than the éxisting techniques.

: Using the above projective transformation we have the following

mapping gauation

-1
D) )
= ——H— (3.35)
At L Hxd

and in the original space it is N




Feasible
Region

Projected %
Region

FIG. #3. 7 Phyxical Interpr@atinn of Projective Transformation in
rmarkar's Algorithm %




=
o, J{xt} ;
{x) = "T—" (3.36)
(e} oy {xg} :
Thus the objective function and the constraints become
Minimize N
{ed o {xi}
T (3.37)
{egd "o {xg}
_subject to
i) = 0 (3.38)
and ;
. gl =1. ()20 R

me the definition 6fy [D,], the points xk in )g( space are mapped
onio the points [n i oeep n] in Xy -space., Specifically, the )
algorithm generates a sequence of points xiu), x,'(m, vestr x)'{‘k)
where xi;” >0 (3=1, ..., n) as follows:

1. Define (] = diag (4™, ..., x2™), ana .
{ =

D], -
(8] =[ x T"] (3.40
{ek} 5

3. Compute the orthogonal projection of [D]{c,} as:

o 4
Aol = [0 - BB ] e lan

[ckp} projects a steep-ascent direction into its constraint
matrix [By].




i

1 I'\ppiy a stopping or termination criterion for every iteratlo}» If
\‘;e}ew point satisfies the temmination criterion stop; otherwise,
k

Normalize [‘ckp} and scale it by the radius of the largest spheig_
which can be inscribed in the simplex given by Eq. (3.39) to
produce the correct direction vector. Thus we get

{ey) = Lo

, and
Ickpl

(3.42)

i 1
{o} = {og} - =~
k: .k I
vhere 1, = radius of the largest sphere
. )
‘ln(n -1

o

Také a step length of @, toa new_feasible point :

I} = % led - ol

(3.44)
5 [
; Kfrmarkar originally suggested that the value of ‘o' can be set’

N

to %— but later on it was found that the value can be modified
for less iterations.

{5} space we gpe.

?/
- g
(k1) i) -
i) o D

(3.45)
e "olx :

«
Applying inverse projective transformation i.e., {xf}* back
Il |

=k + 1 and repeat the above sfeps.




3.2.5.2 ion of the L.P. to 's Framework

‘MI"L.P. prablems'are more commonly expressed in a canonical form -

" such as - w v
Minimg‘[e o = {ck}T(xk«} )
subject to
- fi{xd = (g} T (3.46)

{sh20 - ¢

| >
; By scalmg the variables by some plausible upper bounds on their sum,

f . - we have . A
' {8}
[Ak]{xk] = {3} = —kk, and - (3.47)
RO =
v . o R R =2

Karmarkar also sugqééted_ that a new'variable be defined corresponding

to the right hand side of Eq. (3.47), and forcing this variable to be’l.

T Thus we will have

« 3 (3] :
i {ER]} - [—a;—] Ee=0, (3.48)
e =1, and L (.49
{ep RS + By = 1 . (3.50)
- } . _

-



e The last two consttaints can be replaced as , . - )

. 4 C (MR- §k+[kanr= 0,ad @)
(gH=d + 5+ (;k(nﬂ)] =2 T s

Scaling all the variables by\% we get

v
{8
a) =-— 0 0
s ) k 0,
; 2 | .
; {ef) a1 il {x} =0, (3.53)

. & fef} . 1. 1 1 .

and a solut_ior: to Eq. (3.46) iuay be recovered as E
g . X g
- (xkj] = zok{xh.} i 3= Y e 3.5

The algorithm needs the construction of an artificial colum to
obtain a starting-interior sdlution. This involves adding a new

# column and variable to Eq. (3.32). This can be achieved in the
.followin ons: ’

a{xd +v{ak)xk =0, and Cas) -

(el +3 = 1

sich that (n{:]l) . is a feasible solution, and then minimlze/lk to

2ero or close to zero.

- N




t
|
{

o

- -
Thus Eq. (3.53) becomes
E ) '
E i L 5
Bl -— 0 {4} " 0
i uk X
N k 0
T - :
{e) 1 by By = |l (3.56)
) B I L T R 1
& .
where, (] is stll mxf.
We used the starting solution vector as
: 5 o )
%= (j=1, ..., n) , and
A A d : 1
A Bntl) = F(ni)- M 73 G.5

The artificial ‘coefficient values are:

{dk = [—:‘k’}‘ - ile)

cand B =-1 7 (3.5

The major computational effort is consumed in the calculation of the
projective transformation in the step =

{eygh = [0 - iz g 3™ aa] ngllcgd

Inverse of ([By] [Bk]T) is to be calculated at every step.. Basically.

it can be broken up into using it transformation, as

N




- .
(8,1 18" = (3.59)

NESIERES I Ol
0l )

The

®

only quantity which is changing is the diagonal matrix [Dki‘ =
Karmarkar suggested to use updated LU decompositmn for finding

the inverse but for a latqe systenm it proved to be pretty inferior-to

the simplex algorithm. ~The advantage was take:n of the symmetricity of

[By] [Bk]'lr and skyline procedure was used to find the inverse. It was

also realised that apart from the inverse computation, the matrix

multiplication also consumed a good amount of CPU time. .Partitioning

of matrices, as shown in Table 3.3, resulted in avoiding lot of zeros .

in the computation. But the most efficient of all the
onginated from least square problem. .It turns out ‘that computation

in step 3is equwalent to finding the residual of a_ least squares’

problem in the following way
(180" LB 0 {0} = (7} (3.60)

which can be simplified to

o{c) = BT} (3.61)
Therefore, Eq. (3.41) reduces to
{cxel = myled - 1T} (3.62)

This tremendously avoids the nultiplications and inverse calculation.
The most efficient way of getting the least squares solution is
through QR decomposition using Householder transformations discussed

in Section 3.2.3.2. The matrix [B;{] is decomposed as
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To' illustrate the mathuatical theoty developed above, let us take an
example.

a sinple- problem of solving two simultaneous equations was
considered to explain the algorithm and how the variables change in
different domains. We want to solve the set of-equations )

Wt a3 X7

Xt Xy =2

% Cr T % < by w
Using Eq. (3. 30) the objective function is to minimize Zy = 2x1 + 31(2

subject to consttaints defined in Eq (3. 64) Therefore we have

o : \
i L [1 1] . % B
. ® -

ma-{3} .o te-{3)

the vector {d,} is calculated from B (3.59) as

(6 e

The final expression from Eq. (3.56) is

w I



/
3
1 0 [=-
-
2
1 0 [=-
&
i 2 1 -1
11 1 1 1
x5
The starting value was selected as
% .
. . % 1/4n | 1/8
i Xy 1Mn 1/8
z Xy (= 1 =41/4 }, where n.= 2
Xy 1/ 1/4
X 14 1/

N
Following the steps given in Section 3.2.5.1 one can obtain the final

| solution, The values of various variables in different domains are
discussed in Table 3.4.

The following parametefs were used for taking the step lengths
, s :

o = 0.15

radius of the sphere 1y ‘= 0.2236068

Plausible upper bound O =6

L. B
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TABIE #3.4: Values of Various Variables in Different Domains

e
ITERATION NUMBER

. Doiﬁ cc%gﬁ\gﬁ?s I 2
Projected Cptt) 0.1331325 0.1468506
Gl 1.2785761 0,248077
5 ) 0.214552 0,2165479
% (@) | 0.1732599 0.1908471
) Karmag' ; CY o.m7§4}11 .0.008331
3 (2) 0.0082697 0.008271
original 5t 0.8809345 0.9997215
B | % (2) 0.9923701 0.9925203
9bjective Function 0,0051 ()‘00(7527




3.2.5.3 Application to Robotics

Karmarkar's algorithm moves faster when number of variables
increases. Both in kinematic and dynamic analyses df robots, one has

to occasionally solve equdlity constraints of the t)}pe
'[Ak]{xk] =\{Bk]

A large number of data points describing the joint displacements of
the manipulator arm were obtained. ' The task to be performéd was that
of spot welding one side of the plate shoun in Fig. 2‘.8. Since
resolved motion rate is non-restricted, concept of restricted

' variaiﬂes is used. Thus for three-degree-of-freedom ﬁanipulato_r arm,
there are six variables. A linear system containing zs large ‘as 528
variables was taken and solved for 1056 restricted variables. The
formation of [Ak] was s.imiliar to.shown in Table 3.3. Table 3.5 shows
the CPU times comparison of the simpiex and the Karmarkar's algorithm.
Karmarkar's method. is more efficient than the simplex method as the
number of variables incréases. Us_\inij sophisticated data siructufe’s
aqd mathematical tricks, the Karmarkar's a{qorithm can be much faster
which is a challlenging future research topic in this arpa. Formation
of [kk] and solution of a large number of points in one step is
quite useful in trajectory planning. There are mumber of ways in
which a particular trajectory for a task can be échieved‘ ‘Do find the
optimal path, all possible trajéctories are taken ifto consideration
and requird data points for these trajectories are generated. The SLA

* method can be used to find all possible paths. Now, for the selected




A . -
TABLE #3.5: .The Comg:tational Efficiencies of the -
Two Techniques
e T - ! Vo » .
Technique CPU Time$ for Number of Variables Equal to:
; 28 - 5% 1056
Sinplex (seconds) . (seconds) _{seconds .
: 7.86 56.80 De.sr |
karmarkar 12.42 84.89 417.49 .
> Y § !
’ ' g A
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traljecto;y, inverse kinematic analysis can be carried out for all the
trajectories. It is possible that the ‘constraints may not be .
satisfied, hence the second best opiimal path is taken and the inverse
analyses car’be carried out. This whole optimization can be carried
out in one step by tsing a composite objective function and well-"

defined constraint equations using the Karmarkar's alqorit}m

3.2.6 The Dynamic ( Reduction Techni

We have seen earlier ;:hat to obtain the dynamic deflections using
Eq. (3.8),.large system matrices are involved. In addition, in the
calculation of tra\nsient response, for very small’ ‘At,. repeated -
solutions are necessary. ,Therefore, it is quite desirable that some
,dynanjic coordinate. reduction schemes be investigated. Two suéh
schemes were discusséd in [50]‘. Since robotic m.an.'pulators are
-diffgzen.: from machine tool structures, i‘hese reqpire special
consideration because all the system matrices are functions of the .
positions of the end-effector.’ At first, a brief mathematical
baclggrpund' nebgssary to understand these techniques is discussed and
then the dependence of the naturq& frequencies as a function of end-
effector position is}iiécusseli in the following section.

v

3.2.6.1~' The Guyan's Reéucgian Technique ',

Tn Guyan's reduction téchniqué [32], total degrees of freedom are

separated into master degrees of freedom.and slave, degrees of freedom. The




" slave degrees of freedom are selected by scanning the Kyj/Myg - ratio. .
The ith degree of freedom for which this ratio is largest is selected as
the first 'slave'. This separation discards the higher frequencies and

relatively accurate representation of lower modes is possible in the
retained system. If 'm' denotes the master degrees of freedom and
's' denotes the slave degrees of f;'eedwé'n after the separation
the dynamic equation, Eq. (3.8), can be written as ®

M) (M) im(t) +' (Cop)  [Cgl |- Gy (t)
Men)  Diggl| - {g(t)]  [(Copl (gl [Gglt)
le] [Kpg! (t) Fplt) i 360"
(Kgn)  [Kggl] |ag(t) Fglt) ’ 3
The coordinate ttansfﬁmatfmn matrix ; 9] is glven by

0 = [:—--!II. ..... : ] ‘ (3.65)
S8’

Therefore, relationship between [qg(t)] and [qm] “can be written:
as ’ #

Ll(t)] = &'T)-] 0] [qm(t)l .

366

nXm

#



* and

-
‘ L lgg ()] = ~[Bgg) Ryl Tl ()] (3.67)
Thus, the dynamic equation ‘of motion of the condensed system 1’( i ) 4
written as * ’
o] (G (t)] + [Cogl lap(t)] + (Kegl (a1 }1= (Eg)  (3.68)
where G i
/IJMCSJ - T, .
. Cs) = WITtcI91 (3.69)°

Kol = WITIKICO] , aho
S = 017(e}

3.2.6.2° The Component Mode Synthesis

ﬁis technique can be used also for reducing the size of the
mt:iées. This method has been extensively used in the area of
aeronautical engfneering since early sixtigs. In thig technique the
displacement vector [q(t)] is written as

; y
lqit)] = [S!E!E] C a0
aml . ) -

where [q(t)I] are the interface coordinates and Iq(t)F] .gre the
pi ¢
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free coordinates. The static behaviour oY the ‘sy=tem can be expf-eséed

aS/ . i ',.'é ;

L LN HON -5
: - ‘; v [l b (3.71)
- |F qit) £(t) .
where - ] N
a®f = @ofl+ geht o 3.72)
\ o )1 = gl _ (3.73)
’ Using Eq. (3.71) one can wrife o .
v T {0 =W T ol gk @0 Y
p n

In Eq. (3.73), [oE] is the matrix of eigen vector and [f(t}] 'is: the
principal coordinate vector. Using the above relations, one can derive N

the transfomatiQI matrix as

R (1] (0]
(7] e N T- x| (3.75)
i L ST RIS AS) '
(m#n)X (n+r) - . .
- 5 mm, mxn ) Cmxe
- where .r = master degrees of freedom,

L'y number of free,coordinétea, and
n = number of interface coordinates.”

N

Thus the transformation between ([q(t)] “and the reduced cuozd;\?\ate

. —




_1g,(t)] is given by

[a(t)] = (1] lg () AL

Using the above transformation, one caﬁ derive the dynamic equation
of motion as r
\ Mgq) (G(6)] + [Cyql(AlE)] + [Kygllqlt)]
= [£(t)g) (3.1

where \ : ‘

Mgql = (71700 (70
" [Cgql = 11T IC1[7g) ) (3.7:})
“[Kgq) = (7 (R (Tg)

{t0)g = 11}
Transformation matrix is of the order of (m+n) X (n+ 1), the
reduced mass, stiffness and damping matrices are of the order of ¥
(n+r) X(n+r).
» s

3.2.6.3 Results and Discussions

- - -
. In the Fig. 3.8, the moving cobrdinate system (x5, y3, 23) is
located at the end effector. The system matrices i.e. [M], [K], etc.
vary depending on the location of the end effector wl?én measured with

respect to the global coordinate system '(xo, Ygor Zg). The undamped
Al




FIG. #3.8: Kinematic Model of the T3R3 R‘hot
*




natural frequencies for the manipulators were calculated correspon&ing
to three end effector positions and are shown in Tables 3.6 to 3.8, In .
the Table 3.6, the total deqrees of freedom are 66 and the master degrees
of fteedom vary between 8 and 15. To :epresent the fust four modes

ode needs to have 8 degrees of freedom in either of the two reduction
techniques. But one can notice that if the master degrees of freedom
are 9, then g?\e ubmpcnent mode results show an error. . On th(\e other

hand, to include the first six modes only 10 degrees of ‘freedom are
necessa;ain case of‘cqﬁnpongnt mode, whergas,'the r(;.sults do not - \
converge even up to 15'degrees of freedom in the case of Guyan's
reduction. Therefore, ‘the component mode yiel‘s better results for

this particular position of the end-effector. »In the Table 3.7, to
represent tr;ei f'xrst_ four modes, one needs to include 8 degrees of ’
freedom for both reduction techniques. The Guyan's reduction results
converge very well but the component mode results show considerable -
errors as the number of master degrees are increased. Hnwe;lez, if

first 6 modes ére to be included, the component mode results accurdtely
o

these modes corresponding to the master .degree of freedom of

10; whereas, the results obtained by the Guyan's reduction show a very
large error. If the master degrees of freedom are inéreased from 10,
the Guyan's’ reduction results converge slowly ;he:eas, the deviations
in the component mode results at first, increase ami then decrease very\
rapidly. So overall,, the component mode results, even in this case,
are better. In the Table 3.@, the results are similar to those in t}le
Table-3.7. - ; )




Vi

ssz-o0z | vsveszzs [~oseesat | eseo | useoe o | sovoe 099 zz | 099z | sseviz | esenz %
css-gez | zuvszz | veovszz | eseoe | ostor | sosToL orgror | z99°zz ro9'zz | €seUnz sz st
[ oscroz | s avsze | overszz | eszor | zvstor | sosor | Gssro | @sorzr | 99T | stz ) eseiz ”n
EWS« ‘nigeess [ ss°szz | towtser [ 4stoc | gtsor | sowror | eswo | zeiz | ecocz sz | stz st
ovose |, sesrees | seseszr | Tosozz | 4sTOL | vet'ec | eowter | essoc v | wew | | ssen s
nar.su ‘ovs'ses | 629°szz | 2ELIOST Gﬁr gssror | 998704 esee | 299°cz o9'zz | sset1z i sse'1z n
sooooz | zos-ses | 6ovszz | oestwwr | LSTOL | 4TwOL | OVTOL | essioL | 2097Z | 9c9%EZ sse'tz | stz ot
ooy | zLsss| 6 waes | sovar | ssor | o seoc | sozz | o0z | wwz oL 1z 6
_as | orwesl s | wz| seor os'oL | 060L s80L | soczz 'z | stz o1z 8
=pon 200, %
tsuodsop| 5. ..e.u..l.q e _..a.«n.un_ﬂ. ook 5, uedng E“"Hi 9| s,ueang |2 ~v§ 9| s, ueing uhvﬂn | _.ue.....u..ﬂ_
annu_hm_.u sm..uﬂn...w._ Wi 4 (22304) Tza39y) | (zaH) 30 st
Toamaey yaxss ou | remaen wagtd sl | resma yasmod ad _.u._uwn-.huﬂ sy _:ﬁ.u.u__.n”w“um s _E..Hnu.u.w“w su oo

lean pur’

sz'0= A ‘0z =

X,

av senbyuys] uojaesuspuo) SNOTITA Aq
2oaeindiuvy 3730qey Y3 jo saydusnbaiy [eanawy padwepun 3o _.o:u&..d>.€

9°€a 3EVL

30 33qunN




KR TN

aresz | zeess | 26wz | zevez | aver | e 5oL wstor | 9z 99°22 e R 9
srooz [ so'see | setese | ovszz| see | oz oL7oL roroL | 99Tz wa | vz stz st
oz | wwwss | owwon | gevsez | wws orof | o | Csvor | evzz §9'2z | ez Pt ”n
seves | oseeses | 19°29z | sziszz | setve |, 0TS 601 soror | 90cz vz | e PRt £t
s tes | wetwes | oostor | 66°9z2 1o o0s'1L soro | 90z ez | e st o
o0'ves | ovess | s9'uer | ts'ozz | 1stwat | ozier ST so0r | 9922 sz | owtz se1z u
oSz | oress | vz 69°057 | 21°9L sToL 85°0L s9°0L 99T 89°22 LAt sutz o1
5 L . ¢
siveer | 05°ees | 99'¢ez | 60'szs | esoezt | sv'oz s so'oL | o9'z2 w0z \x\.: oLtz 6
FURS | 61Uees |L 897218 60°528 o | svor wos 8970 9922 L H LAt o1z ®
5 hﬂxg uovaongmy| epoy |uopsanpay| apow |uorsompay| spow [uosaonpay| spow |uoraompay| pow | vorsomey
. urdng 5, uedng 0| s,uedng 3| s,uedng |ausuodwoy| s,uwdng |awsuodmo)| s,ueing
e - wopsazy
?E.Hw (z3131) (z239H) (2339H) (z339) 3o saa13ag
Teanaey viers Aouanbazy 4ouanbazy Aouenbazy Aouanbazy 2235
H3XTS Syl | TEINIEN Y3374 SUL |Teanaen yaznog syr | Teamaen pITyl eyy |reinaey puodag eyl | Texnaen 3sITi syL | 3o IaquN

50w % pueszio e O t0oze Oy

TuTR 373000 343 30

‘3t sembywizel uofa¥suapuo) SNOTITA Aq
Teamaep paduvpun 3o uosTaeduo) Sk LT 4 TIPYL




\‘
g .
625z | 9e'rez | 9671z | v | vecor | 29'99 | 19799 stz | gostrz | estrz %
ose | zevass | ezesz | wezsz | sz | wor | oeste9 | o9 | osesz | ozesz | oester | sstwz st
awrsoz | esos | esvwsz | sezsz | ssczet | weor | estos | oseve | sesz | oursz | oestw | ozt i
owves | ceosos | ssese | zszse | Cewaon | wor Y o | sess | svse | st | eswe | s st
W00y | estsos | 90'soz | sovvsz | os'szr | wcor | so'se [ secev | sesz | ursz | oosez | oustw 2
426'vey | orosos | zstssz | cvesz | wesst| owor | oastee | osete9 | oswese | vt | oustez | oistee w
so'ssz | es'sos | zz'zsz | vevwsz | woor | eecor | st [ szres | sesz | oersz | oestez | usm ot
scosy | ss'sos | os'ssz | zvoos | oesst | ssroc | se'ss | occee | swsz | ursz | estez | estwe 6
eseuvs | st'90s | esieris|izvoss | vor | seor | s9tes | see9 | ewsz | ursz | ustez | stz s
opoy |uoyasnpayl opow” [uoraonpey| spow |uoyaonpay| opoy |uoraonpay| spow |uoyasnpay| epoyy | uorasmpa
ausuodao)| s ,urkny -5 ueAny o| s,uvsng duoo|. s, uekny |ausuoduoy| ,uvkny: of 5.uesny
. % - ' wopaaxy
(2330) (23394) (zaz0) (2220H) (2230H) (23194) 30 931800
Louanbaiy Aouanbazs #ousnbozy #ouanbazs 43uanbaxy 4ouanbazy sasen
TSmO (3XTS oL | reamaEN Wa3TI UL Teame puodes oy | TeamaeN 3siti swr | 3o 3qunn

TeIMIEN YaIn0g ByL

TeIMIEN PITUL YL

s0=

2 pue 5770 = %% ‘0°1 = Ox "av senbruyosy uoraesuspuo) smotivA Aq
2o3eqndfury OF30q0¥ 942 JO s9TAUANbay [eanaEN padmepun Jo uostieduo) Syl geE 4 FIGVL




" reduction technique, by calculating only the ratios of Kyi/Myy

From these results one can See that one can use either of these
two techniques in the coordinate reduction scheme and select the
better technique depending upon the number of modes to be retained. ,

In summary, the lower modes are retained, in the case of Guyan's

(diagonal terms) of the global matrices. On the: other hand, the
transformation. matrix as shown in Eq. (3.75), in the case of component

mode synthesis, contains the lower modes of "the free coordinates. The

’ calculation of these lower modes involves the matrices [MFF] and

[KFF]. Thus the modal information bgsed on very large number of free

coordinates is already included in the transformation matrix.

3.3 Conclusipns

In thigchapter the dynamic equations of motion were obtained -
usiﬁf&e finite element method. The transient response of the system
was calculated using Newmark integration scheme. The solutions of the
linear system of equations, were carried out by: (a) 10T method with

skyline (b) Cholesky ition, (c) QR decomposition

using Householder transformations, and (d) LT method. The solution of
the constrained dynamig problems was analysed using the linear
progranming and Karmarkar's method. After this, the reduction in the
sizes of the system matrices was obtained by (a) Guyan's reduction
technique, and, (b) component mode synthesis. Based on the'analysis of

this chapter the following conclusions can be drawn:




The finite elmnl analysis can be successfully used to derive the
dynamic equation of motion of flexible. nanipulatots.

1] technique with skyline storage is the mst efficient among
the 4 lethods used.in this chapter. P

" The L.p. method and as well as Karmarkar's alqcnthn ‘can be used

to solve the constrained dynamc pxoblw

" The L.P. method is more efficient for.number of- va:iables 1hss

than 1056 3
Overall the component mode synthesis ylelds bette: results than

the Guyan reduction technique. o

Y




) CHAPTER 4

c -
CONCLSIONS AND SUGGESTIONS FOR
\.__ FUTURE WORK

4.1 Conclusions

The objective of this work was to carry out th—e‘iinem:atic and
dynamic analysis:of flexible manipulators of arbitrary architecture and ° '
sl‘miected to various linear and non-linear constraints. THé kinematic
a!nalysis was divided into three parts which were: (a) displacement
2nalysis, (b) velocity analysis, and (c) acceleration analysis of the
three dimensional mechanisms. These pmblems’ were solved using the SLA
method, siﬁplex ‘method and quadratic programming [51,52]. The dynamic
analysié was carried out using the finite element method. The dynamic
equations were then solved in the time-domain using the Newmark
inkeqration ¢ and four other numerically efficient techniques. The
solution of the constrained dynamic problems invqlved the use of
simplex method and Karmarkar algorithm. In order to achieve greater
computational efficienci wo dynamic ion techniques-were

also discussed. The conclusifns that can be drawngout of this

investigation are: » '

1. The.displacement equations\of any type of manipulators can be
arrived at using the Danavit-lia‘z‘tenberq matrices.

2. The SLA method can be sncéessfully used to solve unconstrained or

constrained displacement equations.




The SLA method is more efficient than the comp’léx optimization °

method or the LSM method and thlS me!:’hod can be used fpz on Mne
systens. S .

The quadratic programming method can be used to solve unconstrained )

or linearly constrained joint wvelccity ahd -acceleration’ equations

of robots of afy type. C

The simplex method can also be used to solve for the pzcblems T

P}

rentioned just above. e - v

The SLA method can be used for solving joint velocity and ° .
acceleration equations gibjected to ﬁon-linea; constraints for 411,

. [T N
The sinqular conf1gurations can also be handled easlly by the SLA

method.

Cclass\of n\ampulators

The finite element analysis can be successfully uséd to derive.the

dynamc equatisn of motion for flexible manipulators. % .
techmque with skylme storage is the most efflcxent among

the 4 methods used in Chapter 3. §

. The L.P. method and as well as Karmarkar's algorithm can be used

to solve the constrained dynamc problems.’ ]

than 1056. ) . 3

. The L.P. method is more efficient go: number of variables less 7

. Overall, the component mode synthesis yields better results than

the Guyan's reduction technique.

-
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4.2. ldmtat;onu and Suggestions for Future Work
The studies carried out here had the following limitations:

1. In the der’ivation of dynamic equations, the link length were
assumed consta.nt bec;use of the rotary joint. In the more general
approach, the link lengths can be allowed to be varied as in the
case of prism.;tic joints and corresponding changes can be included
in the kinematic and ;iynamic .analyses. )

2. In'the present work multi-loop li'nkaqes -were not considered. This
would be -an‘importaut future research work.

3. The design of optimal control system is an impor1tant challenging
work for future.

.4. In the present work, " consideration of back lash, and other
manufacturing errors were not included in the analysis. i

5. Computational efficienciés in the constrained d}n{amic problens
can be further increased by several new research work being

carried out in the optimization-area.

o

[ S



. Duffy, J., angGDegby

144

REFERENCES
Critchlow, A., "Introduction to Robotics", Macmillan Publishing
Company, NY, 1985. E :

Denavit, S., and Hartenberg, R. S., "A Kinématic Notation for
Lower-Pair Mechanisms Based on Matrices", J. Appl. Mech. 22,

‘Trans. ASME 77, 215-221, 1955.

Craig, J. J., "Introduction to Robotits: Methanics and Control",
Stanford University, pp. 103-119, Addison-Wesley, 1986

l{gggn, Y., "Robotics for Engineers™, pp. 83;85,-Mccxaw-Hill, NY,

Paul, R. P., "Robot Manipulaﬁo:s: Mathemat'ics, Programming and
Control", pp. 65-73, MIT Press; Massachussets, 1981.

Asada, H., and 'Slottine,_d. J. E.,’ "Robot 'Analxsis and Control",
PP- 15-49, Wiley Interscience Pubhcatians, 1986.

Pieger' D., "The Kinematics of Manipulatprs Under Computer
Cont roi", Ph.D. Thesis, Stanford University, 1968.

Featherstone, R., "Position and Veloc@tg Transformations Between  °
Robot End-Effector Coordinates and Joint Angles”, Int. J. Robotics
Research, 2(2): 35-45, 1983.

Hollerbach, J. M., and Saha¥, G., "Wrist-Partitioned, Inverse
Kinematic Accelérations and Manipulator Dynamics", Int. J.
Robotics Research, Vol. 2, pp. 66-76, Winter 1983.

Paul,-R. P., and Zhang, H., "Computationallg Efficient Kinematics
for Manipulators with sghegical wrists based on the Homogeneous
Transformation Representation”. Kinematics of Robot Manxgulators.,
Edited by McCarthy, J. M., pp. 30-42, The MIT Press, (1987).

S, "Disglacement Analysis of a Spatial, 7R
Mechanism: . A eneraiized Lobster's Arm." Journal of Mech. Des.,
Trans. ASME, 101(2): 224-231, 1979.

&

. Duffy, J., and Crane, C., "A Displacement Analysis of the General

Spatial 7-link, FR Mechanism". Mech-Mach. Theory, 15(3): pp.

133-159, 1980.
. Tsai, L. W., and Morgan, A. P2 ™Solving the Kinematics of the

Most General Six and Five Degrees of Freedom Manitgu]ators by
Continuation Methods", ASME paper 84-DET 20, Cambridge, Mass:
ASME Design¥eng. Tech. _ Conference.

.




145

2 Kostantxnov, M. S., and Markov, M. D., "Discrete Positions Method
ig(lf)xnemﬁtimes am;econtrol of Spatml L,mkaqes" Mech-Mach. Theory _
'

. Albala, H., and Angeles, J., "Numerical Solution to the Input-
OQutput Displacement. Equatxon of the General TR Spatial Mechanism",
Proc. ?;h9 jorld Conqzess, Theory of Mach Mechanisms, pp. 1008-

&

1011,

o lhcker J. J., Jr., Denavit, J., and Hartenberg, R. S.
Tterative Method For the Displacement Anal&sus of Spat
t;{gggamsms“ J. Appl. Mech., Trans. ASME, Vol. 86, pp. 309 316,

j}

. Alizade R., Duffg J. and Hatiyere, E T. "Mathematical Models
for Analysis and ynthesis of Spatial Mechanisms", Mech-Mach
Theory 18(5): 301-328, 1! 83.

. Bouillion, T. L., and Odell, L

"Generahzed Inverse Matrices",
New York leley Interscxences, i9

Angel es‘ J., "On the Numerical Solution of the Inverse Kinematic
Problem Int. J. of Robotics Research, 2(4): 21 ~37,+1985

=

§ Subbxah, M. and Sharan A. M., "The Non-linear Displacement
Analysis of Robot Mani ulato Usma the Complex 0 timization
Method", Mech- Mach eury, No. 1, pp. 89-95, 1987.

2

zg Robot Arm Dynamcs and Control",, Technical Memo
3-66! Jet Propulsxun Laboratory.

N

i Hollerbach, J. M. "A Rechrsive La rangian Formulation of
Manipulator D nanucs and a-Comparative Study of Dgnamics Formula-
tion Complexil { IEEE Trans. on Gystems, Man, and Cybernatics,
Vol. sMc-10, (11f:+ 730-736, 1980

. Luh, J, Y. S., et al. "On-line Computational Scheme for
Mechanical Manipulators”, Trans. of ASME, Journal of Dgnamc!
Systems, Measurements, and Control, (120‘ 69-16,

<

N

.Lee, C. S, et al, "An Effiéient Formulation of Robof Arm -
Dynamcs for “Control’ Analysis-and Manipulator Design", Technical
Report RSD-TR8-82, Center for Robotics afd Integral ed’ Manufacturing,
University of: chfugan.

25. Uicker, J. J "On_the Dynamq Anal*sus of Spatial Linkages Usmq
4x4 Matrices™; Ph.D. Dissertation, Northwestern Umversag
Evanston, Illmois, 1965.

26. Woo,  L.-S,, and F:eudenstem, "Dynamic Ana; sis of Mﬁchamsms

Using Screw Coordinates”, Trans. of the ASME, Journal
Engineering for,Industry, 93(1): 213-276, 1 1671,

yooo- :



21. Yang T, "Inertia Force Analysis of § atial Mechanisms", Trans. <
fue ASME,: Journal of Enginee:ing for ndust:y 93(&) 2'!-33 " k

28. Winfrey, R. C., "Dynamics of Mechamsms with Elasti Llnks“ Ph.D.
Thesis, Um.versxty of California, Los Angeles, 1969.

29. Sadler, J. P., and Sandor, G. N. "A Lump;d Parameter Approach to
Vibration and’Stress Analysis of Elastic Linka es", Traks. of t
ASME, Journal of Engineer: nq for Industry 92 (2? *549-55%, 1973/

30. Sunada H., "Dynamic Analxsxs’ “of Flexible' Spatial Hechanisms
and Rufmtlc Mani; latcrs' . Dissertation, Unxversity of
California, Los geles,

31. Hurty, W. C., "Dynamc Analysxs of “Structural Systems Using -
Component Modes" AIAA Journal, 3(4), 1965.

32. Guyan, R. J., "Reduction of Stiffness and Mass Matrices", AIMA -
Journal, :380, 1965.

33. Subbiah, M., "The Computer-Aided Structural Design of Robotic e
garlupu%séo:s" M. Eng Thesis, Memorial University of Newfoundland,
uly 1 3

34. Rao, S. S. "Mechanual Vibrations", Addison;ﬂesley Publication
: Company, 1986, -

35. Dantzig, G. B., "Linear Programming and Extensions", Princeton : %
Umversity Press, Princeton, New Jersey 1963.

36. Barnes, E. R., "A Variation on Karmarkar's Alqonthm For Solving
Lérzxeafgl’rogrammng Problems”, Mathematical Proqrammng 36: 114

37. Murthy, K o The Gravitational Method For Linear Programming",
Opsearch 23(4$ 206-214, 1986.
38. Glll E., Murrag el Saunders, M. A,, Tomlin J A., Wright,
M. e

i "On onjecte wton Barrier Methods for Lin
Program&n g and an Equivalence to Karma:ka: E] PtO)ective Method",
Mathematical Programming 36: 183-209, 1! N
39, Gay, D. M., "A Variant of Karmarkar's Linear Programming Algorithm
gg: gggblems in Standard Form", Mathematical Programming 37: 81-
P

-
=3

o Mehrotra, S.; "Variants of Karmarkar s Algorithm: Theoretical
mplexxtg and Practical Implementation”, Ph.D. Dissertation,
Columbia University, 1987.



S

&

&

=]

o
s

=

o
2

. Karmarkar, N. K.

. Bland, R. G., Goldfard, D.

. Lustig, I.J,, ™A Practical Approach to Karmarkar's Algorithm",

System 0€timization Laboratory, Technical Report 85-5, Stanford
University, 1985.

"A New Polynomial-time Algorithm for Linear
Progamming", Combinatorica 4, 373-395, 1984,

. Griffith, R. E., and Stewart, R. A, "A Nonlinear Programmin

Technique for Optimization of Continuous Processing Systems",
Management Science, 7(379), 1961. .

. Rao, S. S., "Optimization, Theory and Applications™, pp. 113-115
Wiléy Eastér:,(w‘l)elhi 1978. L 4

. Chevallerau,/€. and Khalil, W., "Efficient Method for

the
Calculation of the Pseudo Inverse Kinematic Problem", IEEE-Int.
Conference on Robotics and Automation, Vol. 3, 1987.

. Book, W. J., "Recursive lagrangian Dynamics of Flexible

Manipulator Arms", International Journal of Robotics Research,
3(3): 87-101, 194 Fall.

Naganathan( G., -and Soni, A, H. "Coupling Effects of Kinematics
and Flexibility in Manipulators”, International Journal of
Roboticg Research 6(1): " 75-85, 1987 -Spring. :

. Bathe, K. and Wilson, E. L. "Numerical Methods in Finite Element

Analysis", Prentice-Hall, Inc., New Jersey, 1976.

and Todd, M. J. "The ellipsoid
method: a survey", Ope:ation Research 29, 1039-1091, 1981.

. Subbiah, M., Sharan, A. M., and Jain, Jinesh, "A Study of the

Dynamic Condensation 'l‘echmgués for the Machine Tools and Robotic
Manipulators”, Mechanism and ‘Machine Theory 23(1): 63-69, 1988.

. Jain, Jinesh, and Sharan, A. M. "The inverse Velocity and

Acceiegation Analyses of Robots of Arbitrary Architecture Subjected
to various types of Constraints": Accepted for publication in
Mechanism and Machine Theory, June 1988

. Jain, Jinesh, and Sharan, A. M. "The constrained Velocity and

Acceleration Analyses of Robots of Arbitrary Architecture Using
the ?\ladratic Programming". Ninth Symposium on Enaineering
Applications of Mechanisms, London, Canada, May 1988.

147




APPENDIX A

DBTAILrS OF ?ONSTAMS US m e to
THE KINEMATIC ANALYSIS - 5
. " .
Various constants for the @R-S manipulator are:

ayy = ~Lylqy8qy - L3Cap38a

a1y = ~1y80Cq; - 13895509

213 = "Lyl S . ;

\}‘! ag1 = LyCaylay + L3Capsle ) j b i
| 2= LS - Lysaygfay ’

. / 23 = “LSay3Sq -y

) ag = 0

, ag = Lplay + Lilay

f az3 = Lylayg

“( = {15959, + L38ap38914;4) ’
-2 [L3CQ1_C923]"12“13_ + Zngsqls‘Zzg]élég
~{L0ay0ay + 1y0y50m 14

P IngaCay + byCayay]d] - gCayca;1é]




-

o = 20L559,0q) + L3Say30a19y3)
“2(L389,Cay31dy33 - 2[1509;59p314)d3
1158010, + 1103801147 - 11810, + 1300350559, 165

2
~[L3Cap38a; 1g

2{L3Say319593 = (950 + L3S%3]q)

N (g0 ' .

Similarly for Stanford Manipulator ;héy are:
' ay eSSy - ey . "
app = 9309,

ay3 = CaySa,

31 = 930939, - Ll ;

3y = 93%4Cq, =

23 = 559

a3 = 0

ay = -ay8G,

Sag = qu




¢y =2 (q3sq10qzlé1éz + Z(quc‘qz){héli
~2(8q;54)) GGy + (-q380,Cqy “'Lzs‘h’éi - (ﬁgi—s/qz)dg//
¢y = 2(930q;0ay) 14y + %%qu’ézéla .

+2(CaySay)ydy + (-0389;50, + LSay)dy + (-a80;56))8
1592) Gy + (0380159 + LpSq)Gy 159
A

3 = 2(8qy)q3d, - %CqZél% . . \ (
3 .

IS
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APPRNIX B /

THE DETAILS OF THE ELEMENTAL AND
TRANSFORMATION MATRICES

The finite element stiffness and mass matrices and the transformation

matrix are given by
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APPENDIX C ®

. .
_ COMPUTER PROGRAM LISTING AND DESCRIPTION

Implér’nentation of the techniques discussed in Chapters 2 and 3,
were developed in Fortran Code. IMSL subroutines vere called for i
matrix operations. - ) .
Program 'SIMPLEX' perforns Linear Programming using revised simplex
technique. ' ‘
Program 'DISCON' performs the non-linear displacement analysi#wof
robots of arbitrary architecture. At every successive linear
approxination, subroutine simplex is called to check the optimum”
conditions. The optimum solution vector is based on minimum movement

of the links and also satisfying all incorporated constraints.

Program 'KARMAR' is based on Karmarkar's new polynomial - time algorithm.
It performs the velocity and acceleration analyses of robots for a
larganetwork of data points. Projective transformation is carried

out using QR iteration and™Heysholder reflections. The Flow Chart

shown in Fig. C.1 shows the step-by-s.tep program description.
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I

AN Apply inverse projective .
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in the original domaif

$ optimn defined,” o

variables as new

FIG. C.1: Flow Chart of the Karmarkar's Algoritha ! T 5
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Program 'QUARD' performs the inverse constrained kinematic analysis of
robots of arbitrary architecture using Wolfe's algorithm. It can.

handle linear constraints. The objective function to be optimized is

+ non-linear in nature.

Program 'FORCEAN' calculates the force vector for the carrying out the
forc;d response of '3 link manipulator and Program 'NEWCON' - performs

"the -fgrced response-analysis ysing Newmark-Beta integration scheme.

The global mass and stiffness matrix\i'sx formed by 'FRECON'.  The
finite element analysis and natural frequency calculation is carried
out in 'FRECON'.




C SUBROUTINE SIMPLEX . - Lo
' G THIS SUBROUTINE PERFORMS LINEAR PROGRAMMING BY REVISED

C SIMPLEX TECHNIQUE BY CALLING TWO OTHER SUBROUTINES

< SPBRUUTIII‘E OPTIMUM AND SUBROUTINE SIMITER N

SUBROUTINE STMPLEX (W,K,A,B,C,X,U,W)-
DIMENSION A(K,1), B(1), C(1), X(D), W(1)
COMMON /OPTI/ KO
COMMON /SIMPLEX/ NSTOP,IDATA,NNDEX
C.... DEFAULT VALUES FOR PROGRAMMING PARAMETERS
DATA ‘STDP,IDATA,HHDEKIQ,O,.O/ .
IF (NSTOP.NE.0), GO TO 1
NSTOP=44M+10 ! A
C.... NOTE THAT W WST HAVE A DIKENSID!( oF HO(EOH)
1 IteteHan )

v
T2eT14K
" 13e124K
IgeIaeM Y
I6=144H '
CALL OPTIMUM (,M,A,B,C,X,U, (1), W(I1),N(I2) ,W(I3) M) RIS
RETURN 5
END : Y
SUBROUTINE OPTIKUM (N,K,A,B.C,X,U,HORKA, WORKB, HORKG, HORKD, VORKE, WOR
1KF)
DINENSTON-(1), ACH,1), BC1), CC1), WORKAL), HO(2), WORKB(D),
WOR . i
1KC(1), WORKD(1), WORKE(1), WORKF(1)
-COMMON /ORTI/ KO . ;
COMMON /SIMPLEX/ NSTOP,IDATA,NNDEX ., 2
€ SUBROUTINE OPTIMUN IS USED AS A MEANS TO CALCULATE
C A VALUE OF THE OBJECTIVE FUNCTION AT THE OPTIMU CONDITIONS
€ OR IF'THE SOLUTION IS NOT VALID THIS SUBROUTINE THEN OUTPUTS
€ THE DIAGNOSTIC MESSAGES
C  THE ACTUAL ITERATIVE PROCESS OF THE'REVISED SIMPLEX TECHNIQUE
18 .
L 4
W 1
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C  PERFORMED IN SUBROUTINE SIMITER
IF (IDATA.NE.1) GO TO 1
WAITE (6,18) IDATA : \
WVRITE (6,24) ¥ .
WRITE (6,23) - ° —
. WRITE (6,19) NSTOP
d WRITE (6,20) (B(J),J=1,H)
. WRITE (6,21) (C(I);I=1,N)
3 WRITE (6,22) ((A(I,J),J=1,K),I=1,0)
1 D02 Ist
WORKB(I)=0.0 .
WORKC(I)=0:0 5 < b
¢ . VORKD(1)=0.0 ' ’ '
WORKE(I)=0.0
WORKF(1)=0.0 *.
2 J=1,K
2 WORKACINCI,J,M))=0. 5 k
CALL SIMITER (M,N,M0,X,WORKA,A,B,C,WORKB,WORKC, WORKD, WORKE, WORKF)
IF (M0(1).GT.5) GO T0 6
-t MODE1=MO(1)+1 :
G0 T0 (3,3,4,3,5,6), MODE1
3 WRITE (6,14) .
3 GTo7 & . ;
4 WRITE (6,15) ’
60107 “
5 WRITE (6,16) M0(2) i N
G0 TO 7 ® . :
6  WRITE (6,17) MO(2) ' “ 2 5
7 Koy
60 T0 10
8 Us0.0
DO S Jet,N
UsU+C(I)*X(I)
9 CONTINUE
. xr"gnnn.cr.o) T ’ LN
WRITE (8,11) 2 i :




T X4 SO

WA T

WRITE (6,12) U
WRITE (6,13) (T,X(

-

10 RETURN "

11 FORMAT (1HO,22X,36HOPTINUM SOLUTION FOUXD BY 'S!HPLBI2SX.ME~--'
- 5 = 1)

12 FORMAT (20X, 12HNININUN U '.B!}.BII’ "

13 FORMAT (25X,2HX(,I2,3H) =,E16.8) h

14 FORMAT (1X;44H NO FEASIBLE SOLUTION CAN BE FOUND BY SIMPLE)

15 FORMAT (1HO,43HTHE SINPLEX ROUTINE FOUND UNBOUNDED QPTIMUM)

© 16  FORMAT (1HO,S7HTHE MAXINUM ALLOWABLE NO OF ITERATIONS FOR
SINPLEX . : .

1HAS BEEN EXCEEDED,--SOLUTION IS STILL FEASIBLE/1HO,17HNO OF

ITERAT

2I0NS=,15) Ty R
17 FORMAT (1HO,86HNO FEASIBLE SOLUTION EXISTS FOR SIMPLEX-PROGRAN
s10 ’ y
1PPED ON ALAGWABLE NO OF ITERATIONS/1H0,17HNO OF ITERATIONSw,I5)
18 FORMAT (61HOINPUT DATA IS PRINTED OUT FOR IDATA=1 ONLY. .

i ID € g ¥ ’

_UATA =,16) S
19 FORMAT (61HONUMBER OF ITERATIONS PERMITTED. . . . . .
wiae BB s .

1T0P =,16) :
20 FORMAT (61HORIGHT HAND SIDE OF SIMPLEX ARRAY. . . . . . .

. S :
100 =//(6E18.8)) c
21 FORMAT (Glﬂocﬂll'_lclms OF SIMPLEX OBJECTIVE FU'leIQ!. .

o c s \
1(N) =,//(5E16.8)) 4

22°  FORMAT (S1HOCOEFFICIENTS OF SIMPLEX CONSTRAINT EQUATIONS.

. A(M
1,N) =, //(5E16.8))

23 FORMAT (G1HONUMBER OF EQUATIONS . . . . . . o v v o v o
1. M =,18) 3

24 FORMAT (61HONUMBER OF [INDEPENDENT VARIABLES . .. . . . .




1N =16)
END
SUBROUTINE SIMITER (M,N,KO0,KB,E,A,B,C,P,X,Y,PE,JH)
DIMENSION B(1), G(1), E(1), K0(2), KB(1), AZH.U, P(1), X(1),
() Yox
1, PEC1), JHC1)
COMMON /SIMPLEX/ NSTOP,IDATA,NNDEX
EQUIVALENCE (XX,LL) '
LOGICAL FEAS,VER,NEG,TRIG;KQ,ABSC
c THE PURPOSE OF :ﬂl! SUBlbWIHE SIMP !IS lTU PERFORM THE ITERATIVE
c METHOD OF LINEAR PROGRAMMING KNOWN AS THE SIMPLEX METHOD
ITER=0 : . ¢
NUMVR=0
KUMPV=0
TEXP=.64+16
NVER=H/246
M2=MeM . ~
FEAS=.FALSE. «
DO 2 J=i,N
KB(3)=0
KQ=.FALSE.
. DO 1 I=i,M
v IF (A(1,).EQ.0.0) GO TO 1
IF (KQ.OR.A(I,J).LT.0.0) GO TO 2
. © Kq=.TRUE. Y
N 1 CONTINUE
(Y KB()mL
T .2 CONTINUE
" D0 3, Tu1,M
. JH(D=-1
S . .3 . CONTINUE
§ o HUNVReNUNY) .
] NVC=0 .
( 4 VERs.TRUE. ' .
TRIG=.FALSE.
f

e ey




6

.-

DO & Imt,N2

E(D=0.0 )
CONTINUE

Mot

DO 6 Imi,M G

E(MM)=1.0

PE(1)=0.0 ‘ ’ \J
X(D)=B(1)

IF- (JHCD) .KE.0) JH(D)=-1
MMM M1 L
CONTINUE

DO 13 JT=1,N

IF -(KB(JT) .EQ.0) GO TO 13
GO TO 29

Y00

KQ=. FALSE.

DO 12 Is=t,¥

IF (JH(D) .NE.-1.0R.ABS(Y(I)) .LE.TPIV) GO TO 12
IF (KQ) GO TO 9

IF (X(1).EQ.0.) GO TO 8 -

IF (ABS(Y(I)/X(1)).LE.TY) GO TO, 12
TY=ABS(Y(D)/X(D))

G0 TO 11

~KQu.TRUE.

G0 T0 10
IF (X(I).NE.O..OR.ABS(Y(I)).LE.TY) GO T0 12
TY=ABS(Y(1))

IReL

CONTINUE

KBQIDeO W

IF (TY.LE.0.) GO TO 13

GO TO 42 ¥

CONTINUE
DO 14 Imt,N
IF (JH(I).EQ.-1) JH(D)=0

IF (JH(I).EQ.0) FEASe.FALSE.
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CONTINUE
VER=.FALSE.

NEGe.FALSE. S

IF (FEAS) GO TO 17
FEAS=.TRUE.

DO 16 I=1,M

IF (X(I).LT.0.0) GO TO 19
IF (JH(I).EQ.0) FEAS=.FALSE.
CONTINUE

IF (.NOT.FEAS) G0 TO 20
DO 18 I=i,K

P(I)=PE(T)

IF (X(I).LT.0.) X(I)=0.
CONTINUE

ABSCs=.FALSE.

GO TO 26

FEAS=.FALSE.

NEG=.TRUE.

D0 21 J=1,M

pam0.”

CONTINVE

ABSC= . TRUE.

D0 26 I=1,M_

MMeI .
IF (X(I).GE.0.0) GO TO 23
ABSC=.FALSE.

D0 22 J=i,K
P(3)=P(3)+E(MM)

Mt=MH N

CONTT!
[ fu.:? LA
IF (JH(I).NE.O) GOTO 26

IF (X(I).NE.0.) ABSC=. FALSE.

DO 24 Jmy,M
P(3)=P(3)-E(MM)
MHmMMN

163




24
25
<26

28

31
32
33

A

CONTINUE
CONTINUE -
JT=0
BB=0.0
D0 28 J=i,N .
IF (KB(J).NE.0) GO TO 28
DT=0.0 2
D0.27 Is=i, ¥
DT=DT+P(I)*A(I,J)
CONTINUE
IF (FEAS) DT=DT+C(J)
IF (ABSC) DT=-ABS(DT)
IF (DT.GE.BB) GO TO 28
BBSDT :
Ite3
CONTINUE
IF (JT.LE.0) GO TO 49
IF (ITER.GE.NSTOP) GO TO 48
ITER=ITER+1
ITER=ITER+1
D0 30 I=1,X
¥(1)=0.0
CONTINUE

* LL=0 .
COST=C(JT)
DO 33 I=i,X
ALIT=A(1,JT)
IF (ALJT.EQ.0.) GO TO 32
COST=COST+ATJT#PE(T)
D0 31 J=i, M
LLeLL#1
Y(J)-\'(J)uln.z(l.l.)
CONTINVE
LLeLL#K
CONTINUE .
YHAX=0.0

\
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DO 34 Isi,K
YMAX=AMAX1(ABS (Y(I)) ,YMAX)

34 CONTINUE
TPIV=YMAXSTEXP
IF (VER) GO TO 7
RCOST=YMAX/BB

" IF- (TRIG.AND.BB.GE.-TPIV) GO TO 49
TRIG=.FALSE. . .
IF (BB.GE.-TPIV) TRIG=.TRUE.
~IR=0 . v

W00

KQ=.FALSE.

2038 Ing,M

IF (X(I).NE.0.0.0R.Y(I).LE.TPIV) GO TO 38
IF (JH(I).EQ.0) GO TO 36

IF (KQ) GO TO 38

35  IF (Y(I).LE.AA) GO TO 38
G0 O 37

36 IF (KQ) GO TO 35 .

KQ=.TRUE.

37 M=Y(D) .
IR=I )

38 CONTINUE
IF (IR.NE.0) GO TO 41
AA=1.0E+20 s

C  FIND KINIMUN PIVOT AMONG POSITIVE EQUATIONS & g
DO 39 I=iM
IF (Y(I).LE.TPIV.OR.X(I) .LE.0.0.0R. Y(I)*AA.LE. (1)) GO To

M=X(I)/Y(I)
IReI
39 CONTINUE .
IF (.NOT.NEG) GO TO 41 4 @
C FIND PIVOT ANONG NEGATIVE EQUATIONS, IN WHICH X/Y IS LESS
THAN THE
C . MINIMUM X/Y IN THE POSITIVE EQUATIONS, THAT HAS THE LARGEST




o

43

45

ABSF(Y)

BB=-TPIV

DO 40 I=1,M "

IF (X(I).GB.O.\.UR.Y(I)-GB-BB.UR.Y(I)'AA‘GT,X(!)) GO TO 40

- (BBeY(D) . \
%—1 . . %
40 ml‘l’! :

TEST FOR NO PIVOT ROW

IF (IR.LE.0) GO TO 47

IA=JHCIR) |, ®

IF (IA.GT.0) KB(IA)=0

NUMPVaNUMPV#1

JH(IR)=JT

KB(JT)=IR

YI=-Y(IR)

Y(IR)=-1.0 i

LL=0

DO 45 J=1 K

LeLL+IR

\IF (E(L) .NE.0.0) GO TO 43

LL=LL#¥ '
GO TO 45 N

XY=E(L)/YI :

PE(J)=PE(J)4COSTSXY |, \
E(L)=0.0

DO 44 I=1,M

LLeLL#1

E(LL)=E(LL)4XYs¥(T) y

CONTINUE .

CPNTINVE .

TRANSFORM X B 2

XYsX(IR)/YI

DO 46 I=1,M . . \
XOLD=X(1) ‘
XCI)=XOLDAXYY(T) .

IF (.NOT.VER.AND.X(I).LT.O..AND.XOLD.GE.0.) X(I)=0.
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46 CONTINUE *

Y(IR)=-YI

X.(lh)--lY

IF (VER) GO TO 13

IF (NUMPV.LE.M).GO TO 15
4 TEST FOR INVERSION ON THIS ITERATION

INVCeINVCH
IF (INVC.EQ.NVER) GO TO 4 "o
G0 TO 16 N
47 IF (.NOT.FEAS.OR.RCOST.LE.-1000,) GO TO 49 |
k=2 . (
60 T0 50 3
48 K=4 '
GO TO 80
C  FEASIBLE OR INFEASIBMSOLUTION .
49 K=0
50  IF (.NOT.FEAS) KeK+1
DO 51 Jm N ' % F 5
XX=0.0
. KBI=KB(J) ®
IF (KBJ.NE.O) XXeX(KBJ)
KB(J)s=LL L
51 CONTINUE -
Ko(1)=K
KO(2)=ITER
RETURN
END
FUNCTION IN(I,3,K)
INeMe (3-1)+1
RETURN
END
.
vs .

i




c ARCHITECI'URB

c IIIPI\OGI\AI( DISCON #s#% ° N
c Hml LINEAR DISPLACEMENT AHALYSBS OF ROBOTSOF Aﬂlm)\‘f c g

CIN ‘I'H'S PRE‘!EHT PROGMK CESAR RDBOT IS ANALYSED

DIMENSION Y(7),PL(4),R(3),2(4) ,PY(4)

S 'DIHFJISID]I TEHP!(Q 4) , TENP2(4,4), WK(WOO)

DIMENSION OF(3,3),T04INV(4,4),TO4IN(3,3), um‘(a 3)

{ COMMON /SINRLE/ usmp@lm.uunsx
COMMON /OPTI/ KO T
DATA NSTOP,IDATA,NNDEX/0,0,0/

TRe22./(7.8180.)

N=12

M=11

C APPROXIMATE STARTING SOLUTION

Y(1)=150.5TR

¥(2)=360.%TR

Y(3)=50.*TR

Y(4)=36.%TR .

SUCCESSIVE APPROXIMATION LIKITS

D0 23 I=t,4

23 PL(1)=1.75

C1aC0s(Y(1))

C3mChS(Y(3))
C4=CO8(Y(4))
S1=SIN(Y(1))
S2=SIN(Y(2))
S3=SIN(¥(3))
S4=SIN(Y{®))

R(3)=-.6

DIMENSION A(11,12),B(11),C(12),X(12),%(2000)
DIHEISXDH A01(4,4),012(4,4),423(4, 4) A34(4,4) ,A04(4, 4)




N

R(2)=.40 /

R(1)=.2

DO 1000 KKK=1,10 »

60 TR=22./(7.#180.)

C INPUT LINK PARAMETERS:

D2=.356 ’

D3=.635 )

~A3=.029 ‘

A4=.508 ) .

C RESIPUAL FUNCTIONS AND LINEARIZED DISPLACEMENT CONPONENTS

3

F
15-A3951953+D30C19524D24S1-R(1)
DELF11mA4s (-S14C24C3#C4-CI¥S3#CA) +A4952454951-A3#S14C24C3
1 -A34C1453-D3+519524D2+C1
DELF12=A4# (-C19524C3+C4) ~AM#C24544C1-ABNCL S
"1 +pascivc2
DELF13mA4# (~C1#C29530C4-510C34C4) -A34C10C24S3 t
1 -Aa-sx-c[a v

DELF )
F20mAde( ’ v i

1 +A30C1S34DIS10S2-02¢C1-R(2) . e
DELI s

1 -A3#51#S34D3%C14524D2¢S1
DELF22=A4+(-S1

1 +D3eS1eC2
DELI
1 +A3sCieC3
DELF24mA4#(-S14C2¢C3+54-C1953+54) -A4#51952¢C4
. 3)
DELF31=0.0 \L
DEL 2 N i

DELFBa--M'SZ!S!'C(-A!OSZ#S@
 DELF34m-A4#324C3#34+A4#C2+C4 L N
C LINEARIZED EQUATION FOR MINIMUM MOVEMENT OF LINKS
DELF41=2.#(Y(1)-PY(1)) |
DELF4202.+(¥(2)-PY(2))
'
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. o . 0. |
DELF43=2.%(Y(3)-PY(3)) e ¥ .

i DELF44=2.%(Y(4)-PY(4)) .

e .G ACSLARGE VEIGHTED NUMBER _ s ¥ Y
AC=1000. .. ' . .
'C COMPONENTS OF LINEARIZED OBJECTIVE FUNCTION ® "1

|
il .
[ ) DELG1=((2. #F10#DELF11+2. #F204DELF21+2. #F30#DELF31) #ACIDELF41)
] DELG2=( (2. #F{0%DELF12+2, 0F20tDE!.F22¢2 *F304DELF32) #ACSDELF42) *

: /- DELG3=((2.Fi0SDELF13s2. F204DELF23+2. #F30+DELF33) #AC+DELF43) =~ * w g ¥
f DELG!-((2 #F10+DELF14+2. #F204DELF24+2. tFSOtnELFM)-Acwbm“k T
. DO 10 Img, i1 . . . s, = Ly
' ‘DD 10 J=1,12 , - : P, b o
10 'ACI,3)=0.0 " Cowm " w @ . .
A(1,1)=DELF11 . : . .

* A(1,2)=DELF12
. AC1,3)=DELF13 ' ' '
AC1,4)=DELF14
A(2,1)=DELF21 % . .
A(2,2)=DELF22
A(2,3)=DELF23 1 "
A(2,4)=DELF24 ) i ¥
A(3,1)=DELF31 - I
A(3,2)=DELF32
: ’ A(3,3)=DELF33
- A(3,4)=DELF34 L
’ AC4,1)=1. [N
A4,5)=-1. .
A5, 2)m1. b
ACE,8)=-1. . c ‘
A(8,3)=1. ©
i A(6,7)=-1.
. ACT,4)=1.
- : A(7,8)=-1.
A8, 1)=1.
© A(8;9)=1, 4
AC3,2)m1. s .
A(9,10)1,

o




A0, 3)=1.

PR TSR LY PR
Kife= ’ i
[TETIRL) LS RN s /
ﬁ(1)-noo(v(g)nnu.nuv(z)-nmz:«(s)cnml:«‘l(d)nnzu'm /=

F204 (Y(1) #DELF214Y (2) $DELF22+7(3) #DELF23+Y (4) +DEL¥24)
{ > u(a)--mo(m)nnmm(z)omﬂ(‘)\om&n«)om.r-w -

= B(4)=Y(1)-(PL(1)+TR)" = T 5

BEW@-(GLT . b =7 .

L B(6)=Y(3)=(PL(3)STR) i % ) -
_B(7)=Y(4)- (PL(4) *TR) “ s
B(8)=(PL(1)*TR)+¥(1) '

. B9 (PLIATRIY(2) S % X ¥ )
BUOSPLEIMRNYD . i ==

i * B(11)2(PL(A)4TR) +¥(4) . d T e
QNGE * D0 20Tat,12 - b st Yoo < =N
- 20 c(n=0.0° B . '
" cqmpELar - o ity
f'(z)-nmn 4 E 3 #
" C(3)=DELG3 R i - '

C(4)=DELG4 . A

C SUBROUTINE SIMPLEX ‘IS CALLED

1 PY(D)=X(D) .
’ 01 v . B v

. XO=Y(/TR o é
" Yro=¥(2)/TR
y 220=Y(3) /TR . o : . ‘
S Awosyar/mR_ <\ : m
C1=C0S(Y(1)) o -

C2=C0S(¥(2)) A . PN L
€3=COS(Y(3)) 82
C4=C0S(Y(4))
. S1aSIN(Y(1))
S2eSIN(Y(2)) . o




" A23(r,nm0.0 1 e

, IF(UDIF) 40,40,50 + A : . 5

D0 75 I=1,4 ! e o

A01(4,4)=1.

<A12(3,2)=-1. ° ) = *

S3SIN() 2

S4=SIN(Y(4)) '

F2uAda(; 1y .
1 FA34C14S3+4D3sS1952-D2¥C1-R(2) . :

F1aA4(C13020C3 14k

1 -A3851453+D34C1#524D2¥51-R(1). : ’
C CHECK FOR OPTINUM :
C FOR THE NONLINEAR OBJECTIVE FUNCTION E
OBJ=F1e#Z3F2492+F3442 g
WRITR(6,*)0BJ
UTOL=1:E-06
UDIF=0BJ-UTOL- o

50 GO TO 60 @

40 WRITE(6, 9083 7, ¢ . -

WRITE(S,#)XX0,¥Y0,220,UU0. )

C-ANALYSES OF WRIST ANGLES . .

DO 75 J=1,4 7~ -
A0L(I,3)%0:0 3
M2(I,0)=0.0 -~ . g

76 A34(I,1)=0.0 3 v
A01(1,1)=C1

_ A01(1,3)m51 : ) 3

A01(2, 10051
401(2,3)=~C1 ’
A01(3,2)=1, »

A12(1,1)=c2
A12(1,;3)=-52 . & . % g
A12(2,1)=52 3
A12(2,3)=C1

A2(30)m02 ) :




A23(1,3)=AdeC3 .l e o }
- A23(2,1)=53 g ’ &
, A23(2,3)=-c3 - . i - .

" h23(2,4)mA305T : gt 5 1
A23(3,2=1. ) 5 5 . g
* 423(3,)=-D3 - T I :

T A3(4,4)=1.
o : . A34(1,1)=C4™
-A34(1,2)=-58 - i
T A34(1,4)=Ad0Cq . . = ¥
EERIEE I ; I Kl
A34(2,3)mc4 "~ 7 . . .. -
A34(2,4)=Advs4 et ] 22 ;
A34(3,3)=1.. ) i f N
A34(4, 4008, . - - )

CALL VNULFF(A01,A12,4,4,4,4,4, TENP1, 4, TER)

m.f

i  CALL VHULFF(TEMP1,A23,4,4,4,4,4,TENP2, - : :
v . . CALL VMULFF(TEMP2,A34,4,4,4,4,4,A04,4,1ER)- . -
’ U dvetes o 0 e "2 gD S ! :
CALL LINV2F(104,4,4,TO4INV,IDGT, WK, IER) i S .
DO 76 I=i,3 . % .- h s
_— D0 76 J=1,3 » ’
< ¥ ORT(L,1)=0.0 , . g - :
“76 TO4IN(I,J)=TO4INV(I,J) % N
C ROTTION SUBMATRIX'OF THE ARX MATRIX
ORT(1,2)=1. ] ' "
ORT(2,1)=1. - ' . ¥ o B
ORT(3,3)=-1. ! g ' S
. GALL VULFF(T04IN,0RT¥3,3,3,3,3,0F,3,1ER) | .
A , | YB)=ATAN(OF(2;3)/0F(1,3)) . ~— - i o)
. osacos(Ys) o -
o SESIN(YLS)) S 4 : i
Y(6)=ATAN((C5+0F (1, a)ossoor(z 3))/0F(3,3)) =
: -
5 N




5 - SR ) o
VW)-IT"(#SS;BF“.’-)OCSOOF( 1))/ (-SE#0F(1,2)4C8%0F(2,2)))

THS=Y(5)/TR RS = gt .
° THE=Y(6)/TR . : 2 e
" THTSY(T)/TR . o
WRITE(S,+)"RIST* , THS, THS, THT
cmnxuumpmmmnvxsm o
DELR=.05 L. ’ [ ; '
R(2)=R(2)-DELR . - *
1000 CONTINUE. - -~ 7 =
stp ! )
END
b : ) ‘
e “ =
< o
: ) . R \
) . s 1
¥ ) . A & i
. e .
<. . ) I
N g™ . \
'
2 e £




<c THIS PROGRAX PERFORNS THE VELOCITY ANALYSES -OF ROBOT
\c FOR A LARGE NETWORK QF DATA POINTS 4

. CMDXIISTBBMDXUSGFSPNZFORWYJW
C SCLB-PLAUSIBLB UPPER BOUND ON ROWS OF A

TR=22./(180.%7.)

D0 220 134,66 : 5

C PROGRAM ununmlu e

C°IT USES KARMARKAR'S ALGORITHN OF LINEAR PROGRAMMING
‘C PROJECTIVE TRANSFORMATION IS CARRIED OUT USING.-
C QR ITERATION AND HOUSE ROLDER REFLECTIONS  f -
© ALFA IS THE STEP FOR EVERY ITERATION S 2

.

aoaaoaaoana

/ PARAMETER (LAL=132,LM=134,LNM=135,LN=267,LRe3,LC=8,LALT=264)
'REAL B(LMM,LN) .C(LH.!).TEﬂ-’l(LHH LMM) ,AAA(132,264)

REAL TEHPA(LII'L") BBT(135, 1 "(237 1)"“5(267 1) " v ." W
_ REAL TEH‘PS(LH LII) H(LII) “11(287 1), PR(IGl 1)

REAL DIFF(LN;LK) ,DELTACLN, 1) ,DC(267,1) ,DEC(267) ,CC(135) °

* REAL BT(LN,LMM) ,PELTAI(LN, 1) ,DELGV1(66) ,DELGV2(66) .pm:vs(ee)
REAL AX(LN,1),X(LN,1),AA(LK,L¥) ,PROD(LN, 1) ,CX(F; LN) , DELGVA(66)
REAL A1(33,66) ,TEMP8(1,LN) , TENP7(LN, 1) ,TENPS(1,1) -
REAL APRODCLY, 1),Y1(35) ,RV(3) BBCLAL) :A3(33,66)',A4(33,60)
- REAL 42(33,66) , ANGU(LAL) ,Y2(33) ,Y3(33) +
REAL Y4(33) , TEP22(LIN, LN) ,#(100000) -
INTEGER IPVT(LHM)

L06) , GRAUK (LIH) , cnlm(um QB(1) .m(ud.Auw__(
 COMMON/WORKSP/RWKSP : .

REAL RWKSP(36876) - T 2

C READ THE bATA POINTS FROM OUT1.DAT

OPEN(UNIT=18,FILE=?OUT1.DAT’ , TYPE=*0LD*) " #

i s .
READ(18,#)(Y(I),I=1,LAL) et
CALL IWKIN(38876) :

DO 219 I»1,33
219 YI(I)=Y(I)sTR




1 s

220 Y2(1-33)=¥(D)sTR
00 221 I=67;99

224, Y3(1-66)=Y(IWJR e . !
DO 222 I=100,132

222 Y4(1-99)=Y(1)+TR
Me134 :
ekt
RV(1)=0.
RV(3)=0.
RV(2)==0.0127 * ’ g =
DO 21 I=1,3 & ® .
21 BB(I)=RV(I) :
DO 24 3-3,129,3

DO 22 I»1,3 o . ]

22 BBCzen=RV(D y & %
24 cNTINE' <. -
THe267. p
ALFA=.99.

SScLEaBB (2)#10000.
MnII-l.I(.(TIO('I'l-'l.))”.S)

DO 3043 Is1,AN
DO 3043 Jei,1
3043 (T, =1 /(4. 0AN)
DO’ 3054 yI=265,267

Ja1 .
3054 X(I,3)=1./4. . g

C INPUT LINK PARAMETERS ~ -

2111 D2%1.016 - s g >
D3=1.5113 ; .




. c HEKB FDI\IMTIDI OF cuusmnﬂ CDBFFCIEIH‘ lﬂ'ﬂ\!x STARTS " et
C DELGVI* ARE TH‘E -COEFFICIENT OF. DBJBCTIVE mmuns - .

g CALL CONSTANT(Y1,02,03,A1 oELGvy S .
. T . < CALL CONSTANT(Y2,D2,D3,A2,DELGV2) . - Br D opile
CALL CONSTANT(Y3,D2;D3;43, DELGVS) b R '
CALL CONSTANT(Y4,D2,03,A4,DELGVA) ' S
Sios Ul D0'4pe ImiLN . Do
: DO 499, J=1,1N & e " -
499 AA(I,1)%0.0 . . 7 T o
== . DO 3008 I=1,33 ) B
DO 3005°J=1,66 - . ’ : '
* 3008 AACT,J)=A1(1,J) T g S
‘DO 600 T=1,33 oo B :
r 'DO 500 J=1,68' <. . . 2
/50D AA(T+33,3468)=A2(1,3) - - c e
it DO 601 I=1,33 -
: ... D0 501 =186 - s
T e gof AKCIA6S,Ie132)mAB(LD) . ¢ 4
D0. 502 I=1,33 : .
D0 502 J=1,68 . : s .
' 502 AA(I+99, JQIQS)FAQ(X n - N
DO 3006 I=1,LAL T
O S 21 y . .
: 3008. AK(T, )=-BB(I/SCLE * y o,
DO 3008 Is1,LAL o It
SUM=0.0 “‘ o h . E d &
DO 3007 J=1,LALT . . . K
SUMeSUN+AACT, 3) BF \ e e
3007 CONTINUE . PO . - J . v . =
e AT, LNY= (BB (DY /SCLE) - (sun/lm) . o« v

' 3008 CONTINUE " ) \ : :
~.D0 3009 I=133,134¢ - - % . : ' - & |

DO’ 3009 J=1,LALT 5 ' : e
e 3009 AKC K

)L IR >




AA(133,266)=-1.
AA(133,266)=1.

AA(133,267)m-1. s .
AA(134,265)=1. ST
AA(134,266)=1. s
© 7 A(134,267)=1. 8 # = . 3
¥ D0 508 Ie1,LN . ; = . ]
et
R : 508 C(I,1)=0.0 - ) -
"0 2954 Ie1,66 o . -
"0 2954 Jui,1 N
2954 C(1,J)=DELGV1(I) X T g
DO 605 I=1,66- ) ) : . \
. “3es i o s “ o
. " .50 C(1+86;J)=DELGVAT), =

L DO 506 I=1,68: . / : S

. =1 7 2 %
506 C(I+132,1)=DELGV3(D) *~ . gy &
D0 507 Ie1;66 25 SF . ¥

J=1 @ . 3
B
7 - 50z C(IOISS.J)-DMVA(_I) l . I o "

@ < C KARMARKAR’S TINE POLYNOMIAL STARTS : Y »

T 1D0TA4I=t,M . .
DO 745 Jet,N o ‘ =
c . IFCAACT,J) .EQ.0.0) GO T0.745 ) i
T OBILD=AEDRGN .
. 745 CONTINVE . : .
.. . 7" 744 CONTINUE . . i
{ ) D06 J1N /\ -
(4 2)=1.0 2 - 3
" . D0 29 I=thn = w & 3 g CL
DO 29 Jut, N N ! .. . . .
. 29 BTG, D=BCL,Y) | T W
D039 Ist,N P




nc(x K)-x(: L1)ed, 1)

39. ncc(x)hnc(: 1)

TOL=1E-06;

m_,;' \ 2 f
]

NCA=MM

~LDAsN

" LDQReN

~KBASIS=136 "
|

LOGICAL= . TRUE
s . PIVOT=.TRUE.

s M ¢ st svannu—rxmz L
b4 R C LQRRR PERFORMS THE Q] ITERATIO“ USKKG
. . . . C HOUSE HOLDER nzmm‘mns .

CALL :sm(ncn,ogpvf 1) " S ]
* GALL LQRRR(NRA,NCA nm.m PIVOT, m’t/ QR LLOGR, QRAE, “
chm@_mq) [ .
5 TATI00100. | \" - ] e R P Al

' " C LQRSL PERFORMS m‘%.EAQT SQUARE SOLUTION USING FACTORISED
= © C Q AND R MATRIX

CALL LQRSL(IIM K'BASIS‘ QR,. LDQR QRAUX,DC, IFATH,QB QTB YBAR 3 )

.1 \RES,AAK) \J e

- c SUBI‘RAQ'IOI BY U’I!T\V‘!CTDR | - i
h ) . \

[ cﬁra I=fN , : .
’! 678 BTY(I,1)=0.0 N o

| b 678 lze, ‘ .

DD 679 J=i,MM . .
679 BTY(I,1)=BTY(I,1) m-(LJ)-nAn(.v n )

| DO 40 I=g,N
3 [ "40,PELTAI(I,1)=DC(I,1 -BTY(I\I.) i . . \




C SELECTING THE STEP SIZE

SUM=0.0

D0 320 I=1,¥
320 SUM=SUMSPELTAI(I,1)%2
- DELMAG=SQRT(SUM)

D0 104 Ist,N .

D0 104 Je1,1 % : )

104 DELTACT, 3)=(PELTAI(I, J))/DELMAG
TLAMDA=ALFASRADIT  ~

D0 33 Int,N

- ¢ po 33 J=t,i

33 PROD(T, J)=TLANDASDELTA(T, 3)

© SOLUTION IN K‘AMAHKAI_'S DOMAIN

DO 45 I=1i,N
DO 45 4#1,1 .
_AX(I,3)=(1./TN)-PRODEI, J)
< 45 CONTI '
DO 4670 I=1,N
4670 TENPT(T,1)=341 ;0)8AX(T, 1)
PP=0.Q
DO 60 I=1,N.
60 PP=PP+TEMP7(I,1) k

€ SOLUTION TN TRANSFORMED SPACE

DO 331 Is1,N
DO 331 J=1,1
331 X(I,J)=TEMPT(I,J)/PP -

C ACTUAL SﬂL"ﬂl»AH‘ﬂ -ITERATION-S - - -

DO 310 I=1,LALT .
310 FX(I)®2.#SCLE#X(I,1)
2 -




¢ suMe0.0 . o b .
oo’ 140. I81,LALT e wen S
140 SUN=SUN+C(I,1)*FX(I)

, . BSUM0,0 . . . .
N DO 141 I=1,LAL - .ot
“ 141 BSUMeBSUM#BB(I) / " i

- C CHECK_FOR OPTIMUM. A STOPPING FR!TE\\IDI] 1S SELECTED

; 0BIV=(-SUM-BSUM) »#2§: « E o g

S . e .. VRITE(6,#)'0BIV',0BNV .
e 3 ¢ IF(OBIV.LT.1E-7)G6 TO 123 . .
’ L GoTO L o
123 a1 . - »

R , e ¢ g
~ ©° _(:Ai.cm.nmu,)w NONRESTRICTED. VARIABLES T e

: - DO 476 I=1,LAL ! # £ om ’

s E5 e AWGV(D)=FX(D-FR(I94) . e Ty

: a8, ) B L i
{ 3

WRITH(6, %) * ANGV /ANGY : Y

122 WRITE(8,+)0BIV* , 083V, . : LB

W stop AP N -
N o ' TR ’ : > 5
: s \END L <4 L

. C SUBROUTINE CONSTANT FORMS GLOBAL CONSTRAINT COEFFCIENT C
- i C MATRIX AND CALCULATES THE COEFFCIENT OF OBJECTIVE T ¢
C FUNGTION i c A2

. i &

- SUBROUTINE' CONSTANTCY,02 ,D3,A;DELGV) a >
pfEnsTON ¥(33),A(33,66) , DELGV(66).,

DINENSION CON1(3,3),CONZ(3,3),CON3(3,3),CON4(3,3)
DIMENSION CON5(3,3),CON6(3,3),CONT(3,3),CONB(3,3)  *
DIMENSION CON9(3,3),CON10(3,3),CON11(3,3),GON12(3,3)
CONA(1,4)=-D2#COS(Y(2))#STHCY(1))~D3STNCY(1) J*COSCY(2)4Y(3))

o L8 % 0 F ; s




CON1(1, 3)--naocus(v(m-szn(v(z)ov(a)) Y e % 1%2
CON1(2,1 -B!‘CDS(V(Z))‘CDS(Y(D)‘M'CUS(Y(1))!GDSKY(2)*Y(3))
CON1(2,2)=-D2#SINCY(2))#SIN(Y(1))-D3#SIN(Y(1))*SIN(Y(2)+¥(3))
com(2,5)--»3:5111(‘{(1))*s:n(v(z)w(a))

CON1(3,1)%0.0 o

IS
- coN1(3, 2)-D20c05(v(2))4D3tCDS(Y(2)~V(3)7

‘,as/

CON1(3,3)=D3*COP(Y(2)+¥(3))

CON2(1, 1)--02-CES(Y(5))tSIH(Y(l))-DstSIH(Y(S)MBS(Y(E)'Y(S))

CON2(1,2)=-D2+C0S (¥ (4) )4SIN(Y (5))-DIACOS (Y (4) ) #SINCY (5)+Y(6))

CoN2(1,3)=-D34COS (KA +STNCY (83 +Y(6))

CON2(2, 1)-nz«€us(v<5))tcus(‘{(4))+n3tcos(Y(4))‘COS(Yn5)0Y(6))

CON2(2,2)=-D2#SINCY(5) ) #SINCY (4))-DI#SIN(Y(4))sSINCY (5)+Y(6))

conz(2, s)--ns'.smcym)-sznms)ov(s))

CON2(3,1)=0,0

CON2(3, -n:ncns(v(s))wavcns(ﬂs)o‘{(s))

coN2(3, 3)=D3HCOS(Y(5) +Y(6)) : &

CON3(1, 1)4-D24COS (Y (8) J#STN(Y (7))~ na-sxn(vm)vcosme)w(s)?"

CON3(1,2)=-D2+COS(Y(T))#SIN(Y(8))-DInCOS(Y(7) I4SIN(Y (8)+Y(9))

cons(, 3)--Dstcns(v(1))tsﬂiw(a)ov(e)) )

cou:(2'1)-n2-cu5(v(s))tcuS(Y(7))tnatcns(‘l(v))tcus(Y(s)w(Q))
0N3 (2,2)=-D2#SIN(Y (8) ) #SIN(Y (7)) -D3*#SIN(Y (7)) #SIN(Y(8)+Y(9))
N3 (2,3) =-DISSINCY (7)) #SIN(Y(8) +Y(9))

CON3(3,1)=0.0

CON3(3,2)=D2+COS(Y(8))+D3*COS(Y(8)+7(9))

-

* coNa(, a)-na-cn;d(a)w(s))

CON4(1,1)=-D2#C0S(Y(11))*SIN(Y(10))~ nansm(v(m))-cus(v(u)w(xz))
CON4(1,2)#:D2+G0S (Y (10))#SINCY(11))-D3#COS(Y (10) ) #SINCY(£1) +¥.(12))
cum(x..@)--na;%{(m))-sm(‘{(mw(u)) )

coNa(2, 1)=D2s 11))4C0S(Y (10) ) +D3#C0S (¥ (10) ) #COS(¥(11)+¥(12))
coNa(2, z)--nz-szl(‘{(u))-sm('f(zo))-nansm(v(m))'sm(v(mw(m)
CON4(2, 3)--naasrn(v(1o))~sm(v(u)+\‘(12)) .

CON4(3,1)20.0° .

coNg (3Y 2)'92'005(‘{(11))0D31CDS(Y(11)‘V(12))" ’
CONA(3,3)D34COS(Y(11)+Y(12))

CONB(1,1)=-D2+C0S(Y(14) )*SIN(Y(13))-D3*SIN(Y(13))*COS(Y(14)+Y(15))
CONB(1,2)=-D2%COS(Y(13))#SIN(Y(14))~DI#CGS(Y (13))4SINCY (14) +Y (1))




CONS(1, a)--uaocns(v(xs))o‘sm(v(u)w(:sr) e Ty !

CONS (2, 1)8D; (¢ Y(13) 5(Y13))+COSCY (4 4Y (18)):.
* coNs(2, 2)--112-51"(‘{(14))-snl(v(xs))-Dsosm(vas))-sm%(mov(xs)) o

®oxs(2, a)--ns‘sxn(v(;a)>-sm(v(m)~v(:s)) ; | £ i

cnns(a 1)=0.0 - r

CONS(3, 2)aD26COS((14)) $DIHCOSCY (1A 9V (18Y)  * ey R

cnusga 3)-n3tcos(v(14)+v<ts)) ) -
cnnsu.1)--nz»cns(v(17))-smw(is)1—naosm(v(15))ccus(v(n)wm:)) A
CON6(1',2)#-D2#COS (Y (163 )#SIN(Y(17))-! DE‘CDS(V(16))-51"(7(17)4?(19)) T
CON6(1, 3)--DS‘CDS(Y(16))‘SXN(Y(17)0Y(18)) . o 3

5 CDI(B(2 1)-D2OCUS(V(17))'CUS(Y(I.!))ODBtCOS(Y(ls))‘CQS(Y(”)QY(!E)) -

CON6(2, 2)-—n:-sm(\'(x7))~sm(‘r(16))-b3nsm(‘f(1e))nsm(v(mﬂ{’(:a)) g
CONG(2,3)=-DB#STH(Y (16)) $STH(Y(LT+Y (16)), . . i
CONB(3,1)%0.0 ! ot .

- CON6(3, 2)-02-cus(“l(£7))wa-cus(v(m#v(ta)) i &
CON6(3,3)=D3xCOS(Y(1T)#Y(18)) - b ] ot
CONT(1, 1)--b2ncus(v(2o))tsnmr(m))-natsm(\'(ts))‘dus(v(mw(zx)) g
CONT(1, 2)--52'603(‘!(19))OSXII(Y(W))-DSOCOS(VOS))tSIH(Y(?D)*Y(?i)) y

K cnm(x,s)--nstcos(ma))asxu(v(za)ov(n))

CONT(2, 1)-Dz-cns(‘1(2o))acus(vus))maacustv(ls))-cusﬁ(zo)W(n)) pal -
CDH7(2 2’)'-D2‘SIH(V(20))'SIN(Y(XSJ) D3‘Slll(‘f(19))ISIII(Y(ZO)*Y(21)Z
CONT (2,3)=-D3WSTH(Y(19))sSIN(Y(20) 4 (21)) N

"cowr(smyso.0 . s
CONT7(3, z)-nz-cus(7(20))Jaacns(‘{(zo)_w(zx)) . . oy
CONT (3,3)=Q3+C0S(Y(20)+Y(219) - :

P cunatt 1)--nztcns(‘{(za))nsm(Y(m))—nsasm(v(za))cws(v(n)ovﬁa))
CONB(1,2)=-D2#C0S(Y(22) ) #SIN(Y(23))- DSOCDS(Y(ZZ))OSIH(V(Z:!)*Y(M))
CON8(1,3)=-D3+C0S(Y(22)) #SIN(Y(28)+Y(24)). ' &
CONBE3, 1)~D2#COS (Y (23)) #COS(¥(22)) DIHCOS (¥ (22))8COS (Y2 +Y (28] o
coliB(2,2)=-D2#SINCY (23)) 4SIN(Y (22))-DBeSINCY (22D WS TN CYL2) ¥ (240
CON8(2, 3)--na-sm(Yk22)‘)-sxu(v(2a)~v(24)2 . N AN
CONB(3,1)%0.0 ' ! . -
CONB(3,2)=D2#COS (Y (23)) +D3sCOS (Y(33) +¥(24)) 3 . i
CONB(3,3)=D3+COS(¥(23)+Y(24))

CONS(1,1)=-D2#COS (Y (26)) #SIN(Y(25))-! naasnv(v(zs:)acnsa(ie)»v(m)

‘ . CON9(1,2)=-D2#C0S(Y (25) ) +SIN(Y(26) )~ ps«cus(veas)»sm(v(ze)w(zm

BN




' CON9(1,, 3)=-D3+C0S (¥ (26) M+SIN(Y (26)+Y(27))

CDHQ(! 1)-DZCCOS(Y(26))OCOS(YOE))‘DB‘CUS(YQS))'CDS(Y(26)1‘{(27))
CONS(2, 2)--D2~S!H(Y(28))t3ﬂl(¥(2$))-DSOSXH(‘I(ZS))‘SIN(Y(ZE)"I(27))
coNs(2, S)--DSOSIH(Y(Z.S))tSIN(Y(Zﬁ)vY(TI)) .
CON9(3,1)=0.0 oy

- CON9(3,2) -D2‘CDS:y26))4D3'CDS(Y(2B)OV(27))

CON9(3,3)=D3+COS(¥(26)+Y(27))

CON10(1,1)=-D2¢COS(Y(29)) #SIN(Y(28))-D3*SIN(Y(28))+COS(¥(29)+¥(30))
CON10(1,2)=-D2+C0S (Y(28)) #SIN(Y(29))-D3xCDG (Y(28))#SIN(Y (29)+Y(30))
couxa(t,3)--Datcos(‘{(zs))*SIB{(Y(?B)OY(SO))

CON10(2,1 Y(29))+C0S(Y(28) (Y(28) )*C0S(Y(29)+Y(30))
CON10(2,2)=-D2sSIN(Y(29)) *SIN(Y(28))-D3+SIN(Y(28))*SIN(Y(29)+Y(30))
CON10(2,3)=-D3sSINCY(28) )+STN(Y(29)+7(30))

CON10(3,1)=0.0 _— " 9
CON10(3,2)=D2#C0S(Y(29))+D3+C0S(Y(29)+Y(30))
CONi0(3,3)=D30COS(Y(20)+Y(30)) -

. CON1(1,1)=-D2+COS(Y(32))#SIN(Y(31))-D3*SIN(Y(31))*COS(Y(32)+Y(33)) -

coNg(s,2)s ~D2¥COS (Y (31)) #SIN(Y(32))-DI#COS (Y(31))*STN(Y(32)+¥(33))
cmmu 3)=-D3+C0S(Y(31))*SIN(Y(32)+7(33))
CON11(2,1)=D2KCOS(Y(32)) sCOSEY (31) }4D3+COS(Y (31))#COS (¥ (32)+1(33))
CON11(2, 2)--nz-sxu(v(ez))tsm(v(si))-na:sm(v(u)):sm(v(az)w(aa))
CON11(2,3)= :nsnl(v(a1))astn(v(32)ov133)>

CON11(3,1)=0.0

CON11(3, 2)-Dzwus(v(sz))owa-cus(v(sz)ov(sz))

' CON11(3,3)=D3#C0S(Y(32)+Y(33))

DO 10 I=1,33
DO 10 Ix1,66 .

10 A£I,1)=0.0

DO 11 I=1,3 )

K=1 2
D0 12 Je1,3 .,
ACT,K)=CONi (T, 1) - .
12 K=K+2 8
11 CONTINUE

DO 13 I=1,3 >
K=2 : .




0 14 Je1,3 .
A(1,K)=-1.3CONL(T, 3)-
14 KeK+2

13 CONTINGE

D0 16 I=1,3

Kt |

D0 16 J=1,3
A(1#43,K+6)=CON2(I,J)
16 K=K+2

16 COWTINUE

D0 17 Iet, ¥

k=2

D0 18 J=1,3 v
(193, K+6)=-CON(T, )
18 KeKe2
17 CONTINUE
D0 19 I=1,3
Ke1 :
D0 20 J=1,3
A(146,K+12)=CON3(T, J)’
20 K=K+2

19 CONTINVE

D021 Is1,3

K2

D0 22 J=1,3

A(1+46 ,K+12)=-CON3(I,J)
22 KeKs2 "3
21 CONTIVE :
D023 Is1,3 ~ =
e o

D0 24 Jmi,3-

A(149 ,K+18) =CONA(I, 3)
24 KwK+2

23 CONTINUE

D0 26 T=1,3 \

K2




D081 I=1,3

00 26 Ju1,3
A(1+9, K+18)=-CON4(T, J) o

26 K=K+2

25 CONTINE §
D0 27 -I=1,3 ‘ -

Kot ’
0028 Ju1,3
A(I+12,K+24)

D0 29 I=1,3
2

DO 30 J=1,3.
A(1+12,K924) m=CONS (T , 3)

30 KeK+2

CONTINE i

Kot - ;
00 32.Js1,3 o A
A(I+15,K+30) =CON6(I, J)

-32 K=K+2 .

31 CONTINGE i

D0 33 I=1,3 '
Ke2 B e

D0 34 J=1,3

A(1+15,K+30) =-CONS(T , )

34 K=K+2 -

33 cumm

D0 356 I=1,3

Kni

* D0 36 Ju1,3 ‘ g

A(I+18,K+36)=CONT(1,3) - 5 .
36, K=K+2 . %
35 CONTINGE :

D0 37 I=1,3

k2




D0 38 J=1,3
" ACI418,K+36)s~CONT(1, 3D
38 KeK+2 |
37 CONTINUE
DO 39 I=i,3 . -
s Kt E -
D040 J=1,3 . . .
A(1421,K+42)=CON8(1, ) . : . .
’ 40 Keks+2 .
: L cme
. DO 41 I=1,3 / .
2 Ke2 I . >
D0 42:J=1,3 ) / RIS
2 A(1+21,K+42)=-CON8(I, J) :
: 42 Keke2
27 = 41 CONTINUE 3 g . g 5
: . B DO 43 I=1,3 : = ’
P Ket N ) .
DO 44 J=1,3 - =
A(1424,K+48)=CONS(1, D). = oo
< .44 KeK+2 -
3 743 CONTINUE : - >
DO 45 I=1,3 s T
Ke2 . :
D0 46 J=1,3 S
A(1424,K+48)=-CONS(1, J) . 5 %
46 KeK42 . ° :
45 CONTINUE .
DO 47 I=1,3 ¥ e

T ket
W

DO 48 J=1,3 .
L ACHT,KeBOSCONIOL,I) . - .
48 Keke2 - ,ow
~ 47 cONTINUE < ) Vs
e Ty D0 49 Tm1,3 g
¢ ’ K=2 = .4 . : - L




DO 60 J=1,3 -
A(1427,K+64)=-CON10(1,) ... \
‘50 KeK+2
49 CONTINUE
Do 51 I=1,3 s = ‘
K=t . . 4\
DO 62 J=t,3 g & . i
ACI+30,K+60)=CON11(1,]) a
52 Kek+2 L
- 51 CONTINUE o . L
r DD 63.I=1,3
. NKe2 =
D0 84 %1,3 R
A(T+30,K+60)=-CON11(1,7)
54 KekeZ : ¥ Co
. . 53 CONTINUE A R -
¥ iy . A
FRER DO 1000 I=1,6,2 — sy
SUMe0.0 T ' Ll
D0 9000 K=1,3 . - o . &
9000, SUM=SUM+CON1 (K, J) ’
" ' DELGV(I)=~1.#SUN " o
DELGV(I+1)=SUK
1000 Jel+1 .
Jmt G -
D0 1200 Is7,12,2
SUM=0.0 .
DO 1300 R=1,3- ~
1300 SUM=SUMMCON2(K,J) ’
DELGV(I)=-=1.+ 4 . ST
- DELGV(I+1)=SUN y
. 1200 JnJe1 ’ .
T Iy i
¢ a” DO 1400 I=13,18,2 )" ! ~
summ0.0 .
D0, 1600 K=1,3 : UE A o ;




1500 SUM=SUM+CON3 (K, J)-
DELGV(I)=>1.4SUN
DELGV(I+1)=SUY - N
1400 JuJa1 g
=1 »

D0 1600 I#19,24,2

SUM=0.0, .. =
DO 1700 X=1,3 = ) . e
1700 SUM=SUM+CON4(K,J) . w wd
DELGV(I)=+1. sSUN-
DELGV(1+1)=SUK .
1600 JeJe1 - L5 °

o N - ; 2 #,

07000 1425,30,2 - "
4 5UM=0.0 .
. b0 T100ke1,3 » . s

7100 SUN=SUM4CONS (K ,J) v 3 ' :

DELGV(D)m-1.4SUM s olh .
+ DELGV(T+1)=sUM : L EE

7000 Jm341 : e : 2

w1 P ’ -

DO 7200 1=31,36,2

SUM=0.0
1Y " DO 7300 Ke=1,3

+  -7300-SUM~SUsCONG (K, ) o ' s . O
) ‘DELGV(I)=-1.45UM. & . S

DELGV(I+1)=SUN b i p >

7200 Je3+1 i3, y . L%

1

DO 7400 1=37,42,2

sMw0.0 - !

DO 7500 K=1,3

7600 SUN=SUMSCONT (12, 3)
"\DELGV(1)=-1 . ¥SUK

DELGV(I#1)=SUN
+ 7400 JmJ+1




DO 7600 I=43,48,2 : .
SUM=0.0
D0=7700.K=1,3
7700 SUMSUM+CONS (K., J)
DELGV(I)=-1.#S0N
DELGV(I+1)=SUK : T s
7600 JeJé1 - i
et p « & a
D0 7800 I=49,64,2 . -
SUM=0.0 : v s
Dq 7300 K=1,3 .
7900 SUM=SUM+COR9 (K, J) . § o v
DELGV(I)=-1 . 450K - 3
DELGV(I+1)=SUK
7800 36341 ? S
sy oy, ’ - \
DO 8000 I=55,60,2 . s C ‘\
SUMm0.0¢ - " 5 = .
+ D0 8100 K=1,3 - - R
8100 SUM=SUM+CONIOCK,J) -, & # 5
DELGV(D)=-1 . 45U L8 7 'r»
“DELGV(I+1)=SUN ~_ . ‘ :
8000 JeJ+1
et o s
D0 8200 I=61,66,2 ’ %
SUM=0.0 . :
D0 8300 K=1,3 > ’ ( * %
uou‘su’n-sv)nocoi_u(x,l) & '
DELGV(D)=-1.SM. ¢
| DELGV(I+1)=SUM n . .
- 8200 JsJe1™ N ( i '
RETURN | ; -
BD .. A : >




’ " ‘ C QUADRATIC PROGRAM BY THE WOLFE METHOD )

D

C PROGRAM %% QUARD ®3% i

C IT PERFORMS THE INVERSE COHS‘!MINED Klllﬂ{l'ﬂc
C ANALYSES OF RDBOTS OF GENERAL' A!\CHITECTURE .

aaoaa

PARAMETER (M=3,Nx8) X s o N
. DIMENSTON A(M,N),B(M),C(K, n) .P(H) T(Hm 26M+34N+1) -
cosT( 1), T (28 ) ~ ‘
ZRSION DIFF (2443%N+1) PRETT ) RAT s
DINENSION IB(M#H); T (24H+3#N) OPPCM+R) , TITLE(20)
DIKENSION Y(3),R¥(3)

* 100 FORMAT(1X,10F10.3) : h

102 FONIAT(/ISX JAHC(T) ax 9(1X F8.3,1X)/(14X,10(F9. 2)1X)))

103. FORMAT(6X , 4HC(T) , 3X 4!:‘5(1) 10(4X,12,4%) / (17X,10 (4X,12,4X)))
104 rumftgx.re.z.zx.ni.'z.1x.s(1x.ya.2.1x)/(u;,z'a(xx,?a.z.ﬂ))v)_
106 FORMATC//SX,4#2¢ ) ,3K,F11.2,1X, 9(F9.2; 1X)/14%,10(F9.2, 1))
106 FORMAT(//SX,3HC-Z,6X; 10(F9.2,1X) /14X, 104F9 .2,1X))

107 FORMAT(//9X,26HTHE NINIMUK VALUE OF 2 IS, m 8).

108, FORMAT(//9X, 3THTHE OPTIMUM POINTS. ARE pnmzn "BELOV )

109 FDRHAT(//SXﬂSmB REST* OF THE VARIABLES Al! EQuaL TO ZEHD)

110 FORMAT(9X, 12,1X ,4X,E16.8) *

_ 111 FORMAT(1H1,4X,6HTABLE,3X,13) -
12 FORMAT(13X ,36HTHE OBJECTIVE FUNCTION IS UNBOUNDED. )

113 FORMAT(9X,4HC-2(, 12, 1X, ‘2H)=, Eiﬂ 8)

114 FORMAT(//3%,BHIBCT)) =

115-FDR!(AT(//9X 26HTHE DPPDRTUH!TY coshs ARE/)

X;.ﬂ FDRHAT(/ISI 42HTHE | HEST OF THE OPPORTUNITY CDSTS ARE ZEHO)

u7 PUI\HAT(EX N(MTXO(X)) & s <

118 FDH.HAT(//&X 17HIIUHBEIIS l\THlWUGH 13. 32H ARE ORDINARY VARIABLES
1 , NUMBERS,I3,8H THROUGH,I3,17H ARE LAGRANGIANS.)

~ 119 FDRHAT(BX,SHIPR,'TX,SKIPC.H,S)IKCK) g !

121 FORMAT(8110) ~

120° FORMAT(7X , 4HTEST , 7X,6HPIVOT,6X, SHD!!P(\IPC) )

122 FORMAT(/4X, 7HNUMBERS, 13, 8H THROUGH, 13, 20H ARE SLACKS. WH‘BERS
1 13,8H mﬂl’GH.IS 16H ARE GRADIENTS. )




. col

300 FORMAT(4110)

302 FORMAT(3X,14,F20.6)

128 FORMAT(//,6%,4H 1 ,8X m(x)//)

ITHAX=1000

MTR=1

D2+1.016

D3=1.5113

TR=22./(7.%180.)

Y(1)=7.122+TR

Y(2)=56.6709¢TR

¥(3)=287.877+TR

RV(1)=0.0

RV(2)=0.

RV(3)=-0. oxzs o~ - (
-nzccns(v(z))'sm(v(i))-nsos:u(vm)ccus(v(nov(a)) g

bumn--m—cus(v(x))os:n(wz))—naocns(vu))-sm(v(z)ov(a))

e

, cqua-lnaacosmx))-s:u(vcz)w(z))

1(2)) $GOS(Y(1))+D3eCOS(Y (1)) 4COF(¥ (2 +Y(2))
cmm--nz-sxl(r(z))tsxl(\'(x))-nscsn('{(x))tsxn(v(z)w(s))
CON23=-D3+SIN(Y(1))#SIN(Y(2)+Y(3)) X w
CON31=0.0 . N g Ty
COI:ﬂ-IﬂOCDS(!(Z))OD!OCDS(Y(Z)*Y(E)) ’ \

§

__CPN33=D3#COS(Y(2)+Y(3)) L

999 DO m I-X M
DO 623 Jet,¥
6?.‘!‘“!.1)-0.0
A(1,1)=CON11
AC1,2)=-CON11
A(1,3)=CON12

"AC1,4)=-CON12

ACE,5)=CON13
AC1,6)=-CON13 . \
AC2,')=CoN21

A(2,2)n-CON21

A(2,3)sCON22

'A(2,4)=-CON22




A(2,5)-CoNE3
A(2,6)=-CON23
A3, 1y=coN3g’
A(3,2)=-CON31
A(3,3)=C0N32
A(3,4)=-CON32
A(3,6)=CON33
A(3,6)=-CTN33
DO 624 J=1,M | N
624 B(J)=0.0
BRV() !
B(2)=RV(2) |
B()=RV(3) .

DO 625 Is=i N

DO 625 Jet,N . | :

625 ¢(1,3)=0.0 |
C(1,1)=CON11#92+CON21 ##2+CON31%%2
©(2,2)=CON11092+CON21 0 2+CON 1 #92
(3,3)=CON12042+CON22w024CONSZ 042
c(4, +
C(5,5)=CON13#92+CON23 % #24CON33 422
C(6,6)=CON130+2+COR230w2sCONI3 092

|
©(2,1)=-(CON11##24CON21##2+CON31#22)

C(132)=-( 1 1942)

c(1.s)-curut?:ulmcomf‘acnnﬁcqlattco!u

; ©(3,1)=CON11+CON12+CON21%CON22+CON31+CON32

“ C(1,4)=-(CON11#CON12+4CON21+CON224CON31%CON32)
' C(4,1)=-(CON1 1'Cnl!2¢CDIiIOCUI220CDI3 1%CON32)

C(1,6)=CON130CON114CON214CON23+CON3L#CON33
S e

c(6,1 *CON114CON21

c(4,6 it +CON33)
c(s;1 ‘ 0 #CON33)
©(2,3) 141 #CON32)

©(2,4)=CON115CON124CON21C0N22+CON3L#CONZ2
(C(4,2)=CON119CON124CON21#CON22+CON31 #CON32
©(2,5)=~(CON13+CON11+CON21+CON23+4CON31#CON33 )




.C(2,6)=CC 114CON21.

C(5,2)=~ (CON134CON11+CON214CON23+CON3 1 #CON33)
(8, 11400N21 ¢

C©(3,2) =~ (CON11#CON12+CON214CON224CIN3 1#CON32)
C(3,4)=- (CON124%24C0N22% #24C0N324+2)
©(3,5)=CoN i ON33
©(3,8)=-(CoN1 )
C(4,3)m- (CON12##24CON22% % 24CON32442)
c(s.s)-cu.wu;m &
c(8,3) )
C(4,6)=~ (CON13+CON1: 3)
©(5,4)=- (CON13#CON12+CON22¢CON23+CONS2#CON33)
c(4, 2

c(e,
C(5,8)m (CON13##2+CON23 #*2+CON338+2)
c(s, s)--(cnma-2~cnn23uzocnnaauz)
DO 626 Im1,N

62 P(I)=0.0 - ey

: P(l)--z.-(nv(i)tcom»nv(z)tcunmonv(s)-cmlax)

P(3)=-2. % (RV(1) 5CON12+RY (2)¥CON22+RY(3) 4CON32)
P (5)n-2.% (RV(1) #CON{3+RY (2)+CON23+RV(3) +CON33)
P (2)#2,% (RV(1) SCON114RV (2) 4GON21+RV(3) #CON31)
P (4)#2. % (RV(1) #CON124RV (2) #CON224RV(3) #CON32)
P(6)=2.% (RV(1) #CON13+RV (2)#CON23+RV(3) *CON33)

« MP1sM+1 -

MMisN-1 3 . -
NP1=ks1 .
NP2wks2
MN=keN
MNM1=KN-1
MNP1sMN+1 ¥ : -
MNP2eHN+2

NVsHlsN o

NVP1shV+1

NVP2sNV+2

NYsNVOH




y NYP1=NY#1
: NYP2=HY+2
l.z-“"
F “NC=NZ+1
NZP2=NZ+2
D0 180 I=1,MN .
DO 180 J=1,NC
180 T(I,))=0.0
2

=B(D)
D0 183 I=NP1,MN
EE 2
183 T(I,1)=-P(J)
D0 ‘184 T=1,M
D0 184 Jai,N
. Prmsst v
186 T(L,IP1=A(LY)
D0 185 I=i,N
* DO 185 J=1,N
IP,“.I“
i JPi=J+1 . N
185 T(IPH,JP1)=2.5C(1,3)
20 186 I=HP1,MN
“IMM=I-K .
D0 186 J=NP2,MNPL
L ® JMN=J-§-1
186 TCT,3)=ACIHN, THN)

1F(3-1J)187,179,187
179 T(I,3)=1.
. 187 CONTINVE

" DO 188 T+MP1,MN
LJ=I-MsMNPL
D0 188 J=KNP2,KC




.

Nyewprer . .

IF(3-13)188,178,188 %
178 TCT, D=1

188 CONTINE § J ‘
DO 208 Is=i,MN .
0pp{D=T(L, 1)

208 CONTINUE

DO 340 J+1,NZ

340 COST(2)=0.0

DO 189 _.I-l,l!

189 COST())*T(I, 1)

DO 190 J=KYP2,NC r
180 COST(J)%0999.
NNeNZ-MN

DO 25 KKe=i,NZ

26 ITICKK)=KK

DO ImiMN - -
1 1D wNIT I
EE i

C ITERATON START . .
19 K=K+1 (

DO 2 J=1,iC

2 PRFIT(2)s0. .

DO 3 J=1,NC : = ]

SUN=0.

DO 4 I=1,M0

35a1B(I)H 7
4 SUM=SUM+COST(JJ)T(I, J)
PRFIT(J)=S0H

3 DIFF(J)=COST(J)-PRFIT (J)

IF(MTR) 556,666,855 -

556 WRITE(S,111)K s
<855 NRRFE(S, *)K

C PRINT TABLE IF DESIRED
WRITE(S, 102) (COST(3) , J=2,C)
:mm(e.m)‘(nx(m JKK=1,82)




WRITE(S, #) (C0ST(3) ,J92,8C) s o
WRITE(S,*) (III(KK) ,KK=1,N2)
DO 26 I=1,M - : A
L 33eIB(DL ) . ‘ i
26 ‘WRITE(6, 104)COST(Y) , (T(I'J) Ja1,NC) 2
. WRITE(E,106)(PRFIT(J),J=1,NC) ) : %
VRLTE(S, 108) OIFF (1), Ju2.0) ' -
prints,’ wkes e 2 g L
C FIND THE PIVOT ELEMENT ----T(IPR,IPC) o
i 666 IPC=0 2 \ 5 ) wf
° / TEST=0. : X =t 5
. C FIND THE VARATBLE WITH THE LARGEST PROFIT . S
VDo 5 I=2,8C - ’ 4 -
235 IF(DIFF(I)-TEST)6,5,5 i '
6 TEST=DIFF(I) ! b
IPCaI’ T . i
5 covfinue . : 6 )
IF(1PC)99,99,7 '
7 KoK=0
e DO 8 I=1,HN .
IF (T(1,IPC))32,32,20
o 20 RATIO(I)ST(I,1)/T(I,IPC) X . %
GT08 . | ° ’
b 32 KCK=KCK+1 .
© - -IF(RCK-MN)21,31,21
21 RATIO(I)*1.E20
8 CONTINUE T s %
C REMOVE LIMITING VARIABLE .
DO 9 I=1,MN " 5
IF (RATIO (1)), 10,10 i >
. 10 TF(RATION) .GT. 10000. )RATIO(T) 10000 )
<7 .7 TESTSRATIOD) R ' ) &
IPReI . .
G0 TO 11 4 .
'~ 9 CONTINUE' . e . ¥
11 DO 12 Ist,MN d %t 4




198

TF(TEST-RATIO(I))12,12,13

13 TEST=RATIO(I) : U

IPReI

.12 "CONTINUE

C START PIVOTING AND INTRODUCING NEW VARIABLE INTO SOLUTION

PIVOT=T(IPR, IPC) g

DO 15 J=1,KC
15 T(xgn,:)-rgxpn.:)/pxgr
DO 171 I=i,MN
IF(I-IPR)17,171,17 .
+ 17 DO 18 J=1,NC
18 TT(3)=T(IPR,3)*T(I, IPC) /T(IPR, IPCY
D0 172 Jui,NC
472 T(I,3)=T(1,9)-TT(I)
171 CONTINUE ™=
COST(IPR)=COST(IPC) | " . ®

IB(IPR)=IPC-1 /

C TRACE uvgf IF DESIRED -
IF(HTR~1)205 205,86 ’ oy
86 WRITE(6,114)

prints, *chack for

D0 87 Tm1,MN *

87 WRITE(6,300)1,IB(I)

WRITE(S, 119) “

WRITE(6,121) IPR, IPC,KCK, . . i
WRITE(6,120) . v
WRITE(6, 100) TEST, PIVOT, DIFF(IPC)

WRITE(6,117) - .

D0 88 I=1,kN

88 WRITE(6,302)I,RATIO(I)
C RECOMPUTE COSTS - . . .
205 DO 176 Ju1,KYPY '
176 COST(J)=0.

D0 197 IS1,KN
IF(IB(I)-HN) 192,192,195

192' J3=TB(I) +MNPL -




195 IF(IB(I)-NY)196,196,197
196 J3°1B(D)-MM1

GO TO 198

198 COST(I)=T(I,1)

197 CONTINUE ° o
IF(K-ITMAX)19,99,99

99 SUM=0.

DO 201 I=1,HN

IN=IB(I) ,

IF(IN:GT.N)GO TO 201
SUMSSUK/PCII)ST(T, 1)+
201 CDFXWB

FRSTaSUM

SUNw0.

" DO 202 I=1,HN" -

D0.202 J=1MN

INeIB(D)

IF(IN.CT.N)GO\TO 202~ ©
e -

-IF(IN.GT.N)GO TO 202

SUMRSUNSCCIN, JN)ATCI, 1
202 CONTINUE
SCNDaSUK,_ :
OBJ=FRST+:

' WRITE(6,107)0B]

WRITE(6,118)N, NP1, KN
WRITE(6,122)MNP1,NY NYP1,NZ
WRITE(S, 101 .
WRITE(6,128)

DO 28 I=1,MN

+IF(T(1,1))27,28,27

27 WRITE(6,110)I8(1),T(I,1)
28 CONTINUE -  *
WRITE(6,109)

WRITE(6,115)




. ; 200
- : . »
. DO 53 Ixi,MN .
IF(OPP(1))62,63,52 ' . Ho .
\B 62 WRITE(6}113)1,0PP(I) d
‘ 63 CONTINUE .
WRITE(S,116) : . :
31 WRITE(S,%) ° po e
2 Gb TO ?0
. L 830 PRIHT‘.’ITER‘ATIDH LIMIT EXCEEDED’
o 30 STOP - 4 .
END # s
e , . N . '
R e
¢ £ : . '
) :
. . ?
. [ . .
S & . . &
~ R 3 .
~ ¢
»‘ el ' i
3 k » “
N -~ \ -
* ~
. .
5 . . .
\ > ‘. g
5 : ' o
' = . .




o

C PROGRAM #28% FORCEAN #8%. - 77 Lc

- C THIS PROGRAM CALCULATES THE FORCE, VECTOR FOR , . C

C ‘STUDYING THE FORCE RESPONSE OF T3R3 BD?OT

REAL FI(42) .Y(S).AiIGM‘:C(S).MUV(S),AAL(S).AANGV@?
REAL AL(3),FIM(34),F(66),AANGACC(3),YY(3)
REAL FFT(66,10),FR(66,10).

'OPEN(UNIT=26, FILE=’DIVEAC.DAT® »TYPE='NEW')

DO 1000 K=1,10. - -
GALL PARAMETER(AAL,YY,AANGV, AAncAcc) ¢ . °
D0 { IL=2,4 . .
INDEX=1 "
CALL CONDITION(IL,NG,RNG,NJAP)
DO 10 I6e1,HG i
* CALL DATA(IG,RNG,IL,AAL,YY,AANGV, AANGACC, AL , Y, ANGV, ANGACC)
D2=AL(2) ¢
'D3wAL(3)
ACnHl1--D20CDS(V(2))‘SIH(Y(1)) naosm(v(t))tcus(‘f(a)W(s))
ACONY S (1)) #SINCY (2) SCY(0))#STHCY(2)+Y(3))
ACON13=-D3#COS (Y(1))#SIN(Y(2)+Y(3)) .

Aconzx-mncus(v(z)>~cns(v(x))‘nsocns(‘{(z))-cns(v(z)»v(a))
ACBH22--D2!SIH(Y(2))OSIN(Y(I.))-DS*SIK(V(!))‘SIH(YQ)‘Y(B))
ACBMZSI—DSOSIH(Y(l))tSIH(Y(?)*Y(:ﬁ))
ACON3120.0
ACBN32=D24COS(Y(2))4DISCOS (Y (2)+1(3))
ACON33=D3#COS(Y(2)4Y(3))
Tn--(thCns(Y(z))tCDS(‘l(1))0D3-cns(v(l))‘cus(v(z)ﬂ!(l)))
1 *(ANGV(1)##2)
T120- (D2#C0S (Y(1)) 4COS(Y(2))+D34CISCY (1))¥COS(Y(2)+¥(3)))
1 +(ANGV(2)#+2) ’ '
T13=-(D3+COSCY(1)) *COS(Y(2)4Y(3))) #(ANGV(3) ##2) ‘e
114-<nznsxu(v<1))-sm(v(z))ona:sm(‘f(x))asm(v(z)ov(z)))
1 #2,*ANGV(1)*ANGV(2) T
T45m- (D34COS (Y (1)) *COS(Y(2)+Y(3)))#2. qucv(zmucv(s)
Tlﬂ-(DS*SIH(Y(1))'§II((V(2)+‘{(3)))t2 +ANGY(3) $ANGV(1)




‘1'21-(-02'005(i(if)‘SIH(Y(I))-DB‘SIH(Y(l) )*C0S(Y(2)+¥(3)))

* 1 =(ANGV(1)#%2)

T22=(-D2#C0S(Y(2) )‘SIH(Y(I))-DB'SH‘(Y( 1))%COS(Y(2)+Y(3)))

1 *(ANGV(2)*¥2) k

T23%(-DI*SIN(Y (1)) #COS(Y(2)+Y(3)) ) *(ANGV(3) #2)

. T24= (-} DI’SIH(V(2))‘CDS(Y(1))-DS!CDS(Y(1))‘SIN(V(2)+V(3)))

1 #2.#ANGV(1)*ANGV(2)

T26=(-D3*SIN(Y (1))#COS(Y(2)+Y(3)))*ANGV(2)*ANGV(3) 2.
-D3*COS(Y(1))*SIN(Y(2)+Y(3)))*2.*ANGV(3) *ANGV (1)

T26!
T31=0.0

T32=-(D24SIN(¥(2))+D3#SIN(Y(2)+Y(3)))*ANGV(2) **2

T33m(~D3#SIN(Y(2)+Y(3))) * (ANGV(3) #42)™

TM'Z *(-D3*SIN(Y(2)+Y(3)) )‘AHGV(S)'ANGV(?)

IKDEXI!HDEX4INC

FI(I“DEX)"(T11‘7!24‘1‘13‘!‘1‘14'1‘15*T16-ACDII1 1*ANGACC(1)

1 2)=ACON:

FICINDEX+1)=~(T21+4T22+4T23+T24+T26+T26-ACON21%ANGACC (1)

1 kce(2:

3))-9.81

3))-9.81

FI (IHDBH)'“U

‘1 -Acuuas-umcc(a))-s 81
CALL UFIM(FI,ILFIN) .
INC=g
10 CONTINUE
1 CONTINVE
D0 3°1=25,30 .

. 3 FIM(I)=FIN(I)+FIN(I+6)+FIN(I+48)
D0 5 I=31,36

. 5 FIM(I)=FIM(I+48)

DO, 40 I=7,72
40 F(I-6)=FIN(I)
D0 61 I=61,63

" 61 F(I)=F(1)#30.429/5.429
D0 41 I=1,66
41 FR(I,K)=F(I)

1000 CONTINUE
1180, Yo

1]




DO 44 KI=1,66 _ - .
DO 43 I=1,10 '
RUNALSY
FFTU,D=FRQ,D W B [
WRITE(26,*)FFT(J,1) ,
43 CONTINUE
& RATEATSY St s, B Fhes
; 44 CONTINUE i - E *
stop | . ; . ’ N :
& END ) c i
i, NS SUBMUTIHB DATA(IG,RNG,IL,AAL,YY,. AAHGV AAIIGACC JAL, . B
; o £, ANGY, ANGACO)" - -
/ DIMENSION AL(3),Y(3),ANGV(3),ANGACC(3) &
" DIMENSION AAL(3),YY(3),AMNGV(3),AmMGACCED) T v
. REAL RIG,RNG' & t
RIG=IG" B .
DO 11e1,3 "
P AL(D=AAL(T) . ; !
: C L vmen cL N
2o T ANGV(D=AANGY(I) . - J
‘ 1 ANGACC(I)=AANGACC(I)
g IF(IL.EQ.2) ¢
Do T ML) RNG-1.)) s (RIG-1.) .
o . AL@3m0.0 I N
Y@)=0.0 | : :
ANGV(3)=0.0 -
ANGACG(3)=0.0_
ELSE =~ N 5
IF(IL.EQ.3)THEN - . . v 5
S AL(2)=AAL(2) , 0 '\
- AL(3)=(ARL(3)/ (RNG=1.)) #(RIG-1.)
g ‘ ELSE . oo ow 4 T
IF(RIG.EQ.1.) :
AL{3)=. 154RIG E :
ELSE —
AL(3)=0.0 N




S

*, NG=7

ENDIF

C PRINTs,’AL’,ALU1) ,AL(2) ,AL(3)
RETURN

END

SUBROUTINE CONDITION(IL,NG,RNG,NJAP)
IF(ILEQ.2) THEN

IG_-S " ~
RNG5.

NJAP=30 -«

ELSE o “ - =
IF(IL.EQ.3)YHEN s

RNGST..
NIAP=42 .

ELSE o %
NGs2 " :

- SUBROUTINE PARANETER(AL,Y,ANGY, ANGACC)

DIMENSION AL(3),Y(3),{Y(100),ANGV(3),ANGACC(3)
OPEN(UNIT=7,FILE=DATA.DAT’ , TYPE="0LD")
READ(7,#) (YY(D),I=1,9)

TR=22./(180.97.)

AL(1)=60 ¢ ~
AL(2)=1.016 ¥

AL(D=1.5113

00,2 1=1,3 . 7R

2 Y(D=YY(D)*TR
D0 3 I=4,6 \
3 ANGV(I-3)evV(D) [




“4 ANGACC(I-6)=YY(1)

RETURN
SUBROUTINE UFIM(FI,IL,FIN)
DIMENSION FI(42);FIN(88)
IF(IL.EQ,2)THEN
A=20.1289

DO 1.1e1,30 )
1 FINCD=FI(I) vam ; : .
IF(IL.EQ.3) THEN ; 5 J .
D0 2 131,72

2 FIR(D)=FI(1-30)%an )
ELSE - : E N
AN=30.420 . T
DO 3 I=73,84 = - .

3 FIN(D)=FI(1-72)%am o @ " &

03 . i -

ENDIF ®
RETURN, _
= ‘ L : v :




" READ(14,%) ((GHN(T,J),J=1,66),

C PROGRAM IIDHEHCDIIIOG

C NEWCON PERFORMS THE FORCE RESPONSE ANALYSIS OF T3R3
C ROBOT USING NEWMARK-BETA INTEGRATION -SCHEME

C GMM IS THE GLOBAL MASS MATRIX AND GKK IS ‘GLOBAL

C STIFFNESS HATR]TI}!ED BY PROGRAM FRECON

‘@ aaaa

DIMENSION GMH(100,100),GKK(100,100),X(66,31),XD(66,31),
1 XDD(66,31) ,F(66) ,GHKINV(66,66) , THK(66,66) ,CON1(66,31),
1'CON2(66) , THKINV (66, 66) , WKAREA10000) ,GHHCON(6) ,SUNF (66) ,
1 Tx(ee x)‘v(sco)

REAL RWKSP(19771) .

COMMON/HORKSP/RHKSP

" OPEN(UNIT=14,FILE=’MASS.DAT ,TYPE=’0LD’)

OPEN(UNIT=16,FILE=’STIFF.DAT’

TYPE=’0LD")

1,66) N
READ(15,*) ((GKK(I,J),J=1,66),I=1,66)

CALL IWKIN(19771) .

ALFA=1./4. i 1

‘BETA=1./2.

TIME=.0299/2.

K=t

D0 1 I=1,66

X(I,K)=0.0 . 1%

XD(I,K)=0.0 K
XDD(I,K)=0.0

1 CONTINUE

C DELT=TIME STEP FOR NEWMARR SCHEME
deltisdelti+time

DELTSDELT+TIKE @

DO 1000 K=2,24 .

C LSQRC IS A LEAST SQUARE CURVE FITTING PROGRAM
CALL LSQRC(DELT1,F) -

C WRITE(31,%)DELT1,F(61)

C WRITE(32,*)DELT1,F(62) . '
C WRITE(33,#)DELT1,F(63) )




e

B0 2 I=t;66°

D02 J=1,68 . > < : : i

2 THKCT, J)= (1. / (ALFASDELT##2) ) #GHM (T , ) 4GKK(T, J) ’

IDGT=4 . :
D0 3 Ie1,68 - . o % 3

CONA.(,K)=(1./(ALFAWDELT##2)) #X(I,K-1)+(1./ (ALFA¥DELT))s  © '
1 XD(1,K-1)+((1./(2.#ALFA))=1.) ¥XDD(I K-1) - . i
3 cnn(l)-cum(x K) .
* CALL MRRRR(66,66,GHM,66,66,1,CON2,66,66,1,GHHCON,66) N

D0 4 IIe1,66 . - N

4 SUMF(LI)=GMMCON(II)+F (I11) '
His6 A

© SKYLINE SOLVES THE SYSTEM.OF EQUATION AX<B > .

CALL SKYLINE(CTHK,NJ,SUMF,TX) : &

D0 & I=1,66 - .

§ X(I,K)=TX(I,1) ¢ >

D0 6 I=1,66

XOD(T,K)m (1. /(ALFASDELT##2))# (K(L,K)-K (L K- 1))~

1 (1./ (ALFASDELT))#XD(T,K-1)-((1./(2. #ALFA) -1 mmn(x k-1)
XD(T,K)=XDCT, K-1)+ (DI=BETA) $DELTAXDD (I ,K-1) +BETA¥DELT

1 XOD(T,K) '
6 CONTINUE
C WRITE(21,*)delt1,X(61,K) : .
C WRITE(22,%)dely? % (62,K)
C WRITE(23,%)delt1,X(63,K) v :
dolttsdeltistine ’ :
1000 CONTINUE
SToP .
END . o .

N

C SUBROUTINE LSQRC IS C'.'IWB FI'ITIIW PROGRAM BASED OoN 4
C LEAST SQUARE METHOD °
C IT READS THE DATA FRCIH DIVEAC.DAT - c

o

SUBROUTINE LSQRC(TIHE ,F) =
DIMENSION X(10),Y(660),YFIT(660),A(3),F(86) e




§ i -
DATA M,NI,NF/10,2,3/
OPEN(UNIT=11,FILE=’DIVEAC.DAT' , TYPE=’0LD’)
REWIND (11)
s C CALL FOR TIME STEPS OF DIVEAC.DAT
CALL XXX(X)
DO 74 KKKe1,66
READ(11,#) (Y(I),I=1,H)
DO 80 N=NI,NF
NPN+1
CALL LSFIT(X,Y,A,M,N,NP)
g SUMSQ=0.
DO 20 Kn1,M
YFIT(K)=A(1)
TEMP=X(K) y 4
D0 10 I=2,N . o
YFIT(K)=YFIT(K) +A(I)$TEMP .
TEMP=TEMP*X(K) k
o 10 CONTINUE “ :
~— SUMSQuSUMSQ+ (Y(K)-YFIT(K))#s2 & .
" 20 conTmE ’
r 80  CONTINUE
PX=TIME ) o
© CALCULATES THE INTERMEDIATE POINTS .
CALL XINTER(A,PX,PY)
F(KKK)=PY
74 CONTINUE
RETURN
END

SUBROUTINE LSFIT(X,Y,A,N,N,NP)
DIMENSION X(M),Y(M),A(N),COEFF(12,13) ;SUnX(18)
NM2=2%(N-1) »
DO, 19 Lu1 N2 '

SUMR(L)=0. ;
10 CONTINUE )
DO 20 I=i,N E
COEFF(I,NP)=0. : F—




DO 50 K=1,M
TENP=X(K) N
DO 30 Le1,NM2

SUNX(L) »SUNX(L)+TEMP
TENP=TEMP#X(K)

30 CONTINUE

TENP=Y(K) -

DO 40 I=t,K
CQEFF(I,NP)=COEFF (I, NP)+TEMP
TENP=TEMPeX(K).

40 CONTINUE

50 CONTINUE %

DO 80 Te1,N

D0.70 J=1 N
1F¢t.GT.1.0R.J.GT. 1)GOTO 60
COEFF(I, 3N
GoT0 70

60 LeI+J-2
COEFF(I,J)=SUMK(L) 1+

70 CONTINUE b

80 CONTINUE
CALL® GAEL(COEFF, A, N, NP)
RETURN
END

SUBROUTINE GAEL(A,X,N,NP)

DIKENSION A(12,13),X(H)
LeN-1 . .
DO §0 K=1,L

. KPimKe1

JI=K 5y S

. BIG=ABS(A(K,K))-

DO 10 I=KP1i,N
ABRABS(ACI,K)) |
XF(AB.LB-!IG)GUTU 10
BIG=AB
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JI=R
10 CONTINUE
IF(JJ.EQ.K)GOTO 30 ) .
DO 20 J=K,NP
TEMP=A(JJ, )
AQLD=AK,D X, - ‘
o« A(K,;J)=TEMP
20 CONTINUE .
3 . Do SO_I'K?X.I « s
QUOT=ACI,K)/A(K,K) ’ \
DO 40 J=KP1 4P "
ACT, 3)¥A(T, 3)-QUOT#ACK, ) K
40- CONTINUE -
50 CONTINUE .
80 CONTINUE % '
X(N)=ACH,NP)/ACN,N) e
Do 80 .ll)l:l.l. .
SUM=0. . \ \
T=N-NN 2 .
U IP1=I+1 t
oo 70 .J-lPl N
SUM=SUR+A(T, 3)*X(J)
70 CONTINVE -
X(I)=(ACT,NP)-SUM) /ACT,T)
80 CONTINUE
RETURN
END -
SUBMUT;I'E XINTER(A,PX,PY)
* DIMENSION A(3) "
PY=A(1) +A(2) $PX#A(3)sPR#s2 i .
RETURN . %
END. ° N N
SUBROUTINE XXX(X) " " !
“DIMENSION X(10) . -
DELT=.03937 : £
X(1)=0-048 - —
Rk




v #(2)=DELT
X(3)=DELT+X(2)
. . X(4)=DELT+X(3)
N X(5)=DELT+X(4)
2 X(6)=DELT+X(8)"
=+ X(T)=DELT+X(6)
& X(8)=DELT+X(7)
) X(9)=DELT+X(8)
X(10)=DELT+X(9)
RETURN

m
.
‘ =, }]..'
!
7 .‘,
i 3
B 1.
/7
5
§
.,
¢ .
b
.l




C PROGRAM FRECON TO CALCULATE THE NATURAL FREQUENCY OF ¢
C ROBOTIC MANIPULATOR _c
c USING FINITE ELEMENT TECHNIQUE

-C THE GIVEN ROBOT IS DIVIDED INTO i1 BEAM ELENENTS Gs
C AT EACH NODE THERE IS 6 DEGREE OF FREEDOK s c

C ROBOT HAS 66 DEGREES OF FREEDOM * c

DIMENSION A1(3),B1(3),C1(3) .i’l(:’) ,GM(100,100) .FK(lOO, 100),
1 GM1(100,100) .Gl'n(xoo,ioo) ,GM2(100,100) ,GK2(100,100) ,P(3),
1 GM3(100,100) .7‘(3(100. 100) ,GM23(100, 100) ,GK23(100,100)

COMMON/BLK1/0MEGA(100) *

O'PEH (UNIT=16,FILE=’0UTPUT.DAT’ ,TYPE=’NEW’)

OPEN (WIT-17.FILE' *STIFF (DAT’ ,TYPE='NEW’)

D_PEH (UNIT=18,FILE='MASS.DAT’ ,TYPE='NEW’)

P(1)=0. N . .

P(2)m0.

P(3)=10. -

A1(1)=0. “

m@so. ‘ . S

AL(3)=0. 5

B1(1)=.53571 .

B1(2)0.033¢ . : : o

B1(3)=.8626- ot -

C1(1)=.3903

c1(2)=.024 ,

€1(3)=.8986

bics)
D1(2)=.25/2.

D1(3)m.5

B

NO1=4

NOZ=1

NO3mg 3 )

CALL LINK(A1,B1,N01,2.E41,.01016,7800. ,6. 14591E-5,3.07295E-5,
1 3.07295E-5,GM1,GK1,P)

CALL.LINK(C1,B1,N02,6.894E10;0.00798,2700. ,3. 62E-5,1.81E-5,

54




2

T AN

CALL LINK(B1,D1,H03,6.894E10,0.00798,2700.. ,3.62E-5, 1 B1E-S,

1 1.B1E-5,GM3:0K3,P) - % 1 v
CALL GLOBAL(N02,GN2,GK2,N03,GN3,GK3,GH23 ,GK23) )
N023=(N024ND3)*6+6
CALL ASSMBLY(NO,GM1,CK1, N023,GH23,GK23, GH, GK)
n-(lmpuuzouus)oeos
CALL FREQUENCY(GM,GK,N)
WRITE(16,%)* THE NATURAL FREQUENCIES OF THE ROBOTIC mmmnnn
ARE?
D0 14 I=1,N-6

* WRITE(16,*) *SKO(I)=’,I, 'FREQUE)ICY-' OMEGA (I)

14 CONTINUE -
sTOP
END

C SUBROUTINE LINK CALCULATES THE LINK STIFFNESS AND 4
C MASS MATRIX IN GLOBAL DIRECTION 4

SUBROUTINE LINK(A1,B1,N,E,A,DEN,AIX,ATY,AIZ,GK,GK,P) « -
DIMENSION AK(12,12),AN(12,12),T(12,12),A1(3),B1(3), '

1 TEMP1(12,12),GK(100,100),GM(100,100) ,EK(12, 12) ,EN(12,12) ,

1 AMM(25,12,12),AKK(25,12,12) ,P(3) v
D0 & I=1,100
D0 5 J=1,100
GH(I3)e0. » -

§ GK(I,3)=0.. /

ANEW=0.3 ",

G-B/(z *(1.+ANEW))
msn-snn’r((m(x)—n(t))nzo(m(z)-mz))020(51(3)-

1 A3 . S
ALEN=TTLEN/N ]
CALL smF(A\.su E,G,A,AIX, ATY,, AIZ, AK)
CALL mss(u.zm DEN, AIX, AM) . <
* C CALL TRANSFORM(A1,B1,T)

/CODE=ICODE+1"




IF(ICODE.EQ. 1) THEN
CALL ALL1(A1,B1,T,P)
ELSE
CALL ALL(A1,B1,T,P)
ENDIF & = : : o
CALL VMULFM(T,AK,12,12,12,12,12,TENP1,12,IER)
CALL RGMPRD(TEMP1,T,EK,12,12,12)
CALL VMULFN(T,AM,12,12,12,12,12,TEMP1,12, IER)
CALL RGMPRD(TEMP1,T,ENM,12,12,12)
D0 10 Ist,N
D0 10 J=1,12
DO 10 K=1,12
AMM(T, 3, K)=EM (3, K) . ’ S
10 AKK(I,J,K)=EK(J,K)
13%0 . )
D0 20 I=1,N*6-5,6 . '
Tas=I3+1 R . '
Hel-1 | ) 1
b0 20 T2ei,12
D0 20 J201,12
GH(T1+12,T1+32) sGH(T1+12, 11+ 32) +AMN(T3, 12,32) .
GK(I1412,I1+J2)=GK(I1+12,11+J2)+AKK(13,12,J2) .
" 20 coNTINGE
RETURN
END .
SUBROUTINE ALL(B1,01,T,P) : .
\  DIMENSION B1(3),D1(3),TR2(4,4) ,P(8),XP(4,1) ,XPO(4,1)
DIMENSION T(12,12),TR3§4,4) s
CALL DCS(B1,D1,TR2,P) :
CALL LOCALP(B1,D1,XP) ’ .
CALL: CHECK(TR2,TA3,XP,XP0,P)
. CALL GLOBTRACTR3,T)
END ! ‘
SUBROUTINE ALL1(B1,D1,T,P) - )
DIMENSION B1(3),D1(3) ,TR2(4,4) ,P{3),XP(4,1) , XPO(4,1)




DIMENSION T(12,12),TR3(4,4) ¥ : p =123
CALL DGS(B1,D1,TR2,P) ¢ : Ay
CALL LOCALP1(B1,D1,XP) . ) . - Frodd
CALL CHECK(TR2,TR3,XP,XP0,P) N . y
-CALL GLOBTRA(TR3,T) ., : ’ . g
END

SUBROUTINE LOCALP1(0,A,X) . ' E g
DIMENSION 0(3),A(3),X(4,1) ;

TR!?Z./(!QO{[) 4 ' i .
THETA1=ATAN(A(3) / (SQRT (A (1)#+2+4(2)%*2)))
THETA2#90.#TR-THETAL . . o
AR3=1 .016/C05(TH:ETA2)

X(1,1)=(10.#1.016/AR3)~1.016 i

X(2,1)=40 . #SINCTHETA2) ’ ) : :
X(3,1)=0.0 .
X(4,1)=1. .
RETURN co »
B . "
SUBROUTINE DCS(A1,B1,TR1,P) . ’ L4

DIMENSION A1(3),B1(3),TR1(4,4),P(3) ) A}
cat1sB{(1)-A1(1) i 4
Ch1f=B1(2)-A1(2)

CA13=B1(3)-A1(3) . &

CA21=P(1) -A1(1)

CA22%P(2)-A1(2)

CA23%P(3) ~A1(3) - = .
COX=CA12%CA23-CA13+¢A22 . R B
COY=CA13#CA21-CA1146X33 : . )
COZ=CA11#CA22-CA12¢CA21 ~ s
XYZ=SQRT(COX##2+COY#424COZH2)

AB=SQRT((B1.(1)-A1 (1))#%2+(B1(2)~A1(2))#»2+(B1(3) ~A1(3) ) #42)
ALL=(B1(1)-A1(1)) /4B .

ANi=(B1(2)-A1(2))/AB
AN1=(BS(3)-A1(3)) /AB
AL3=COX/XYZ ¢ . v J




AM3=COY/XYZ ) i 8 iz
AN3=C0Z/XYZ \ . )
AL2=AM3#AN1-ANIANL . ~
AM2eANISAL1-AL3®ANL 4 .
AN2=AL3$AM1-AN3®AL1
tr1(1,4)=B1(1) _ =
+r1(2,4)=B1(2) /
tr1(3,4)=B1(3)
tri(4,4)=1.
TR1(1,1)=AL1 "
TR1(1,2)=AL2 . -
TRI(1,3)=AL3 ' ’
Th(2,1)=ANL 2 . %
TR1(2,2)=AM2 . -
TRL(2,3)=AM3 ' 5 e
' TR1(3,1)=AN1 /
_1#01(3,2)=AN2 A s .
TR1(3,3)=AN3
B0 20 I=1,3 5
DO 200 J=1,3 N " "
200 WRITE(6,%)’DCS’,'I=*, 1,75, R1(T, T) T
N RETURN \
v o *
SUBROUTINE LOCAEP(B},D1,XP)
3 DIMENSION B1(3),D1(3),1P(4,1)
TR=22./(180.57.)
al2e8qrt (d1(1)#92+d1(2)#42)
aliesqre(bi(1)es2+b1(2)e*2) ¥R
1ma124(b1(9)-d1(D))/(m12-a11)  *
atan(s1/al2)

.

xp{2,1)=s2#sin(alfa)

83=52%cos (alfa)

: 1e<(a3+(a12/cos(thota)))
- p(3,1)%0.0




P

i

xp(4,1)=1,
RETURN
END .

- SUBROUTINE GLOBTRACTA3,T) . g ;
DIMENSION TR3(4,4),T(12,12) * - . N -
D0 1 I=1,3 .
DA Jst,3 i .
1 T(1,3)=TR3(3,1) . ) ~
N=0 ' :

Yo 10 I=1,3 : B
Ne=N+3- <
D0 10 J=1,3 . g . s
D0 10, KK=1,3 . . R
T(I#N, KK+H) =T (J,KK) . ’
10 CONTINVE
RETURN . 5 e

C.HERE CHECK™IS*APPLIED FOR CORRECT SIGN OF
DIMENSION A(4,4),X(4,1), 5(4.4).11’(4.1)‘“0(4.1)
DIMENSION UDIFF(3),P(3)’
AL VHUI.FF(A 3P,4,4,1,4,4,xp0,4, IER) . "
C PRINT+,’GLOBAL POINT P FROM IST SET,XPOC1,1),XP0(2,) ,XPO(3, 1)
UTOL=1.E-02 . -
D0 12 In1,3 :

. VDIFF(I)-ABS(XFB(I 1)-?(())
IF(UDIFF(I).LE.UTOL) GO TO 20 . : o
G0 TO 30 . :
20 CONT{NUE % &
12 CONTII
G0 TO 40
30 DO 11 I=1,3 .
D0 11 32,3 T .
11 ACT, D)m=1.%A(1, 1) .
% coNtmvE - e
D0 50 Ist,4 :

CXRT I
SUBROUTINE CHECK(A,B,XP,XPO,P) (\ - B>
c.




D0 60 J=1,4

50 BCT,J)=ACI,)
CALL VMULFF(B,XP,4, 4, 1,4,4,XP0,4,IER)

218

C PRINT+,’GLOBAL POINT P FROM 2D SET’ XPD(i 1? XPD(2 1),XP0(3,1)
RETURN
END

\

C SUBROUTINE FREQUENCY CALCULATES THE NATURAL FREQUENCY OF THE C

C THE ROBOTIC HAII!P\ULATOR BY FORHING' THE DYNAMIC MATRIX

c

-—
SU'BRDUT!I(E FREQUENCY (GH,| GK N)
DIKEHSIBI( GMM(100,100) ,GKK(100,100) , GH(IOO 100), GK(].OO 100).

c

1 WKAREA(100000) ,ALAMDA (100, 100),GKKINV (100, 100)
" CONPLEX TILAMDA(100; 100);ETGVAL(100) ,EIGVEC (100,100)

COHMON/BLK1/OMEGA(100)
FIXED BOWDARY CONDITIONS ARE APPLIED

Do 30 1'1."-5
00 30 J=1,N-6 *
GHH(T, 3)=GH(T+6,3+6)

30 GKI((I,.Y?-GK(I*B.J-OS)

HRITE(17.‘)(<GKK(I 1) ,3=1,N-6),I=1,N-6)
HRITE(!B *) ((GMM(I,J) , J=1,N-6),I=1,N-6)

10GT=4

- CALL LIWZF(GKK,H",100’,GKKUW,IDG‘I',HKAIIEA.IER)
CALL VMULFF(GKKINV,GMM,NN,NN ,NN,100, 100,ALAMDA, 100, TER)

D0°40" Isi;NN
D0 40 Ja1,NN

40 TILAMDACI, J)ICH'PLX(ALAI(DA a@n)
C DETERNINATION OF EIGEN VALUES *

130B=1
CALL EIGCC(TILAMDA(NN, 100 1JOB,EIGVAL,EIGVEC, 100,WKAREA, IER)
- D0 6O Tmi,NN
50 EIGVAL(I)=1 . /EIGVAL (1)
D0 70 I=f,NK

OHEGA (I)=SQRT CREAL(EIGVAL(I))) g

~——




OMEGACI)=ONEGA CT)*7./ (2,92
70 CONTINGE. T
D0 80 =1, WN

DO 80 JuI+t,NN

IF (OMEGA(I).GT .ONEGA(J)) THEN,
TEXPOMEGA(D) .
OMEGACT)=OMEGACS) 5

OKEGA(3) =TEMP »

D IF

80 CONTINUE )
RETURN 5o )

B -

. c svnndurm}‘m CALCULATES THE STIFFNESS MATRIX .

INE STT
DIMENSION AK(12,12)

AK(1,1)mESA/AL  * .
AK(2,2) =12 4EXATZ/MLAS [
'AK(3,3) =12 EXATY/AL*#3 g
AK(4,2) =GHAIX/AL

AK(5,3) SE*AIY/ALow2
AK(5,5) =4 SEXATY/AL o
AK(6,2) =6 $E*ALZ/AL**2
AK(B,6) =4 4ESATZ/AL . %
AK(T,1)=-EwA/AL

AK(T,7)=AoE/AL

* AK(8,2)=-12, $EwAIZ/AL##3

AK(8,6) m-6 4EXATZ/ALw*2
AK(8,8) =12, vE*ATZ/ALe#3
AK(9,3) =-12. #E#ATY/AL* %3
AK(9,5)=6.sESATY/AL#+2:
AK(9,9) =12 sEXATY/AL¥*3

AK(10,4) »-GHAXX/AL
AK(10,10)=GsAIX /AL

AK(11,3) -8, $E*ATY/AL* %2

AL,E, G, A,AIX, AIY,AIZ , AK)




AK(11,6)s2 . #E#AIY/AL
AK(11,9)=6 . $ESATY/ AL##2

AKC11;11)=a 4EVATY /AL "

AK(12,2)=6 . 4E#ATZ/ALS#2

AK(12,6)%2. sESAIZ/AL

AK(12,8)=-6 SE*AIZ/AL##2

AK(12,12)=4 SEXATZ/ AL

DO 10 Is,11

D0 10 JaI+1,12 g
10 AK(1,3)=AK(J, 1) L
RETURN

END

C SUBROUTINE MASS CALCULATES THE MASS MATRIX

SUBROUTINE MASS(AL , A,DEN,AIX,AH)
DIMENSION AM(12,12)

|AMC1, )01, /3. .

WM(2,2)%13. /36, ’ E
AM(3,3)=13. /35,
AM(4,4)=AIX/3./A
AM(S,3)5-11.4AL/210 .
‘AMCS, 5)eAL#2/105.. -
AH(6,2)=11  #AL/210. .
AM(6,8)=AL**2/105 .
AMCT,1)01.76,
(7,173,

M(8,2)%. /70,
AM(8,6)213. %AL/420 .
M(8,8)#13. /3. -
AM(9,9)%9. /70,

ANC9,6)-13 . #AL/420 .

AN(9,9)%13. /35,

MMC10,4)*ATX/(6.%A)
"AM([10,10)=ATX/(3.%A)

- M¢11,3)m13.81/420 .




AMC11,6)e-ALew2/1d0. ' _
AM(11,9)w11.%AL/210.
JLIeEY ,1%)-u:;2/1os . .

AM(12,2)=-13.%AL/420. .
AN(12,6)=-AL*»2/140. '

AN(12,8)=-11.%AL/210.

AM(12,12)=AL##2/105." e

D0 10 Isi,11

D0 10 Jel+1,12
10 AM(I,3)%AN(3,T)
D0 20 f=1,12

D0 20 J=1,12 ' § . \

20 AM(I,J)=AM(T,J)%DENSASAL - B
RETURN ‘
END X & ' L

o ' i
C SUBROUTINE. TRANSFORM CALCULATES THE DIRECTION COSINES OF

¢ THE LINKS AND/GET THE ELEMENTAL MASS AND STIFFNESS MATRIX
C INTO GLOBAL COORDINATES : .

" SUBROUTINE TRANSFORM(K,B,AT) . v R

DIMENSTON A(3),B(3) ,AT(12,12)
=aC1) :
AY=A(2)

AZ=A(3)

BX=B(1)

BY=B(2)

BZ=B(3)

PX=0.

PY=10.

PZ=0.

ABX=BX-AX ]

ABY=BY-AY

1BZeBZ-AL

ABLEN=SQRT(ABX#ABX + ABY*ABY + ABZ*ABZ)
CX=ABX/ABLEN ’




X ' - 222
CYwABY/ABLEN .
CZ=ABZ/ABLEN
CONS=SQRT(CX#CX+CZ#CZ)
KP=CIsPX + CYPY + CI0PZ

/ + CONS&PY - CY

2Pm-CZ4PX/CONS + CX#PZ/CONS
ALFA = ATAN(ZP/YP)

AT(1,1)=CX
AT(4,2)=CY
AT(1,3)=CZ .
AT(2,1)m(~CXsCY*COS(ALFA) —CZ#SIN CALFA)) /CONS
AT (2,2)=CONS#C0S CALFA) L 2
AT(2,3)=(~CYsCZ+COS (ALFAS +CX+SIN CALFA)) /CONS
AT(3,1)=(CXCY*SIN(ALFA) -CZ#COSCALFA))/CONS ¥
AT(3,2)=-CONS#SIN (ALFA)
AT(3,3)= (CY#CZ¥SIN(ALFA) +CX*COSCALFA)) /CONS
=0 . . s
D0 10 I=1,3 E
N=N+3
D0 10 J=1,3 ]
DO 10 Kk=1,3
10 AT(J#N,KK+K)=AT(J,KK) .
RETURN
END [

C, SUBROUTINE GLOBAL 'ADD THE MOTOR AMD GRIPPER MASSES TO  C *
C THE-THE RESPECTIVE LINK (T0 THE DIAGONAL ELEMENT)' c .

SUBROUTINE GLOBAL(N2,GM2,GK2,N3 .Gﬁ‘;,GKS ,GM23,6K23)

DIMENSION GM2(100,100) ‘GKZ(100,100)‘.@!3(100,100) ,GK3(109,}00.) »
1 GHZG(!OO.100).GK23(100,100).1"W1(100),TEH'PZ(lOO) .

D0 & I=1,100 X

Do 5 JM.,!.O‘O

GM23(I,7)=0.

3 GKQ‘S(I.J)-O.

BMOMAS®50. / (N2+1) K

C

‘




N

C THE MOTOR MASES ARE ADDED  °
DO 7 I=1,(N2+1)%6,6 :
D0, 7eII=1,3 ’

7 GM2(II+I-1,II+I-1)=GH2(IT+I~1,II+I-1)+BMOMAS

C THE GRIPPER MASSES ARE ADDED
GH3(N3#6+1,N346+1) =G3 (NI#6+1,N346+1) 4GRIMAS
GH3(N3#6+2,N3#6+2)=GHI(NIsG+2, N3#6+2) +GRIMAS

], GH3(N3+6+3,N3%6+3)=GH3 (N3+6+3 ,N346+3) 4GRINAS
DD 10 I=1,N2#6+6 )

DO 10 J=1,N2+6+6

GH23(T, 1)=GH2(T,J) .
10 GK23(T,J)=GK2(T,J) .
D0 20 I=1,N3%6+6 b
DO 20 J=1,N3*E46

GN23(N2+46+1 ,N2+6+])=GM23(N2#6+1 ,ll2t6*J)'GH\3 aI,n
20 GK23(N2#6+1 N2#6+J)=GK23 (N2+6+1 JN2#6+3)4GK3(1,3)

N=(N2+N3)#6+6

630 Ii1,6 ' N - *
K J=t N )

TEMP1 (J)=GH23(1,3) *

TENP2(1)=6K23(1,3)

GH23 (T, 1)=GH23(1+6,1) »
€x23(1,J)=CK23(1+6,3)
GH23(1+46,3)=TEWP1(J)

" % 30. GK23(1+6,J)=TEMP2(J)

D0 40 J=1,6
. D0 40 Imt,K
nlmu(l)-cnaa({.n
TEMP2(1)=GK23(I,J) X
GH23(T,D)mGM23(I,046) -
GK?s(I,J)'GKZS.(I,JOG)
- GHZ3(T,J+6)=TEMPL(I)
. 40 GK23(,3+6)=TENP2(I) ¥




C SUBROUTINE ASSMBLY CALCULATES THE GLOBAL MASS AND ;TIIFFI(ESS
C MATRIX c

L

SUBROUTINE ASSMBLY(N1,GM1,GKi,N , GH23,GK23,GH,GK)
DIMENSION GH1(100,100),GK1(100,100),GH23(100,100), .
1 §K23(100,100),GM(100,100) ,K(100,100)
DO 6 I=1,100
DO 6 J=1,100
GM(I,3)=0. . *
5 GK(I,J3)=0. & 4
DO 20 Im1,N146+6 '
DO 20 J=1,N146+6
GM(I,1)=GHL(T, )
20 GK(I,J)=6k1(I,J)
DO 30 I=1,8
DO 30 J=1,N
GM(N1#6+I ,N1#6+J) -en(rm.s\\l,unsn);‘c‘.nza(l,n
30 GK(N1%641,H1#6+7)2GK(N1#6+I,N1#6+J)+GK23(I, J)
END ' . .
SUBROUTINE' RGKPRD(A,C,R, N ,H,L)
REAL A(1),C(1),RC1) ’ %
IR=0.0 : :
IK=-H s R
DO 13 K=1,L, “
IK=IRW .
. DO 13ueL,N
IR=IR+1 . P
JT=3-N . . ) -
IC=IK R
RCIR)=O . ’ : i
’ D) 13 Is1,M LY .
« JImITN , i “
¢  IC=ICH 5 "
=t " 13 R(IR) =R(IR)+A(JI)*C(IC)

t
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