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CHAPTER 1
INTRODUCTION

The existance of a large variety of space mechanisms -with dif-
ferent functioning characteristics has set forth the need for the
development of synthesis techniques. for the generation of spatial dis-
placements. The interest in developing synthesis techniques for‘space
mechanisms has occurred only in recent years. Until the late-1950's
the main interest in space kinematics was in developing analytical
and graphical tools for the kinematic analysis of space mechanisms and
in developing criteria to test the existance of mechanisms.. Grubler
(1,2,3)1, Malytcheff (4), Kutzbach (5,6) are forerunners in-developing
mobility criterion for plane mechanisms as well as space mechanisms.
Kutzbach's mobility equation was an early attempt to consider the
general constraints and passive freedoms of pairs. Kraus (7,8,9)
developed a number synthesis technique for plane and space mechanisms
with no general constraints, while considering the possibi]ity of
having passive freedoms on pairs.  However, 1afer’Artob61evski and
Dobrovolskii (10) reproposed Kutzbach's mobility equation when there
is no passive freedoms in pairs. Many used the Kutzbach-Artobolevski-
Dobrovolskii mobility equation in developing number synthesis tech--

niques (12,13,14,15).

INumbers in brackets refer to similarly numbered references in
the bibliography.



Kolchin (16,17) extended Kutzbach's mobility equation by intro-
ducing his parameter which conside}ed passive freedoms in pairs, ‘over-
closing constraints and general cthtréints in multiloop mechanisms.
Many have conducted studies in recent years ih_order to determine a
rational procedure for determining the number of general constraints
y(l8,l9,20,2],22), some being based on the "theory of screws" of Ball
(23), and proposed mobility equations in the form of the Kutzbach-
Artobolevski-Dobrovolskii mobility equation which does not consider
overclosing constraints and passive freedoms in pairs.

Analytical and graphical methods based on vector angebfa and partly
descriptive geometry were systematically developed by Beyer and his
colleague (9,24,25,26,27,28) for the kinematic analysis of space-mecha;
nisms. Tavhalidze (29); Kozevnikov (30), Zinovev (31,32), Chace (33,"
34,35), Harrisberger (36), Egorov (37), Sieber (38),_Trink1 (39,40),
Sherwood (41), Hunt (42) used vector and graphical methods for kinematic .
and dynamic analysis and special cases of synthesis of space mechanisms.

The method of spherical ref]ections~(spherica1 indicatrix) was
applied by Bennett (43) to the aﬁé]ysié of the mechanism named after
him. Later Beyer (44) and Dobrovolskii (45,46,47,48) applied the
method for the analysis of other space mechanisms.

KisTitsin (49,50) made a major contribution to the field of space
mechanisms-in 1938, by applying the dual rotation introduced by
Kotelnikoff (51) 1in 1895,»to 3x3 screw -affinors. Dimentberg (52,53,
54,55), inspired by Kis]itsin'S»work, transformed Rodrigues' formula
for finite rotations into a dual formula for finite dual rotations in
which real vectors and real rotations were replaced by dual vectors and

dual rotations. Thus, the new positibn of ‘a dual unit vector'ﬁ_1 after



a dual rotation ¢ -about the axis of a dual unit vector,ﬁ'is given by

~

U = sl [0 - 890, + 20008 + 2TAT08 (1)

(ot 2
-

where ¢ = tan(¢/2). Dimentberg, in his extensive work, studied the
RCCC, RSSSR, RSCR four-bar, and RCRCR, RRCCR, RCSRR five-bar space
mechanisms. He did disp]acemént analysis of -these mechanisms and-
studied the conditions‘for the introduction of passive freedoms on the
pairs of the RCCC mechanism..

Denavit (56,57) introduced dual rotations and dual numbers into
Cayley-Klein parameters and performed.dual transformations by 2x2-
screw matrices, Denavit and Uicker (58,59), Beyer (60,9), Mangeron and
Dragon (61) introduced 4x4 matrix of homogeneous transformations [4x4
screw matrix] for the analyses of space mechanisms,

Shor (62) studied the nature of the screw axis and its graphical
determination by Mayor-Mises construction. | |

Keler (63) introduced dual vector and dual angles in obtaining
spherical reflections of mechanisms on the so-called "dual plane."

 Another major contribution to the field of space mechanisms was
made by Blaschke (64,65) by applying Dua]-NUmber-Quatgrnions.to'kine-
matic analysis. Inspired with Blaschke's work, Yang (66,67) applied
dual-number-quaternions in displacement analysis of space -mechanisms. -
Dual-number-quaternions were originally deve]oped-before‘1853 by. -
Hamilton (68). Later Clifford (69), Hardy (70) and Blaschke extended
its use in geometry and kinematics.

In'the analysis and synthesis of -spherical mechanisms considerab]e‘
“work has been done, notably by Dobrovolskii (46,71,72); Hein (73),
Yang (74,75), Meyer zur Capellen (76,77,78).



A1l the contributions summarized above were primarily concerned
with-the adaption of suitable mathematical techniques for defining a
space mechanism and have primarily been applicable to the kinematic and-
dynamic analyses of certain space and;sphekica} mechanisms. Ih the
]ast decade interest has turned-toward developing synthesis techniques
for-space and spherical mechanisms. 'Freudenstein'svanalytica1}method
of approximate synthesis (79,89,81) has been applied by Denavit (57) to
synthesize spherical and RCCC spate.mechanism. Wilson (82) applied the
finite position theory along with the use of circ]e-boint and center-
point curve functions .analogous to those for plane mechanisms to design
RSSR space mechanism. Roth (83,84) ha; initiated studies to develop
synthesis technique for space mechanisms. His work is based primarily
on. the classical work of Schoenflies (85) on the geometry of motion |
and-its synthetic representation:and determining the geometry of the
locus that may consist the desiréd positions of the point moving in.
space.  He applied this theory to synthesize space mechanisms for
function and spatial path generation. Suh - (86,87,88) developed a
synthesis technique based on the kinematic inversion of the mechanism
along with the use of displacement matrix. He synthesized space
mechanisms for function generation and rigid body guidance. - Levitskii,
Sahbazyan, Sarkisian (89.90), and Chi-Yen (91) have applied variational
methods for the approximate synthésiS;bf plane mechanisms for function
and coupler-curve. generation.

It has become evident that it is virtually impossible to design a
mechanism which will generate a specified functioh exactly in.a
specified domain, unless the function generated by the mechanism happgns

to be identical with the specified function. Hence, the approximaté:



generation of specified function is unavoidable.  Approximation is done
(a) by generating the function exactly at a number of precision points-
by satisfying the loop closure equation at each precision point, (b) by
generating the function approximately.at.a number of désign points by
minimizing the error in approximating -the function at the design poihts.
The first case is Freudenstein's method of synthesis. The number of
precision points in this case are the same as the number of unknown.
dimensions. In the sécond‘case the variational principle is used.
The numbér of the design points is in general greater than the number
of the unknown dimensions of the mechanism. In this case an error.in
the approximation within the specified 1imits by the design situations
is acceptable at each design point. In this case rather than generating
the function exactly at a few points, totally ignoring the magnftude of
the deviation of the generated function from the desired one between
the design points; the error in the approximation is distributed over:
the entire domain. The number of the design'points~may be varied as
desired. Many design points will give a better approximation over a
domain of continuous interval. Fewer design poinis will result in
smaller root-mean-square-error-at the design points. If the number of
the design points is the same asvthe‘hbmber of -unknown dimensiqns, the
function is generated exactly at the design points, as it is in the‘
first case. Synthesis by variational methods results -in an optimum
mechanism.

Many problems of mechanism design consist of constraining condi-
tions to be satisfiedva]ong with the abproximate generation of -the dis-
placements. The constraining conditions are satisfied easily when

the variational principle is used. Either Lagrange multipliers, or



parameters of constraints may be used to include the constraining con-
ditions in the optimization process.7 These constraining conditions may,
for example, be that the velocity, acceleration, force or torque must
have some specified values at certain values of the input parameter.

The variational méthod of synthesis provides a versatile method
for space mechanism design for a broad range of -specific requirements.
Because of this versatility, the variational method has been selected
for the study of. the generation of a screw function by the displacements
of the output Tink of the RSRC space mechanism.

The problem of synthesis of a space mechanism may involve with
one or more of the following cases:

1. The generation of a spatial path or motion of a particle on a
spatial surface. This requires that the desired functional form of the
pafh,or the discrefe set of desired design positions of the particle:
are to be generated by the mechanism.  Such a path may be generated by
a point on the coup]er_]ink, or by a point on the output link. For.
example, the path on a circular or elliptic torus can be generated by
a point on the coupler link of -a mechanism in-which the output pair
and the pair which connects the coupler 1ink to the output-link are
revolute pairs, as shown in Figure 12. If the output pair in Figure-
12 is a helical pair thevcoup]er'pdint generates a path on the surface
of helical-cjrcular-torus or helical-elliptic-torus. If the coupler
Tink is connected to the output 1ink by a prism pair the coupler
point generates a path on the surface of an hyperboloid of rotation.
A-path on the surface of a conoid is generated by a point on an output
link having a spherical oufput.pair. -A path on the surface of a

right -conoid is. generated by a coupler point of a mechanism in which



the output pair is a cylinder pair and the pair connecting the coupler
Tink to the dutput link is a prism pair with the constraint‘that axis

of the prism pair intersects the axis of the cylinder pair orthogonally,
as in the RSSRC mechanism shown in Figure 29b., There are unlimited
number of combinations of links and pairs for the generation of paths.
on surfaces -of constant or varying curvature. |

2. The generation of a screw motion to guide a rigid body through
~specified positions in space; the design requirements for a screw
motion are: -

(a) the screw axes, needed to displace the rigid body from one
position to another, may be positioned arbitrarily relative to each
other in space,

(b) the screw axes may be collinear,:

(c) the screw axes may intersect at a point.

In the first.of these three-cases the design problem is defined
by specifying the six .coordinates needed to seat the rigid body at each
desired position. When a rigid body is to be guided through two
specified positions, the output Tink of a mechanism, where the output
pair is a cylinder pair, can be used to guide the body. In this case
at first the equivalent screw displacement is determined such that
the rigid body can be guided through a single dual rotation. That is,
the position of the axis of-the equivalent screw and the equivalent
dual rotation abbut this axis are determined, Then, the mechanism is.
designed to generate this dual rotation by the displacements-of its
output link, where the axis of the output pair-is-collinear with the
axis of the equivalent screw. When the rigid body is to be guided

through three or more arbitrary positions, the coupler 1ink



displacements of a mechanism may.be used to guide the body. For-
example, the coupler Tink of the RSRC space mechanism shown -in Figure
5 may be utilized to guide a rigid body through three or more specified
positions. In order that the RSRC mechanism seats a body coordinate |
system fixed to the coupler link, at the speciffed positions in.space
in a fixed coordinate system, the mechanism itself must be seated in
a position in space. The RSRC mechanism can guide a body through four.
arbitrary positions. This requires the solution of 24 simultaneous
equations, six for-eagh position, for the 24 unknowns;_six of which
position the frame of the mechanism, six of which position the'body
coordinate system in the coupTer frame and the remaining 12 unknowns
are the dimensions of the mechanism including the four values of - the
input parameter to position the input crank. Many solutions are
possible for the rigid body guidance through three~positfons since
five dimensions . of the mechanism may be chosen as desired.

The second case, when the screw axes for successive displacements -
of ‘a rigid body .are collinear, it becomes -a problem of -displacing a
particle through a specified screw displacement @d = wdo + eﬁdl, where
the functions for the rotation and translation components or the
coordinates of a set of precision positions are specified over the
desired domain of displacements. Such a screw displacement may be
generated by the output_]ihk of a mechanism having a cylinder output
pair, as in the RSRC, RSHC, PRSC,”RCCC, RSSSC mechanishs.

The third case, when the screw axes for the successive displace-
ments -of -a rigid body intersect at a point, becomes a problem of
displacing a particle on the surface of a‘sphere if the particle

remains at the same distance from the point of intersection of the axes.



Then the body can be guided through the specified positions by the
coupler 1ink of a.spherical mechanism, or by the output:link of a

space mechanism having a spherical output pair, as in the RRCS mecha-
nism. If the distance of the rigid body from the point of intersection
of the axes varies, the rigid body can be guided through the specified
positions by the displacements of the coupler Tink of a mechanism having
spherical output pair and the coupler 1ink connected to the output link
by a cylinder pair, as in the RRCS, RHCS and RPCS mechanisms.

3. The problem of synthesis may require that some specified con-
ditions must be satisfied along with the generation of the displace- .
ments. Such specified conditionsuére the conditions ‘of constraints,
expressions specifying these conditions.are the equations of con-
straints. The constraiﬁﬁng conditions may, for example, be that the
velocity, acceleration, 1hput—output force or torque.ratio in the
entire domain of displacements or at some specified positions must
have some specified values.

This study is concerned with the synthesis of the RSRC space
‘mechanism for the generation of screw displacements of the tyﬁe
id-= wd0}+ ewdl or for rigid body guidance through successive screws .
of collinear axes, or for the generation of paths on-the surface of
a cylinder of unit radius. Two types of screw displacements are con-
sidered in this study. These are screw displacements with no con-.
straint and screw displacements with constraints. The exact generation
of vanishing velocities and instantaneous dwells in rotation, and-
exact generation of the range of output rotation are considered to be
the constraining conditions. The variational principle is used to

optimize the mechanism by minimizing the error in approximating the
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specified screw displacement at a discrete set of design points,

The 3x3-screw matrix is used in the entire process of kinematic
analysis. The results of the kinematic analysis are the only informa-
tion needed for the optimization process, besides the specified function.

In Chapter II the screw displacement, the dual.rotation, the 3x3
screw matrix-and its properties are briefed. In Chapter III is the
kinematic analysis of the RSRC mechanism using the 3x3 screw matrix,
where the dual loop equation is solved for the displacements, velocities
and accelerations, Analysis of the coupler curve coordinates by the
3x3 screw -matrix-is given in Appendix C. The conditions. for the
vanishing velociites and instantaneous dwells in the output rotation .
and translation of the RSRC mechanism are investigated and the results
are summarized in Appendix D. The facts discovered in Appendix D are
used in determining the parameters of constraints used to eliminate
the equations.of constraints in éenefating screw displacements with
constraints:for instantaneous dwells. The variational principle, used
for. the synthesis by minimizing the error in -approximation, is briefly
presented in Chapter IV as related to the type of synthesis subject to
this study. In Chapter V, the variational method discussed in Chapter
IV is applied to optimize the RSRC mechanism for the approximate gen-
eration of screw displacements with and without constraints. Two
numerical examples are given for the generation of unconstrained screw-
displacements. In the second part of Chapter V the parameters of con-
straints for the exact generation of :vanishing velocities and-instan-
taneous dwells are defined and used in the synthesis of constrained:
screw-displacements:. The use of the parameters of constraints are

illustrated in four numerical examples. . The synthesis procedure,
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including the digital computer programs are directly applicable toAthe
synthesis of the 4R plane mechénism. ~This 1is 111ustfated by a numerical
example, where a 4R plane mechanism is synthesized to generate a cdn—l
strained:screw of zero pitch. The RSRC mechanism, especially when the
skew angle between the two pairs on the output 1ink is zero, can easily
be Synthesized by‘the overlay technique. This is illustrated with two
" numerical examples.

A brief discussion on the screw calculus is given in Appendix A.

The authbr_experiehced the need for a general form of a mobility
equation for mechanisms. It has been'obsekved that Ko]chin'srstkuc?
tural formula (16417,36) consists the most general form of the mobility
equation. In Appendix B the general constraints, passive freedoms,.
redundant freedoms, overclosing constraints are discussed, Kolchin's
'parameter 1s;ident1fied; and the generality of Kolchin's mobi11fy

equation is illustrated with examples.



CHAPTER 11
THE 3x3 SCREW MATRIX AND ITS PROPERTIES

The screw-calculus has been the most cdnvenient method of
specifying oneiposition of a rigid body with respect to another refer-
ence position. 'So 1t~1s_bécom1ngimofe'and more the major tool for
the analysis and -synthesis of spaEe mechanisms, for the displacements
in a mechanism are the displacements of rigid bodies (11nks) with
respect -to each other,. In this study the 3x3 screw matrix is being
used in obtaining any informationlihVo]ving-the displacements in
mechanisms. So presented in this chapter is the brief discussion on

the screw displacement, the 3x3 screw matrix and its properties.
Screw Displacement

A body can be disp]aced;from a referencevposition to a sought
position through a simple movement about a certain axis, such that the
/body is rotated about,thisvaxis-th}ough a determinate ang]e»eO and
translated parallel to this}axis;for a determinate disfance 6, as
shown in-Figure‘l, Then the body undergoes a twist [screw disp]ace-M
ment] about the axis-[screw-axis] jdentified by a,rotation 8, which
bears fo the final angle of fotation [amplitude of the screw], and-a
translation o . which bears to the final distance of trave1 and is
defined as the integral of the product of the pitch and the circular.

measure of the angle of rotation (23). Then, the dual rotation which

12
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identifies the screw displacement is

feo 0, 8,
5 = de = f do  + ¢ j P, 46y =85 + €6 (2.1«)‘
v 0

where P, = de,/dé, is the pitch of-the screw. e is the Clifford's
screw operator having the property ofe? =0 (69). See Appendix A for
the brief discussion on the screw calculus. If the pitch of the screw.

is constant, the dual rotation becomes
8 = 0,(1+ epy) (2.2)

An infinitesimal dual rotation d6 about an axis is identified as a

dual vector in the reference system by

ds = de (1 + ape)ﬁ" (2.3)
where ﬁ'=-U5+ eU& is the dual-.unit-vector which identified the position .
of the screw axis. 'Uo is the unit -vector at the origin of the reference
frame-and is parallel to the screw axis. Then the Xx,y,z components of
UB define ‘the direct{bn angies,of the screw axis. The moment part»Ul

is. given by U&»=»UQ/AUB where Ué is the vector extending from the
drigin.of,the reference frame to the screw axis. In the case of that
the pitch is constant and the screw axis is stationary in the reference -
frame, -the screw-vecégr;iS-

B = eq(l +epe)ﬁ” (2.4)

From Equation (2.3) one has

0= 6,01+ ep,)U (2.5)
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~

where é'= do/dt and éo = do,/dt. Equation (2.5) is the instantaneous
screw velocity and called velocity screw (44, refer to page 73).

Ball (23) developed his theory of screws considering screws defined
by Equation (2.4). The theory of screws of particular pitch has been
ahp]ied to the study of over-constrained mechanisms having pairs of'zero
pitch and pairs of constant pitch (92,93,94). However, when a mechanism
consists of cylinder pairs or some other pairs which permit a screw
displacement of varying pitch for a link with respect to an adjacent
one, the theory of screws of a particular pitch‘does not-apply. Then in
general one is involved with instantaneous screws in mechanisms,
defined by Equation (2.3). The recent studies concerned with the -
mobility of mechanisms consider the screws of variable pitch or the
instantaneous screws (20,95,96).

The displacement-of a link in a mechanism relative to an adjacent
1ink is a screw displacement about an axis. A revolute pair permits a
screw displacement of zero pitch about the axis of the pair. A prism
pair permits a screw displacement .of infinite pitch along the pair axis.
A helical pair-permits a screw displacement of constant pitch about the
pair axis. A cylinder pair permits a screw displacement of varying
pitch about the pair axis. A spherical pair permits an instantaneous
screw displacement about an axis which moves with a fixed point at
the center of  the spheri§a1.pa1r as the Tink moves.

However, the problems of kinematic and dynamic analysis and
synthesis of mechanisms require defining an.érbitrary geometry of the
" mechanism with.respéct to a reference geometry, and invaolve screw
displacements -of -the type given by Equation_(zil). That is, at an

arbitrary position of -the mechanism, a 1ink is considered to move



16

through a screw displacement of a certain amplitude about the axis of
the freedom permitted by the pair and -translation along the same axis,
with respect to its reference position defined in the_ffame-of;the

adjacent 1link. Fof example, in the RSRC mechanism shown in Figure 5,

the output link 1is disp]éced,through the screw
$=¢0+ Ed)l ‘

with respect to its reference posftion in the 03généc; system, where
¢, =--S. When the output link is in-its reference position, the common
normal d, is along the nj axis.

Since in a mechanism the 1inks are displaced relative to each
other to close the loop, one can also consider that the displacement _
of a link with respect to the adjacent 1link permitted by the cylinder
pair consists of twq,successive screw displacements; screw displacement
of - zero pitch about the pair axfs plus the screw disp]acement of
infinite pitch -along the pair axis, or vice versa. The displacement of
a link with respect to the adjacent link permitted by the spherical |
pair is considered to take place through three successive screw dis-
placements of-zero pitch about three axes. These three screw displace--

ments of zero pitch are preferably identified by the three Eulerian

angles.
The 3x3 Screw Matrix

The displacement of a rigid body is defined by fhe displacement
of a coordinate system fixed to the body [the body coordinate system]
with respect to its reference position. Letvthe 01X1YlZl’system be

the body coordinate system, OXYZ be the fixed reference system. Then
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consider a rigid body displaced through three dual retations, o ‘about
X1 axis, B about Yi axis and Y about Zj axis, with respect-to the 0XYZ
system, -as :shown in Figure 2. Any dual vector T in the 0? XT?Y{'Z{'

system is defined in the 0XYZ system as the dual vector by

U= T, T3 T3 0 o (2.6)
' whéreb
:]» 0 0 | | cos.8 0 sinlé'
o= |0 cos o ~-sina| , Ty = 0 1 o |»
0 sina  cos ol -sing8 0 cos B
cos y. -siny O
,f; =| siny cosy O ' - (2,6a)

0 1

are the 3&3 screw matrices for the dual rotationS;abodt the X, Yi and
Z' axes, respectively. It should be recalled that the body can be
displaced to its position at OinYiZi‘through.two successive screw -dis-
placements, first thkough a screW-diép]acement of infinite pitch
[translation through al] then through a.screw displacement of zero
pitch grotation through aojﬂ or vice versa. Then, f&_is_the product-

of two screw matrices one for eaéh component of the dual rotation..
Thus, |

Ja=T T =7 T ,T3=7, 7, =T, T, and
T§_= TY TY =.TY TY (2.7)

whefe T“o’ TBo and TYo are given by Equation (2.6a), when the dual.
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rotations are of zero pitch, o = 8. =y_ =0, as

1 P17
1 0 o [ cos.Bp 0 sin By

Ty, = 0 cosag -sina |, T355=‘ 0 10 .
LO sin o, cos a, --51n B, O | cos B

d . el . 0
cos vy -siny,
TYQ = |siny, cosy, 0 (2.7a)
0 0 1 |
?al, ?Bl and ?71 are given by Equation (2.6a), when the dual rotations

are of infinite pitch, a_= By =¥ = 0, as

0
1 0 0 1 0 eB,
"TGL1 =/ 0 1 -ea, R TBl = 0 1 0 .
0 EQ 1 -8, 0 0
1 -ey, 0
TYl = EYI, 1 0 (2.7b)
0 0 1

If the rigid body is.displaced through. three linear disp1acementsbg1,

8, and:y, -only along the X,, Y , and Z; axes, respectively, the

Oq Xﬁ?YT 2! body coordinate system remains pafa11e1 to the OXYZ system.
Then any dual vector in.the 0 XT Y? Z;' system is transformed-into-

the OXYi-system by .
U (2.8)

where
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1 = EBI
TL = TY Tg T, *® €Y, 1 ~eq, (2.9)
-531 €a, 1

The screw matrix ?L is an orthogonal matrix and transforms a dual vector
in a coordinate system into another parallel coordinate system as a dual
vector. Note that (ij)th element of %L is simply the sum of the (ij)th

elements of the matrices multiplied. Also note that

T =T T. T =T T T tc.
L Y1 B1 @ a; 'y1 By * &€

~

since the linear transformations are independent of the order of trans-
formations.

The general displacement of a rigid body in space is defined by
six coordinates, three linear and fhree rotational. Consider the three
coordinate systems, 0XYZ, Olinc and 01X1Y121' The 0XYZ syﬁtem is the
stationary system. The 0,&nz system is fixed to the rigid body at the
origin 01, moves with the body remaining parallel to the 0XYZ system.
The 0]X1Y12l body coordinate system is fixed to the body and rotates
about 01, with respect to the Olgn; system. The three coordinates
X

Yo15 Zy; of the origin 0, in the OXYZ system are the three coor-

01°
dinates used in defining the Tinear displacements of the rigid body.
The three rotation coordinates are the three angular displacements of
the 0,X,Y,Z, system with respect to the 0,&nz system, preferably the
rotations through the three Eulerian angles 9,0 8 and Vg Then the
general displacement of a rigid body is defined by six successive

screw displacements. The three of these are the screw displacements

of infinite pitch, exol, EY 5 and EZU] along the X, Y and Z axes,
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respectively. The remaining-.three are the screw4disp1acements of zero
pitch, 9> B, and ¥, about Z,, X] and Zf axes of the body,coordinate- 
system, respectively, as shown in Figure 3. Any dual vector U™ in the
body coordinate system is then defined in the OXYZ system as a dual-

vector by

A

U=7f TR T" S (2.10)

where TR =T, TeO Tw0 is the rotation matrix for the three Eulerian

0

angles, 990 6 and Y, T. and T, are the same’as.TY

8o Yo 0 )
the same as TQLO in Equation (2.7). ?L is given by Equation (2.9) with

» and Ty s
0

a; = Xy» B, =Y, and v, =7

01 01’

The screw matrix ?L provides practical screw transformations by\
positioning a -point in space such as positioning the center of a
spherica] pair eliminating the rotation parameters when they are not
desired, and such as determining the coordinates of a coupler point in
space meéhanisms.

It should be noted here also that the dual matrix ?& = Tao Tm1

defined by Equation (2.7) may also be written as

-
~

Ta= T+ ¢T (2.11)
a Go o,
where -
0 0 0
TOL1 = 0, 0 -sin aov -COS o
0 cos a -sin o

0 0

The matrix T, in Equation (2.11) is not an orthogonal matrix, while
' 1

the dual matrix ?a in Equation (2.7b) is an orthogonal matrix. In:
1
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this study the dual matrix as defined-by Equation (2,7) is preferred.
since its orthogonal property greatly simplifies the operations with

screw matrices.
Dual Eu]erianvAng]es

The rigid body in Figure -2 can be displaced through three dual

Eulerian angles ¢ = .6 + €9, 6 =9, +eo and V=g toed, as shown

0 0

in Figure 4. Then avdualaveCtor in the body coordinate system is -

defined as a dual vector in-the 0XYZ system by

whereva = ?$ fé f& is the equivalent screw matrix for the three screw

displacements - through the three dual Eulerian angles.

Sinée Equations . (2.10) and (2.12) define the same vector we must:

have
T Tp=Th (2.13)
whose -solution yields -
o, = L4, - ¥, cos 8 (2.14)_
6, = Y, Sin ¢, + X,  cos oy (2,15) -
vy = (Xp; sin e, - Y, cos ¢ )/sin e, (2,16) -

as the dual parts of the three dual Eulerian angles. Note that when
65 = 0 or 180°, ¢, and y, are rotations about the Z axis, and 6, =
Xg,/cos ¢, = Y01/51n ¢0,_wh11e ¢, ty, = Z01 in the former case,.

¢, - w1_=2201 in the latter case.



23

DN

%
)/ %
b= 9, * €,
3 X é=eo+&:6l
V=g toey
Figure 4. Dual Eulerian Angles



CHAPTER III
KINEMATIC ANALYSIS OF THE RSRC SPACE MECHANISM

The synthesis of the RSRC space mechanism for function generation
by variational principles is presented in Chapter V, where the meéhanism
is optimized by minimizing the error in approximating the specified
screw.displacement at a discrete set of design points.. The error-at a
design point corresponding to a value of the input parameter is the
deviation of the generated displacement function from the function to
be generated at that value of -the input parameter. - Such a process
requires -the displacement analysis of the mechanism in order to furnish
the generated displacement function. The problem of synthesis may
involve certain constraining conditions in-addition to the displacement
vfunction, such as satisfying the velocity or acceleration at certain
values of the displacement function, or maintaining certain Tevel of
transmissivity in the domain of -displacements. In such cases the
functional forms of velocities, accelerations, forces, torques and
transmissivities are needed in order to furnish the equations of con-
straints. Furthermore, the RSRC mechanism may be subject to synthesis
for coupler curve generation and rigid body guidance in space. If this
is the case the coordinates of the coupler points are needed as the
generated displacements. Although the constraining conditions con-.
sidered in this study, in addition to the function to be minimized, are

involving velocity only, it is intended here to furnish the complete

20
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information regarding the analysis of the RSRC mechanism and methods of
- obtaining these information for use in further extension of this study

on the RSRC mechanism and.other space mechanisms, This chapter presents
the kinematic analysis of the RSRC mechanism. Coupler curve coordinates

for the RSRC mechanism are given in Appendix C.
Displacements in the RSRC Mechanism

Thé'parametric re]ationships~fok a mechanism are reduced from the
dua]»]oopvc]osure equation, which may be either in 3x3 dual matrix form
or in a dual vector form. In general the matrix form is attained when
all the parameters of the mechanism are included in the Toop equation.
However, it is always desirable to eliminate some of the parameters
from the loop equation in order to have ease in obtaining expressions
for each displacement parameter as functions of the input parameter-
only. If such is the case the loop equation is written in dual vector:
form by transforming the unit vector along the axis-of the dual rota-
fion, which is to be eliminated from the loop equation, into the fixed
frame of reference. In certain mechanisms it may be desirable to
position the center of -a pair member as of a spherical pair and a
sphere-cylinder pair in order that more than one parameters may be-
eliminated from the loop equation.

Figure 5 shows the RSRC mechanism and its parameters. The angles
oo, By and Y4e which position the coupler link relative to the input-
1ink, are the three Eulerian angles. The fixed link of the mechanism
is positioned in the XY plane of the OXYZ;system. The Ognz system is
~initially at the origin of the 0XYZ system and is considered to be

displaced through the parameters of -the mechanism as its geometry shapes.
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The ang]es-eo and % = ¢, -€S are the input and output‘parameférs,-res-
pecfively. The Toop.equation is written by transforming a dual.

vector ﬁfin the 0,&7 n}' ¢}' system, whose origin is the center of the
spherical pair, into the OXYZ system through two paths 0,-0 and 0,-0,-05-
0. Consider firét,that the unit vector is along the ggf axis, in order
that B, is eliminated from the loop equation. Thus, the unit vector U

is defined in the OXYZ system by the dual.vector

X 1
v - —
Y * Tog-g Ta' )0 (3.1)
Z 0
01"0
and
X 1
Y = Tb TX T@ Tg T% sz,TYO 0 (3.2)

N2
o

0,-0,-0,-0

where the subscripts for the matrices indicate the corresponding angles

or the linear displacements; ?$ and ?i are the same,anT& and ?E in

are the same as the inverse

~ A

Equation (2.6)4 Tas fg, Ti’ TYO and T

8, and T“b in Equation (2:6), respectively, with

90460
of T?, Tg

a=a, - ed , A=y tea, ¢ =v¢0 - g5, § =68, - ed3 and x =X, - €e;

L To T
o
T, is -the same as f and %» is the same as -the inverse of T, in
b ¢ d, ‘ 81
Equation (2.7b). Equations (3.1) and (3.2) define the same vector.
Therefore, equating -them and Teaving the variables Xq and vy, on one

side, one has the dual loop.vector

1 1
T.o-1 T.-1 T.-1 T T -1
e s T¢ T T90-erl Tdov g TXO d2 Yq

i
e |
o
o
w
w
N
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le and Té are the dual parts.of T& and TQ,.and the same as TYI

and*:ra1 in Equation (2.7b), T9b-§ is given by

Equati

f

11
9 Pas
D.

1 0 0
T90-e Tb Tgofe 10 sin 6 cos 6
0 -cos 6 sin6-
with 6 = 6, - eb. Letting
D1 = Pt U P B P S S )
[p] Te TG‘ T¢ TA T90-e le
on (3.3) reduces to
cos ag - D, sin a, cos v,
: _Av ir = i + - i .
cos a, - Dy, sin ag < cos x, siny  + ed; sin x - cos y0$(3.4)
cos ao‘- D32 sin.a, -sin x, sin vy, +‘ed2 sin x, cos v,

31
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where
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cosé cosx + sinx sins cos¢ - ed, [sins sine sing

+ cosblcosk sin§ cosp - sink cos§)]

-sin6 sins sing - cos6(cos).sin§ cos¢ - sinx cosé)

—edl(coss cosx +-sinx.sind cosé)
-cosé siné sind + sinb(cosi siné cosé - sink cosé)

sinx(sing + ece cosé cos¢). - ee sind cosi +-ed1(sine cos¢

- cosb cosi sing)

-ed1 sinx sing + sind(cos¢ - ee coss sing) - cosb[ee sins sinA

+ cosh(sind + ee cosd cosd)]
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. R n n N R R N
= cos6(cos¢ - ee cos§ . sing) + sinolee coss sina + cosr(sing

+ ee cos8 cosé)]

--sins cosx +.sinx(cosé cosy - ee sing) - edl[sine cosé§ sing

+ cos6(sing sinx + cosi cosé cosé)]

= ed.(sins -cosx - sinx coss cos¢) - sing(ce cosé +coss sing)

1
--cos@[siné sinX + cosi(cos& cosé - €@ sin@)]

~cosb(ee cosy + coss sing) + sind[siné sink + cosir(coss coso

- ce sing)]

Separating -the real and dual parts of Equation (3.4) and equating

the corresponding elements on both sides, one gets the following six

equations:
-Dllo cosa - D12° sina, = cosy (3.5a)
D,,, cosa, -.D220 singo = cosy, siny, (3.5b)
Dgqo COSay = Dy,y Sina, = ~siny, siny, (3.5¢)
Dy, cosa, - Di,, sina, =0 (3.5d)
D2\1:1 cosay = D,,, sinay = d, sinx, cosy, (3.5e)
Dy,, cosa, - D, sina  =d cosx, cosy (3,5f)

where

Do = COs8, cosry + sinx, sing, cosg,

Dy;, = cos¢ (8; sinky cossy + 2y cosry singy - dy cosey cosky singy)

--d1 sing, sins, sine, + st1n<3O siny, sing, + d1 sinx, cosé; cose,

- 61 s1n60 COSKO - Al s1nAO COSGO
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S]nlo COS§0 COS@0 - COSAO s1n60 COS@O’COS¢va s1n60 STn60>$1n¢o

cos¢o(x1 sinko sinéo cose, +.6, sinéoicosko sineo

§, €os§; cosay cosey - d; sinng sing ) - sing (8, sins, cose,

. . £ Sucd ; . _ .
§, cos§, s1neo)v S s1n60(cos¢0 sing, - cosk, cose s1n¢o)

+;coseo(x

A, cosi, cosd, - &, sing, sinx,) - o

-sinx, coss, sing,

i

1

d, cosé, cosi,
sini, sing,

e+ e sin: + e ) ‘
cos¢o(d1 sine  + e sini cosao) sing cosxo(x1 d1 coseo)

- S-s1n)\0 cos¢O - e 51n60 cosA—0
sing, cos¢, - COS), COSO sing,

cos¢0(e1 cos8, - e Cos, COs), coséo) +‘s1n¢o(e-l cosh, sine,
- d; sinxy - e cossy siney + S(sing, sine, + cose, cosr, cosgg)

- € s1n60 s1nA0 COSSO
S1nA0 COSGO_;OS¢O - S1n§d‘COSAO

cos¢O(Al cosi, cosé; - &, sing, sinyy - d, cos§, cosxg coseo)

1

s . + e ci 4 <. . .
s1n¢0(dl coss, sine, + e s1nA0) S coss, sini, sing,

+ 2y sinAO sinso - 8

;. COS§, COsA, - d1 s1n50 smnAO coss,,

- COS§O COSAO'C0560.005¢0 - COS§0 s1neo s1n¢o -»S1n50 s1nAO COSQo

-cosq;o(cs1 sins,cosx,cose, + r, sinx, coss, cose, - d; sini, coss,

- e sing; + 6, cos§; cosig s1neo) + 51n¢o(51 sing, sine,

N + S(e .
8, coss, cose  + e cosx, coso ) +.S(coss, sine cos 9,

§

1 COSS0 00550 S1HA0 - Al COSA0 s1n60 COSGo

00560 COSA0 COSSO 51n¢0) +'d1 S1n§o_COSAO + 81 S1n60 s1nAO S1n607
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From Equation (3.5) one.obtains % Y, and x, as functions of the input

and output parameters. Thus,

D
tan o = =i (3.6)
0 D121
D. D - D D
110 Y121 120 Y111
cos v, = — = . or,
1
2 n2
_\/DIZI * D111
tan v, = d, m——— A S (3.7)
D311 cosuo‘- D321 s1na0
cos 1. = Dayy Dygy = Dgop Dyyp and
d, (Dllo D)2y DIZO Dlll)
: _ Dyyy Bypy = Dopy Dy (3.8)
anXo *9 .. D. . -D _.D |
311 ~121 . 321 "111

It is to be noted here that the first component of Equation (3.4)
is Freudenstein's dual displacement equation for the unconétrainted
RSRC mechanism. The real.part-of this equation, the Equation (3.5a)
concurs with the Freudenstein's displacement equation for the spherical.
six-bar mechanism shown in Figure 6, where the displacements and skewi
angles in-the RSRC mechanism are indicated by the same symbols. This
spherical six-bar mechahism is the spherical.indicatrix of the RSRC
mechanism shown in Figure 5. Note»fhat the spherical indicatrix has .

varying skew angles a_ and-y_ for the input crank and the coupler link. -
A 0

0
After sybstituting D, and D ., Equation (3.5a) gives

+-cosi, sins  sina ‘coseo)

0

cos¢0(s1n50 simy, cosa 0

+_s1n¢0 S1Nag Stho S1ﬁ90 + COSGO COS>\0 COSa,y =
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Figure 6. The Spherical Indicatrix of the RSRC Mechanism
Shown in Figure 5.



- S1NA, COSS, COS6, Siha, = cosy,

33.

(3.9)

as the displacement equation for the spherical indicatrix of the RSRC

mechanism, and so for the unconstrained RSRC mechanism. The output

rotation 9 for a given value of the input-rotation, for the uncon-

strained RSRC mechanism is obtained.by solving the quartic equation

which results upon substituting o  and v, from Equations (3.6) and

(3.7) into Equation (3.9). The output translation S for the uncon-

strained RSRC mechanism is obtained by solving Equation (3.5d) for S

after substituting_uo and Yoo

Equation (3.5a) and (3.5d) do not lead to input-output relation-

ship for constrained inversions of the RSRC mechanism.. For example,

the indeterminacy of S can easily be observed in Equation (4.5d) when

0

ship is obtained by eliminating «;, v, and Xq in Equation (3.5).

one has

2 - 2 =
(D311D121 +'D321D111) * (D211D121v D221D111)

2 - 2
d2(D110D121 D120D111)

as the general form of Freudenstein's displacement equation for

the RSRC mechanism. In a 4R plane mechanism D,; =-0, D;,, =1,

Equations (3.10) and (3.8) reduce to

2 2 = 42
D311 * D211 -dz
p p
and
D211
tan Xo —'ET__ll
311

6§, = 0. However, the general expression for the input-output relation-

Thus,

(3.10)

Then,

(3.11)

(3.12)
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where
D,,; =d, sing, cos¢, + sing,(a - d, cost)
p
D3llp = C05¢0(a - dl COSGO) - d1 s1neo s1n¢o + d3

Substituting D,,; and Dy, into Equation (3.11) one obtains -
P

[a sing, - d; sin(e. - eo)]2 + [d, + a cos¢, - d, cos(¢

2 = 42
0 - 8,))% =.d3

0
(3.13)

which is the well known Freudenstein's displacement equation for 4R-
plane mechanism. |

One should also observe that, when both sides of Equation (3.10)
are divided by dg-‘(Dil1 + Df21)1/2, the left side becomes cos? v, as
given by Equations (3.5e), .(3.5f) and (3.6), while the right.side is
the square of the left side of Equation (3.5a), indicating that Equation
(3.10) also concurs with the displacement equation for its spherical
indicatrix given by Equation (3.9).

To obtain an expression for the rotation B, the unit vectors in

the 0,8} n} ¢' system are transformed into the OXYZ system as dual

vectors along two paths, 0,-0 and 0,-0,-0.,-0. Thus,

1 1
-1 -1 s T Ta T T T T . _
Tgo_eo T, 1 T T3 75 T3 7y T, TYO 1 (3.14)
1
or.
DIT T '=T T, T 3:15

where the matrices T, , Ty , Ty , T "' and [D] are the same as in
0 2 07 %o
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Equations (3.3) and (3.4), TBO is the same as the_inverse-of T“o in
Equation (2.7). The coefficients of the matrices on both sides of

Equation (3.15) are

- . .
(DMCOSa0 - Dy,sinay) (D11c05a0 - 01251nu0)c0580 + D1351n60
(D,,cosa, - D2251na0)- (D2151na0 + D22005a0)cose0 + D, ysingg
- D si D Sina + D +D sin
-(DSICOSQO D3zs1na0) (DSlsma0 D32c05a0)cossQ D3351n30
- 0 ] +.A 1 .
D13c0550 (DllsmaO Dlzcosao)smeO | |
D, 5c0s8, = (D, sinay + Dy,cosag)sing, =
Dy3c0s8; = (Dg,sina, +,D32cosc;0-)s1ns0
cosy,, =STRY ‘ _edé
= | [cosx_ siny cosx, CosY, - o
0 0 ; .
<+ i e > ( i s ST 1 (3.16)
ed, S'lnx0 COSY0 - edz STNX, STnYO S
ed, cosx, cosv, - siny, cosy, -
COSXO
|\ - sinx, siny, f,edz cosx, siny, /. |

where the coefficients in the first column on both sides give the Toop
closure equation, Equation (3.4), in which B, was eliminated. B, is
easily determined from the real part of the (1,3) element of Equation:

(3.]6). ThUS,

D130 D121
tan B, = ' (3.17)
0 Dllo D111 +~D-1,2o D121 _
B, as given by Equation (3.17), is undefined in the case of 8g = Ab =0,

However, the general expression for g _, as obtained from the real part.

0
of the' (2,3) and the dual part of the (1,3) elements of Equation (3.16),

is
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- 2 2 | _ a2
tanso '-\/D121 + D111 {[D131(D211D121 D221D111) dz D230(D110D121
_ ' _ 2 2 _-d2
D120D111)]/[(D211D121 D221D111)(D111 +~D121) d2(D210D111

+ DypgDy51) (0100127 = DyggDygg)] (3.18)

One should observe in the spherical indicatrix of the RSRC mechanism
shown in Figure 6 that, if ¢, and X, are determined for a given value

of 6, the spherical indicatrix is defined, and the angles %y BO and Yo

0
may be directly measured from the conforma]‘projection of the spherical
indicatrix. Since the spherical indicatrix is formed without knowing
the values of s By and Yoo the Toop equation for the RSRC mechanism
can be written without the inclusion of any of.ay, 8, and v,. This is

done by locating the center of the spherical pair, and presented in

the following sections.

Displacement Analysis by Iterative Solution to the

Dual Loop Closure Equation

The displacement analysis of any mechanism can be carried out by
an iterative solution of the dual Toop closure equation, Equation

(3.14) (59). The dual loop closure equation is rewritten as

>
>

A~

1 Ta Tr e T- = _
T& T9o—é Ly T¢ Ts TX sz TYO TBO I (3.19)
Letting the loop equation, in general, be
F(éi) =T, T, Ty «e. Tk =TI (3.20)

where éi is the ith dual variable. Expanding Equation (3.20) in a

Taylor series about éio = 61 - h; and neglecting the terms having
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higher order derivatives Equation (3.20) is approximated by!

~

)

N .
= Fr. o)+ Z (510 hy= I (3.21)
') (e.io) a’e‘1 1 T

(5,
i=1

6

A

where h, = 8. - 0

; are the dual errors, n.is the number of dual

0
variables in addition to the input variable, since the input variable

is assumed to be known. Let.

T, T, o T, =6 (3.22)

where é is 3x3 dual matrix and is orthogonal.
Note that if 6 = 6, + €8, is a dual rotation about x axis, the

corresponding dual matrix is

and also

. + selfDl Teoj
where D, is the differential operator matrix.for rotations.about x

axis, and given by Equation (A.27), along with the differential operator
matrices for rotations about y and z axes. Then the variation of a

dual matrix Té is given by

d(Tg) = dolp, 751 or d(Fy) = [d(Te )T, + T, [a(T, )]

B0 0

1The higher order derivative terms in the Taylor series expansion
are neglected since it is an iterative process. By doing so the con-
vergence to the solution is slowed, but the mathematical operations are
greatly simplified overcoming the slow convergence.
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which take the form
d(Té) = [D1 TeojdeO + e [Dl Teonel + eO[D§ Teo]deO

Then we can write

N 5F

where .

Eo= T T, e T I Ty - T,

Divis the differential operator matrix,for the ith dual varijable. Npte:
that D, is a skew-symmetric matrix where D, = -Dj -and Dy, =-0.
Equation (3.21) can now be written as

n

ZE:: E; hy=1-6 ~ (3.25)

i=1

‘Since E.'s are 3x3 dual matrices, Equation (3.25) may be rewritten

as
n —~ ~ ~ ~ ~ ~A — A - | a ]
111 REP E113 i 1-G,, -Gy, -G)q
E. h. E: h, E: h:| = 1| -G 1-8 -G,. | (3.26)
1o4 i 129A'| 123 1 A12 22 23
- gy E132h1 E133h1 L -G, -G, 1-G43

Then, equating -the corresponding elements-on both sides we have nine

simultaneous dual equations,
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. ) ) o4 (A R
r5111 5211 5311 En11 f hy 1-6;
i E212 B3z o Epiaf | N2 'élz
I::113 Ezls I::313 Enla Hg 'élg,
Bt B Eas1 B Erot ' 621
E122 I::222 Eszz tot I::nzz 3 > <‘]'é22 ? (3.27)
E123 E223 Eazs tor Enzg : ‘623
E131 E251 E3_31 o En31 '631
E132 Ezsz Essz Engz “ész
_E133 Erss” Ezgs oo En33J L M ) \]'6331
or
AF=T (3.28)
where
i (E111)0' (E211)o v (Enll)o—
(E112)o (E212)0 (Enlz)o
A=pa +eA = | (B ) (E.) .. (En s,

B (E133)o (Ezss)o e (Enag)o_
(B, (B, n)p
(Ellz)i (E212)1 D En12 1
+ ¢ . . s e . (3.29)
i (Erg5);  (Eygy), Lo (En33)1 1
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r A o W
hig h1i
: h20 h21
Hef +el =< . p+°X . ¢ (3.30)
khnoj \hnl J
s 1 r \
~ ]'Guo 61
G120 612
C=Cy+eC =< -Gy p+ e{-em } (3.31)
L]'Gsso -Gy3,
J \ /

separating the real and dual parts in Equation (3.28) gives
A, Hy =T, o (3.32)

 Hy * AgH =T (3.33)

An initial set of values for the unkonwn parameters are assumed to

~

start the solutien, then the dual errors, hi = h, + eh, , in the

io il
assumed values of the parameters are computed by Equations (3.32) and

(3.33) leading to a new set of improved values of the parameters by
)th

. A

9ﬁ(m+]) = eim + h_im for the (m+1

tion is repeated until the dual error vector, H, may be considered-a

iteration. The process of itera-

null vector within the acceptable accuracy limits.
Premultiply both sides of Equations (3.32) and (3.33) by [Ag]nxg-

which is the transpose of the matrix [A,] and solve for ﬁb and H,

‘ 9xn
to obtain

M1 =[AlATL [ATl [C]

_ _ (3.34)
0-nx1 o"nxn “"0-nx9 - o 9X1
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and

- AT AT e, - A (3.35)

0 nxn 0 nx9 1 1 O]9x1

[H ]

17nxl

as the real and dual parts of the dual error vector ﬁ} respectively.

Note that there are 18 equations for 2xn or less unkonwns where n
will not necessarily be nine. In general such a system of equations
has no exact solution. It can be solved for the closest approximation
of a solution to all 18 equations.in the root-mean-square sense.

However, the number of dual equations in Equation (3.28) can be:
reduced to 6 by utilizing the properfy of the skew-symmetric differen-
tial operator matrix Di’ Thus, if D is an antisymmetric matrix; fT is
the transpose of T, TDTT is also an antisymmetric matrix.

Introducing I = [fl fé - ?1-1]-1 [?1 fz . ?1_1], the unit

~

matrix; rewrite Ej given by Equation (3.24) in the form

=t 71 - s 3 T -1 17 1 . T3 e
E. = [T. T ... Ti—1JD1ET1 T2 con T1-1] [T1 T2 vee T ]Ti T, o T

Letting

L . . . A |
0y = [T, T, ... T o077, o T 07 (3.37)

which is an antisymmetric matrix, and since 3x3 screw matrix is orthog-

onal and its inverse is its transpose, Then
E, = [Q; h;1G (3.38)

and from Equation (3.25)

[ jEfiQiﬁi ] 8=1-8 (3.39)
i=1
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Post multiplying both sides of Equation (3.39) by [G]~!, which is easily

computed by the transposéﬂof.é since 1t is an orthogonal matrix,

n ' ‘.
E Q; hy = [T - GI[G]L =R (3.40)
i=1 ' o
or
- n n 7
0 - Q5,5 By B Q113 i
i=1 i=1
n n
Qyp, h; o ) Qo hy =R (341)
1=1 =1
n n
. Q113 hi Qizs h] 0
=] i=1 A
where
-(1 - Gll) G+ 6 -(1 - Gll) G21‘+- 12722
- A
N G1s - ot G365 A
R 6365; - (1 - 6y;) élz' 62, - (1 - 6,,) 6,
|+ 62365 : i Lt é§3 i
N 1 [&ad. +dd -0
G316y 32712 ‘ 31 21 22732 '
- (1 -65,) 6, : J B - B33) Gy, J
[-(0 - G) Gy + G, ,G3, ¥ G13633] 7
[ 2185 - (- G22) Gy, ¥ 623633:I v (3.42)
Ay Ao . A
(63, + 65, - (1 - Gy5) 634] i

which gives 3 simultaneous dual equations;
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_— . n ~ - A Y ( N 1
pUSTILEUSPEEERI Qn12 hl R12 ) R21
'Q113 "”Q213 coee Qg h, Ris = Ry ' :
ﬁ . } =-%{ ? (3.43)
_le3 -Q 9pg ° t o T Qn23J hn R23 - R32
— \ J \ P,

Denoting the matrix on the left by §;<and on the right by 3} Equation
(3.43) becomes

BH=7P (3.44)
Separating dua] and real parts gives
B, Hy = Py (3.45’
and
B, H5 + BO'HH = P, (3.46)

Then, the}real and the dual parts of the error vector are given by

T = [R! -1 ol &
H, = [B, BOJ B, Po (3.47)

and

T el r -1 pT 5 T |
H, = [B, B,J"' By P, - B, T, (3.48)

respectively.
The convergence to the solution of -Equation (3.28) will be much
slower than the convergence to the solution of Equafion (3.44),

Equation (3.39) results in nine simultanéous equations. Thus,
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(- Q112G21 Q 13G31) ('Qilz 22 = 4 i13 32)
(Q112 11 " Q4,3 31> (0112 12 Q123 32)
o (Q 13611 Qi,3 21) ' (Q113612 Q123 22)
(- Q112G23 - Q113633) _
(Q112613 - Q123633) hi =I1-6G (3.49)

(Qil3613 * Qizaazs)
or
KT =T | (3,50)

where T and T are given by Equations (3.30) and (3.31), K is the 3x3
dual matrix which forms on the left of Equation (3.49).
In the RSRC mechanism there are five dual varijables besides the

input rotation. These are 51 =.q = ag - ed;s == 9y = &S,

8, =X =), - €€, 8, =y =y, and 65 =3 = Bo' d1 and e are constant

v, and 8, are zero.  Then the dual error vector in this case is

r R r R

M, 0

hqbo hs

f = <}WO>+eﬁ~o > (3.51)

hy 0

h 0

L #0) ()

Only one of the equations in Equations (3.33) and (3.51) 1is used. to
compute the improved value of S. The error corresponding to the con-
stant part of any dual variable is considered to be zero in the itera-
tion process. Note that -a and -y, are rotationé,about the z axis,

by =X, and 8, are rotations about the x axis. The number of matrices.
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in Equation (3.20), k, is nine for the RSRC mechanism. Then in

Equation (3.25)

F =M 71T T T T T T T 7T T = T~

E, =[O, TIT, T, T, T, T, T, T, T, where T, =T4

E, =T, T, T, [0, T,IT, T, T, T, Ty  where T, = T

Es =.%1 f2 f3 %q i's [DI fGJ ?7 fg %9 where fe =Qf§‘
L P . . e .

E, = T1 T, T3 TL+ T5 T. T, [D3 T8] T, where T, =Tg =Ty
Eg =Ty T, Ty T, Tg Tg T, Ty [D, Tgl where T, = Tg =Ty

A digital computer program for IBM 7040 digital computer has been
made available to solve Equations (3.28) and (3.44) for any space mecha-
nism. The computer program is not included in the -appendix; since:the
Program A given.in Appendix F is seen to be serving the purpose of the
study better, especially in separatihg the geometric inversions . of the
mechanism. The Program A is prepared using the results of the following
section where the rotation parameters aO,_sO‘and Y, are eliminated from,
the loop equation. . o

It has been observed during the iterative solution to the dual
loop equation for the RSRC meéhanism that the initially assumed. values
of_ao, 8o and-y, have considerabTe}éffect on the convergence to the
so]ution at a particular value of the input variable. Quite reasonable
starting values of ags By and vy, can be assumed along with1the'other
variables using the conformal projection of the spherical indicatrix-

of the mechanism shown in Figure 6.
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Displacements in the RSRC Mechanism by ETliminating the Parameters

for the Rotation Freedoms on the Spherical Pair

A1l three rotation parameters o, Bo and Y, can be eliminated from
the dual loop closure equation by positioning the center of the
spherical pair in the 0XYZ system through two paths. The coordinates
of the cénter of the spherica1 pair in the OXYZ system are easily
obtained by transforming the three unit vectors in the 0,€,n,z; system
~ into the OXYZ system by using the matrix-of 1inear,transformation, %L?
given in Equation (2.9). The 0,g,n,z, system is parallel to the 0XYZ

system. Thus, the three unit vectors in the 0,€,n,z, system are trans-

formed into the OXYZ system along the path 0,-0 by the screw matrix

1 -eZO-1 eY01 1 -ed1 s1‘neo edllcoseor
T, = | ey, 1 -eXyy| =] ed, singg 1 0
-cY eX B -ed. cose
_ 01 01 o0 | 1 0 0 : |
(3.52)

Furthermore the same unit vectors are transformed into the OXYZ system -

along the path 0,-0,-0,;-0 by the screw matrix

faé (3.53)

~

where T, is defined with Equation (4.2), T, is the dual part of T} and

js the same as %81 in Equation (2.7b),

1 -eS-sinAo _ 0
i— =. | €S*sinx 1 eS-COSA
S 0 0

0 -eS'cosAo 1
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1 me diAg, e d3hy,

Ta.3 = € d3A3/2 1 -€ d3A12 s
- dhy, e d3h), L
[ -ce By, ee By ]

T-é- = ee B3l ] _Ee'Bll ]
| ~e€ le_ ce By, L J
1 e dBy, e dszz
37| P ] = 4.8y,
: € d,B,, -e d,B,, T
A;y and B, are the (iJ) elements of [A] = T, To, and [B] = o W0

T60 TXO, respect1ve1y, where_TAO, T¢o’ Tao and_TXO are defined with

Equation (3.2). After multiplying the matrices in Equation (3.53)

] -c Zél £ Yél
T2 = € Zél 1 - Xél (3.54)
-€ Yél £ Xél 1

0,-0,-0,-0

| - . 5 i :- ) ‘.,
Xop =b -8 cosx0_+vd3 sini, sing, + dz[smxo(sm}\0 cos§, cos¢
- o ‘ _ ' . +
s1n60cosxo) s1nx0,s1n¢0cosx0] e(cos?_\0 cosé

+ si in
sinx, sing, cos¢0)

1]

Y !

01 = a +.dy cosg, - dy(cos¢, cosy, + coss, sing, sinxy) - e sing, sing,

and

Zy, = Sesinr, + dy cosr, sing, + d,[sinx,(sinx, sins, +
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+ COSA, CO88, COS9,) - coshy sing, cosx,] + e(cosr, sing, cosg,

- sim COSGO)

Note that, due to the property of the screw matrix of linear transfor-.

mations, Xg,» Yéz,'and 262 are simply the sums of the coefficients of

A

in the (3,2), (1,3) and (2,1) elements of the screw matrices ?b’ Tys

T Tas ) Taé and TE3 respectively.

Since the screw matrices in Equations (3.52) and (3.54) position

the same unit vectors, the dual loop closure equation is

T, =T, (3.55)
Then
0= X,
41.C°seo = Yéz (3.57)
d; sine, =7}, (3.58)
where X, Yéé and Z;, are defined with Equation (3.54).

Solve Equations (3.56), (3.57) and (3.58) to obtain:

cosx, = s sinx, = 2 (3-59)
0 d2 ’ 0 d2 cossO
where
W, = M, sing, + N, cosp, + dg
W, =N s1‘n¢0 - M, cospy - e sins,
with

Mg = b sinxy - d; cosxy sing,
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N

a - d, coség
and
$=bcosr, +d sini, sine; + e coss;, - d, sins  siny, (3.60)

Note that S is/a function of sineO when 60 = nr, that is

S=C, +C,sing, (3.60a)

where

C, =-ecos§, +b cosi,
C2 = d1 sinAo
From Equation (3.59)
2 2 2 242 2
cos® §, W% + W, d,* cos® §, (3.61)

which relates the output rotation ¢, to the input rotation 8, After

substituting W, and W,, Equation (3.61) takes the form
Fy sin® ¢, + F, sin ¢ cos ¢ + F;y cos ¢ + F sin ¢, = K (3.62)

where

-
]

‘2 2 _ M2
; =sin <SO(NO MO )

-
|

= .2 MO Novsin 60

2
Fo=2 (dS.No cos? 5§, +e MO sin 60)
F, =2 (d3 M, cos? 8§, --e N, sin 60)
K = cos? § (d?-d>2-N?2) -M?2-e?sin? g
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Equation (3.62) is Freudenstein's displacement equation for the
RSRC mechanism. In the case of a 4R plane mechanism 8o = A, =0,
b=e=S=0, and Equation (3.62) reduces to Freudenstein's displace-
ment equation for plane mechanism given by Equation (3.13).

Using half angle relationships, sin ¢, = 2@0/(] +‘¢02) and
cos ¢o=’(1 - 9,2)/(1 + @Oz) where ¢ = tan(¢0/2), Equation (3.62) is

transformed into the quartic form

= b 3 2 =
F(Qé)' ot A, t o B Agt e 2 A e ALY A, =0 (3.63)
where
- 2 :
A, = - K- 2(d3 N, cos® &, + e MO sin 60)
Ay =4 (Mg Ny sin? 8, +d, M cos? §, - eN; sin«do)

A, = 4 sin? 8, (N 2 - M02) - 2K

0
_ ‘ 2 - o _ s 2

A =14 (d3 M, cos? &, - e N, sins - M Njsin 60)
- 2 : _

A = 2.(d3 N, cos® &, + e My sin §,) =K

Equation (3.63) can easily be solved numerically for the roots of
9, and ¢ = 2 tan~! @  for a given value of the iﬁput;rotation 5. In

the iterative soTution,.F(Qo) is expanded in Taylor series form giving

the error at the ith iteration by
F
(@oi)
h, = - 55— (3.64)
! (254)
3%,
where the improved value of ¢  is @, =0y, * hi'

it
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In the following, the solution to Equation (3:63) is obtained by
using Brown's method of quadraticvfactors, The quadratic factors of

Equation (3.63) are

9,2 + g, ¢, +H =0 (3.65)
2 -
9%+ 9, ¢, +H, =0 (3.66)
where
B, [/B,\ 2 !
9, , * EA- t\iz) - B, + Y, (3.67)
Y ‘Y32_' ]
= 3 3 - s :
Hi =3 + (2‘> B, » 1,2 (3.68)

and:Y, is the algebraically largest real root of the cubic‘equation

3 2 -
Y3 - BZY, + C;Y +~Co =0 (3.69)
‘where
- _R2\_R2
CO = BO(4B2 B3 ) B,
C, = B3By - 4B
and

A
=4 J=0,1,2,3
By 0= 0028

The sign (+ or -) of the radical corresponding to H, (or H,) in

Equation (3,68) is determined by the relationship
g, H, +9, H = B, (3.70)

The four values of e, for the four.geometric inversions (real .or
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imaginary) corresponding to each value of -the input rotation 6, are

given by

@ol’z = ( - 4H ) (3.71)
(-

w
4
N]-;-

- 4, ) ' (3.72)

Then

(boz_i = 2'_tan—l_(¢ ) ’ i =‘:]’2’3’4

0]

The discriminants in Equations (3.67), (3.68), (3.71) and (3.72) must
be real in order that the loop is closed for a given set of dimensions
of -the mechanism and the value of 6.

Note that when &, = hm Equation (3.63) reduces to the quadratic

form
2 . -
2, (K + 2 d3 No)~' 4 d3 M0 @O + K-2 d3 N0 0 (3.73)

indicating that there are only two geometric inversions of the RSRC
mechanism when &, =.nm. The output rotations . for the two geometric

inversions . are given by

L 342 (M 2 2) - k2 ,
2d, M & |4 d.2 M2+ N2) - K
6 = — - . (3.74)
0 K+ 2d, M

for a given value of 8,5 while X, and S are given by Equatith»(3.59)

and (3.60).

Equation (3.63) also reduces to quadratic form when ¢, = ”‘;“1‘w.

Thus,
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3,2 (Md - e sin 60) +2.9, N, -M -esing =0 (3.75)

and

1

2 2
o Ng NP+ M2 - ez

0 Md

o (3.76)

- e sin 8,
while x, and S are given by Equations.(3.59) and (3.60), respectively.
The Program A, prepared for IBM 7040 digital computer and Tisted
in Appendix F, carries out the displacement, velocity and acceleration-
analyses of the RSRC mechanism. The Program A computes the displace-
ments using Equations (3.59) through (3.76) with the exception of
Equation (3.64). In obtaining tﬁé aTgebnaica]1y‘]argest real root of -
the cubic in Equation (3.69), thé numericélvtrisection method is used.
The outpuf of this program is ﬁti]ized in the synthesis of .the RSRC
mechanism in Chapter V. 1In the input.for.the Program A the initial
value of 8, and increment in 8, may be any desired values. Through the
use of ‘control cards in the data the subroutines VELCTY and,COUPER may
be called to compute and print velocities, accelerations -and the
coupler curve coordinates. By éa]ling the subroutine PLOT any output

may be plotted.

Velocities and Accelerations in

the RSRC Mechanism

Expressions for velocities and accelerations in.the RSRC mecha-
nism are easily obtained from the time derivatives of the displacement

functions given by Equations (3.62), (3.60),and (3.49). Thus,

(3.77)

WL +coszg WL,
N R N
0 LW My T eoss gy W),



- M, J’o"i' d; Ly, é0

0 . g T s
o dyisin xg

(3.78)

and

§ =d;(sin A cos 8.)8, - dy(sin §; cos x )%, (3.79)

as the velocities, where

My =Ny cos ¢, + My sin ¢
M2‘= M0 cos ¢0 - N0 sin ¢0
L1 =.sin 8, s1"nr¢0 + cos X, cos 6, cos Qb
L, =.sin 6, COS ¢, - COS X, sin ¢, COS 0,

~and Ny, My, W, W, are identified with Equation (3.59).
Time derivatives of Equations (3.77), (3.78) and (3.79) give the

accelerations as

1 : : : ,
b7, 1Q, (9,02 + d[20Q, §; 8, +Qy (8,)2 +0q, 8,13 (3.80)
- _ -I . . 2 ’ oe _ 2 _ . 2
fo = - s e G0 5 5y * e o~ o) - 0L, Gy
- 2L by bt L, 8,1 (3.81)

and
S =d, sin 10[50 cos 8, - (éo)2 sin eo] +rd2:sin 60[(ib}zsin X,

- X €0S X,] | (3.82)
where

= 2 '
Q, = M2 + WM, + cos? §,(M,% - WM )
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Qz =ML+ WL, + cos? 60(M2L2 - wlLl)
Qg = d;L,? + WL, + cos? 8y(d;L,2 + W L)
Q, = WZL1 + WL cos? 8,

Qg = WM, + WM, cos? 80

L. =

3 S1n ¢0 CcoSs eo'\- Cos )\0 sin 60 COS;d)0

—
1]

* + : . l
y = COS ¢, COS By + cos A sin ¢, sin eoA

The computer program for thé analysis of the RSRC mechanism, Pro-
gram A, given in Appendix F computes, prints and plots the velocities
éo’ io,'é and accelerations 6o §0 and S considering constant input
velocity éo = 1 rad/sec, using Equations (4.77) through (4.82).

In the following four figures, the displacements 9y S and Xg
velocities éo and é, and accelerations $O and S in some of the geometric
inversions of three aifferent RSRC mechanisms are given. Such plots are
useful in assuming the initial set of dimensions of a mechanism to
start the optimization process, especially the initial value of the
input parameter by which the convergence to the solution is highly
effected. Figures 7 and 8 show the‘disp]acements g3 S and Xg
velocities éo and $ and accelerations $0 and g in the existing two real
roots of Equation (3.62) for the RSRC mechanism having dimensions

d =2.01n., d, = 4.5 in., d, = 3.0 in., a = 3.0 in., b = 3.0 in.,

1 3

e=1.0 in.,~x0 = 60°, and 8, © 18°. Figure 9 shows the displacements
995 S and»xo, velocities $0 and é, and acce]erations,$0 and S in the
inversion of an RSRC mechanism given by the negative signed radical

0,

in Equation (3.74). The dimensions of the mechanism are §,
d, = 2.0 in., d, = 4.0 in., d, = 2.925 in., a = 2.75 in., b = 4.6156 in.,
e =0, Ayp = 60°. It should be observed in the plots of ¢4, s $g

that a third order instantaneous dwell in the output rotation occurs
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at 8, = 270°. That is, at that position the output 1ink has zero
velocity, zero acceleration and zero jerk in its rotation., The
dimensions of this mechanism are chosen to produce higher order dwell
and to maintain the simultaneous occurrence of the 1imit positions of
the output rotation and output translation at e, = 90° and 270°,
Figure 10 shows the displacements by S and Xg» velocities éo and §,
and -accelerations $0 and S in the inversion of an RSRC-double-crank .
mechanism given by the négative signed radical in Equation (3.74).

The dimensions of the mechanism are d1 = 2.0 in., d2 = 1.7 in.,

d; =1,5 in., a = 0.75 in., b = 0.4 in., e = 0, A, = 60° and 8, = 0.
As one observes this mechanism has a second order instantaneous dwell
in the output rotation at 6, = 220.33°., That is, at that position the
output link has zero velocity and zero acceleration, but not zero jerk,
in its rotation.

The mechanisms in Figures 9 and 10 are intermittent motion genera--
tors. - Such a mechanism can instantaneously be coupled with another
system at the dwell position since a mass connected to the output 1ink
is displaced with no inertia force at this position.

Equations (3.77) and (3.79) are investigated in detail in Appendix
D in order to discover the geometric properties for the vanishing
derivatives and for the instantaneous dwells in the output displace-

ment componehts.-
Verifying the Displacement Equations

In order to experimentally verify the validity of the displacement
equations of the RSRC mechanism, a fully adjustable model of the RSRC

mechanism, shown in Figure 11, was prepared. The modé] is also
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capable of analyzing any of the following mechanisms, RSRC, RSHC, RSPC,
RRSC, RPSC, RHSC, RCCC, RSSR, their constrained inversions, and many

others.

Figure 11. The Mechanical Model

The displacement equations can also be verified graphically. The
RSRC mechanism and its constrained inversions can be drawn on a plane
and the displacements be observed and measured easily. To do that
construct the input crank ellipse using dl and Ags locate the center

of the output crank circle using A _, b and a, then draw the output crank-

0
circle of radius d3, as shown in Figure 34, where the mechanism is
projected onto the plane normal to the output pair axis. Then, draw
the coupler ellipse on a transparent paper and locate the center of
the ellipse relative to the center of the output crank circle using e,

§, and d,. Pin the transparent paper on the previous drawing, at the

center of the output crank circle, and rotate it about that center. Any

point of intersection of the coupler ellipse and the input crank
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ellipse is the location of the spherical pair. Then read the angular
bdisp]acements eo, 9, and X, @s shown in Figure 34. Then, determine the
output translation S by drawing the input crank ellipse on the plane of
a and S, and computing -d2 sinéo sinxo, as shown in Figure 37. No
computation for S is necessary if s, = nw and §, = ﬂ%l-w. The 11m1t:
positidn in the output rotation occurs whén the input crank ellipse
/and the coupler ellipse are tangent together on the plane normal to the
output pair axis, while the Timit position of the output translation
occurs when the input crank ellipse and the coupler ellipse are tangent
together on the plane of a and S. The geémetric properties at the limit
positions are investigated in Appendix D. The facts discovered as
related to the limit positions are utilized in definfng the parameters
of constraints for instantaneous.dwells in Chapter V.

Rotation displacements in the RSRC mechanism can also be verified

by -constructing the conformal projection of the spherical indicatrix

of the RSRC mechanism shown in Figure 5, for each value of the input

crank rotation 0,



CHAPTER IV

APPROXIMATE SYNTHESIS OF MECHANISMS
BY VARIATIQONAL PRINCIPLES

This chapter briefly presents the variafiona] principles in opti-
mizing mechanism design for the generation of a screw function, a path

and for guiding a rigid body through specified positions in space.
Stationary Values of a Function

Optimizing anbengineering system is determining the stationary
values of a function which characterizes the system. - This investiga-
tion deals with the minimum of the error function which is defined by
the difference»of the generated function,frOm the desired function.

The function to be minimized may be an algebraic function as

E= flxps X, vees X0) (4.1)

where n-is the number of independent parameters. In the problems of
optimum mechanism design-by‘minimiZing an algebraic function one:is
involved with determining all or some of the dimensions of the mecha-
nism so that its output will approximate-a specified function, such as
displacement, velocity, acceleration, output force, or torque; or its,
coupler point disp]acgments,wi]] approximate a path; or its coupler
link will guide a rigid body through specific positions.

The function to be minimized may be an integral as
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2 .
I = ,}/' fLx, y(x), y(x), z(x), z(x), ...] dx . (4.2)
X o '

In this case one needs to determine functions y(x), z(x), etc., which
render the integral I a minimum within the limits of the independent
parameter x.  The integrand may consist of more than one independent
parameters. The problems of optimum design of mechanisms involving
the minimization of the integral of the type given in Equation (4.2)
may be of generating a displacement, doing work, or guiding‘a rigid
body along-a specified path and positions. For example, a synthesis
of a mechanism, whose coupler point is to trace the shortest path on
an elliptic torus within the specified boundaries may be carried on in
two successive steps. The first»sfeh involves with determining the 1link
and pair combination that will producé the desired elliptic torus, such
as shown in Figure 12, then determining the function ¢ (o) which will

render the integral

8

s,
1= f f[o, s(6)] do. (4.3)

6,

a minimum, where the integrand is the differential length.on the path
of P.on the surface of the e]]fptic torus. The second step of .the
synthesis involves with determining the type and the size of the mecha-
nism that will drive links A and B-in Figure 12, generating the function.

?(g) as required for the minimum of the integral in Equation (4.3).
Lagrange Multipliers and Constraints

It is common to have constraining conditions in a physical problem

that parameters of the system must satisfy the equations of constraints.



Path of P

Figure 12. Generation of a Path on an Elliptic
Torus.

Figure 13. The -Error in Generating the Screw
Displacement .yy of Unit Radius by
the Screw Displacement wg_
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along with rendering minimum for the a]gebraicffunction»E or the
integral I. Let there be m equations of constraints in the system and

defined by
QJ(xl, Xyo weos Xg) =0, I =1,2, .o.,m (4.4)\

By the Lagrange's scheme, in order that the values of the independent

parameters X;, X .- X, render a stationary value for E and satisfy

2’
the equations of constraints given by Equation (4.4), the condition
(97, 98, 99)

n ]

Z_E__ L=

)

r=1

must be satisfied a]onglwith the equations of constraints in Equation

(4.4), where
m
B+ ) gy
J=1

and Ai’ Ays wees A are.the m unknown Lagrange multipliers. Since

2’
dX,s dX5s ooy d.xn are arbitrary and

m
PR

r

by Equation (4.4),

2 ]
ZXJ HT0s  relizian
> (4.5)
QJ(X]_’ XZ’ -os,b xn)\ =0 ’ J = 1, 2, ceas M
B J

The n+m simultaneous equations in Equatﬁon (4.5), the equations of
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condition, are solved for the n unknown pakameters Xis Xy5 vaes Xy and -
m unknown Lagrange multipliers. |

It is p0$sjb]e to e]fminate the Lagrange multipliers from the equa-:
tions of condition, especially when m is-sma1i. It is also possible to
e]iminate an}equation of constraint and so the corresponding Lagrange

multiplier from the list of uhknowns by defining an unknown parameter,

the parameter of -constraint, which will characterize the condition of-

constraint imposed by the equation of constraint.

When the optimization is done to determine the set of dependent
functions y(x), z(x), etc. to render a stationary value for an integral
shown 1in Eﬁuation (4.2) and also satisfy equationé of constraints, the

Euler-Lagrange equations

oF _d_(3F) .
W'dx (35,) 0
.B..E_3—.<_af_>=o
9z 0X 37
7(4.6)
and
QJ(Xay'$Zs °°°)': 0 s J = 1: 29 seag M
_ J
‘must be satisfied over the domain, where
m
F=f+ Z"JQJ - (&)
J=1

is the augmented integrand.
- In an optimum design prob]ém the Timits of the integral in
Equation (4.2) may not be ptpdefined.‘ In that case in addition to the

equations of condition given in Equation (406);;the transversality
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condition
oy oF 3z 3F _ oF
[:(f X o) 3X a3 dx + d + —dz +
2
: [(F-%“i-%iiz—- )dx+<a—F—dy 5 4z + )J =0
Xy 99Xz 3y 32 1

| | (4.8)
must be satisfied at the boundaries of the domain (98, 99). The sub-
scripts 1 and 2 stand for that the corresponding term is computed at

- the boundary 1 and 2, respectively.
Minimizing the Error

To optimize a mechanism design is-to determine its dimensions such
that the generated output, say fg, to give the closest approximation of
the desired output, say f,, over a domain D. That is the generated |
output must deviate from the desired one within the specified Timits
of accuracy. The function fd may define displacement, force,'tgrque,
work, -velocity or acceleration. Such a variational problem 15 then
involved with determining the set of dimensions of the particular mecha-
nism for that the error, that is the surface area between the desired
and the generated output functions, must be minimum in the specified
domain of displacements. Any desired function fy and the generated
function f, can be defined as functions,of the input parameter 6. Then

g
8y, X © < 8y, defines the domain of the displacements.
Considering the fact that the dffference [fqle) - fg(e)] may be
positive or negative at a particular value of -8, it is best to minimize
the volume whose cross-sectional area at a particular value of 6 is

[fqle) - fg(e)]z. ‘Thus, ‘the optimum set of dimensions of the mechanism,
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X5 Xys sevs Xp» Must render a minimum for the error volume integral

6o

I = _J}/ [f4(6) - F4le)12 do | (4.9)

1

and satisfy the equations of-constraints

QJ(G, Xl, Xz, s sy Xn) = o ’. J = .l’ 23‘ ---” m (4-10) :

if there is any.  Then, having the augmented integrand

m
F = [fgle) - fg(0)12+ ) agQy (4.1m)
| =

the m+n equations of condition given by Equation (4.6) must be solved
for the n unknown dimensions and m unknown Lagrange‘mu1t1p11ers.

It should be stated here that conditions stated by Equations (4.5)
and (4.6) are necessary conditions for a.stationary value, bht not
sufficient for the minimum or maximum. The additional condition, which
is required to see if the stationary value is minimum or maximum, is

furnished by the second derivatives. That is

2[fg - fgl?  92fg - Fgl2 P[Fy - ) =12,
B4 BX, 3*% Xy i#d

and-

for a minimum,
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for a maximum. However,‘the matter of sufficiency can usually be deter-
mined from the nature of thé problem. So the test for the second deri-
vatives of the integrand becomes unnecessary since the result can easily
be tested by the conditions presént in the problem,

Optimum design of mechanisms having two independent inputs, mecha- |
nisms having two degrees of freedom of motion, involves with minimizing
a doubTe integral with the intervals &, <o < 6, and $, < ¢ < 9, over
the domain of diaplcements. Refer to (98) and (100) for the Euler-
Lagrange equations and the transversality conditions to be satisfied for
the stationary values of multiple integrals.

The exact generation of some specified function by a mechanism is
virtually impossible unless the desired function happens tolbe identical
with the génerated function by the mechanism. For example, it is
possible to generate a translation exactly as sine function of the input
parameter by the output translation of the RSRC mechanism when the skew
angle 8, is zero. This fact {s observed in Equation (3.60).

Since the exact generation.of a function by a mechanism is not-
possible; the method of approximate synthesis by matching the precision
points has been well accepted (57, 79, 80, 81), where a number of pre-
cision points are selected over the domain and the Toop closure equation
is satisfied at these precision poinfsa The number of precision points
is taken to be the same as the unknown dimensions of the mechanism, 1in
order that exact generation of the desired function is possible at
least at the precision points.

In optimizing mechanism design by minimizing the error at a
discrete set of design points the error volume 1htegra] given in

Equation (4.9) may be approximated by
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I - Z [ato,) ~ Tolo )]2 d (4.12)

'I

and since del, dez, cees deN are arbitrary, I has minimum when -

N
}i [fd - T4(s )]2 =min (4.13)

i
where N is the number of deéign points. The number of design points may
be any and selected at any desired values of 6. When there are equa-
tions of .constraints relating the unknown dimensions of the mechan1sm,
as defined by Equation (4.10), the unknown dimensions of the mechanism,

Xis Xgs sees X and the unknown Lagrangevmu1tipliefs,'11; Aos wavs A

n m

are determined by solving the n+m equations . of condition given by Equa-
tion (4,5). The large number of design points distribute the error
over the entire domain giving a better approximation over-a continuous
interval. By using design points it is also possible to exclude the
approximation over some portions of the domain in.order to improve the
‘efficiency of the approximation in the portions of the domain where
higher accuracy is needed.

It should be emphasized here that the desired function fy(e) is
generated exactly at the design points, that is, E given by Equation
(4.13) becomes-zero, if the number of design points, N, is the same as
the number of the unknown dimensions of the mechanism, n. When N<n
it is possible to have more than one mechanism which generates the
desired function exactly at the N design points. In such cases some of
the unknown dimensions may be specified as they would be needed by the
design situations, The approximating function,fg(e) is .defined by the

geometry of the mechanism, and the approximation is in a domain of
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finite intervals.

In case the approximating function f_(8) is defined as orthogonal

g
polynomial expansion, a weighing function w(e) is introduced trans-
forming the function to be minimized, given by Equations (4.9) and

(4.13), into the forms

6

, .
I = / W(e)[fd(e) - fg(e)]2 de = min (4.14)

!

for the continuous intervaj, and

E=. W(ei) [fd(e.) - fg(e,)]z =,m1n' (4.15)

n
i=1 ‘ 1

for the discrete set of design points. The weighting function has the

property

and

over the domain D.

The need for the weighting functijon arises in order (a) to have
ease in evaluating the coefficients of the orthogonal po]ynomial expan-
sion, (b) to control the frequency with which some functions appear in
the sum, particularly when dealing with fntegra]s over infinite and
semi infinite intervals, (c) to assure the convergence of -the integral
of W(e)[fd(e) - fg(e)]2 for infinite and semi infinite intervals, when

fg(e) is a polynomial of arbitrary degree, and (d) maintain better



73

approximation over some parts of the domain D than it is over other
parts (101, 102). | |

The weighting‘function-w(e) = 70 jis used for semi infinite inter-
vals. Then the sequence of polynomials we require must be orthogonal
over (0, =) with respect-to e™®. The weighing function e=0% is used for

infinite interval. Over finite intervals [-a, a] the weighting function

is wigy = (1 -8)% (1+6)% o, 8>-1. Whena =1, it is Jacobi-Gauss

polynomial approximation. When o = 8 =.0, itvis-Legendre-Gauss:poly—
nomial approximation. When o =g = -1/2, W(o) =\1/(1v- 62)1/2, it is
Chebyshev-Gauss polynomial approxjmation; The Chebyshev-Gauss polyno- |
mial approximation is used by Levitskii (89) to synthesize plane L ambda-
mechanism for the approximate generation of symmetrical coup]er’curves;
In this investigation the optimum-design of the mechanism is-
carried on by minimizing E given by Equation (4.13) for a discrete set}
of design points.and giving equal "weight" to the deviation of the
generating function from the desired one at each design point in the

domain D. That is, the weighting function is W(e) = 1.

Minimizing the Error. in Generating a

Screw Displacement

This investigation deals withlihe_generation of a screw displace-
ment Vg(e) = Vdo(e) * © ¥y, (e) about an axis by the displacement of the
output 1link of the RSRC space mechanism, @g(e) = Yg0(s) * € Vgi(e)"
Since the displacement has two components, rotation about the axis
and translation a]ong the axis, it is a problem with two dimensional
variation. The dual residual at a particular value of -the independent

parameter 6, as shown in Figure 13, is given by
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Rie) = Ro(e) * < Ri(e) = ¥d(s) = Yg(s)
= Ddo(p) = Ydr(e)d * [¥di(e) = ¥go(s) (4.16)

where 6, < 6 < 6,. The set of dimensions for the optimum mechanism is

o
determined by minimizing
N
E=. {[R 12 + [R 12} (4.17)
) (R 1(s,)

i=1

where N is the number of -design points, R ) and Ri(e) are defined as

o(e
the real and dual parts of the dual residual, respectively, in Equation
(4,16), Note that Equation (4.17) approximates the error volume in
approximating a screw of unit radiusy

In case of that the approximated screw is of zero pitch or of-
infinite pitch the second or the first.term in Equation (4.17) vanishes, ’
respectively. When the desired displacement is three dimensional, such
as the generation of.a three dimensional curve by the coupler boint dis-
placements the three coordinates of the precision points are used to
compute E, For the approximate guidance of a rigid body in space at.
a series of successive positions, the coordinates of three points in

the body can be used to compute E. Then the dimensions of the optimum

mechanism must render minimum for

N
E = ;é; {[Xd(ei) } xg(ei)]2 + [yd(ei) - yg(ei)]z + [Zd(eij'- 2g(91)]2}(4.18)

where xd(ei), yd(ei)’ Zd(ei) and xg(ei), yg(ei), Zg(ei) are the destred
and the generated coordinates of the design points. For the rigid body

guidance and coupler curve generation in plane, the Tast term in
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‘Equation (4.18) vanishes.

The problem of optimizing a mechanism for the generation of - the
screw displacement ﬁd(e) may consist of constraining conditions which
must be satisfied along with the minimum for E in Equation (4.17). The
constraining conditions may be Fo maintain vanishing velocities, instan-
taneous dwells in rotation or in translation or in both at some
specified values of the input parameter. The equations of such con-
straints for the RSRC mechanism are given by Equations (3.77), (3.79),
(3.80) and (3.82) when they are set equal to zero. If for example zero
jerk in one of the components of the displacement at a specified value
of the input.parameter is needed, the vanishing third derivative of the
displacement component with respect to the input parameter w111 be the

~additional equation of constraint. The dimensions of the optimum
mechanism which will generate such a constrained screw displacement

must satisfy the equations of .condition given by Equation (4.5) best.
Linearizing the Equations of Condition

The equations of condition given Ly Equations (4.5) and (4.6) are
nonlinear in general. The analytical solutions cannot ordinarily be
found except in very simple situations. Iterative solutions especially
step by step solution by relaxation becomes necessary. The equations
of condition that result, when the equations of constraints are elimi-
nated either by forward substitution or by introducing parameters of-
constraints, or when there exist no equation of constraint, are however
relatively easy to solve by linearizing them in terms of errors using
Taylor's theorem. The resulting Tinear simultaneous equations are

then solved for errors in the previously assumed values of the unknown
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parameters. If the previously assumed value of the rth unknown is Xp,
and its deviation from its true value is h, [the error], the true value

of the unknown is

X = Xps + h, (4.19)

Let the n equations of condition given by Equation (4.5), when

there are no equations of constraints, be defined by

_ 8E _ _ '
FY‘(Xl, Xz’ ees Xn) "'ax—r—‘o . r -=], 2, seey N (4.20)
where
N
E = 21 [fa(e,) = Fote)d”
'|=

and n is the number of unknown paraméters, The -unknown parameters may
be the unknown dimensions of -the mechanism or it may include the para-
meters of constraints. Using Taylor series expansion, neglecting

higher order derivative terms,-and considering that the desired function

fd(e) is independent of the unknown parameters, we have

FrlXps %55 s Xp) = Fp(Xi0y Xp0s oo Xno) ¥ }:‘ht

FY‘(XIO, XZO’ ooey Xno)

=0 (4.21)
th

Letting F., denote Fr(x cees Xno)’ the value of F,. computed

10° %202

using the previously assumed values of the unknown parameters, we write

n_ o aF
5: hyge==Frg T t=T1s 2, coism - (4.22)
t=1 t |
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where
N afg(e»
Frg = -2 Z TR [fd(eﬁ) ,fg(ei):I (4.23)
=1
and-
82 f
oF s NZ Fa(s:) y P *Fa06,) *Tals;)
Xy axp ax,  -d(eg) T Tgleg)” T Taxy axy, ’

r, t=1,2, ..., n (4.24)

The n simultaneous equations given by Equation (4.22) are the
Tinearized forms of the nonlinear simultaneous equations.of condition

given by Equation (4.20). The unknowns in the linearized equations of

condition are the n errors, hl, hz? e hn‘ Equation (4.22) can be
written in matrix form
AH=T (4.25)
where
r 3
h,
h2 ,
S H= <0 F the error vector, (4.26)
&
o/ r j
FlO
F
T-.< .2 > (4.27)
:
no
\ J

and
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aF10 3F 14 oF
BX,l 3X2v 3Xn
oF aF of oF
rt® Xy X, Xy 3Xp
' rt
% no Fno F o
3X 3x X
L 2 n o nxn
Then
H+A 1T (4,29)
provided that |A| # 0.. The improved values of the parameters are
given by
R 3 r )
X, X0 hy
X X h
2
SO IR AR I S (4.30)
L_x” ‘ Xno J | hy, |

Substituting these improved values of -the unknown parameters into

Equation (4.29) yields new values of errors and new improved values of

the parameters. The process is repeated until the error terms become

negligible, or H may be considered a null vector within the specified

Timits of accuracy.

When E is defined for two and three dimensional variations as

given by Equations (4.17) and (4.18), Equations (4.23) and (4.24)

consist additional terms corresponding to the variation in the addi-

tional direction. Thus for the three dimensional variation, for which

E is given by Equation (4.18), Equations.(4.23) and (4.24) become
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i=1 r i i
"29(s,) |
—x— L2(e,) - Zg(e_i)]} , r=1,2, 0, (4.31)

N (a2 :
Fpg _ 2:{: a o) 1+ i—igﬁiil [ (o )]
Xy ) Toxg ax [Xd(ei) " ¥gleg)” T Taxy o Yd(e,) T Ya(e,)

i=1 ! !
32 3 3
(6;) : Xge;) g(e;)
axg 0%, ~2d(e) T %gleg)! T Taxy 5%y,
Yg(e,) Yg(s.) %g(s.) %%g(e, L
X
t r t r (4.32)

In this study the variational problem is of two dimensional, as
defined by Equation (4.17), and the terms corresponding to the third

coordinate, z, -in Equations (4.31) and (4.32) vanish.
Efficiency of the Approximation

The smallness of the root-mean-square-error (RMSE) in the approxi-
mation over the domain D is used to test the efficiency of .the approxi-
mation of a function by the displacements of the mechanism, re]ative‘to
the exact generation of the function. Over a domain of a continuous
interval, the RMSE is

1/2
8, /

e [T%eT S Ugte) ™ Tate)? ‘deJ 3



80

where 46-= 6, - 6.. Over a domain of discrete set of design points the

2 1
--/E
RMSE = W/ﬁ (4.34)

where E is defined by Equations (4.13), (4.17), and (4.18) for the one,

RSME is given by

two and three dimensional variations.

It is virtually impossible to reduce the RMSE to zero for fhe gen-
eration of an arbitrary function over a domain of a continuous interval,
or discrete set of design points where the number of design points, N,
is greater than the number of -unknown dimensions of 'the mechanism.
However, it is possible to reduce RMSE to zero if N is the same or less
than the number of unknown dimensions of the mechanism. Therefore, when
there are fewer design points-the efficiency in approximating the func-
tion at the design points will be higher, that is the RMSE will be
smaller. It should also be noted that any constraining condition tends
to reduce the efficiency of the approximation; Thus, the optimized =
mechanism is the one which affords the best approximation in the least
squares sense.

The results summarized in this chapter are used in Chapter V for
the approximate synthesis of the RSRC mechanism for the generation of
the screw displacement id(e) =‘wd0(e) + e wdl(e) by the displacements of
its output Tink. It is considered that the specified screw displacement
id(e) (a) has no constraint, (b) has constraint5~suchvthat_1nstantaheous
dwells of odd or even orders must be generated at specified values of
the input parameter 6, besides the approximate generation of the dis-

p]hcement itself, in the specified domain of the input parameter.



CHAPTER V

APPROXIMATE SYNTHESIS OF THE RSRC SPACE MECHANISM FOR THE
GENERATION OF SPECIFIED SCREW DISPLACEMENTS
BY VARIATIONAL PRINCIPLES

Screw Displacement With No Constraint

The variational principles discussed in Chapter IV are applied in
this chapter to determine the optimum set of dimensions of the RSRC
space mechanism so that the generated output disb]acement of the mecha-
nism approximates the specified screw disp]acément in thelspecified
1imits of accurécya

" The RSRC mechanism that is to generate fhe screw displacement is
shown in Figure 14. Such a mechanism generates screw displacement of

the form

48 = Vg, (6) + e Syq (o) (5.1)

where wdo and Sy are the rotation and translation comﬁonents of -the
desired screw displacement, ¢ is the input parameter, the independent

variable, whose origin is e,,. Then ¢ = 8, = 0,5 where o, positions

the input crank. 8y, may be one of the unknown dimensions of the mecha-

pism if not specified. Corresponding to 8y, is the 1nit1a1'disp]ace-

ment of the output Tink, ¢ + ¢ S, from which the desired screw

o1 = %01 |
displacement originates. Then the desired output displacement of the

mechanism is

81
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The Screw Displacement Generated by the RSRC Mechanism
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8400 = [og, *+ vy (6)] + els, + 54 (o)] (5.2)
while the generated output displacement of the mechanism 15

o (8) = o

. g (8) 4 <[5, + 5g (6)] (5.3).

where 6 =67 - 6, . by = b and S + Sg = 55

(3.62) and (3.60) respectively. As 6 varies from zero to A8y wdo

= S are given by Equatidns'

varies from zero to Ao and Sd varies from zero to ASg,'asvshown in
Figure 14.

This js a problem of two dimensional variation. When a discrete
set of design points is used the function to be minimized is given by

Equation (4.17). Thus

E=E +E (5.4)
where
N
f e )[R (522
i=]
N
f - )[R ()T
i=1
and

R.(8) = S, + Sq(8) - §g(e)

N is the number of design points considered in the domain of output dis~
placement. wd(e) and Sd(e) are some specified functions of ¢ and
independent of the unknown dimensions of the mechanism. The unknown

dimensions of the RSRC mechanism are X, z:e,_dl,-dz,_d3,,§, b,.so,
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Ags eOlf ¢g’ EQ’ 901 and S1 are functions of .these dimensions.. The

equations of condition, when there are no equations of constraints, are
given by Equation (4.20) as

©ON o)1 | -
: ﬂ 3¢ . ~:ad_(04) | 3s 8S_(6:) |
F.o=2 E: R (8) [ 0D R (e,) L3 1" 1%=0 ,
r | ‘{:¢ 1 axr X, s‘i Xy X, : |

r
=]

r=1, 2, ..,; n (5.5)

The n nonlinear simultaneous equations in Equation (5.5) are solved
for the n unknown dimensions of the mechanism, after 1inearizing these |
equations . in n unknown error terms by Taylor's theorem, An initial

value is assigned to each unknown dimension, x . to the rth unknown

r
dimension/xr. Then the errors in these assumed values are determined
by solving Equation.(4,29) for the error vector H. The imprdVed»Va1ues
of the parameters are then given by Equation (4.30). |

The coefficients in-the column Qecta} C are computed by 'Fr in
Equation (5.5) when the assumed values of the dimensions, X100 X502

.., x._ are used. The (r,t) coefficient of the matrix A is given by

no

N
Fy oL, Z I 00y, 20g(03) || 209, 30q(84)
30Xt L axt' axt axr 83Xy

rt i=]
[ 824y, 3% (e,) 225, 85 (0,) ]
+R(85) | 3 agl " 73 gax1 * R (8;) | 3% ai "3 gax1v

85 (8. 3 3S (8. ‘ '
[351— Sg( 1)}1: §1- g( 1) 4 r'st-'-]s 2,'...,”

3Ky, 83X,

+

(5.6)

The first and the second partial derivatives of the output dis-

placement components of the RSRC mechanism, with respect to the
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dimensions of the mechanism are listed in Appendix E. They are used to

compute —Froy_the coefficients of the vector C, given by Equation (5.5),
oF .
and to compute (l ar0‘> » the coefficients .of the matrix A, given by
' t

. Xt
Equation (5.6).

One should expect that there will be more than one solution to a
problem of optimum mechanism design, This-is due to the fact that there
exisfs more than one geometrié inversion of the mechanism.  Then each.
geometric inversion of the mechanism must be optimized.. The one which
renders. the sma]]est root-mean-square-error (RMSE) is the one which

approximates the desired displacement best. However, the dptimized
vinversions must be compared for their dfmensions and the éfficiency of
the transmission.

Sometimes an exact minimum of E tends:to cause Some of the dimen-
sions to become infintely large as seen in some of the following exam-
ples. In such cases it is necessary to compromize on the magnitude of
the RMSE to maintain smaller dimensions. and favorable transmission, or
choose.a different mechanism.

Design situations may require that different accuracies may be
needed for the approximation of each of the components of - the screw.
displacement. Then, the RMSE for each component must be tested
separately as well as their sum. The RMSE for the rotation and the
translation are given by -

(RMSE)¢ -

(RMSE)s =-\[§§ (5.8)

respectively, where E; and Eg are defined with_Equation (5.4), N

ﬁj
=2

P

1621

~J

Nt”

and

b and
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N, are the numbers of the design points selected over the domains of
rotation and translation, respectively.

Design situations may also require that.either the rotation or: the
translation component may be of -interest. The functional form for the
desired displacement wdo or‘Sd may be specified requiring that the
unspecified component.takes place in'a desirable range of motion. In.
éuch cases either the mechanism is optimized only. for the specified
component by minimizing E given by Equation (5.4), in which only the
residual for the specified component remains, then the range of -the

unspecified component is tested; or a few design points may be specified
| for the unspecified component in order that it follows éﬁdesirab1e path.

It should be observed in Equation (5.4) that both wdo and Sy
originate at.6 = 0 or at e, =6, . Then the desired screw displacement
@d is generated exactly at.the origin of the independent parameter 6.
The origin b, = 6,, may not.-necessarily define one.of the 1imits of the

domain of -displacements, It may be chosen.anywhere in the domain of -

input parameter 6. Then & may be measured from 6, in any direction as

.

it éuits,the specified problem. In case of constrained screw displace-
ment the origin may>be preferred at a point where the constraint is to
be introduced.

The speed of convergence depends on the initially assumed-
mechanism geometry. A mechanism, in which the respective directions of
“the rotation and translation components.of the output displacement can
initially be observed,-iﬁffhé best choice. For example an RSRC mecha-
nism with 8, = 0, e = 0 is a good starting mechanism,

In a design problem some of the dimensions may be considered as

design constants and specified, such as the zero value for the.
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parameters e and 8, in order that some undesirable force and -torque
distributions may be eliminated. The fixed link length a and. the skew
angle A, may also be specified since they position the Screw axis rela-
tive to the frame of the-mechanfsm. In the following illustrative
examples A, is taken to be a design constant.

The Program B, in Fortran IV language, prepared for IBM 7040
ngita] Computer and Tisted in Appendix F carries out the optimization
of the RSRC,mechanism. The computer program solves the equations of-
condition given by Equation (5.5). By solving the Tinearized form in
terms of errors given by Equation (4.29). The input data include the
initially assumed values for the unknown dimensions, the number of.
design points and the corresponding values of the input parameter 6.

The input crank position 1s[def1ned by 6, = 8,5, * 6, where 8,1 is one

01
of the~unknoWn dimensioné. Fbr eachvfunction to be generated define
the number IV in the data, then add the cards for the desired rotation
and translation functions wdo and Sq 2t the proper locations for .the
specified value of IV in the SUBROUTINE DSIRED. The Program B is
directly,app]igab]e to synthesize 4R plane mechanism for function
generation, by taking &, = A, =.O'and b=e=S=0, Such an optimum
design of plane -mechanism is the computerized form of the overlay
technique for function generation, since it .is also a method of finding
the mechanism whiéh renders the minimum RMSE for the selected design
points.

Example 1: Design an RSRC mechanism which will approximate the

screw displacement

vg(e8) = (0) + eaS [ <1 - %83' * }
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where AS = 0:45 in. and A8 = 80°. The requifed skew angle between the
input-and output shafts is to be A, = 60°. \The desired screw displace-
ment is of infinite pitch, that is, the designedimechanism is-to approx-
imate a pure translation in the specified range of motion, -or the mecha-
nism is to function as an RSRP mechanism.

It s to be noted that, once the dimensions of a mechanism are
determined for a certain value of AS, the Tlinear dimensions of -the
mechanism can be scaled to generate different values of AS. Then the
error in the translation component is varied in the same proportion.

The problem was-run in the digital computer, IBM 7040, using Program B,
with -initially assumed dimensions d; = 1.00 in., d, = 3.00 in.,-

d, = 2.00 in., a = 2.5 in., b = 1.5in., e =0, 6, = 0 and 8,, = 200°.
Nine design points.were used in the process of optimization on both.

rotation and translation components. The mechanism dimensions are

d, =.1.97551 in, b = 2.78177 in.
d, = 3.98095 in. e = -0.89040 in.
d, = 2.79436 in. 5, = 13.83421°
a =2.78821 in. g, = 228.60602°

This solution required 0.08 hours for 11 iterations leading to the

root-mean-square error

9 .
RMSE ={—;- ) [Ry(6)12 + [R(eq)12 }1/2 i
i=1 .

[%-(0.00029773 + 0.00008) }1/2

0.00623 in.

for the screw of unit radius. The root-mean-square error for the
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_rotation and the translation are
(RMSE) , = (0.00029773/9)/? = 0.005752 vad = 0.33°
and
(RMSE) =v(o.00008/9)1/2 = 0,002981 in.

which indicate the average deviation of the generated function from the
desired one at the design points.

The error terms,~the‘coeff1c1ents of the error vector H in Equation
(4.29) were Tess than 0.000005. |

The components of the desired screw displacement @d(e) =,wd0(e) +
Sd(e) and the generated screW-displacementv$g(a) ="w90<6) + Sg(e) are
listed in Table I as printed out by the Program B. The components of-

the generated écrew are defined by
and

as defined in the residuals R¢ and Rg in Equation (5.4). The angle
X, is also 1ist§d in.Table I.
| The maximum deviation in the rotation is.0.529667° and -0.006291 in.
in the translation,
Figure 15 shows the desired and the generated screw components ‘
plotted from the results given in Table I.
Example 2: Consider the optimym design of an RSRC mechanism. for

the generation of the screw displacement



TABLE I

THE QUTPUT OF PROGRAM B FOR THE ‘MECHANISM

OPTIMIZED IN EXAMPLE 1

90

000000

% ¢ Vg, lpdo Vd, Vg,

i (deg) (deg) (deg) (deg) (deg)

1 228.606020 174 .359554 -0.000000 0.000000 0.000000
2 238.606020 174.672424 0.312870 0.000000 -0.312870
3 248.606020 174.783409 0.423409 0.000000 -0.423855
4 258.606018 174.781048 0.421494 0.000000 -0.421494
5 268.606018 174.724985 0.365431 0.000000 -0.365431
6 278.606018 174.639650 0.280096 0.000000 ~0.280096
7 288.606018 174.509344 0.149790 0.000000 -0.149790
8 298.606018 174.274517 -0.085037 0.000000 0.085037
9 308.606018 173.829887 -0.529667 0.000000 0.529667

X, S Sg Sd Sd—Sg

i (deg) (in.) (in.) (in.) (in.)

1 104.053877 -1.680532 0.000000 0.000000 -0.000000
2 100.134561 -1.871116 -0.190584 -0.196875 -0.006291
3 95.669849 -2.013882 -0,333350 -0.337500 -0.004150
4 90.859954 -2.102601 -0.422069 -0.421875 0.000194
5 85.875113 -2.133454 -0.452922 -0.450000 0.002922
6 80.851623 -2.105055 ~-0.424523 -0.421875 0.002648
7 75.891116 -2.018294 -0.337762 -0,337500 0.000262
8 71.061774 -1.876061 ~-0,195529 -0.196875 -0.001346
9 66.401508 -1.682926 -0.002394 0. 0.002394
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Figure 15. . Desired and.Generated Output Displacements of the
RSRC Mechanism Optimized in Example .1.

L6
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byle) = A¢O(Z%;02 rens [1-(1 -2

o}
where A¢, = -60°, AS =.1.5 in., a6, = 80°, A, = 60°. The number of
design points for the translation is NS_= 17, one for every 5° increment

in 8, and for the rotation is N, = 3, one for every 40° increment in.s.

¢
The geometric inversions of the RSRC mechanism were optimized-
starting with the initially assumed mechanism dimensions d] = 1.00 in.

d, = 3.00 in., d3 = 2.00 in., a=2.51n., b=1.51n., e =0, =0

2
and 6g; = 30°. After 14 iterations the mechanism dimensions were

d; = 2.00216 1in. b = 2.45422 in.
d, = 3.56840 in. e = 1.67500 in.
dy = 2.60782 in. s, = -8.20841
a = 2.66609 in. 89, = 4.57613°

The root-mean-square error for translation and rotation are

E¢ 1/2

(RMSE)S = 7 - (0.00533435) = 0.0001771 in.

and
Ei 1/2
(RMSE)¢ = 3 - (0.00012462/3) = 0.006445 rad = 0.3691°

The coefficients of the error vector in Equation (4.29) were less than
0.000005. The output of Program B is given in Table II. Figure
16 shows the desired and generated screw displacements plotted from

the results given in Table II.

Screw Displacement with Donstraints

for Instantaneous Dwells

The variational problems of synthesizing the RSRC mechanism for the



TABLE 11

THE QUTPUT OF PROGRAM B FOR THE MECHANISM
OPTIMIZED IN EXAMPLE 2

93]

8, og Vg, vd, Vd, Vg,
i (deg) (deg) (deg) (deg) (deg)
1 4.576130 -6.952345  0,000000 -0,000000 -0.000000
2 9.576130 =-6.323050 0.629296 =-0,234375
3 14.576130 -6.300361 0.651985 =-0.937500
4 19.576130 =-6.971284 -0.018938 -2.109375
5 24.576130 -8.418514 -1.466169 -3.750000
6 29.576130 -10.706198 =-3,753853 -5,859375
7 24.576130 -13.861247 -6.908902 ~8.437500
8 29,576120 -17,854822 -10,902477 -11.484375
9 44,576130 -22,591880 -15,639534 -15,000000 0.639535
10 49.576130 -27.916303 -20,963958 —18.984375
11 54.576130 -33.632833 -26.680488 -23,437500
12 59.576130 -39.538372 -32,5R6026 -28,359375
13 64, 576130 -45.450965 -38,498620 -33,750000
14 69.576130 -51.227860 -44.275515 -39,609375
15 74,576130 -56.,7706R2 -49,818336 ~45,937500
16 79.576130 -62.021196 -55,068851 -52,734375
17 84.576130 -66.,952420 -60,000075 -60.N0000O 0,000075
Xo S Sq Sq S4-Sq
i " (deg) (in.) * (in.) (in.) (in.)
1 -32.017321  2.753177 -0.000000 -0.000000 0. 000000
2 -30.3309425  2.916055 0.162877 0.181641 0.018763
3 -28,827226  3.075666 0.322488 0.351563 0.029074
4 -27.525998  13,230462 0.477284 0.509766 0.022481
5 -26.488373  3,378857 0.625680 0.656250 0.030570
6 ~-25.771132 2,519270 0.766093 0.791016 0.024923
7 -25.429707  3,650181 0,897004 0.914063 0.017058
8 -25.510973  3,770214 1.017036 1.025391  0.008354
9 -26.046030  3.878207 1.125029 1.125000 -0.000029
10 -27.045438  3,973272  1.220095 1.212891 -0.007205
11 -?R.498644  4,054809  1.301632 1.289063 =-0.012560
12 -20e377496 4,122476 1.369299 1.353516 -0.015783
13 -32.642101  4.176147  1.422969 1.406250 -0.016719
14 ~26,246R49 4,215853 1. 462676 1.447266 -0.,015410
15 -38,1450n79 4,241 744 1.488567 1.476563 -0.012004
16 -41.292014 4,254054 1.500877 1.494141 ~-N.N06T736
17 -44,646154 4,253086 1.500000 0.00009Q1

1.499909
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generation of screw displacements with constraints aré béing presented
below. The cdnstraining conditions are the generation of instantaneous
dwells, or the generation of approximate dwells. It is virtually impos-
sible to generate an exact dwell by a mechanism, since an exact dwell
in a displacement component requires that all the consecutive deriva-
tives of the displacement component with respect to the input parameter
must:vanish. A mechanism can satisfy this condition only when the
freedom of the pair which permits this displacement component becomes
a passive freedom. Order of the instantaneous dwell determines - the
length of the duration that the instantaneous dwell takes place. The
higher the order of the instantaneous dwell, the longer is the duration
of the dwell. A first order instantaneous dwell in a displacement
component occurs when the first derivative of this displacement com-
ponentvwifh‘respect to the ihput parameter vanishes. At such an
instantaneous dwell position the link experiencing this displacement.
is at rest with inertia force. Vanishing higher derivatives of the
displacement provides instantaneous dwells of longer duration, with no
inertia force. The highest order of the vanishing derivative is the
order of the instantaheous dwell.

The necessary condition for the existance of all orders of
instantaneous dwells 1in the output rotation and output translation of
the RSRC mechanism are given by Equations (D.2) and (D.3), respectively.
However, these conditions are sufficient for the first order instan-
taneous dwells. Therefore, the equations of constraints for the first
order instantaneous dwells in the output rotation of the RSRC mechanism,

at the p values of the inpyt parameter are

Q¢ (eJ) =W (eJ)L (QJ) + Wl(eJ)LZ(eJ)COS? 60 = O’ J = 1’2’°°°:p (509)
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while the equations of constraint for the first order instantaneous

dwells in the output translation, at the s values of the input parameter

are
st(ek) = My(e, )W, (e, )Ly (o)) + cos? &, W (e )L, (e, )] +
+ L, (8 )W, (8 M, (8) + cos2 6 W (6, )M (6,)]
- sim coseOk tanxOk [W, (e )M, (8,) + cos? 8, wl(ek)Mz(ek)]
=0 , k=1,2, cc0s S : (5.10)
~where M., M, Ll and L2 are defined with Equation (3.77), W, and W, are

defined with Equation (3.59). If the constraining conditions are for
the first order instantaneous dwells in the components of the desired
screw displacement, the optimum set of dimensions for the mechanism must
satisfy the n equations of condition

S

BQ BQS
A Ay === r=1,2 (5 ]1)
J k - ax ? ? > coos D ¢

J=1 k=1

along with the p+s equations.of constraints given by Equations (5.9)
and (5.10). The instantaneous dwells in rotation and translation may
occur -at the same values of the input parameter.

When higher order instantaneous dwells in the desired screw com-.
ponents are needed one must introduce additional equations of con-
straints by setting the consecutive derivatives of the disp]acemeht
components equal to zero. Each. equation of -constraint added into the

system introduces -a new unknown Lagrange multiplier,
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Parameters of -Constraints

In the following the solution to the equations of condition given
by Equations (5.11), (5.9) and (5.10) is greatly simplified by intro-
ducing parameters of constraints utilizing the facts stated in Appendix
D regarding the instantaneous dwells in the components of the output
dis-p]acement of -the RSRC mechanism. A1l orders of instantaneous dwells
in any component of the output displacement occur at the limits of this
displacement component. The Timits may be at maxima, minima or at
inflection points. The necessary condition for each of these condi-
tions is that thevfirst derivative of the displacement component must
vanish. The order of the instantaneous dwé1] is -determined by the
degree of conformity between the curvatures of the input-crank-ellipse
and the coupler-ellipse at the point of tangency, where the 1imit posi-
tion occurs. If some generalized parameters can be defined to main-
tain the 1imit positions in the displacement component at some specified
value of the independent parameter during the optimization process, the
necessary condition for all orders of instantaneous dwells is satis-
fied. The conditions for the sufficiency for the higher order instan-
taneous dwells may be left to be taken care of by the propensity of the
variational principle by choosing the initial dimensions of the mecha-
nism especially the value of 8o, in the zone such that the value of.
8y = 85y + ei will produce higher order instantaneous dwell. For
example, the mechanism of Figure 10 with e , = 220° may be a good
st@fting mechanism for -the géﬁeration of rotation componént having even:
order instantaneous dwell. The mechanism of Figure 9 with 6,, = 270°
and the mechanism of Figure 7 with 6y, = 170° may be good starting

mechanisms for the odd order instantaneous dwell in rotation.
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By introducing such generalized parameters, - the parameters of con-

straints, the equations of constraints and So the Lagfange multipliers
may be eliminated from the process. The parameters of constraints in
general consist some of the dimensions and variable parameters of the
mechanism. HoWever they enter the process as new parameters, they may
exclude some of the dimensions of the mechanism from the process. The
excluded dimensions are then determined after the parameters of con-
straints are determined to render the optimum mechanism.

In the following the parameters of constraints for instantaneous
dwells in the output rotation are defined and used to design optimum
RSRC mechanisms to generate screw displacements with instantaneous
dwells. Asrit is proven in Appendix D, Equation (5.9) is satisfied when
the input-crank-ellipse is tangent to the coupler-ellipse, where the
ellipses are the projections of the input-crank-circle and the coupler-
circle upon the plane normal to the output pair- axis.

Figure 17 shows the RSRC space mechanism in two finitely separated
positions on the plane nofmai to the output pair axis. Fj, Fé_and Fi's
F) are the focal centers of the coupler-ellipse in the two positions,-
and Tocated at,dz-sindO from the center of the ellipse. Let g4 be the

slope of -the normal to the coupler ellipse at the location of the

spherical pair in the ith position. gq; is given by
W, 2 ind . - W . c )
q: = tan=1 o il i1z?°‘ 22? 0% s i=1,2, oo, p (5.12)
1 Wzi S“mqbo_Z 1i COS#8, COSdy 4

where W, and W, are identified with Equation (3.59). The parameters
Q1> Gps +ees Gp defined by Equation (5.12) are the parameters of
constraints for the first and higher order instantaneous dwells.. How-

ever, for the higher order instantaneous dwells they only satisfy the



Figure 17. The RSRC Mechanism at Two Finitely Separated Positions and the
Corresponding Parameters of Constraints q, and q,

66
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hecessary condition. They are used as unknown parameters dﬁring the min-
imizing process. As one observes in Equation (3.59), they are functions
of the dimensions d,,d;,a,b,e,6,,1; and 6,,. However, the introduction of
the parameters of constka%nts for instantaneous dwells in the output rota-

tion eliminates only the dimensions a,b and d, from the minimizing process.

When the value of the parameter of constraint q; is set to be

tan(e,, + 0)
= -1 01 1
g3 =-tan [ cosh '] (5.13)

it becomes the slope of_the normal to the coupler-ellipse when it is
tangent to the input-crank-ellipse at e{. If Equation (5.13) is
satisfied during the process bf-optimization‘the output Tink is at the
limit position of-its output rotatiqn at 0, This satisfies the nec-
essary condition for all orders of instantaneous dwells in the output
rotation at 8.

An RSRC-quick~-return mechanism can be synthesized to generate the
exact return-to-advance-time-ratio in. the output rotation, if two para--
meters of constraints are defined at the Timits of the domain of the
output rotation and Equation (5.13) is satisfied at these two limits
at e.= 0 and & = A8,.
- Let the two positions of.the RSRC mechanism shown in Figure 17

correspond to the two limits of the domain of the-output rotation,

991 < % §_¢02,’ Meanwhile the input crank rotates within 85, <8 2 8,e
Then the desired output rotation is given by Equation (5.2), with
Ad '
¢01 =T - _—zi (5;]4)

where bdy = ¢y, - ¢01, and t is the slope of the bisector of 8¢5 as

02
shown in Figure 17 and is defined by
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X.. =X '
- c: c
r = tan”!l v—i—;——uz- (5.15)
c; - Yoy
where X. and Y. are the coordinates of the Point C in the ith posi-
i i
tion, and given by
’ '
Yci = d; sing cosi, + d2 Li sin [qy + tan™! (tans0 sinxoi)]
+ sine, (e cosg s - d, s1n¢oi) -~ (5.16)
Xci = d, cosey; +.d, L% cos [qi + tan~t (tancs0 sinxoi)]
+ (e - d,) siné, sing,; ’ (5.17)
_ L i
where 8,, = © + —— > 802 = 8, + A, and-
v : 7 VA
Li =4 /(d, sins, + wli) * TW21)
= /1 + sinab c‘osxoqi (2 + sins, COSXg3) ' (5.18)
Xo4 1s the value of x, at 8,4 = 8,, + 85 and given by Equation (3.59)
The unknown dimensions d,, d,, §,, A,, 6,, and the parameters of-

constraints are determined by minimizing E given by Equation (5.4), by
solving the equations of condition given by Equatibn (5.5) either by
the matrix method of iteration using Equation (4.29) or by the relaxa-

tion methods. in Equation (5.4) is replaced by t - 4¢,/2, where

%01
Ad, s specified. After determining the unknown dimensions, the dimen-

sions a, b and d, are determined by

8
1 0
(X, + %)) + 3 (Ve - Ye) cot(—) (5.19)

1 2
Aq>o

_ [ vyl o)
b = sTnx, [ﬁ'(Ycl ¥ YCQ) o (Xc2 X ) cot{— } (5.20)

1
2
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d

Ty e e s
The introduction of the parameters of constraints makes it possible
to generate instantaneous dwells of the first or higher orders excluding
the equations of constraints for the necessary condition from the pro-
cess. Whenever a parameter of constraint is used to maintain instan-.

taneous dwell at the ith

value of the input parameter, its value is
defined by Equation (5.13) and it is excluded from the 1ist of unknowns.
However, its value varies during the minimizing process, since the

value of 8, varies,

1

It should be called to attention that the A¢, defined above may not
be 1imiting the domain of the output rotation. For examp'le,vC1 and C,
shown in Figure 17 may be‘within the domain rather than being at the
‘boundaries of the domain and the rotation y may originate at any posi-
'tion-ofnthe output crank and may be read in both C.W. and C.C.W. dikec-
tions. This makes-it possible to generate instantaneous dwells defined
by inflection points, maxima or minima within the domain.

Figure 18 shows the parameters of constraints for the R$RC,mecha-
nism when §, =-nm, where the parameters of constraints aré;%he-s1opes
of the coupler link at thgmcqrresponding positﬁon° Note in Figure 18
and-in Equation (5.21) that both geometric inversions are included in
the process by introducing the parameters of constraints. Both inver-
éidns should be optimizéd and compared. |

It should-also be recalled that in case of §, = nm, the output
tr;ns]ation is a function of sine, whose amplitude is defined by

dl-sinAo; and e becomes a redundant dimension which has no effect on

the generated output displacement and is excluded from the 1list of
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unknown parameters. However the functional form of the output transla-
tion may be given additional variation by introducing an axial screw
pair in place of the revolute pair making e a function of X In this

case the output translation is given by
S =b coshy +d; sinry sing  + coss (e, % px,) (5.22)

where p is the pitch of the axial screw pair and is one of fhe unknown
parameters, and e, is the value of.e when X, = 0.

The following examples are to illustrate the use of the parameters
of constraints in synthesizing the RSRC mechanism for the generation of
screw displacements having constraints for first.and higher order instan-
taneous dwells in the rotation component..

The Program C,-in Fortran IV language, prepared for IBM 7040
digital computer and listed in Appendix F carries out the optimization
of the RSRC mechanism when the parameters of constraints-are introduced.
This program solves the equations of condition given in Equation (5.5)
by the relaxation method of Gauss. The input -data include the
initial]& assumed values of the undetermined parameters, -starting
values of -increments in the parameters, 48,, 48, and 4S. The incre-
ments are reduced as the solution is approached. The functional form
for the desired displacement is defined in the SUBROUTINE DSIRED as it
" is done in Program B. When the parameters of constraints are defined
at the values of 6 within the domain of displacements, the values of
the desired screW»disp1acement:at the design points must be put in a
successive order by the SUBROUTINE DSIRED. This is necessary to .
compute the errors at the design points in consecutive order in the

main program, when E is being computed.
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The Program C is also directly applicable to synthesize a 4R plane
mechanism for the generation of screw displacements of zero pitch,
which may, or may not, have constraints for odd order instantaneous
dwells in rotation. The RSRC mechanism reduces to a 4R plane mechanism
when §, :LAO =0 and S = e + b = constant. When the mechanism is pro-
Jjected onto the plane normal to the output pair axis, the input-crank-
ellipse and the coupler-ellipse become circles of radii d, and d,,
respectively. Figure 19 shows the two geometric inversions and the
parameters of constraints for the 4R plane mechanism, where the para-
meters of constraints aré.the‘s]opes of -the coupler 1ink at the corres-
ponding poSitionsu The primed-dimensions correspond to the second
inversion. When the parameters of constraints define both, the posf-
tions at which output rotation velocity vanishes and the limits of the
output rotation, a quick-return 4R plane mechanism is optimized, which
generates the return-to-advance-time-ratio exactly.

It should be noted here that an even order instantaneous dwell in
the output rotation of a 4R plane mechanism and multi-loop plane
mechanisms, in which the output link of one loop is the driving Tink
of the next loop, can never be generated. This is because of that an
even order instantaneous dwell occurs at an inflection point, and the
inflection point in the output rotation of a 4R plane mechanism ocecurs
at the dead center position of the output Tink.

‘Example 3: The method of optimizing the RSRC mechanism by use of
~ the parameters of constraints, just discussed above is applied to
design a 4R plane mechanism to generate the screw displacement of

zero pitch

~ 0 2
¥q =A¢0(Z’5‘O‘) + £(0)
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Figure 19. Parameters of Constraint and the Two Geometric
Inversions of a 4R Plane Mechanism. :



107 -

with 4¢, = 60° and a6, = 90°, Exact generation of-4¢, is desired°

The specified output rotation has first order instantaneous dwell
when 6 = 0. Program C is used to design the optimum mechanism starting
with the initially assumed values of mechanism dimensions; d, = 1.0 in.,
d, = 2.0 in., q, = 45° and 6, =.27.5°. The number of design points is
10. The solution reached the optimum mechanism within 1 minute. The
changes 1in dimensionsqduring the‘]astzre]axatﬁoh on each dimension were

less than 0.000002. The dimensions of the optimized mechanism are

-dy = 1.0 in.

d. = 8.099989 in.
6y, = 7.374689°

q, = 7.374688°

q, = 10.09969294°
resu]tihg

a = 9.204072 in,

d, = 1.181742 in.

The output of Program C for these dimensions is given in Table III.
The desired ahd the generated displacements are plotted in Figure 20a.
Figure 20b shows the mechanism at the Timits of the rotation.

Example 4: Let us now consider the design of an RSRC mechanism
with a predefinea value of 8 =.0 to generate.a screw displacement. As
it is observed in Equatiohl(3°60) the output displacement of such an
RSRC mechanism is a predé%%héd sine function of the input parameter
The output translation consists of the unknown dimensions d;, A, and

6 The redundant dimension e may be taken zero in this case. Note

01°

in Appendix B that the RSRC mechanism has one general constraint on



TABLE III

THE OUTPUT OF PROGRAM C FOR THE PLANE MECHANISM
OPTIMIZED IN EXAMPLE 3
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) % *g Yg0 Vdo. Vdy Vg,
i (deg) (deg) (deg) (deg) (deg)

1 7.374689 98.729754  -0.000000 0.000000 . 0.000000
2 -2.625311  99.556449 0.826694 0.740741  -0.085955
3 -12.625311  102.001689 3.271935 2.962963  -0.308972
4 -22.625311  105,968099 ' 7.238344 6.666667  -0.571678
5 -32.625311  111.319002  12.589248  11.851852  -0.737396
6 -42.625311 117.918717  19.188963  18.518518  -0.670445
7 -52.625311 125.686106  26.956351  26.666666  -0.289685
8 -62.625311 134.672544  35.942790  36.296296 0.353506
9 -72.625311 145.234989  46.505235  47.407407 ~ 0.902172
10 -82.625311 _ 158.729752  59.999997  60.000000 0.000002

X; 3 Sy oy 545,

i __(deg) __(in.) (in.) (in.) (in.)

1 91.355067 0.000000 0.000000 0.000000 0.000000
2 90.957079 0.000000 0.000000 0.000000 0.000000
3 92.231908 0.000000  0.000000 0.000000 0.000000
4 95.146055 0.000000 0.000000 0.000000 0.000000
5 99.637464 0.000000 0.000000 0.000000 0.000000
6 105.648691 0.000000 0.000000 0.000000 0.000000
7 113.176216 0.000000 0.000000 0.000000 0.000000
8 122.351875 0.000000 0.000000 0.000000 0.000000
9 133.638693 0.000000 0.000000 0.000000 0.000000
10 148.630058 0.000000 0.000000  0.000000 0.000000
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‘Figure 20,,'(a) Desired and Generated Displacements of the 4R
Plane Mechanism Optimized in Example 3
(b) The Plane Mechanism Designed
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rotation when ¢, = 0.

Certain portions of the output translation, the sine function of-
65 = 6,, + 6, may be used to approximate the translation component of
the desired screw disp]acemeht, determining the dimensions d;» A, and
8., The dimensions dz, dy, a and b may be Teft to be determined when
optimizing the mechanism to approximate the rotation component. This
gives the designer a chance to designAthe mechanism in two independent
steps, one for each component of the desired screw displacement. For

example
S=C +d sim sineo (5.23)

approximates the straight line

w
1l

C, + 0.017111 d; 6, sing for -30° < 6, < 30° (5.24a)

and

w
]

sinko for 150° < g, < 210° (5.24b)

C - 0.017111 d; 6,

in the least-squares sense. When 30 < 8, < 150° and 210 < 6, < 330°
the sine function may be used to approximate an exponential function.

Let the desired screw displacement

o 6 \2 8
1l’d‘A‘?bo<Aeo) +EAS<A90>

to be generated as the input crank rotates counterclockwise, where-
Mg, = +40°, AB, = 47.5°, oS = -2.0 in. The rotation component of this
displacement has a first order instantaneous dwell when 6 = 0. The

dimensions d,, X and 6,, Mmay be determined by either minimizing

E = E¢ + Eg, where E, and Eg are_défined with Equation (5.4), or by

¢
minimizing Ey only and using Equation (5.24). By considering i, = 60°
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as a design constant and 0y, = 25°, d1 = 1.0 in., -30° < B, < 30z the
translation component of the’desfred screw is generated. However, the
displacement of £he input crank from e,, =.25° to 6y, = 25 - 47 .5 = 22.5°
with d; = 1.0 in. does not produce the desired AS, the linear dimensions
of the mechanism is scaled up to give the aesired value of AS after

determining the remaining dimensions by minimizing E, by any of the

¢
programs, Program B or Program C. Since the rotation component of the
desired screw has a first order instantaneous dwell at o = 0, Program C
can easily be used leaving d2 and q, as the undetermined parameters.

q, is determined by Equation (5.13) at 8 = 0 where the instantaneous
dwell occurs. gq, is defined at e = a6,. The optimization for the rota-
tion component was done by using 20 design points. It was observed that
as the solution approached the optimum mechanism, the dimension d,
approached to infinity. Both geometric inversions defined by Equation
(3.74) were tested. The negative signed inversion had smaller (RMSE)
for the same value of d, when d, was very large. The output of the
inversions, defined by the negative signed radical in Equation (3.74),
is given in Table IV for ag, = 40°, when d, = 28.734519 in., g, = 43.5°,
g, = 43.003°, d, = 1.00 in., d3 = 0.3933 in., a = 22.1475 in., b =
22.5032 in. and.(RMSE)qJ = 0.0019274 rad = 0.1104°, The maximum devia-
tion of the generated rotation from the desired one is 0.231348°.

Table V shows the output of the same inversion when d, = 3.7602 in.,

d)

1.00 in., d3 = 0.4220 in., a = 3.95641 in., b = 2.86290 in.,

q, 43.003° and q, = 46°, and (RMSE)¢ = 0.0029285 rad =.0.1621°. The
maximum deviation of the generated rotation from the desired one is
0.356234° in this case.

Certainly the designer would prefer the second mechanism which



TABLE IV

THE OUTPUT OF PROGRAM C FOR THE GEOMETRIC INVERSION WITH
- SIGNED RADICAL IN EXAMPLE 4. d, = 28.734519 in.
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NEGATIVE

%9 % Yd, Y90 \wdo-w 0‘

i (deg) (deg) (deg _ (deg) (degg

1 25.000000 125,.287534 0.000000 0.0001133 0.000133
2 22.500000 125.402253 ND.110803 0.114587 0,003784
3 20, 000000 125,745815 0,443213 0.458149 0.014936
4 17.5000N0 126.316768 0.997230 1.029101 0.031871
5 15.000000 127.112867 1.772853  1.825201  0.052348
6 12.500000-128,131393 2. 770083 2.843727 0.073644
7 10. 000000 129.,369194 3.988919 4,081528 0.092608
8 7.500000 130.823021 5429363 5.5353565 0.10%992
] 5. 000000 132,489727  7.091413 7.202061  0.110648
10 2.500000 134,366556 8.975069 - 9,078890 0.1038?21
11 ~0,000000 136,451567 11.080332 11.163900 0.083568
12 -2.500000 138,743885 13,407202 13.,456219 0.049017
13 -5. 000000 141,244236 15.,955678 15,956570 0.00089?
14 -7.500N00 142.955454 18.725761 18B.667788 0.057974
15 ~-10. 000000 146.882946 21.71745%1 21.595280 0.122171
16 -12.500000 150.,035753 24,930747 24.748087 0.182660
17 ~-15.000000 153,427565 28.365650 ?28,139898 0225752
18 -17.500000 157,078478 32.,022160 31.,79081°2 0.231248
19 -2 0. 000000 161,017622 35,900276 35,729956 0.170320
20 ~-22.500000 165.287489 - 39,999999 139,999823 0.000176

Yo s $1+S4 sl+sd-s‘

i (deq) (in.) (in.) (in.)

1 R2.,284462 11.617584 11.622052 0.004468

2 82,34595%9 11.582999 11.585006 0.002006

3 82.637760 11.,547784 11.,547959 0.N00175%

4 83,158567 11.512005 11.510912 0.001092

o] R3,906330 11.475730 11.473866 0.001864

6 84.,878547 11.439028 11,436819 0.002209

7 86. 072315 11.401970 11,399772 0.002197

8 R7.4R4665 11.364625 11.362726  0.001899

9 R9,112752 11.32706% 11.325679 0.001386

10 90.954149 11,.,289361 11,288632 0.N00729

11 92,007258 11.,251586 11,251586 0.000000
12 95,271581 11.213810 11.214539 0.N00729

13 07,7487234 11,176107 11,177492 0.001386

14 100.440474 11.,138547 11,140446 0.001899

15 103.,354163 11.101202 11.103399 0.002197

16 106.498846 11.,064144 11,066353 0.002209
17 100,888762 11.027442 11,029306 0.001864

18 113,544657 10.991167 10.,992?259 0.001092

19 117.496418 -10,955388 10.955213 0.000175
20 121. 787486 10.920172 10,918166

0.002006
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TABLE V:
THE OUTPUT OF PROGRAM C FOR-THE GEOMETRIC INVERSION WITH NEGATIVE
SIGNED RADICAL IN EXAMPLE 4. d, = 3.7602 in.

‘ eo ¢g Ydo wgo wdo'wqo
i (deg) (deg) (deg) _(deg) 1 (degq)
1 25.000000 135.376221" 0.000000 - 0.000010 - 0.000010
2 22.500000 135.493334 0.110803 - 0.117104 0.006300
3 20.000000 135.842621 0.443213 0.466391 0.023177
4 17.500000 136.420662 0.997230 1.044432 0.047202
5 15.000000 137.223680 1.772853 1.847450 0.074597
6 12.500000 138.247589 2.770083 2.871359 - 0.101276
7 10,000000 139.488180 3.988919 4,.111950 0.123030
8 7.500000 140.941299 5.429363 5.565069 "0.135707
9 5.000000 142.603146 7.091413 7.226915 0.135503
10 2.500000 144.470566 8.975069 9.094336 0.119267 -
11 -0.000000 146.541426 11.080332 11.1657195 0.084863
12 -2.500000 148.815058 13.407202 13.438828 0.031626
13 -5.000000 1571,292820 15.965678 15.916590 0.039088
14 -7.500000 153.978758 18.725761 18.602528 0.123234
15 -10.000000 156.880491 21.717451. 21.504261 0.213190
16 -12.500000 160.010536 24.930747 24.634306 0.296441
17 ~-15.000000 ]63.388130 28.365650 28.01171900 0.353750
18 -17.500000 : 167.042156 32.022160 31.665926 0.356234
19 -20,000000 171.015995 35.900276 35.639765 0.260511
20 -22.500000 175.376215 39.999999 - 39,999985. 0.000014
i (deg) . (in.) . (in.) ! (in.)

1 92.373151" 1.797457 1.801926 0.004468

2 92.085680 1.762873 1.764879 0.002006

3 92.045843 1.727657 1.727832 0.000175

4 92.251410 1.691878 1.690786 0.001092

5 92.,700054 1.655603 1.653739 0.001864

6 93.389382 1.618901 1.616692 0.002209

7 94.317107 1.581843 1.579646 0.002197

8 95,481208 1.544498 1.542599 0.001899

9 96.880193 1.506938 1.505552 0.0071386
10 98.513394  1.469235 1.468506 0.000729
11 100.381339 1.431459 1.431459 0.000000
12 102.486183 1.393684 1.394413 0.000729
13 104.832316 1.355980 1.357366 0.001386
14 107.427055 1.318420 1.320319 0.001899
15 110.281624 1.281075 1.283273 0.0027197
16 113.412588 1.244017 1.246226 0.002209
17 116.843906 1.207315 1.209179 0.001864
18 120.610190 1.171040 1.172133 - 0.001092
19 124,762126 1.135261 1.135086 0.000175
20 129..376213 - 1 1.098039 0.002006

.100046
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resﬁ]ts (RMSE)¢ being 0.05° different than what the first mechanism
.results in which d2, a and b are about seven times larger than the
dimensions of the second mechanism. As this example demonstrates the
designer may have to compromize on the magnifude of RMSE in order to
maintain smaller dimensions.

In both mechanisms above AS = 0.703886 in. since d;, Ao and 801
remain the same. In order to obtain aS = 2.0 in. the dimensions of the
mechanism are multiplied by the factor 2.0/0.703886 = 2.840374.

The generated and desired displacements along with x4, for the
mechanism with d, = 3.7602 in. and g, = 46° are shown plotted in
Figure 21. |

The output of the inversion, defined by the positive signed radical
in Equation (3.74), is given in Table VI, for s, = -40°, when d, =
3.011968 in., g, = 50°, d1 = 1.00 in., d3 = 0.42480 in., a = 2.77892
in., b = 2.9248 in., q, = 43.003°, AS = 0.703886 in. and (RMSE)¢ =
0.0029395 rad = 0.16849°,

The inversion defined by the negative signed radical in Equation
(3.74) was optimized using 6 design points. The output of one mecha-
nism is given in Table VII, when d, = 3.7665 in., q, =.46°, dy = 1.00
in., d, = 0.42182 in., a = 3.96072 in., b = 2,86783 in., AS = 0.703886

in., and (RMSE), = 0.0001419 rad = 0.008131°.

¢
The RSRC mechanism with s, = 0 is also optimized to generate the

same screw function given in Example 4 using 28, = 40°, 44, = 40°, and

AS = -0.7 in. by minimizing E = E, + Eg and considering dl, d d3, a,

¢ 2’

b, q, and g,, as unknown dimensions. A = 60° 1is considered a design
constant. Ten design points are used. The optimum mechanism approaches

an unacceptable size. The output of one of the small size mechanisms
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THE OUTPUT OF PROGRAM C FOR THE GEOMETRIC INVERSION WITH POSITIVE
SIGNED RADICAL IN EXAMPLE 4. d, = 3.011968 in.

veo ¢g lpdo wgo lwdo on!
i (deg) (deg) (deg) (deg) (deq)
1 26, 000000 ~39,005967 0.000000 0.000011 0.000011
2 22.500N000 ~-39,126394 0.110803 0.120416 0.,009613
3 20. 000000 ~39,484516 0.443213 N.478539 0.0325325
4 17.500N000 -40,075136 0.997230 1.069159 0.,071929 .
5 15, 000000 ~40,892664 1. 772853 1.886686 N0.1138133
6 12.500000 ~41.931355 2.770083 2925377 0.155294
7 10, 000000 -43,185620 3,988919 4,179643 0.1907213
8 7. 500000 ~-44,650286 5429363 5.644309 ND.214946
) S. 000000 -46.320910 T7.091412 74314932 0.223520
10 2.500000 ~48.194057 8.975069 9.188079 0.213010
11 -0, 000000 -50,2676?75 11.080332 11.261648 0.181216
12 -2.500000 -52.541230 13.407202 13.535252 0.,128050
13 ~-5,000000 -55,016610 15,955678 16.010633 0.054955
14 -T7.500000 ~57,698237 18.,725761 18,.,692260 0.023501
15 -10. 000000 ~-60.594017 21.71745%1 21,588039 0.129412
16 ~12.,500000 -63,716424 24.,930747 24.710446 0.220200
17 -15. 000000 ~67.084121 2R, 365650 28.0781473 0.287507
18 -17.500000 -70.724548 32,022160 31,718571 0.3202%5R9
19 ~20.000NN0 ~-74.67B090 35,900276 35.672112 0.228163
20 ~-22.500000 ~79,005965 39,999999 39,9994988 0., 000011
X, S $1+54 S, +S4=S
i (deg) (in.) (in.) (in.)
1 82. 009036 1.828390 1.8328%59 0.004468
2 82, 632886 1.793806 1.79581?2 0.002006
3 R3., 472799 1.758590 1. 758765 0.00017%
4 R4, 521888 1.722811 1.721719 0.001092
5 85,.,776280 1.686536 1. 684672 0.001864
6 R7.230319 1.649835% 1.647626 0.0022009
7 88, 879354 1.612776 1.610579 0.002197
8 90, 71 9460 1.575431 1.573532 0.001899
9 92.747746 1.537871 1.536486 0.001386
10 94,96?2619 1.500168 1499439 0.000729
11 97,364115 1.462392 1.462392 0.000000
12 99,954289 1.424617 1.425346 0.000729
13 102,727679 1.386913 1.388299 0.001386
14 "105.721955 1349353 1.351252 0.001899
15 108,91 8736 1.312009 1.314206 0.002197
16 112.244876 1.274950 1.277159 0,002209
17 116.024318 1.238248 1.240112 0.001864
18 119,991070 1.201973 1.203066 0.001092
19 174.,294019 1.166164 1.166019 0.,000175
20 129,005960 1.130979 1.128973

0.002006
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TABLE VII

~ THE OUTPUT OF PROGRAM C FOR THE GEOMETRIC INVERSION WITH
NEGATIVE SIGNED RADICAL IN EXAMPLE 4. d, = 3.7665

v, v \wdo-w

% % 0 9 gol
(deg) (deg) (deg) (deg) (deg)
1 25.000000 135,313141  0,000000 0.,000013  0.000013
2 15.000000 137.161003  1.772900 1.847849  0,074949
3 5,000000 142,541656  7.091400  7.228502 0.13710?
4 ~5.,000000 151.232758 15,955700 15.919603  0.036097
5  -15,000000 163,328279 28,365700 28.015125 0.350575
6  -22.500000 175.313133 40.000000 39,999979  0,000021
X0 S S1+54 |5,+S4-5 |
i (deg) (in.) (in.) (in.)
1 92.310071  1.799898  1.804266  0.004468
? 92.639771  1.658044 1.656180 0.001864
2 96,822508 1.,509379 1.507993  0.001386
4 104.776271  1.358421  1.359806 0.001386
5  116.786704  1.,209756  1.211620 0,001864
6 129.313129 1.100480 0.002006

1.102486
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is given in Table VIII, when d, = 3.66660 in., d; = 1.05792 in.,

dy = 0.402608 in., a = 3.944825 in., b = 2.762847 in., 6, = 24.49992°,
q, = 42.3475776°, q, = 45.83350182°, ¢01 = 132.553783°, S ' = 1.761359
in., oS = -0.700791 in., (RMSE)¢ =.0.0023793 rad =.0.13615°, (RMSE)g =

0.0029025 in., and RMSE = 0.003616 in. for a screw of unit radius.
Examp]e 5: . Now consider the design of an RSRC quick-return mecha-
nism having 2 to 1 advance-to-return-time-ratio generating the displace-

ment specified below. - The translation component is

Sd = C1 sine0

the rotation is a Tinear function of &, for 30° < 6, < 210° during the
advance stroke (C.C.W.) and for 270° < 8, < 330° during the return
stroke (C.W.). It -is an exponential function of e in the rest of the
domain as shown by the solid lines for wdo in FigUre 22. The input for
the desired screw displacement for Program C was prepared as data at
24 design points rather than defining the functional forms in the
SUBROUTINE DSIRED. The design points are taken with 15° increments in
the input crank rotation. The values of the desired rotation displace-
ment wdo at 24 design points are given in the fourth column in Table IX.
The additional constraining condition in the problem is that the Timit
position of the rotation is to correspond to the value of 6 = 0 at which
the limit position for the maximum value of the translation [first
order instantaneous dwell in translation] takes place. Ay = 60° is
a design constant.

The desired translation component suggests that the RSRC mechanism
with 6, = 0 is the best choice, which generates the translation dis-

p]acement exactly. In this mechanism the upper limit of translation



AN -RSRC MECHANISM OPTIMIZED TO GENERATE THE SCREW

TABLE VIII

DISPLACEMENT IN EXAMPLE 4, HAVING 6q; AS
ONE OF THE UNKNOWN DIMENSIONS
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%o

¢

Vg,

¢d0

V4,V

g 90

1 (deg) (deg) - (deg) (deg) (deg)

1 24,499920 132,553783  -0.000000 0.000000 0.000000
2 19.499920  133.077570 0.523787 .  0.493827 -0.029961
3 14.499920 134.627676 2.073893 1.975309 -0.098585
4 9.499920  137.166204 4.612421 4.444444 -0.167978
5 4.499920  140.652363 8.098579 7.901235 -0.197346
6  -0.500080 145.052898  12.499115  12.345679 -0.153437
7  -5.500080 150.357382  17.803598  17.777777  -0.025822
8 -10.500080 156.600681  24.046898  24.197531 0.150633
9 -15.500080 163.902224  31.348440  31.604938 0.256496
10 -20.500080  172.553782  39.999998  40.000000 0.000002

S Sg Sd Xo

i (in.) (in.). (in.) (deg) - .

1 1.761359  -0.000000 0.000000  90.206206

2 1.687252  -0.074107  -0.077778  89,872369

3 1.610817  -0.150541  -0.155556  90.633061

4 1.532637  -0.228772  -0.233333  92,465133

5 1.453306  -0.308053  -0.311111  95.347013

6 1.373427  -0.387931  -0.388889  99.268359

7 1.293610  -0.467749  -0.466667  104.245034

8 1.214461  -0.546898  -0.544444 110342483

9 1.136583  -0.624776  -0.622222 117.718403
10 1.060568 700791 -0.700000  126.720280

-0.
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occurs when 8, = 90°. Since one of the Timit positions of the output
rotation must occur when the upper limit of the translation occurs,
9y, =‘eO = 90° is where the coupler ellipse must be tangent to the

input crank ellipse. Then from Equation (5.13) it follows that

q, = 90°

Since the advance-to-return-time-ratio is 2/1, the vé1ue of 6,, corres-
ponding to the second limit position of the output crank rotation is

given by

_ 2 _ o
89, = 5-(360) +6,; = 330

then from Equation (5.13) we have
q, = 130.8931°

d, is the only unknown dimension left to be determined by minimizing
E¢, since the dimensions a, b and d; are determined by Equations (5.19),
(5.20), and (5.21) after determining d,. Let d, = 2.0 in. \

Thus, the optimum value of d,, for which E, is minimum,-is d2 =

¢
9.886017 in. Then, a = 3.835109 in., b = 1.631712 in. and d, =
10.219801 1n., (RMSE)s = 0 and (RMSE)¢ = 0,255711°. The maximum devia-
tion of .generated rotation from the desired one at the design points
is 1.093482°. The displacements in this mechanism are given in Table
IX, and plotted in Figure 22.

It is to be noted that smaller dimensions could be obtained by
fewer design points. Another RSRC quick-return mechanism is optimized
using 6 design points at 8 = 0°, 75°, 165°, 210°, 240° and 255°. The

optimum dimensions of this mechanism are d, = 8.416473 in.,



TABLE IX

THE OUTPUT OF PROGRAM C FOR THE RSRC-QUICK-RETURN MECHANISM
OPTIMIZED IN EXAMPLE 5.

24 DESIGN POINTS

.352112

% ®q wdo S %o 11)glo lwdo 11)gol

i (deg) ~ (deg) (deg) (in.) (deg) (deg) (deg)
1 0.000000  142.3735395  31.000000 0.815856  13.093168  30.334782 0.665218
2 15.000000  136.092590 24.000000 1.264144  12,570049  24.051977 0.051977
3 30.000000  128.265175 17..000000 1.681882  12.957454  16.224562 0.775438
4 45.000000  120.947131°  10.000000 2.040601  14.284992 8.906518 1.093482
5 60.000000  115.693986 3.000000 2.315856  16.404535 3.653373 0.653373
6 75.000000  112.857127 0.700000 - 2.488889  19.074224 0.816514 0.116514
7 90.000000  112.040612 0.000000 2.547907  22.040613 0.000001 0.000001
8 105.000000  112.670526 0.500000 2.488889  25.069034 0.629912 0.129912
9 120.000000  114.246048 2.000000 2.315856  27.947970 2,205435 0.205435
10 135.000000  116.390727 4500000 2.040601  30.490191 4.350114 0.149886
11 150.000000  118.838938 7.000000 1.681882  32.537152 6.798325 0.201675
12 165.000000  121.412871 9.500000 1.264144  33.966106 9,372258 0.127742
13 180.000000  124.004066 12.000000 0.815856  34.697705  11.963452 0.036548
14 195.000000  126.559879 14.500000 0.367569  34.701591  14.519266 0.019266
15 210.000000  129.072105 17.000000 -0.050169  33.998079  17.031492 0.031492
16 225.000000  131.564783 19.500000 -0.408888  32.654871  19.524170 0.024170
17 240.000000  134.07875] 22.000000 -0.684144  30.778931  22.038137 0.038137
18 225.000000  136.650759 24500000 -0.857176  28.504699  24.610146 0.110146
19 270.000000  139.284864 27.000000 -0.916194 . 25.980267  27.24425] 0.244251
20 285.000000  141.914398 29.,500000 -0.857176  23.353583  29.873785 0.373785
21 300.000000  144.354401 32.000000 -0.684144  20.761158  32.313787 0.313787
22 315.000000  146.250225 34000000 -0.408889  18.322808  34.209612 0.209612
23 330.000000  147.040613 35.000000 -0.050169  16.147225  35.000000 0.000000
24 345,000000  145.985077 34.500000 0.367569 14 '33.944464 0.555536

2zl
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2.0 in., a = 3.747413 in., b = 1.903521 -in., d, = 8.624605 in.,

d, = |
q, = 90°, q, = 130.8931°. The maximum deviation of the generated rota-
tion from the desired one at the precision points is 0.091816°. (RMSE)

) S
= 0 and (RMSE)¢ = 0.04789°, The displacements in this mechanism are

given in Table X.

In the examples given above the screw displacements have first
order instantaneous dwells in-rotation, and the instantaneous dwells
occur when the exteriors of the input-crank-ellipse and the coupler-
ellipse are tangent, that is the curvatures of the input-crank-ellipse
and the coupler-ellipse are of opposite signs. When the desired rota-
tion displacement is a function of o" with»instantpneous dwells, wheré
n * 3 the solution will exist where the curvature of the input-crank-
ellipse and the coupler-eliipse conform,  that is when the interior of
one ellipse is tangent to the exterior of the other ellipse. As it is
discussed in the early part of this chapter, the designer may consider
the mechanisms -given in Figures 7, 8, 9 and 10 as the starting mecha-
nisms when synthesizing the RSRC mechanism for the generation of screw
displacements having higher order instantaneous dwells in rotation. The
following examples illustrate the use of the parameters of constraints
in synthesizing the RSRC mechanism for the generation of screw displace-
ments -having .even order instantaneous dwells in rotation.

Examp]e 6: Design an RSRC mechanism to generate the screw dis-

placement .

where Sg stands for that the generated output translation is accepted

as it is. 6, =0, e=0 and A = 60° are specified design constants.



TABLE X

THE OUTPUT OF PROGRAM C FOR THE RSR€ - QUICK - RETURN MECHANISM
DESIGN POINTS.

OPTIMIZED IN EXAMPLE-5:- 6~

% % Ydo S X Xgq "pdo""go'
i (deg) (deg) (deg) (in.) (deg) (deg) (deg)
1 15.000000 140.287519 24.500000  1.400050 - 15.357441 24,534338  0.034338
2 90.000000 115.753181  0.000000  2.683813 25,753181  0.000000  0.000000
3 165.000000 125.720345 10.000000  1.400050 40.108031  9.967164  0.032836
4  255.000000 140.844997 25.000000 -0.721270  34.114264 - 25.091816 - 0.091816
5 300.000000 148.197788  32.500000 -0.548237 25.209724  32,444607  0.055393
6 330.000000 150.753181 35.000000  0.085737 °19.859791  35.000000  0.000000

vel
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The functian is to be generated within A&, = 4¢, = 120°.

Let the design points be at x = -4, -3, -2, -1, 0, 1, 2, 3, 4,
where the real part of the desired function assumes Y, = -16, -6.75, -2,
-0.25, 0, 0.25, 2, 6,75, 16, respectively. The corresponding values of
the input and output crank rotations are ¢' =.-60°, -45°, -30°, -15°,
0°, 15°, 30°, 45°, 60° and wéo = -60°, -25,29°, -7.5°, -0.93779°, 0°,
0.93779°, 7.5°, 25.29°, 60°, respectively. However these rotations are
put in a consecutive order by introducing 6 = 6' + 60 and'wdO = wéo +
60. Thus, the input parameter and the desired screw displacement at
the design points are 6 = 0°, 15°, 30°, 45°, 60°, 75°, 90°, 105°, 120°
and wdo = 0°, 34.71°, 54.5°, 59.06219°, 60°, 60.93779°, 67.5°, 85.29°,
1205, respectively.

This is a screw dispiacement having a second order instantaneous
dwell in the rotation component at x = 0, or 6 = 60°, The necessary
condition for the second order instantaneous dwell must be satisfied at
6 = 60°, where the desired rotation has an inflection point. An RSRC
mechanism whose output rotation has inflection point may be used as the
starting mechanism in Program C. Dimensions and displacements of such
a mechanism are given in Figure 10. One may find RSRC mechanisms.with
inflection points in the output rotation in four zones of the input
crank rotation. These zones are 10° < g, < 60°, 120° < 0, < 170°,
190° < 6, < 240° and 330° < 6, < 350°. An RSRC mechanism was optimized
starting with the dimensions of the RSRC mechanism in Figure 10. Two
parameters of constraints were introduced at 6 = 0° and ¢ = 60°. Since
the‘constraint for the instantaneous dwell is at 6 = 60° the parameter
of constraint q, at & = 60° is defined by Equation (5.13). q, at

6 = 0° was one of the unknown parameters. Noting that & = 60° must
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correspond to 6, = 220° 1in the starting mechanism, the starting value
for 6,, was taken 160° in the input data. q, = 5° was assumed as the
starting value. The desired screw displacement was read as data. One
of the parameters of constraints is defined within the domain of output
rotation. Then the data for the Program C must have A6, = 60° and

8¢, = 60° which are defined by 8 = 0° and 60°. The remaining dimensions

of the optimum mechanism are d, = 3.457402 in., d, = 2,280365 in.,

d, = 0.86211 in., a = -0.734927 in., b = 0.543187 in., 8,, = 150.52356°,

i
i

12.16845°, q, = 49.70775°, and (RMSE) 0.63513°.

a4 = 0.0711097 rad

¢
The desired and the generated displacements are given in Table XI and
plotted in Figure 23. The generated output rotation velocity, ¢,/8,,
and tHe rotation acceleration, EO/éi, at the precision points, when

éo = 1 rad/sec, are also shown in Figure 23 to clarify the properties

of the generated instantaneous dwell. |

Example 7: Design a double-crank-RSRC mechanism whose output 1ink
js to rotate as a linear function of the input parameter during the 50%
of the cycle, and must have an approximate dwell during the 10% of the
cycle, as shown by the straight 1ines for wdo in Figure 24.

Note that such an instantaneous dwell in the output rotation of a
double-crank-4R plane mechanism can not be obtained since the inflection
point in the output rotation occurs at the dead center position.

A double-crank-RSRC mechanism with ¢, =0, e = 0 and A, = 60°
was optimized using 17 design points, 4 at the linear .portion, 13 at
the dwell portion. The mechanism in Figure 10 was used as the starting
mechanism, with e,, = 220°, g, = 230° at 6,, = 150°. q, at 6 =0 is.
defined by Equation (5.13). The dimensions of the optimized mechanism

are d, = 1.488489 in., d, = 2.13769 in., a = 0.737225 in.,



THE OUTPUT OF

IN EXAMPLE 6.

TABLE XI
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PROGRAM C FOR THE RSRC MECHANISM OPTIMIZED
8 DESIGN POINTS

i (deq) (deg) (deg) (deg) ?degg
1 150,52356 93,04567 0.0 0.0 0.0
2 180,523%6 145,20401 5215823 52.50000 0.324177
3 195,57356 151.31146 58,26579 $59.06219 0.79640
4 210.52356 153,0455%6 59,.,99Q989 60.00000 0.00011
5 225.52356 153.51276 60.46709 60,93779 0.47070
6 240,52356 159.668313 66 ,62267 67.50000 0.87733
7 ?755.,52356 178,98608 85.94041 85,28999 -0 .,65042
8 270.52344 213.14404 120.09837 120.00000 -0 .098137
Xg S1+Sy S4=S¢ S1+S4 Sd"sg
(deg) (1n.? (in.g (in.) (in.
1 80.87721 1.74494 0.0 1.74494 0.0
2 115,68513 N.24424 -1.50070 0.24424 0.0
2 115,10745 -0,52975 ~2:27468 -0.,52975 0.0
4 103.344732 ~1.24913 -2 +99407 -1.24913 0.0
5 87,19028 -1.86487 -3,.,60981 -1.86487 0.0
6 73.64011 -2+.33502 —~4 , 07996 ~2¢33502 0.0
7 T0e 24660 ~2.62753 -4 ,27247 ~2.62753 0.0
8 82.40030 —2.12247 -4 .,46741 0.0
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b = -0.148267 in., 8,, = 215,35207°, q, = 54.823044°, q, = 233.961044°,
and (RMSE), = 0.03553074 rad = 2.03576183°.

The desired and the generated output displacements are given in
Table XII and plotted in Figure 24. The output rotation velocity,
éo/éo, and acceleration, $/é§ at the design points in the dwell zone,
when 6, =1 rad/sec, are $,/6, = 0.11401, 0.07253, 0.03443, 0.0,
-0.03087, -0.05813, -0.08187, $O/é§ = -0.49422, -0.45595, -0.41574,
-0.37447, -0.33296, -0.29199, -0.25226. The corresponding va]ueS of

6 are 345°, 350°, 355°, 0°, 5°, 10°, and 15°.

Synthesis of - the RSRC Mechanism by

the Overlay Technique

Overlay technique used in synthesizing plane mechanisms for func-
tion generation is a graphical way of optimizing the mechanism by mini~-
mizing the error by sight, where the efficiency of the approximation
vdepends 1arge1y on the accuracy of the drawing.

One can use the overlay technique to synthesize an RSRC mechanism
by drawing a series of ellipses and more thén one overlay. This may
not be a desirable method of solution since it will consume a Tot of
time. However, the overlay technique is relatively simple when 56 = 0,
Then it requires drawing only the input-crank-ellipse, a series of-
coupler-circles, and an overlay for the output crank rotation, This is
illustrated fn two examples in the following. |

Example 8: Consider the design of a constrained RSRC mechanism

having 6, = 0 to generate the screw displacement

1:1; = A¢g (A%O-) + gAS (Z%;)
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SN ) P ' [ [
g go dg do "9o .
i (deg) (deg)  (deg) ~ (deg) (deg)
1 215.35207  116.47552 0.0 0.0 0.0
2 220.35207 116.39694 -0.07858 0.0 0.07858
3 225.35207 116,17291 -0.30261 0.0 0.30261
4 230.35207 115.82146 -0.65407 0.0 0.65407
5 235,35207 115.35995 -1.11557 0.0 ~ 1.11557
6  240.35207 114.80469 -1.67084 0.0 1.67084
7  245.35207 114.17113 -2.30440 0.0 2.30440
8  335.35205 205.07916 88.60364 90.00000 1.39636
9 5.35205 251.47572  135.00020  135.00000 -0.00020
10 65.35205 338,50366  222,02814  225.00000 2.97186
11 125.35205 76.79199 320.31641 315.00000 -5.31641
12 185.35205 112.91147  356.43579 360.00000 3.56421
13 . 190.35205 114.06790 357.59229  360.00000 2.40771
14 195.35205 114.97932  358.50366  360.00000 - 1.49634
15 200.35205 115.65984 ~ 359.18408  360.00000 0.81592
16 205.35205 116.12483  359.64917  360.00000 0.35083
17 210.35205 116.39082 359.91528  360.00000 0.08472
18 215.35207  116.47552 = 0.0 b.o '’ 0.0 -
Xq sl+sg S5 5175, 545
i (deg) (in.) ,(1n,? (in.) (in.?
1 61.65247  -0.81999 0.0 -0.81999 0.0
2 59.06410 -0.90878 -0.08880 -0.90878 0.0
3 56.24515 -0.99123 -0.17124  -0.99123 0.0
4 53.22261 -1.06669 -0.24670 -1.06669 0.0
5 50.02332  -1.13460 -0.31461 -1.13460 0.0
6 46.67352  -1.19444 -0.37445 -1.19444 0.0
7 43.19914 -1.24575. -0.42576 -1.24575 0.0
8 11.48880  -0.61173. 0.20825 -0.61173 0.0
9 17.51471 0.04610 0.86609 . 0.04610 0.0
10" 19.28972 1.09748 1.91747 1.09748 0.0
N 53.76271 0.97725 1.79723 0.97725 0.0
12 70.99617  -0.19437 0.62562 -0.19437 0.0
13 70.27577 -0.30577 0.51421 -0.30577 0.0
14 69.19917 -0.41541 0.40457 -0.41541 0.0
15 67.77969 -0.52245 0.29753 -0.52245 0.0
16 66.03461 -0.62608 0.19390 -0.62608 0.0
17 63.98434  -0.7255] 0.09447 -0.72551 0.0
18 61.65247 -0.81999 0.0 -0.81999 0.0
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d, = 2.13769 in. q,= 54.823044° e=0
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b =.-0.148267 in. o
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Figure 24. Desired and Generated Output Displacements of the DoubTle-Crank-RSRC Mechanism
Optimized in Example 7.
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about an axis which forms the ;kew ang1e“>\0 = 60° with the axis of the
input shaft, where a¢, = 45°, A8, = 90° and AS = =10 in, This axial
screwvis a helical displacement of pitch AS/ 44, =.0.22222 in./deg. Then
- the designed mechanism is to replace a space mechanism with a helical
output pair of the same pitch. Note that if a helical pair having a

30° pressure angle were used to genekate the desired output, it would
require a pitch diameter of 44.1 in,

Steps in the overlay solution:

1. Since the output translation will approximate a straight 1ine
when -45° < 8,, < 45°, compute d, using the displacements of the mecha-
nism designed in Example 5, where A, was also 60°, Thus, AS = 2,44949
in. for d, =2 1n; in the domain defined. Then, d, =.10/1.224745 =
8.162 in. The remaining dimensions, dz' d3. a and b are determined to
approximate the output rotation.:

2. The overlay solution is constructed on the plane normal to the
output pair axis. Construct the input-crank-ellipse, considering the -
input crank of unit length. See Figure 25.

3. Define the minimum number of precision points on the rotation
component and the cokrespond1ng values of 8, Locate them on the input-
crank-ellipse. Seven design points were taken with 15° intervals in
Figure 25. | |

4, Dimension d, may be chosen arbitrarily. Draw a family of
circles of radif d,, with centers at the design points on the input-
crank-ellipse.

5. Construct a transparénf err1ay for the output rotation., This
overlay has a series of radial 1ines 1ndicating the position of the

output-crank at each design point, and a series of -circles with centers
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at the center of the radial 1ines. The intersection of a circle with
the radial 1ines are the design points on the output rotation.

6. Match the design points on one of the circles on the overlay
to the family of circles drawn in Step 4,

7. The center of the overlay circles determine the dimensions a
and b. The radius of -the matching overlay circle determines dj.

In the overlay solution constructed in Figﬁre 25 d, = d; is used.
Four constrained RSRC mechanisms which generatevthe desired output
rotation are shown. Mechanisms A and B are for counterclockwise output
rotation, and Mechanisms C and D are for clockwise output rotation. The
side view of the Mechanism A shows the output translation at the design
points. ,

Example 9:. Approximate.dwe1]s in the output rotation can also be
generated when using the overlay technique, if the geometric properties
of the mechanism at the Timit positions are utilized during the process.
The translation component is approximated first by the portion of a sine
function determining d,, A, and 6,1 In order to generate an instan-
taneous dwell at a specifiéd value of © a normal is drawn to -the input-
crank-ellipse at the point defined by 6. The design point on the over-
lay for the value of ¢ at which the instantaneous dwell is to take
place, must be placed on that normal during the overlay process. At
thevpoint where a higher order instantaneous dwell is to be generated
the radius of curvature of the ihput crank ellipse must be approximated
by the coupler link length d,. A rest in the rotation of the output
Tink for a 120° rotation of the input crank is possible. In order to
obtain first order instantaneous dwells at specified values of the

input parameter, the normal to the input-crank-ellipse is drawn to
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maintain a point of tangency of the exteriors of the input-crank-e]]ipse
and the coupler-circle at the specified value of the input parameter.
As an example let us design an RSRC mechanism with §, =0 and Ay = 60°

to generate the same dual function considered in Example 6

3
-)-(-—-+E:S 4 < x < 4

y=4 g’ AL

where Sg stands for that the output trans1atiqn is accepted as generated
by the mechanism.  The real part of this function has a second order‘
instantaneous dwell when x = 0. Let A8, = Mgy = 120°, and x = -4, -3,

-2, -1, 0,1, 2, 3,4 be'the,design points. The vaiues of the real

part of the dual function at the design points are Y, = -16, -6.75, -2,
-0.25, 0, 0.25, 2, 6.75, 16. The corresponding values of the input.
parameter and the desired output crank rofation are 6 = -60°, -45°,

-30°, -15°, 0°, 15°, 30°, 45°, 60° and wdo = -60°, -25.29°, -7.5°,-0,9378°,
0°, 0,9378° , 7.5°, 25.29°, 60°. Let us -consider that the translation dis-
placement is acceptable if it does not have a 1imit position within the
domain of displacements defined, The value of 6,, Which corresponds to
x=0or e =0 is a very important dimension. In this example 6., =

210°. Since the desired output rotation has an even order instantaneous
dwell at 6,,, at first the coupler-circ]e must be drawn tangent to the
input-crank-e]]ipée at 6., such that the center of the coupler-circle
must be rotating about a center in the same direction as the spherica]
pair moves along the input-crank-ellipse when passing the poéition at

9 That is, an inflection point in the output rotation must be

01°
determined. Since the value of 6,, is defined, q, = 49.06° at 6,, by
Equation (5.13). Let d, = 3.0 in. d, = 1.96 in. approximates the

radius of curvature of the input-crank-ellipse at.e,; = 210°. One may
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vary d, according to the order of the instantaneous dwell at 841
Figure 26 shows the overlay construction and an optimized

mechanism.
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CHAPTER VI
SUMMARY AND CONCLUSIONS

This investigation was made to develop a technique using the
variational principle to synthesize a space mechanism having cylinder
output pair for the generation of screw displacements by the displace-
‘ments of its output link. The desired screw is of the form @d(e) =
_wdo(e)-+ € wdl(e), where wdb(e) and wdl(e) are the rotation and the
Tinear components; 6 is the independent input parameter. Such a
screw displacement is to guide a rigid body. through Succeséive screws
of common axis. The‘technique is used to synthesize the RSRC space
mechan{sm to generate screw}displacements-within the specified limits
of input and output link displacements. By the variational method
the optimum set of dimensions of the mecharism is- obtained by mini-

mizing the error- function
N

E= Z {[wdo(ei) - wgo(ei)]2 + [wdl(ei)‘ - wgl(ei)lz}
i=
for the screw of unit radius, where wqo and_wgl are tHe rotation and
]inear components of themscrew displacement generated by the mechanism,
N is the number»of-design points chosen along the screw function at the
N véIues 6f the independeht parameter 8. The number ofvdésign points-
may be as many as desired. The large number of\design points provide

approximation closer to the approximation within a continuous interval,

However, the large number of-design points reduce the efficiency in

138
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approximating the desired function at the design points, since a mecha-
nism has a 1imited number bf dimensions. The screw function is genera-
ted exactly at the design poihts if the sum of the number of the design
points on the rotation and the linear components is the same or less
than the number of the unknown dimensions of -the mechanism. In this
study all the dimensions of the RSRC mechanism were considered unknown
parameters with the exception of the skew angle between the input pair
and the output pair axes, which was taken to be a design constant since
it defines the screw axis relative to a stationary frame of reference.

The screw displacements with no constraint, and screw disp]abe4
ments with constraints were considered in this investigation. The
RSRC mechanism is optimized to generate unconstrained screw displace-
ments where only the displacement is generated approximately at the
design points. The nonlinear equations of condition whiéh result 1n.
the minimizing process were linearized by Taylor's theorem. The optimum
set of dimensions of the mechanism were obtained by solving the line-
arized equations.of condition by the matrix method of iteration and
also by solving the nonlinear equations of condition by the relaxation
method of Gauss. The relaxation method proved to be an efficient
method for solving the equations of condition even when the initial
values of the unknown dimensions were too far from those of the optimum
mechanism. The convergence was fast, and the method proVided informa-
tion on the effect of each parameter on the convergence and‘the
efficiency in approximating the function at the design points.

The constrained screw-displacements are those, which have condi-
tions to be safisfied besides the approximate generation of - the

displacement. These constraints may be on velocity, acceleration, Jerk,
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force and torque distributions, either in the entire domain of the dis-
placements of at some specified values of the 1Aput parameter. The
constraining conditions considered in this investigation are the
generation of first and higher order instantaneous dwells in the
rotation component of the screw displacement at some specifiéd values
of the independent parameter within the domain of displacements. The
necessary condition for the introduction of any order instantaneous-
dwell in any component of the screw disp]acement at a specified value
of -the independent parameter is that the condition for the Timit. posi-
tion for that component of the screw displacement must be satisfied

at that value of the input parameter. That is, the first. order
derivative of the displacement component with regpect.to the indepen-
dent parameter must vanish at that value of the independent parameter.
The necessary and sufficient conditions for the generation of an nth
order instantaneous dwell in any screw component at a specified value

of the independent parameter are satisfied when the n consecutive
derivatives of that component with respect to the independent parameter
vanish at that value of the independent parameter. Generation of exact
dwell in any component is impossible, except when a passive freedom is
generated. The set of dimensions of a mechanism, which renders a
minimun for a function subject to constraints, must satisfy the equa-
tions of condition for the displacements and the equations of con-
straints. In such a case the equations of condition are usually com-
bined with the equations of constraints by the method of Lagrange
multipliers. In this investigation the equations of constraints for the

necessary conditions for all orders of instantaneous dwells are

eliminated from the process by introducing parameters of constraints.
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These parameters maintain the geometry in the mechanism that will
satisfy the eqdations of constraints at the specified values of the
independent parameter during the minimizing process. These parameters
are in general functions of the dimensions of the mechanism. However,
they enter the process as unknown parameters, their introduction may
exclude some other dimensions from the process. Thus, introducing the
parameters of constraints for the generation of instantaneous dwells in
the output rotation of the RSRC mechanism three linear dimensions are
excluded from the process, and they are computed after the parameters

of constraints are determined. The parameters of constraints defined

in this study provide that the necessary condition for the generation of
any order instantaneous dwell 1is satisfied exactly. It is shown that
higher order instantaneous dwell in any component of the generated screw -
displacement at a specified value of the input parameter is generated
when the redii of curvatures of the input-crank-ellipse and the coupler-
ellipse conform, when the entire mechanism is projected onto a plane in
which that component of the screw displacement is seen normal. Since
the generation of exact dwell in a displacement within a specified
intervai means that eXact generation of the displacement at infinite
number of design points, and it is not possible, inclusion of the
equations of constraints for a higher order instantaneous dwell is not
necessary if the necessary condition is satisfied along with the minimum
of the error function for the displacement. So the sufficient condi-
tionslfor the higher order instantaneous dwells may be left to be
satisfied, or approximated, by the propensity of the variational method,
rather.than introducing time consuming and error bearing operations}

The RSRC mechanism is synthesized to generate the screw
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displacements -

i

~ T ‘ 2 2
= (0) + e S (1 —ﬁ-—) -1 0 <6 < 80°
wd (0) g [ A6, i} <0<

and
A - —_e—_ 2 _ '- 3] 2 °
Vg A¢O<Aeo> +5A5{ _(1 E)] < 6 <80
with no constraints, and the screw displacement
Uy = 89 —§—>2+5As_e_ 0 <o < 47.5°
d 0\ 28, (Aeo> - =

with a first order instantaneous. dwell in rotation at & = 0, and the

dual function

-~ x3
y=z—+eS -4 <x<4

g

with 20, = Mgy = 120°, where S_"stands for that the Tinear displacement

g
is accepted as generated by the mechanism. This dual displacement has
a second order instantaneous dwell in the real part when X ¥~O. A
double-crank~RSRC mechanism is designed to'haVe linear output rotation
with a higher even order instantaneous dwell. It should be noted here
that an even order instantaneous dwell can never be generated by a
single loop 4R plane mechanism and multi-Toop plane mechanisms in which
the output 1ink of one loop is the driver of the next loop.

| An RSRC-quick-return mechaniém is designed to illustrate the use
of the parameters of -constraints in obtaining more than one instantaneous
dwells 1n_rotation, and generating exact return-to-advance-time-ratio.

The technique and the.computer programs are directly applicable

toAsynthesize 4R plane mechanism for the generation of screw displace-

ments of zero pitch, having no constraints, or having constraints for
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odd order instantaneous dwells. A 4R plane mechanism is optimized to

generate the screw‘disp1acement
A e 2 .
by = b6 (——) + £(0) 0 <8 < 90°
d 0\ 46, -

with a constraint for a first order instantaneous dwell at e = 0, and
the requirement that Ad, must be exact.

It has been shown that the RSRC and other space mechanisms can be
synthesized by a graphical overlay technique and illustrated by synthe-
sizing a constrained RSRC mechanism for the approximate generation of

the screw displacement

D, = 2L £ °
g = A¢O( ey ) + e (Aeo ) 0<6<90

and the dual function

with as = 49, = 120°.

The process of optimization by variationa]-methodélrequires the
kinematic ané]ysﬁs of the mechanism to be synthesized in order to pro-
vide the function for the generatéd screw displacement. The 3x3 screw
matrix was used to determine the displacements, velocities, accelera-
tions and coupler curve coordinates for the basic mechanisms being
synthesized.

It can briefly be stated that the outcome of -this investigation
was the development of

(1) a synthesis technique for the RSRC mechanism by variational
methods for the generation of constrained and unconstrained screw

displacements,
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(2) parameters of constraints for instantaneous dwells, and so a
technique to e]fminate~the equations of constraints for instantaneous
dwells and the corresponding Lagrange multipliers,

(3) the grahpical overlay technique to synthesize the constrained
RSRC mechanism for screw generation,

(4) the method of analysis. of space, spherical and plane mechanisms
by the 3x3 screw matrix,

(5) the general form of the mobility equation by redefining
Kolchin's parameter in terms ofvthe number of general constraints,
the number of passive freedoms and the number of overclosing con-
straints.

(6) digital computer program for the complete analysis of the
RSRC mechanism, and

(7) digital computer programs for the synthesis of the RSRC mecha-
- nism for the generation of constrained and unconstfained screw disp]ace-}
ments.

Thevresu]ts of the present study offer the following as subjects
for further study:

(1) Synthesis of other space mechanisms‘for the generation of screw
displacements by variational methods.

(2) Developing the parameters of constraints for instantaneous
dwells in the Tinear component of the screw output of the RSRC mecha-
nism and so developing a technique to synthesize the RSRC mechanism for
the generation of screw displacements having constraints for instan-
taneous dwells in the linear component or in both components at some
specified values of the independent parameter.

(3) Developing the parameters of constraints for the vanishing
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second and third order derivatives of the output displacement components
of the RSRC mechénism, or other space mechénisms, for use in synthe-
sizing those mechanisms for instantaneous dwells with no inertia force
and no jerk.

(4) Synthesis of the RSRC and other space mechanisms for the gen-
eration of spatié] path with and without constraints by variational
methods.

(5) Synthesis of the RSRC and other space mechanisms for rigid
body guidance in space by variational methods. -

(6) Synthesis of plane and space mééhanisms for the generation
of specified force and torque distributions, or velocity and accelera-
tion distributions by variational methods.

(7) Dynamic analysis of space mechanisms by 3x3 screw matrix.

(8) Gross motion analysis of the RSRC and other spacé mechanisms.

(9) Effect of elastic deformations in the Tinks of space mechanisms
on the output displacements. |

| (10) Developing a mathematical,procedure to determine the number
of overclosing constraints in mechanisms.

(11) Developing a mathematical procedure to determine the axes of
the three basic screws, the existing components of these screws, so the
number and types of general constraints in mechanisms. .

(12) Number synthesis technique for space mechanisms considering

general constraints, passive freedoms and overclosing constraints.
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APPENDIX A
BRIEF DISCUSSION ON THE SCREW CALCULUS
Following are some of the basic operati&ns in screw calculus.
Dual Vector

The.vector A, shown in Figure 27, is defined as a dual vector

[bivector] in the OXYZ system by

A = A, N eh, (A.1)
where Kb is the vector at the origin of the coordihate system, para11e1
to the vector A and [A | = [A|. The vector ﬁ}is.the moment of the ‘
Qéctor about the origin of the coordinate system, and is given by
K&'=~K¥/Aﬁ%. The symbol A signifies the vector product of two vectors.
A
vector A. The symbol e is the C]iffqrd‘s screw operatbr which trans-
forms the moment of a vector into a geometrically equivalent vector
(69). Repeated operations with ¢ results zero operation. Then &2 = 0.
The caret over A identifies a dual quantity.

If a and a, are the unit vectors along A and A,, we can define

ai =_A2/\a0 as the vector of moment arm. Then

R=15|3,+ca, IRl = K| (& + )

or .
A=|&[a (A:2)
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, is the vector which positions a point on the line of action of thé_ L
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Figure 27. The Dual Vector

Figure 28. The Dual Vectors A and B
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where a = a, + ea, is the dual unit vector, and [a | = Iﬁ%/\55[>is the

distance of the vector A from the origin of the OXYZ system.
Dual Number

A dual number is of -the form

~

d=d +ed - (A.3)

where d, and d, are real numbers, d, is the real part; d, is the dual
part, or moment part. Algebra of the dual numbers is the same as the
algebra of complex numbers with imaginary parts. Thus, if d.= d, + ed;

and e = e, t ee, are two dual numbers, in virtue of the property of the

J

operator e, we have the following rules (51,53,9):

d=0 if d, =d =0 (A.4)
d=e if d,=e, and d, = e (A.5)
dte=(d =e)+eld ze) (A.6)
d-e = dje, + e(dyey + dge;) (A.7)
~ood -, d e :
d 0 V! 1
—=— {1+ ———-—) A.8)
e %o L €<do o 1 (
d" = df + ed, ndl"? ~(A.9)
nM— N op— d,

d = Vdy +e- (A.10)
. \/dn-l
e = ed? &' = ed% (1 4+ ed)) (A.11)

R d1 d1
wnd = gn (do + € a—g—) = 4n dO + e T (A.12)

O.
Dual Angle

The displacement of a coordinate system through a rotation éo
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about an axis and translation 8, aiongwthe'same axis, with respect to

its initial position can be defined by the dual angle

6 = 8y * 8, (A13)

as discussed in Chapter II. 6, and 6, are positive in the right hand:

screw direction. Frequently used dual trigonometric relationships are

sing = sing  + €6, COS8 (A.14)
cosf = cose; - €6, sing, (A.15)
sin26 + cos28 = 1 ‘ (A.16)
tang = tane + eo, (1 +.tan260) (A.17)
cotd = coto, - eo, (1 + cot?e) (A.18)

Scalar and Vector Products of Two Dual Vectors

The operations with dual vectors are not distﬁnguished from the
operations with the ordinary vectors. If T = Kb + éﬂl and §7='§b + sE}
are two dual vectors, shown in Figure 28, the scalar product of the

two vectors is

.E'=‘Kb-§5 +\s[(ﬂé/\ﬁ5)-so + Aoe(B%/\BO)] = A,B,

x>

- 2B, - K,) - (K, By) o (A.19)

Let ﬁé and B, position the points A, and B, on the vectors A and B,

where A,B, is the common normal of the two vectors, and introduce

¢, = 82 -A = ¢1 n

where ¢, = [B, - ﬁél is the length of the common normal, ﬁb_is the

unit vector along the common normal A,B,.
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If the skew angle between the two vectors Kb and Eh is ¢,s we
have A B, = [A] IEW’C°5¢03 ﬁé/«ﬁb = [A] [B] singyny. Then Equation
(A.19) becomes

x=|>

B+ |K| [B] coss (A.20)

The vector product of the dual vectors A and B is

ﬁ/\§= |R] [B] sing;n, + €T, (A.21)
where
T, = (&, /\KO) B, + A, /\@ /\EO)

and noting that B, = ﬁév+ %, Ng
= |A] [B] ¢, cosgon, + A//\ ")

Let Az/,\n0 = n,, where n; is normal to the plane 0A,B, and |n | is the

distance of n, from the origin 0. Then

= || [B] ¢, cose n, + sing

and -
?;«§'= [A]|B] (sing ny +.e sing, n,) (A.22)
Derivative of a Dual Matrix
The derivative of a dual variable o with respect to t, let t.be
time, is
* . dao do,
oo "0, 1
BTt e (A.23)

Consider a dual matrix
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1 0 0
T.=T T =10 cosa -sina.
(o4 o (s
1 %o .
0 sina CoSsa

for the dual rotation a-about the x axis, where TOL0 and-%a] are given

by Equation (2.7). The derivative of f& with respect to t is

dT: /4 - . (d |
HT =<H-E T°‘1> TO‘o ' T“l(a-f T“O) | (A_‘ )
noting that
do :
d . _0
T TOL0 = D, Tm0 It (A.25)
and
d
d - et | |
dt TO’1 = EDI dt ] | (A026)
where
0 0 0
D, =.]0 0 -1 (A.27a)
0 1 0

is the differential operator matrix for the rotation about x axis. The

differential operator matrices for the rotations about y and z axes are.

0 0 1 0 -1 0
D2 = 0 0 0 and D3 = | 0 0 (A.27b)
'] O O O O O
Then,
- da - do
Tl Ty Tl Ty & (A.28)

o 1 0 :



alsg noting that

A~

Ts = T“o
A do
d - 0
. d_fT D]_ Tuo —"dt +

and if ?g is the transpose of f&, we have

Q>

and

~

dt? o

where DI is the transpose of D,.

+ € o) D1 Tm0

dag
ao t

Taylor Series Expansion of a Dual Function

Let f(a,b,c,...) be defined in some intervals of the dual
variables a,6,¢,..., and let a;, by, Cise..

intervals. If all derivatives of ?(5,5,5,..

Ci>...), the Taylor series

.) exist at (51, 51,
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(A.29)

(A.30)

(A.31)

define a point within the

+ ?1"n° . (¥S%n + ... ]

BC

will converge to f(a,b,c,...) for all a,b,c,..

with-a;,b5,¢;

.I, B o

a; = a - da, b; = b - db,

) _(d)"
nl

(A.30)

., or else in an interval

as the midpoints of the respective intervals; where
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In the special case when 51 = 6{ = Ei =, . .= 0, the Taylor series

expansion given by Equation (A.30) becomes

en s . 9F(agsbgser.) . 3F(agabgses.)
f(a,b,cy...) '-f(ao’bo’co"") + e [:al 2, b, b
a% Aysbasess
+ e, (29,05, ) +] (A.31)
' SCO
since, for example 3%/5a evaluated at a = b = €=...=0 becomes

3%(ao,bo,C0,...)

360
tion each independent dual variable is replaced by its real part. One

A

, where %(ao,bo,co,,..)umeans that in the dual func-

should observe the Taylor series expansions for a”, éd, sine and cosé

in Equations (A.9), (A.11), (A.14) and (A.15).



APPENDIX B
MOBILITY CRITERIA

‘ However the subject of mobility in mechanisms is not in the scope
of this study, the author experienced the need for a mobility equation
which predicts the degree of freedom of motion in mechanisms in general. -
Among the proposed ones, so far, Kolchin's structural formula has the
general form of the mobility equation (16,17,36). However his param-
eter is not fully defined. In the following the génera] form of the
mobility equation is developed by which the number of degrees of free-
dom of motion in a mechanism having general constraints, overclosing

constraints, passive and redundant freedoms is predicted.
Malytsheff's Mobility Equation

When a mechanism has no constraints the number of degrees of

freedom of motion in the mechanism is given by

5
Fo = 6(n=1) = 5 (6-1)N, (B.1)
=1
where n is the number of links in the mechanism, i is the class of a
pair, N, is the number of the jth c]asérpairs in the mechanism. A
pair of Class i connecting two 1inks permits i freedoms of motion of
one link relative to the other. Equation (B.1) is Malytsheff's mobility

equation (4). However, it is not a sufficient criterion in general,
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since it does not consider the effect of constraints. This was noted
first by Bricard (93) when it failed to predict the degree of freedom
of motion in Bricard's six-bar space mechanism.

In fact geometric constraints imposed on the mechanism has the
total effect of producing passive freedoms, redundant freedoms, general

constraints and overclosing constraints.
General Constraints

When there is no general constraint in a mechanism the motion of
the 1inks relative to the fixed link is described by three baﬁic
screws; three rotations and three translations about three screw axes,
orthogonal or not. General constraints have the effect of destroying
some of the components of the three basic-screws, such that none of the
1inks has components of its motion in the direction of the destroyed
screw components. The remaining components describe the entire motion
of -the mechanism. The number of the nonexisting components of the
basic-screws is the number of general constraints in the mechanism.

Let m define the number of general constraints;

m M + M

where My and My are the general constraints on rotation and trans-
J
Tation about the JtM Basic Screw Axis (BSA) describing the general

displacement of the mechanism, respectively. Mp and My are zero or
J J
one.
The number of the general constraints in a mechanism can at most

be 5, where m = 5 implies Class I pair. There are 19 possible types
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of general constraint combinations. In case of plane mechanism
m = 3 states that there is no rotation about BSAT and BSA2
(110,001)

while there is no translation along BSA3 - m ) =3 indicates a

000,111

spherical mechanisms. m( = 3 indicates a mechanism in which

111,000)
all the pairs are prism pairs and at least one link has a displacement
out of the plane of the two of-the three Basic Screw Axes.

| In Figure 29 several mechanisms having different numbers of gen-
eral constfaints from 0 to 4 are shown. The RSPC mechanism, shown in
Figure 29a, functions as the RSgPC mechanism when the skew angle is
zero. Then one of the rotation freedoms of the spherical pair becomes
passive, and the pair can be replaced by the slotted sphere pair (Sg),
as shown in Figure 29b. In this mechanism none of the links can have a
rotation-component of its motion about one.of the threevbésic screw
axes, and the mechanism has one general constraint on rotation,
m(1ao,ooo) = 1, When the skew angle ay between the input Tink and the
coupler link of the RCCC mechanism shown in Figure 29¢ is zero, the
rotation freedom on the two cylinder pairs on the output Tink are
passive. Then the mechanism reduces to an RCPP mechanism having the

genera]-constraintsvm( ) = 2, as shown in Figure 29d. When the

011,000
revolute pair in the RCCC mechanism is replaced by a prism pair, the

mechanism reduces to 4P mechanism of m( = 3, as shown in

111,000)
Figure 29e. One note worthy observation regarding the effect of the
geometry on the mobility of the RCCC mechanism is that when the skew
angle &, is zero the mechanism functions as a prism pair. However,
this does not mean that the RCCC mechanism does not reduce to a

mechanism when 8o is zero. A constrained inversion of the RCCC mecha-

nism, the RCRC or RCCR mechanism, is formed when §, =.a, = 0. If, in



165

M(011,000)=2 M(111,000)"2 //
(d) (e)
P
t R
Hg
m(011’011)=4 M(101,110)~%
(f) (9)

Figure 29. Mechanisms With General Constraints
Varying from 1 to 4
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the RCCC mechanism, d, = d, = d3 = 0 and the pair axes intersect at

one point, a spherical mechanism results, while if |d,/sina,| =
]dz/sinso] and o, = 8y, B, = A, translation freedoms on the pairs become
passive resulting in the well known Bennett mechanism. The components
of the dual Toop closure equation for a mechanism may be used to

predict its motion. In case of the Bennett mechanism both the dual

and the real parts of the dual Toop closure equation concur with the
displacements in its spherical indicatrix. So there exists three
trans1ationa1 general constraints in its motion, M(o00,111) = 3. Due

to the symmetry in its geometry, the displacement of the coupler link

is rotation about an axis in space which moves to infinity as the
geometry of the mechanism approaches the geometry of plane mechanism
[parallelogram]. Then the axes of the three basic screws are parallel,
and - the rotation about the axis at infinity is defined by two transla-
tion freedoms. Goldberg's five-bar and six-bar mechanisms (103), which
are Bennett mechanisms in series, then have general constraints
\m(ooo,111) = 3 in each Toop.

Figures 29f and 299 show the RHPVandﬁRHsP mechanisms having the

general constraints m = 4 and m( ) = 4, respectively.

011,011 101,110
L]

Redundant Freedoms

Two spherical pairs in a single-loop mechanism introduce an addi-
tional degree of freedom into the mechanism. Under certain geometric
conditions it requikes a second input for the transmission, as in the
RSRS mechanism. This second degree of freedom of motion is a redundant
freedom in the case of the RSSR mechanism. In this case, however, the

redundant freedom has no effect on the input-output transmission, but
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it can be used to derive a second loop. Such a redundant freedom can be
eliminated by replacing one of -the spherical pairs by slotted sphere
pair, provided that the axis of the pin in the slotted-sphere pair is-
not along the common axes of -the two pairs on the coupler Tink.
Redundant rotation freedom will also result when a spherical pair
~ is on the axis of a cylinder pair on a link. In this case the cylinder
pair could be replaced by a prism pair. Redundant translation-freedom
will result whenever the axes of two cylinder or two prism or one prism
and -one cylinder pair are parallel, as in the RCCC mechanism when

§. =0, or B, = 0. If both pairs are cylinder pairs the redundant

0 0
freedom is eliminated by reb]acing one of the pairs by revolute pair.
If one of -the pairs is a prism pair either prism pair is eliminated of
cylinder pair is replaced by revolute pair.

In case the axis of a prism or a cylinder pair is parallel to the
axis of an axial-screw-pair or to the axis of translation freedom of
a planar-screw-pair, the screw freedom is redundant. In such cases the
screw pair functions as a revolute pair in a single loop, however, it
can function as a screw pair in a second loop. Redundant screw freedom
will also result whenever the axis of -a cylinder or a revolute pair is
in line with the axis of an axial-screw-pair, and with the axis of the

rotation freedom of a planar-screw-pair. Then the screw pair functions

as a prism pairn
Artobolevskii-Dobrovolskii Mobility Equation

Since an ith class pair destroys 6-m-i degrees of freedom in a

mechanism having m general constraints, Equation (B.1) becomes
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This is Kutbach's mobility equation which predicts the degree of free-
dom of motion in a mechanism in which all the loops has the same number
of general constraints and there exists no passive freedoms and over-
closed constraints (5,6)5 Equation (B.2) was reproposed by Artobol-
evskii, (10) and Dobrovolskii (11).

Let k be the number of the 1obps in a mechanism. Noting that

5
(D) 4k )N (B.3)
i-1
and substituting into Equation (B.2) and rearranging we have
6-m—]‘
o = 6(n-1) -ZE::: (6-1)N; + mk (B.4a)
i=1
or
Fo=Fotmk (B.4b)

In the case of the multi-loop mechanisms having different numbers

of general constraints in different loops, Equation (B.4) takes the form

Fo = F, + M (B.5)

where

k
M= m,
J=1

'and my is the number of general constraints in the Jth loop.
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Passive Freedoms

Passive freedoms are destrdyed, or idled, freedoms of the pairs,
due to certain geometric constraints [passive constraints]. Passive
freedoms can never be utilized. However, in practice the passive free-
doms and also the redundant freedoms are kept in the mechanisms rather
than eliminating them by replacing the pairs with lower class pairs.
This is preferred for ease in design, operétion aﬁd lTubrication. For
example, the spherical pair is preferred in place of the slotted-sphere
pajr in the RSSR mechanism, the cylinder pair is preferred in place of
a prism pair in the mechanisms of Figures 29a and d.

Any geometric constraint which produces passive freedoms in pairs
is prone to introduce general constraints. Bruevich (104), Verhovskii
(105), Bushgens (106) and Dimentberg (52,53) formulated general schemes
for determining the conditions for the introduction of passive freedoms
in the individual pairs of mechanisms and in particular the RCCC
mechanism.

Passive freedoms have no effect-on the motion transmission by the
mechanism and are deductable from tﬁe total degree of freedom of mbtion

given by Equation (B.5). Then the equation of mobility becomes

F=Fy+M-F

where N

=1

th

and fi is the number of passive freedoms on the i*" pair, N s the

P
number of pairs in the mechanism.

In the case of that'M = km,, Equation (B.6) may be written as
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Np
F = (6-m)(n-1) - Zgi: [6 -m~- (i - fi)] (B.7a)
i=1
or
Np
F = b(n-1) - (b - hy) (B.7b)
=1

where i is the number of freedoms on the ith pair, b = 6-m is the
existing general motion components in the displacements of the mechanism,
and h; =1 - f. is the number of the active freedoms on the ith pair.
Equation (B.7) is the Kutzbach's mobility equation, and is applicable
when all the loops in the mechanism have the same number of general
constraints..

Kraus (7,8,9) developed his number synthesis scheme for plane and-
space mechanisms using Equation (B.7).

As an example, consider the two-loop six-bar mechanism shown in

Figure 30, where m, =2, m =1, N, =4, N2 =2, and N, = 1. Note that

2 _ »
geometric constraints introduce one rotational passive freedom on the
spherical pair as shown, Fp =.1. Using Equation (B.6), the degree of

freedom of motion of the mechanism is
F=6(6-1) -5(4) -4(2) -3(1)+2+1-1=1

The RSRC mechanism shown in Figure 5 has a passive freedom on the
spherical pair when 6, = 0. This passive freedom introduces one general
constraint on the rotation. In this case the RSRC mechanism functions
as the RSGRC mechanism shown in Figure 31, where the axis of the rota-
tion freedom of the slotted-sphere pair about.the pin axis traces:a

cone surface which has slant angle A, and axis parallel to the input
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—_—— N O

Figure 30. Two-Loop  Six-Bar Space Mechanism

with m = 2, m, = 1, Fp = 1,

¢

/ki% (001,000)=1

Figure 31. The RS.RC Mechanism with m=1, which
is an RSRS Mechanism Having §, = 0°
with a Passive Rotation Freedom on
the Spherical Pair.

n =

N1 =8

mp =m, =my = 3
}FC_=

Figure 32. Three-Loop Plane Parallelogram
Mechanism of FC =2,
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pair axis.
Overclosing Constraints

In multi-loop mechanisms certain geometric conditions, i.e.,
symmetry in the geometry and dimensions, produce overclosing con-

straints. If -the number of overclosing constraints is defined by
k
FC = I gy where 93 is the number of overclosing constraints in the
J=1
gth loop, the mobility equation in general becomes

Fo=Fy+M-Fy+F, (B.8)

In a k-Toop series mechanisms FC k = 1. A k-Toop plane parallelogram
mechanism, such as the one shown in Figure 32 and Roberts' ten-bar
plane mechanism have F. = k - 1.

Figure 33 shows two multi-loop series space mechanisms having the
overclosing constraints defined by Fo = k - 1. The two-loop six-bar
mechanism in Figure 33a has one overclosing constraint and two passive
rotation freedoms, one on each spherical pair. The three-loop eight-
bar mechanism in Figure 33b has two overclosing constraints. Each loop
in both mechanisms has one general constraint on rotétion. These two
mechanisms were derived- from Altman's mechanisms (107, refer to Figures
26, 27, 28, 29 , 43, 50).

Equation (B.8) is the most general form of the mobility equation.

Kolchin (16,17,36) used Equation (B.8) in his classification scheme,

by writing it in the form

Fo=F, +H (B.9)

where

H= M- Fp+F (B.10) -
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Figure 33. Multi-Loop Space Mechanisms With Overclosing
Constraints, (a) Two-Loop Six-Bar Mechanism
with F.=1, (b) Three-Loop Eight-Bar Mechanism
with Fe=2.
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is the Kolchin's parameter.
Classification of Mechanisms

Kolchin classified mechanisms according to the number of general
constraints. A mechanism with m general constraints.is of Class m

mechanism, He grouped the mechanisms according to the group symbol.

H
-k
Ng=_M/—k— (B.11)

and named mechanisms in whicthp = F.

mechanisms in which H < M as "unlimited mechanisms,” mechanisms in which

= 0 or H =m as basic mechanisms,

H > Mas "special mechanisms" (]6,‘17,2],22)° However, the Tatter two
may be extended by naming the mechanisms in which Fp =0, F, # 0 and

H > M as overclosed mechanisms;_mechanisms in which Fp # 0, Fo = 0 and

i
H < M as mechanisms with passive freedoms; mechanisms in which Fc # 0,

Fp # 0, where F > Fo and H < M or F = F and H = Mor F < F_ and

p p
H > M, as overclosed mechanisms with passive freedoms. TEe RSPC, RS¢PC,
RCCC, RCPP, 4P, RHP and RHSP mechanisms shown in Figure 29 and the RS.RC
mechanism shown in Figure 31 are Basic Mechanisms. The two-Toop six-bar
mechanism shown in Figure 30 is a mechanism with passive freedom, the
three-loop eight-bar mechanism shown in Figure 33b is an overclosed
mechanism while the two-loop six-bar mechanism shown in-Figure 33a is
an overclosed mechanism with passive freedoms.

It is evident that a complete parametric study is needed to
identify the number of passive freedoms, redundant freedoms, number of
general constraints, number of overclosing constraints, and the axes of

the three basic-screws along with their existing motion components. In

the mechanisms having relatively simple geometry of motion,
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identification of these freedoms and constraints is relatively easy.
However, developing mathematical tools . to predict the components of the
three basic-screws, the number of general constraints and the number of
overclosing constraints in a mechanism having a complex geometry of

motion is subject for further study.



APPENDIX C
COUPLER CURVE COORDINATES

The synthesis of the RSRC or any other mechanism for path genera-
tion and rigid body guidance in space using the variational principles
requires the coordinates of the coupler point as the generated coor-
dinates, as discussed in Chapter IV. However, the synthesis for path
generation and rigid body guidance are not in the scope of this study,
the coupler point coordinates for the RSRC mechanism are given below
in order to furnish .information for further extension of this study,
and illustrate how the coordinates of a point are determined by using
the 3x3 screw matrix. |

A coupler point P has the coordinates f, g and h in the coupler
frame Olaivnivczv, which is parallel to the 0)£} n t% system in which
the coordinates of the coupler point P are f, —(d2 - g) and h, as shown
in Figure 5. The coordinates of the coupler point P in the OXYZ}
system are easily determined by transforming the unit vectors. in the
Papnp;p system into the OXYZ system through the path P - 0, - 0, - 0
by using the screw matrix TL given in Equation (2.9), where the ngnp;p

system is parallel to the O0XYZ system. Thus,

1 -sZp EYp 1 1
EZp ] -sXp ] = TbTa E'E; e"d; h! 1 (C.1)
-eY sXp ] 1 1
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where Xp, Yp and.Zp,are the -coordinates of the coupler point P in the

OXYZ system; Tph, Ty, %g and

A

Ta3 are defined with Equation (3.53);

Ty = é(e+f)B31 1 -g(e+f)Bll
-e(e+f)321 e(e+f)Bl1 1
1 e(dz-g)332 '-e(dz-g)Bzz
?dé_ = |-e(d,-9)B,, 1 e(d,-g)B,,
" and
1 -ehB33 EhBZ3
Th = eth3‘ 1 -ehBl‘3
~chB, , ehB,, 1
where

[B] =T, T, T. T,
AO 4)0 GO XO

as defined with Equation (3.53). The coordinates of the coupler point

P are simply the sum of the corresponding elements in the matrices on

| the right side of Equation (C.1). Then,

Xp =b - Secosx, + d3 sinx, singy + (dz—g) [sinxO (sinxo cosé, Cos¢,
- sing, cosAO) - sinxosin¢ocosx0] + (e+f) (cosxocosdO
+ sinxo sing cos¢o) + h[sinx0 sin¢0 siny,

+ cosxo(simO coss  cosé - sinso cosxoj
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Yp =a+d, cosy, -'(QZ-Q) (cosg, cosx, + cosé, sing, sino) -
- (e+f) §1n60 sing, + h(cos¢0 sinx, - cosao.s1n¢0'cosx0).(c.3)

~and

= . 9 + - +. - . . ,. . . ’
Zp S s1n;0 d3 cosr, sing, (d2 g)[s1nx0(s1nAO sins,

+JCOSAQ.COSGO c05¢0)-- COSAO sing, COSXOJ

.+,(e+f)(cosxo'sin§0 cds¢o --sim CQS§Q)

'fyhtcbsxo (cosa, coééO C05¢0,+3516*6 sing;)

+ cosa, sing, sihxoj (C.4)

VIn many design problems the path of the coupler point relative to
a coordinate system on the axis of-a screw displacement, SUCh'astthév

0,€5n58; system whose g;axisis thé axis of the output pair, may be

1 1. t
- | 3p® N3p? S3p
* tive to the 0 g!n!;! system are given by Equation (C.1) with ?b’ Ta

desired. ,The'coordinateé of the coupler point P, g s rela-

and TAO as be:n; 3n?t~matrices, f§ is as defined with Equation (3.53)
when Ay =04 .Thus,
g;p = -§ - (dz-g) sin§  sinx, + (e+f)‘cos<50 - h sing; cosx, | (C.5)
nép ='d3‘cos¢O - (dé-g)(cos:p0 cosx§ + cos§, s1‘n¢ozs1'nxO

- (e+f) sing, sing, + h(cos¢O siny, - coss sing, cos*o)(C.6)_
gy = dg sing, + (dz'-g)(cosaO cos¢, sinx, - sing, cosxo)

3p 3

+ (e+f) sing, Cos¢, + h(cosaO cos¢, cosx, + sing, sinxo) (C.7)
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JThe.coordinates of the coupler point P .given by Equations . (C.2)
through (C.7) are valid for a series of mechanisms such as the RSRC,
RSPC, RSHC, RSCR, RSCP, RSCH, and RCCC spatial mechanishs, keeping in
mind that'xo'is-a constant-in the RSPC mechanism, while e is constant
in the RSﬁC mechanism, and §, is —60 in thé:RCCC.mechanism,and its.
constrained inversions shown in Figure 29.

CoupTer point coordihates can be compufgd by thé SUBROUTINE COUPLR‘
in the digital computer program, Program A, ineﬁiin Appendix F. The ‘
program computes the coupler point coordinates as given by Equétions
(c.2) throbgh_(C.?) and prints out.-.The coupler curves can be plotted,
if desjred, by ca]]inthhe PLOT subroutine. The three projections of a
coupier curve -on the X - Y, X - Z and Y - Z planes are b]otted bn the
same page by unfolding the planes of projection onfo the Y - Z plane, :
where the +X axes of the X - Z plane and the X - .Y plane overlie the +Y
axis and the -Z axes offthenY - Z_p]ane; respectively. A similar piot
is givén.for the projections of the coupler curve in the 03§§n§E§

system;



APPENDIX D

GEOMETRIC PROPERTIES FOR THE LIMIT POSITIONS AND INSTANTANEOUS
DWELLS IN THE OUTPUT DISPLACEMENT OF THE
RSRC SPACE MECHANISM

The exact generation of vénishing velocities and exact generation
of instantaneous dwells at specified values of the input parameter are
~considered to be the constraining conditions in the variational problems
of the synthesis of the RSRC mechanism for screw generation by the dis-
placements of its output Tink investigated in Chapter V, where para-
meters of constraints are defined to replace the equations of con-
straints utilizing the facts summarized in this appendix. These
parameters of constraints are also used to generate the range of the
displacement upon which they impose constraints for instantaneous dwells,

Exact dwell in a displacement component of a Tink is virtually
impossible. Exact dwell for a certain duration occurs when the deriva-
tives of the displacement of all orders with respect to the input
parameter vanish. This means having partial passive freedom in the pair
in the duration of the dwell, and discontinuities in the higher order
derivatives. Hence, an exact dwell in any component of the output dis-
placement occurs when.the freedom of the output pair permitting this
component of the output disp]acement.js passive. Then the resulting
mechanism is a constrained inversion.

Instantaneous dwells are merely approximate dwells. Instantaneous

dwells in the displacements of a Tink occur at the limits of its
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displacements, where the 1ink stops instantaneously. The 1ink may rest
at such a positioh with or without inertia force. If the second de;iva-
tive of - the disp]écemenf Qith respect to the inbut»parameter vanishes
at the limit poﬁition; tﬁe 11nk rests Wi%h-no.inertia force at that
position. Here it is considereﬁ.that‘input;crank has constant:speed.

The {1m1t positions in a disp]acément are defined by the vanishing
derivatives of the displacement with-respectﬁto the input parameter.
The derivative will vanish at the maxima,,maxiﬁa and at the points of-
1nf1ection along the displacement. A maximum or minimum in the dis- -
placement .occurs whén the,odd'order derivatives\(ISt, 3rd’ et;.) vanish,
An inflection {n-thé displdcement occurs when the even order derivatives
(Z”d,v4th. etc.) vanish, |

As defined by Harding (108) a link is at the state of -the first:
degree heéitation [Firsf order instahtaneousvdwe11] at a 1imit position
if-only the first derivative of the displacement of the Tink vanishes
at that position. At such a position the Tﬁnk,nest with inertia
| force. If n consecutive derivatives of the dispTacement vanish at the
| 1imit position it is an nth degree hesitation»[nfh order fnstantaneous
dwell]. Exact dwell, then, is an infinite order instantanéous dwell,
The double-crank-RSRC mechanism whose displacements are'given 1n Figur@
10 has a second order instantaneous dwell in thé outpuf rotation when
8, = 220,33°, The RSRC.mechanigm whose displacements are given in
Figure 9 has a third order instantaneous dwell 1in the output rotation
when 6, = 270°, o -

The order of the instantaneous dwell depends on the degreé of
conformity between the curvature of the 1npht-¢rankme11ipse and the

cgupIer!eT1ipse as it is shown in the following dﬁ56ussion.

i
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The Timit:positions for the dual output-displacement of the RSRC

mechanism must satisfy the conditions

~

dp_ =9 or
deo

L;&

ds
=0, HEB-_ 0 (D.1)

[a

%

If both of these conditions are satisfied simultaneously, the limits of-
the rotation and translation take place simultaneously. From Equations

(3.77) and (3.79) it follows that at the limit positions of the output

rotation
WL, + W,L, cos?§, =0
(D.2)
2
WM, + wlM2 cos®s, #.0
where M), M,, L, L, are identified with Equation (3.78), W, and W, are

identified'with-Equation (3.59). The second condition states that the
input crank must not have a Timit position at the same time as the out-
put crank rotation. That is, the mechanism must not be at the Tocking
position. At the 1limit positions of the output-transiation, .the

geometry sétisfies
M, (W, L, +,c05260‘w1L2) + L?_(NZM1 + coszdolwlejsinso =
. ) |
sinx, cose —tanx, (WM, + cos?8 wle) (D.3)

a]bng with the second condition in Equation (D.2). After necessary sub-

stitutions, Equation (D.2) reduces to

W cosgy. --W, cos2g, sin
tandy 2 to a0 M (D.4a)

B - © 9 2 ”
oS w2 sing, + w1 COS28, COS9,

or
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£ 2 : - 2 + . 2 * 2
[Nos1n Gocos¢os1n¢0 Mo(cos ¢O cos Gos1n ¢0)
- i - 2 i
taneo e s1n60cos¢o q3cos Gos1n¢0]

CoSA, ~ " . g . (D.4)
0 [No(sin2¢, + cos2s cos?¢,) - Mysin?s cos¢ysing,

- i i + 2
e sing sing, + d,cos 60cos¢0]

Equation (D.4) is the slope, tan Bhis OF the normal N; to the
input-crank-ellipse at the location of the spherical pair, as shown 1in
Figure 34, where the entire mechanism 1s projected onto a plane normal
to the output pair axis.

Now consider the position of - the coupler ellipse re]ative to the
position of-the output link as shown in Figure 35. The point P is the
location of the spherical pair on the coupler-ellipse. The coordinates

of -the point P in the 0,x'y' system are -

>
i

= -d2 cosX,

d2 cosdo 51nx0v

The slope of the normal N_ to the coupler-ellipse at point P, in
the 0,x'y' system is
2 1
d2 yp tany,

t '.:.. = - D.5
M Fne (d2 cossg)? xg coss,, (D.5)

then the slope of this normal relative to the X axis is

1 cos¢g siny, - sing, cosé, cosy,

tan 8. =~ tan(¢b + Yéc) =" sin¢0 s1'nx0 + 0S8 COSX, COS$, (D.6a)
or
W, cos¢, - W 60326 sing
tan B =20 1 0 0 (D.6) -
nc W, sing, + w1 C0s“8, COS¢,

This is also the slope, tan B,;, of the normal Ny to the input-crank-



184

Coupler-Ellipse
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Figure 34. The RSRC Space Mechanism Projected onto a
Plane Normal to the OQutput Pair Axis
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Coupler-Ellipse

Figure 35. The Slope of the Normal to the Coupler-
E1lipse at the Spherical Pair Location
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ellipse as given by Equation (D.4).

Therefore, the output crank is at its rotation 1imits when the
input-crank-ellipse and the coUp]ér-e1]ipse, each obtained when the
entire mechanism is projected onto a plane normal to the output pair
axis, are tangent to each other.

Examining Equations (D,4) and (3.63) it can be stated that an
RSRC mechanism may have up to eight 1imit positions in its output
rotation, and so eight values of input parameter at which first and
higher order instantaneous dwells occur. The number of the 1imit posi-
tions depends on the dimensions of the mechanism. Figure 36a shows
an RSRC mechanism at four limit positions of its rotation. When
§, = nm, the coupler-ellipse is a circle of radius d,, where the normal
NC is along the coupler link. Then the condition for the limit posi- .
tions on the output rotation given by Equation (D.4) reduce to

tans

Eggg% = tan(s, - X,) (D.7)

resulting in at most four 1imit positions on rotation when the circum-

ference of the input-crank-ellipse and.thevcoupler-circle are tangent,

as shown in Figure 36b. When §, = M1 o the coupler ellipse is a plane

—
parallel to the output pair axis. Then Equation (D.4) reduces to

taneO
cpson

= - coty, (D.8)

resulting in at most four 1imit positions on rotation, when the plane
of the coupler-ellipse is tangent to the input-crank-ellipse as shown
in Figure 36c.

The duration of the rest that output link experiences in its



Figure 36. The RSRC Mechanisms at the Limit Positions of the Output Rotation;
(a) s, is any, (b) 8, = nm, (c) 8§, = (n+1)n/2

81
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rotation displacement at the 1imit positions depends.on the degree of
conformity.betWeen the radii of curvatures of the input-crank-ellipse
and the coupler-ellipse. When the exteriors.of the two ellipses are
tangent at the limit.position, that is, when the two ellipses have radii
of curvatures of opposite sign at the point of éontact the output 1ink
has a first order instantaneous dwell in rotation such as defined by
the coupler-ellipses numbered 1 and 4 in Figure 36a and circles num-
bered 1 and 4 in Figure 36b. Higher order instantaneous dwells in the
output rotation occur when the interior of one ellipse is tangent to
the exterior of the other, that is, when the two ellipses have radii
of curvatures of the same sign at the point of contact. One should
observe that the output link in Figure 36a has an even order instan-
taneous dwell at the Timit position determined by the coupler-ellipse
numbered 2. Note that if the coupler 1ink Tength d, in the RSRC mecha-
nism shown in Figure 36b is chosen so that it concurs with the radius of
curvature of the input-crank-ellipse at s; = 270° a third order instan- ’
taneous ‘dwell in the output rotation occurs as shown in Figure 9.
Generation of an exact dwell in the output rotation requires that
the input-crank-ellipse and the coupler-ellipse must be of the same
size and one overlies the other. Such a géometric condition [passive
constraint] destroys the rotation freedpm of - the output pair and the
output link experiences translation only. In this case the RSRC mecha-
nism has one general constraint on rotation and functions as RSRSP
mechanism.
The geometry corresponding to the Timit positions of the output
translation is defined by the condition stated in Equation (D.3). Thus,

after necessary substitutions
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-sin, coté; = sins_ cotxo(cos¢0.- cosh, sing, coteo) (D.9)

where the left side of Equation (D.9) is the slope of the tangent tor
the input-crank-ellipse, tan vy, relative to the X axis. The input-
crank-ellipse, in this case, is the projection of -the input-crank-circle
ontb the plane of -the fixed 1ink and the output pair axis, as shbwn in
Figure 37. The right side of Equation (D.9) is the slope of the tan-
gent to the coupler ellipse which is the projection of the coupler-Tink-
circle onto the forementioned plane. Then, the 1imits of the output
translation take place at the geometry when the input-crank-ellipse

and the coupler-ellipse, each obtained when the entire mechanism is
projected onto the plane of the fixed link and the output pair akis,

are tangent to each other.

The right side of Equation (D.9) indicates a zero slope for the
common tangent when §, = nm, and the 1imit positions for the output
translation will be loacted at 6, = #90°. This is also observed in the
displacement function giVen by Equation (3.60), since it reduces to a
function of sine, when &, = nr.

The same conditions stated for the order of the instantaneous
dwells in the output rotation can be stated for the order of the instan-
taneous dwells in the output translation. The set of dimensions of the
mechanism which will cause the coupler ellipse to remain tangent to the
input crank ellipse as the output 1ink rotates will destroy the trans-
1atidn freedom of the output pair.

The 1imit positiohs of the output rotation and translation take
place simultaneously when the conditions given by Equations (D.2) and
(D.3) are satisfied simultaneously.

In the case of the 4R plane mechanism the higher order instantaneous
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Figure 37. The RSRC Space Mechanism at the Limit
Posi1tion of the Output Translation
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dwells in the output rotation are generated when the curvatures of the
input-crank-circle and the coupler-circle have the same sign. This
occurs when the input crank is at its dead center position. Infinite
order. instantaneous dwell in the output rotation occurs when the input
crank and the coupler link, and the fixed 1ink and the output link are
of the same size. When the output-crank of this mechanism overlies

the fixed 1ink, the coupler-circle overlies the input-crank-circle, and
input crank and the coupler link rotate about the input pair axis. Then

the output 1ink may be kept at rest for the whole cycle.

)



APPENDIX E

PARTIAL DERIVATIVES OF THE GENERATED
~ SCREW DISPLACEMENT

The first and second partial derivatives of the rotation and

translation components of the generated screw, ¢g and §§, with

respect to the unknown dimensions X and Xy needed to compute F,. and
3F,. ‘ 0

3??2 , and so to determine the matrices C and A in Equation (4.29), are’
given below. These derijvatives aré obtained by differentiating the
dispalcement functions for Xg’ §§ and ¢g given by Equations (3.59),

(3.60) and (3.62), with respect to the unknown dimensions. x_ = e,

v r
dl, d2, d3, a, b, 60,_AO, 601 for the unconstrained screw generation,
Xp = €, d;» d,s 9,5 9, 60, Aoe 941 for the constrained screw genera-
i . H i = s —s_ = S,
tion. Thus, letting ¢g b, g
3
%9 .
X
oK oF) . oF, aF3 . oF,
ax_ " Sinfeq Ty STneg 988 Tx T 0% T, T ST B,
- C (e
Fi s1n2¢ (c052¢g - sin ¢ ) - F, 51n¢g + F, cosq:g
32F ?2F
82K 1 2
- sin%¢  ——— & g§ COS¢p ————
F X ax <{ax 3X,. g 9XyoX,. sineg COS¢g 3X X,
82F 32F, 3¢ 3F2
_ 3 . b g 2 _ ein2 )
COS¢_ —— - sins + [(cos ¢ sin?g ) —
g axtaxr g BX X T X, g g~ X,



oF oF ‘ oF oF
2 1 : 3 4 3K 1
- SIN%  —= + sing_ —— - cOS$  —— (-—-an —
g 3x, %9 X, bg X, 2%, *q 3x,
_ BF BF aF, BFl
4 — L L. S———. ¥ ek
sing cos¢g Xy, cosdbg ax s1n¢g T ) ¢g T
aF 3F aF
- (cos?¢_ - sin?¢ ) —= - — T
g - sin ¢g) T siné 5%t Costg %,
EEQ 2 2
+ i : 0]
TR [2F, (cos ¢g sin ¢g) + 2F, sin2eg - Fyg COS$g
= FL} an¢g]} r,t = ],2,3,9.‘».’“ (E.Z)
F=F, sin2¢g - Fz(coszepg - sin2¢g) il sin¢g $F, Cosé,q
and F,, F,, F,, F_are defined with Equation (3.62). Then,
aF, , . 3(sin?s)) aNg aM,
e - in2 — N
5%, (Ng - Mg) ot 2 sin®g (No Frogall’ %, ) (E.3)
aZFl = (N2 - M3) Ei£51n260) (N Eﬂﬂ M 3My ) 3(sin2sg)
X43X = (Ng - Mo, IX£3X,s 0 3xy T 0 axy Xy
aNg 3My \ 3(sin?s ) > sNg  aNg
+ 2 (ﬂo Frose Mg 3%, ) 3%g + 2 sin‘s Xy 51;
2 aZM aM M
FNo o g, 29 (E.4)
0 3. - Mo 3% 3y T X, X
t t o r
oF, a(sin2s,) aM, Ny
™
axr = 2 My Ng X + 2 sin?g, (BO %, + My % ) (E.5)
32F, 3%sin2s aNg  3(sin2s;) aM,,
XgaX 2 My Ny xgox, axtaxr e (NU axg Mo 53Xt ) 3Xy, TR (NO X,

aNg \ a(sin2s;) . aN, Mg 3Mg aNg
+ M ) + 2 sin<é (\ -
0 3x, 3X¢ 0\ axy 8x,. 93Xt OoX
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%M, 32N, (E.6)
N ————+M ——————) E.6
0 3xydX, 0 3X¢3Xp
2
oF 3d, N, 3({cos?s;) - . 3e
— = 2 I N, cos2g, —— * d3 (00525 =+ N, ———— ) + My sins, =——
X [ 0 0 39X 0 Xy 0 3xXp 09X,
aM() 3(5““150)
+ e <s1n<50 m"' Mo “é“;(;"‘*) (E.7)
32F, 92d, aNg 3(cos?s,) \ od,
— 2 e 2 S— :
axtaxr =2 [No €0s"09 Txax, (COS So 5 ¥ No TR ) 3%,
' N 3(cos?s,) \ ad oN_ a(cos2s,)
+<c052503_,°_+N 0 ) 3,+d3< 0o O 0
Xy X, X 3X,, 3Xy
,. 9N N a(cos2s,) 32(cos2sy)
+ cos“§ Ly + Ny ==
BXy3X,.  BXy Xy XX
<3M0 a(sinsg)  aMy a(sinsg) 32(sinsg)
e\ ; + + My oo
3X,. 3X4 18Xy X, 3X 13X,
' 33M aM, 3(sins,)
+ sing, TIETR a;: ) o singg 5=+ My —3% 0 ) gi (E.8)
A , 9%y r t
oF, ,. 94 , My 3(cos?8,)
3§;.=~2. M, cos 80 T X, —— +.d; <cos g ax + M ___EX;_~_,>
N 3(sins )
de . 0 0
- N s1n5 - - e <smn5 — + N __-——_-—-> (E.9)
0 0 0 ,
03X, Xy 3X,,
——— =2 | M cos?s —— + ( c0s?$ + Mg , ) —
axtaxr 0 T U0 3X8X,. < 0 39Xt 0 IX¢ dX,.
3Mg  3(cos?s,) \ ady s 3Mg  3(cos2s,)
2 | ,
+ . <COS 8o BXJY. + Mo axr > axt 3 <3XY' axt
a2m, oM, 3(cos2s,) 82 (cos268;)
% cos?s —— + M —————————+—>
0 3xp0X, Xy Xy 0 3x43Xp
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oN 3(sins,) oN

. 0 0 se . 0
- sIné,——+. - - —_—
<§ 05Xy No 3¢ ) Xy <§1n50 X

8(sins,) e aNg oalsinsg) aNg dsinéy
N aX,. ) axy € (\axr 8Xy +'axt‘ 3%,
52Ng 52(sins)
+ sindg == E.10)
0 axta e N 3 taxr } ( )
a(cos2g,) 5(sin2s ) ad
3K _ 2 o oy T 0 o T 0 4 2 cos2 d —2
p = (4 - d - N X,  © 8 Xy 2 costs, (9 3X,.
ad oN oM
4 2N L __Jl - in2s. 9&_
5 572~ Mo axr> 2 My g - 2 e sinze §5- (E.11)
2(cnc? ‘
__a.g_ls___=(d2_d2_N2) M.I-Z diili-dicks_
X Xp 2 T 73 0 3X 13X, 2 Xy 3 axy
ANy \ 8(cos?8g) se o(cosZ8g) .o 5(sin2s,)
T 0 By ) Tax, T2 83X, (\ 3Xp +'axr_ BX, ‘)
32(sin?8,) ad ad, aNg \ 9cos?sg
el e+ 2 (d, == -d; 77— - Ny >
X 3K, 2 3%, 3 Xy 3Xy, 8Xy
2
+ 2 coss, < 8d, adz__\ad3 ad, _d, 3%d, ) 3N, 3N,
2 2
0 348X, 3Xt X, 0 3Xt3Xp
2 Be kL E.12)
+8in?s, S o > (
;§§-=vcosA b, sina §-(d sing,) + 2~-(e coss, }
X, 0 ax, 09, ! Ip
asing sing 5
- J2 - u2 - 0 (d2 - W2) (E.13)
2 1 AX, 2/dZ - W2 Xp 2 1
2 :

1
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523 52 _ 82(d, siney) a2(e cossg)
S = oAy Txaxs T S ™o Taxm Tk
t%%r t%%r % t%%
2 2 ) : 3 d2 - L2
s 82(sins,) ) 1 a(Sjnao) ( > Wl)
2 1 BXtBXr ZW BXY‘ BXt
3(sing,) 2a(d? - W%) sing,
4 — : - — 2(d2 - Wz)
axt 3 4(d2 W2)3/2 2 1
> 1
a(d - W2) a(d} - W3) 3(dl - W?) (E.14)
3X 43Xy, 3y ' X )
where
an oM aNg ad3 3¢
—= = sing, zo—* COS¢ =— + =+ (M, coss_ - Nj sino ) -3 (E.15)
axr g axr g axr er 0 g g axr
52 2 32M, 32N aM aN | 8¢
0 0 .
X a>1< = singg Txax. * COsg T T (cos¢ ox,  She Sx_o)ﬁi
% g 9XgoXp g 0XgoXy g 9X¢ g 90Xy /Xy
3¢, 99 oM aN,
- i —_g. ——g- —-—2 - 1 ——— .
(S1n¢g My + cosg Ng) %y %, + ( cos¢g %, singg e )
93¢ 324
-9 . - N. s —9
%y + (Mg CoSg, Ny s1n¢g) XX (E.16)
9(cossy) a(sinsy) o 8X,. ﬂ
X = X =0 if X, £84, 3;; =0 if t #r and My and N, are

defined with Equation (3.59).

When 6; = 0 the relationships given above are greatly simplified

as listed below;

3¢ K ad aN
9. |3 ; ) -0
[axr 2(N, cosggy + Mg s1n¢g) %, 2 d, (cos¢g %,

3M,
+ s1n¢g 3;;:> ] /// 2 dy(Mg cos¢g - N, s1n¢g) (E.17)
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924 ad N oM ¢
g9 10 %K. 573 sy 2k osing. — 4 F —9
— = F'{‘ - 2 axr” (cos¢g axt"+'51n¢g-axt +F )

343X, 58X, 3%y, BX¢
ad N oM 96 92N
0 0
- —_— 4 -0 9N _
° 3%, > (coseg 3 ax, T S 1M %, ax, ) T2 [C°s¢g 3X 10Xy
aZM aM 3¢ oM
9 . __jl 0
* singg axtax (.C°s¢g s ¢g aX,. ( COSog Tx¢
aN 3¢ ‘ 3¢, 90
- g1 SO YA R 7Y I ‘ -9 _9g
s1n¢g ax..> X (Mo sineg +N, cos¢g) . X }
t r N P
2( e
- 2(N_ cos¢_ + 51ne T .
o 0SSy + Mg sind ) XX, | (E.18)
where e is a predefined dimension and
F =M, cosey - N, sing, (E.19)
ad ad oN oM
oK 2 3. 0 0
axr ='2 (dz 83Xy -dy 3y No 83Xy Mo axr) (E.20)
2 o 2
32K ) (EEEE) 2 N 8°d, ) ad, 2d, N 8N, N, 3Ng
3X8Xy, - 8X,, 3 aXxe8X, Xy 93X, 0 axtaxr,' BXt X,
. 2
o d Mo ) oM, aM, (E.21)
0 axgdX,  BXy 8X,
1y
b . d .
3;%-==cosxo - tosing 3§—4(d1 sing,) (E.22)
r r ,
ey 52(d, sing,)
g . 32b . RS ]
xoaxs | C0%Mo Ty ax o sind Ty (E.23)
v tor te*r



APPENDIX F
DIGITAL COMPUTER PROGRAMS

The three digital computer programs used during this investigation
are listed in the following pages.

The Program A is for the kinematic analysis of the RSRC mechanism.
It computes the displacements dgs S, Xg3 the velocities $0, S, io’ the

ao

accelerations EO, S, io’ and the coupley curve coordinates Xp, Yp, Zp

and g;p, ”ép’ ;ép for the existing geometric inversions for a givéﬁvéet
of dimensions. The computer plots any of thESe output if needed arid
specified in the data,requifed bybthe card having statement number 50.
The input data for the Program A are the dimensions of the mechanism,
starting value of 045 increment in Bys ang&]ar input velocity if velo-
cities and accelerations are needed, the coupler point coordinates,

f, g, and h, in thg coupler frame, if the coupler curve.coordinates

are needed, and the scale limits for the plots if plots are needed.
Refer to the comment cards for the description of the input data.

The Program B is for the synthesis of the RSRC mechanism for the
generation of unconstrained screw displacements by variational methods.
The linearized equations of condition are solved for the errors in the
initially assumed values for the unknown dimensions, by the matrix
method of 1tération. The desired screw displacement is either read as

data or it is computed in the SUBROUTINE DSIRED. The correct function

in the subroutine is picked by the parameter IV in the input data. The

198
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input data for the Program B are the initially assumed dimensions of
the mechanism, the specified values for A8y, A¢0,’AS, tHe increment in
6 to compute the values of 6 at the design points if they are‘not read 
in as data, desired accuracy in fhe dihensions, number of iterations,
and the characteristic number for the inveksidn which is Ig =14 = 1

for the inversions defined by the positive signed radicals in the dis-.

placement equations, I, = I, = 2 for the inversions defined by the

8
negative signed radicals. Read fhe’comment cards for the description‘
of the input data. | 1‘ | |
The Program C is for the synthesis of the RSRC meChanism_for the

generation of screws having constraints for‘instantaneods dwells, or no
: }constraints. In this program the parameters of cohstraihts'are intro-

- duced as discuésed in Section B of Chaptgr V, and the mihfmuh f6r E;'E¢ 
or Eg are obtained by the relaxation method of Gauss. The desiréd'screw '
function is either defined in fhe SUBROUTINE DSIRED by the parameter
IV, or it is read as data. Input requires an initial set of diménsions
of the mechanism, initial increment in the dimensions, value of div%ders
for the increments after each iteration, the numbér of reductions to be
“done in the increments, characteristic number for the invefsion, and: '
the number of iterations for each undefined dimension. Any number of
dimensions may be predefined reducing the number of unknowns. When

the number of iterations for all the dimensions are set equal to zero
the program is used for the kinematic analysis. The detaiTed infor-
mation regarding the input and output of the Program C is giveh in the
comment cards in the SUBROUTINE DSIRED.

The following is the 1ist of key‘parameters and‘the corresponding

symbols used in the computer progréms; v



The symbol used in the computer
program

TETO (deg.), TETOR (rad.)
CELO (deg.), CELOR (rad.)
DELO (deg.), DELOR (rad.)

FIO1, FI02, FI03, FIO4, (deg.);
FIOTIR, RIO2R, FIO3R, FIO4R ?

S1, S2, S3, S4

X01, X02, X03, X04, (deg.); XOIR,

X02R, XO3R, XO04R (rad.)
D1, D2, D3, DA, DB, DE (in.)
XC1, YC1, zC1 (in.)

XP1, YP1, ZP1 (in.)

DF, DG, DH (in.)

TTO1, TT02, TT03, TT04 (deg.)

VF1, VX1, VS1
AF1, AX1, ASI
TET (deg.)
SY0O (deg.)

SF (in.)

SYOG (deg.)
SFG (in.)
TETO1 (deg.)
FYO1 (deg.)
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The description or the corres-
ponding symbol used in the
equations

rad.)

9, for the four inversions

S for the four inversions

X for the four inversions

d,, d,, dy, a, b, e

Xp, Yp, Zp coordinates of the
coupler curve for the first
inversion

E3ps N3ps &3p coordinates of
thg’cougier Eurve for the
first inversion

f, g, h coordinates of the
coupler point in the coupler
frame

values of the input parameter
put in order within the mobile
regions of the four inversions
$0/é0’ iﬁ/éo and é/éo

50/65- QD/ég and §/ég

8, the independent parameter



Q1 (deg.), QIR (rad.)

Q2 (deg.), Q2R (rad.)

SLOPE] (rad.), SLOPE2 (rad.)
DELSLP (rad.)

FGO1 (deg.), FGOIR (rad.)

RF

RS

R2

RMSEFQ (deg.), RMSEFR (rad.)
RMSES (in.)

RMSE2 (in.)

H

PQ

PQINV

SMQO

DTET12 (deg.)
DTET (deg.)
DFY12 (deg.)
DLS12-(in.)

201

RMSE

( )¢

(RMSE)s

RMSE

error vector

the matrix A in equation (4.29)
inverse of the matrix A

the matrix C in Equation (4.29)
in Program B, equation of con-

dition in -Program C as given by
Equation (5.5)

Aeo

increment in 6.

A,

AS
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103

10
101
102
11

111
112
113
114
115
116
117
118
119

120
122
18

PROGRA RSRC-=A

PROGRAM A

CEMIL BAGCI-KINEMATIC ANALYSIS OF THE RSRC SPACE
MECHANISM.DISPLACEMENT S, VELOCITIES ACCELERATIONS
AND COUPLER CURVE COORDINATES ARE COMPUTED AND PLOTTED

FOR EACH EXISTING REAL

DIMENS ION
DIMENS ION
DIMENSION
DIMENSION
DIMENS ION
DIMENSION
DIMENS ION
DIMENS ION
DIMENSION
DIMENSION
DIMENS ION
DIMENS ION
DIMENS ION
DIMENS ION
DIMENS ION
DIMENS ION
DIMENSION

DIMENSION

Xo1l{ 36
X03(36
XCll36
VF2(36
VS2€36
AX2(36
Xxczt3e6
XC3({36
XC4{36

XC1R{36 }

GEOMETRIC INVERSION.
TETCOR(36 D ¢TETOU36 MoFIOL(36 ) FIOLR(36 §
AF1{ 36}

yVFL{36 boVX1{36 byVSL(36 9

AX1(36 )4ASL{36 )
X02R(36 D¢FIO3R(36 by XO3R(36 )FIO4R(36 }
¢FI02(36 ) ¢X02€36 ) ,S2(36 1}

) s XO4R{36) FIO2R(36):FID3{(36)+S1{36}

}¢S3(36 I+FIO4{36

by YCL(36

YeVF3(36

beVS3 (36
)y AX3(36
beYC2{(36
PeYC3(38
) YCOL3E,

) ZCL{36
Dy VF&4(36
boVS4L36
) s AXG(36

1eZC2(36

}92C3(36
}9ZC4aE{ 36

) + XC4& (36
) e XP1{36
}eVX2(36
Yy yAF2(36
§sAS2(36
b eXP2(36
) XP3{36
b o XP4(36

FORMAT (5X¢ 22HRSRC~SPATIAL MECHANISM//I’

FORMATY 7TF10.4)

FORMATE 5Xs L4HIMAGINARY ROOT/ /471
FORMAT(10X¢9F10.5)
FORMAT(£//12X2HDF 5 BXy 2HDGpBXgZHDH/»
FORMAT (8X¢3F10.47)

FORMAT (I14)
FORMAT{614)
FORMAT(4F8.3) .

" FORMAT(F8.3)

FORMAT({3F10.5}

FORMAT (6F10.7}

FORMAT(7F10.T}
FORMAT§ 20X ¢ 15}

FORMAT(10Xe4FL1.6)

FORMATEI 2X312F10:5)

FORMAT( 6)
FORMAT(FL0.7)
FORMAT(8F8.1)

FORMAT(13Xp4HTETOg7X94HFI04?8K9

6Xy8F1L1.06)

}sS4136 )

beYPLE36
}pVX3{36
}oAF3(36
bvAS3E36
foYP2(36
}sYP3(36
b oYP4L36

ZP1(3639VX4(36DvAF4(3639AS4(3609ZP2«369
ZP3L36) +IP4(36)
X{216hsY(216)

TTOL(36 )yTTO2 36BvTT03( 36) s TTO4( 361D

1545 8Ky 3#%@4//!3

WIS ) R G o WY



19 FORMAT(13X,4HTETO,7X ,4HF103,8X,2HS3,8X,3HX03///)
20 FORMAT(8X ,6HLAMBDA ,6X ,5HDELTA ,10X ,2HD1,9X ,2HD2 ,9X ,2HD3
1,10X,1HA, 10X, THB , 10X, THE/)
21 FORMAT (13X ,4HTETO,7X ,4HF107,8X,2HS1,8X ,3HX01///)
22 FORMAT(13X,4HTETO,7X ,4HF102 ,8X ,2HS2,8X ,3HX02///)
23 FORMAT(TH1,10X, 25HVELOCITY AND ACCELERATION////)
24 FORMAT(1HT,10X ,13HDISPLACEMENTS////)
25 FORMAT(13X, 4HTETO 7X s6HVELFIT,6X,4HVELST,6X ,5HVELXT,2X
1,8HACC.FIO1,4X, 6HACC S1,4X, 7HACC XO]///)
250 FORMAT(/6X 'INPUT ANGULAR VELOCITY— ,F8,4,1X,'RAD PER
1S§C ',4X,"INPUT ANG.ACCEL.=',F10.4,1X," RAD PER SEC**2!
2/
26 FORMAT (13X ,4HTETO,7X ,6HVELFI2,6X ;,5HVELS2 ,6X ,5HVELX2 ,2X
1,8HACC.F102,4X,6HACC.S2,4X ,7HACC. X02///)
14  FORMAT(13X,4HTETO,7X ,6HVELFI3,6X ,5HVELS3,6X ,5HVELX3,2X
1,8HACC.FI03,4X,6HACC.S3,4X,7HACC.X03///)
15  FORMAT(13X,4HTETO,7X,6HVELFI4,6X ,5HVELS4 ,6X ,5HVEL X4 ,2X
1,8HACC.FI04,4X,6HACC.S4 ,4X,7HACC.X04///)
27  FORMAT(1H1,10X,25HCOUPLER POINT COORDINATES////)
28  FORMAT(13X,4HTETO0,6X,4HFI01,8X,2HS1,8%,3HXC1,7X,3HYCI,
17X,3HZC1,7X,3HXP1,7X ,3HYP1,7X ,3HZP1//)
29 FORMAT(13X 4HTETO 6X, 4HF102 8X ,2HS2,8X ,3HXC2,7X,3HYC2Z,
- 17X,3HZC2,7X ,3HXP2,7X ,3HYP2, 7X 3HZP2//) '
16 FORMAT(13X 4HTETO 6X 4HFIO3 8X,2HS3,8X,3HXC3,7X ,3HYC3,
17X ,3HZC3,7X,3HXP3,7X ;3HYP3, 7X 3HZP3//)
17 FORMAT(]3X 4HTETO 6X 5 4HFIO4 8X 2HS4 ,8X,3HXC4 ,7X ,3HYC4,
17X,3HZC4,7X ,3HXP4 ,7X ,3HYP4, 7X 3HZP4//)
30 FORMAT(/9X 29HROOT1 SIGN OF RADICAL IS PLUS//)
31  FORMAT(/9X,33HRO0T2,SIGN OF RADICAL IS NEGATIVE//)
36 FORMAT(/9X,57HROOT1,RO0T1 OF QUADRATIC FACTOR 1, SIGN 0
1F RADICAL IS PLUS//)
37  FORMAT(/9X,6THRO0T2,R00T2, OF QUADRATIC FACTOR 1,SIGN O
1F RADICAL IS NEGATIVE//)
38  FORMAT(/9X,57HRO0T3,RO0T1 OR QUADRATIC FACTOR 2, SIGN O
1F FADICAL IS PLUS//)
39  FORMAT(/9X,61HROOT4 ,RO0T2 OF QUADRATIC FACTOR 2, SIGN 0
1F RADICAL IS NEGATIVE//)
41 FORMAT(10X,7F12,4)

COUPLER CURVES, AND VELOCITIES AND ACCELERATIONS,
RESPECTIVELY

READ(5,111) KNMECH
C  KNMECH IS THE NUMBER OF MECHANISMS FOR WHICH DATA
C  EXIST..

KM=1
50  READ(5,112)NTYPE,NVEL ,NCOUPL ,NPLOTD,NPLOTC ,NPLOTV
C  NTYPE IS 1 FOR THE RSRC MECHANISM.
C  IF NVEL IS NOT ZERO IT COMPUTES VELOCITIES AND
C  ACCELERATIONS.
C  IF NCOUPL IS NOT ZERO IT COMPUTES COUPLER CURVE
C  COORDINATES.
C  IF NPLOTD, NPLOTC, NPLOTV ARE NOT ZERO IT-PLOTS
C  DISPLACEMENTS
C
C .
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40

20&

READ(S,111) NI
NI IS THE NUMBER OF INCREMENTS IN THE INPUV PARAMETER
TETA. ‘
READIS,113)TETINyDTET4CELO,DELD
TETIN IS THE INITIAL VALUE OF THE INPUT PARAMETER.
DTET IS THE INCREMENT IN THE INPUT PARAMETER.CELO IS
THE ANGLE LAMBDA (DEG).
DELC IS THE ANGLE DELTA {DEG.)
IF(NVEL.NE.OD GO TC 40
GO TO 410
REACLSy L13IVWINAWIN
VWIN AND AWIN ARE THE INPUT ANGULAR VEL.AND ACCEL.IN
RAD/SEC.THEY ARE NEEDED IF NVEL Ic NOY ZERG.
IF(NCOUPL oNE. oa GO TO 42
GO TO 43 ‘
REAU&S.ilB)DF,DGyDH
OFy DGy DH ARE THE COORDINATES CF THE COUPLER POINT
IFINPLOTDLNELO) GO TO 421
EF(NPLOTC.NELC) GO TO 421
IF(NPLOTV.NELOY GO T 421
GG TC 44
ﬁTOD(“oEQZP STHTy STMX, SDMI'SUNXgSCNEvSCMXvSVMI S VX
MIy STHMX ARE THE MINIMUM AND MAXIMUM VALUES FOR THE

INPUT,PARAMET&R IN THE PLOT. ° J
SOMI, SDMX: ARE THE MINIMUM AND MAXIMUM VALUES FOR THE
GUTPUT ROTATION IN THE PLOT.
SCHMIy SCMX ARE THE MINIMUM AND MAXIMUM VALUES FOR
THE COUPLER CURVE CCCRODINATES AND THE OUTPUT TRANSLAT.
IN THE PLOT. ,
SVMI, SVMX ARE THE MINIMUM AND MAXIMUM VALUES FOR THE
VELOCITY AND ACCELERATION RATIOS IN THE PLOT.
PI=3.14159265 :
TROP=PI/180.0
Do 45 I=1,NI
IF{I.EQ.1) GO TO 46
GO TC 47
TETOUL)=TETIN
GO TO 48
I1=I-1
TETO(I}=TETO(IL)SOTET
TET@R«IDZTETO(Iﬁ*?RGP

ONTIMUE 1
READ(Svllé&Dl,DZ D340DAvDBsDE
Dl, D2¢ D3 ARE THE LENGTHS OF THE EINPUT, COUPLER AND
DUTPUT LINKS.DA IS THE LENGTH OF THE FIZED LINK.D® IS
THE DISTANCE OF THE INPUT PAIR FROM THE FIXED LINK.
DE IS,EyTHE DUAL PART OF THE TRANSMISSICN ANGLE.
WRITE(G641)
CALL RXXCANTYPEsNIo TETC,CELO CELO DL sD2yD2 DAy DB

1,DE, 0. FICL, FIG2oXOLloe X029 S1yS29KA4FIO3¢FIO4ygXC3 X045
239 S%yMILy MI2, ML Ly ML 2,y VELpVF24VE3yVE4 o XCLeYCLy 201 9 XC20Y
3C24202, XPl YPUL,ZP L1y XP2yYP2 ,ZP2, XP3y VP3¢ ZP3 ¢ XP4yYP4 , ZP4%
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601

6010

6011

602

6001

6420
60201

&)

Mi=MJ1

M2=MJ§2

M3=ML1

Mbg=ML 2

WRITE( 6y 24&)

WRITE{(&,20)

WRITE( 6y L2ICELUDELOD1,D2+D3¢DA,DBDE
WRITE(6s118) MJ1
WRITE(6,118) MJ2
WRITE(6,118) ML1
WRITE(6,118) ML2
IF{ML.NE-O) GO TO 601
IF(M2.NE.O) GO TO 60CL
IF(M3.NE.O) GO TO 6CL0
IF{M&.NE-C}) GO TO 6010
WRITEL6330) .
WRITE(6,31)

WRITE(&,360

WRITEL&,37})

WRITE(&,38)

WRITE(&,39)

WRITE(6,8)

GO YO 830
IF(DELO.EQ.0.,0b GO TO 602
IFCABS(DELO}-EQ.180.0) GO TO &02
IF(ABS(DELO)-EQ.90-0) GO TO 602
IF(KA4.,EQ.5) GO TO 6éCL1
IF(M3.NE.0) GG TO 62 -
IFIM&.NE.O) GO TO 62
IF{IML.NE. O} GO TO 602
IF(MZ.NE.O) GO TO 602
GO -TO 141

WRITE(6y118) KA4 -
GG TO 830

WRITE( 6,300

WRITVE(6,21)

IF{M1.EQ.C) GO YO 60C3
KD=11 ,

DO 6020 J=1gM1
TTOL(J)=VFL(J}
FICLEID=XTLIJ}
XOLEJI=YC1{.J)
'SL(UI=ZCLLID ~

CONTINUE

WRITEY 6oLl D(TTOLCEDoFIOLEED ySLYED o XKOLALD oE=0 oMLY

MJ=M1

J2N=2%MJ
J3N=3%.)
JaN=4%MJ
J5N=5%MJ
JON=6%MJ

205
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JINI=MJEL
J2N1=2%MJE1
J3N1=3%xMJE1
JaN1=4%MJE1
J5N1=5%MJE 1
IF(NPLOTD.EQ.0} GO TO 60231
6002 CALL DSPLOTEM1;JLINLgJ2NyJ2NLy J3Ns TTOLFIOL¢SLoXOLsSTMI
1, STMX o SOMI ¢ SDMX1 |
c SUBROUTINE DSPLOT PLOTS THE DISPLACEMENTS.'
60231 IFEKD.EQ.11) GO TO 603 :
IFfKD-EQ.21) GO TO 62025
603  WRITEf6531)
WRITE(6,22)
KD=12
IF{M2.EQ.0} GO TO 611
60300 DO 60301 J=igM2 ;
TTO2(d ) =VF2LJ}
FI02(J8=XC2(J]
X02(49=yYC2{J)
S20J1=2C20J}
60301 CONTINUE
60302 MJ=M2
K2N=2%MJ
K3N=3%MJ
K4N=4%MJ
KSN=5%MJ
KON=6%MJ
KIN1=MJE&1
K2N1=2%*MJ& L
K3N1=3%MJ&1
 K&NL=4%MJEL
KSNL=5%MJ& L
WRITE(6,11 »«Troz«ﬂa.Froz«lnpsz«I»vxozam»gz 1y M2]
IFUNPLOTD.EQ.C} GO TO 60331
6003 CALL DSPLOT(M2,KINL¢K2NyK2NLsK3N; TTO25FE02¢52 X020 STHI
15 STMX, SDMI ¢ SDMX )
60331 IF(KD.EQ.12) GO TO 611
IF(KD.EQ.22) GO TO 6205
611  IFINCOUPL .EQ.0) GO TO 612
IF(ML.EQ.04 GO TO 6117
KC=11 : 5
61100 CALL COUPLRINTYPEoM1¢TTOLyCELO;DELCyDL ;D203 ¢DAyDBsDES
1040y FI01, XO1yS15DF s D6o DHsXCLs YCLoZCLy XPLYPLoZPLE
WRITE(6,274,
WRITE(6,209
WRITE{6;12)CELGDELO;D1yD2yD3 ;DA¢DBDE
WRITE{6,101)
WRITE{ 65102} OF ;DG DH
WRITE(6;730) .
WRITE(6,28)
WRITEﬂév10»(TT01(I39FIUI«ID9SI(E»pXCl(I»qY61«IDplCL(ED
1y xplcluvvplaprzplalm.I 1y ML
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IF(NPLOTC-EQo0) 60 TO 61161
6110 CALL COPPLTIMLyJINL oJ2NyJ2NLyJ3NgXCLoVClpZLloXPLoYPLoZ
IP1sSCMI o SCMXD
C SUBROUTINE COPPLT PLOTS THE CDUPLER CURVE PROJECTIONS,
61161 IF(KCoEGQoLLlY GO TO 61L7
IFIKC.EQ-21) GB TO 6218
6LLT IF(M2:.EQ.C) ‘GO TO 612
KL=12
61171 CALL COUPLRINTYPE M2, TTOZ2 CELODELOsDL,D2eD3,DA¢DB,DE
1009 FLO2,X029S27DF y DGy DHXC2, YC25ZC2 o XP2oYP2 o ZP2)
WRITE(G, 101D
WRITEL 69102) DF¢DGyDH .
WRITE(6,31) :
WREITE(&y29)
WRITE(6y LOI(TTO20 L0 oFI0201055201) oXC2( 1) oVC20E) 5 2C20 1)
LoXP2C 1D wVP2(TY yZP2C LDy I=1yM2)
IF(NPLOTC.EQo o»‘eu r@ 61261 ..
6LL70 CALL COPPLT(MZ2 KIND  K2ZN¢KZNL¢KIN,XC2, vczgzcz XP2e vpzvz
1P2¢SCMI 4 SCMXY
61261 I[FIKC.EQ.129 GO YO 612
IF(KC.EQ.227 60 TO 6211
612 IFINVEL.EQ:0) 60 TD 830"
IF(ML.EQ.C) GO TO 6129
Kv=11
61200 CALL VEL CFV(NTYPEHMlvFTGIQCELOQOEL@ 0D1yD2¢D3;0As0BDEy
10 09?1@@9%019SlvVWKNwANINWVFlQVXIQVSﬂgAFEQAXK AS1)
WRITE(6,23)
WRITE( 69300
WRETE{ 69200
WRITEﬂégIJDGEtOgDELOQDlgDZpDB DA, DB DE
WRITE( 6o 250)VWIN, ARIN
WRITE(6425)
wRiTEﬁévﬁibﬂTﬁﬂlﬂlbvVFl(ED¢VSl@EDwVK1&L& AFLEIoASLLE)
Lo AXKLI(ED o I=1,M1)
DO 2511 I=1,M1 ‘
2511 PUNCH 103¢ TTOLKIDyVWINg AMINWFH@IﬂLDoVFl&IDpAFlﬂKﬁpSEK
LI, ¥STCI) o ASLUTI oXOLELD g VXLET Do AKD YD
IFINPLOTV.EQ.0), 60 TO 61283
6120 CﬂﬂLVELPLTﬂlejlhlvJZNvdlewJBNoJBNI9J4N9J4N19J%NvJ5Nl
LoJONgTTOLVFL VS o VXLoAFL g ASL o AXL o STMI 3 STMX o SVMI » SYMXD
SUBRDUTEINE VELRLT PLOTS THE VELOCITIES AND
ACCELERATIONS«
61283 IF(KV.EQ.1Ll} GO TO 6129
IF(KV.EQ.21L) GO TO 6229
6129 IF(M2.,EQ.0) GO TO 613
Ry=12
61284 CALL VELCTYINTYPE . M2,TTO2+CELOSDELD,DLyD2+D3,DAyDByDE,
L10.0,FI02,K02952y VWINWAWINQVFZ9VX29Vg2wAF29AX2 AS2)
WRITE(|G6y31)
WRITE( 6y 250 )VWINg AWIN
WRITELG26)
WRITEAO4LIMTTO2(ED oVF2(T1) o VS2CTD o VK20 1D gAF20T) ,AS2€ 1)

(e R
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BoAX2(EDyl=ish2)
00 2512 I=1,M2
2512 PUNCH 103, TTOZ«ID»VWINnAwIN9FIU2«ID VE2CLD g AF 201D 5520
RIDoVS2(T) oAS20LD o XO2UE Do VX2UED s AX2EED
IF(NPLOTV.EQ.O) GO TO 61257
61290 CALL VELPLT(M2¢KINLoK2NoK2NLyK3NoKINLoKENgKANL o KEN s KEN
LipKoNo TTO2¢ ¥F20VS23 VX2 5 AFR s AS2 o AX2 s STME o STHX, SUMLy SYMX
2}
61297 IFIKV.EQol2) GO TO 613
IF(KY.EQ.22) GO TO 6221
613 GO TO 830
62 KWRITE(6524)
WRITEﬁépZOD
WRITE(6s L2DCELGyDELC,D1,D2 D3 504 0B ¢DE
IF{M1LEQ.Q) GO TO 62025
DO\ 6201 J=1¢Ml
TTOLEII=VFLIdD . ‘
FIOL(SI=XPLLJ) = -
XOL{JD=YP LI}
SL(JI=ZPLLJ)
6201 CONTINUE
6202 WRITE(6:361
WRITE(B,21)
KD=21,. . .
G0 TD 60201
62025 TF(M2.EQ.0) GO TO 6205-
DO 62021 J=1,M2 :
TTO2(Jb=VF2(J)
FIOZESI=XP2(J}
X020 =YP2[J)
S2(d8=2P2(JY ’
62021 CONTINUE
KD=22 .
WRETE(6537) :
WRITE[6522)
60 TO 60302 .
6205 IF(M3.EQ.6) GO TC 62055
DO: 62022 J=1,M3
TTO3(JIsVF3LJD
FID3(JI b=XP3YJ)
X0O3(I)=YP3(J)
S3{U)=ZP3(J)
62022 CONTINUE
WREITE(6,38)
WRITE( &5 18)
WRETE(6oLL D(TTO3(I)oFEO3(ED¢S3CID ¢XOBLEN o=, 3]
ML=M3
[1ME=MLEL.
[2ML=2%MLE ]
I3M1=3%MLEL
I4M1=4%MLE]L
I5M1=5%MLEL

!
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[ 2M=2&ML
[3M=3%ML
I 4M=4aML
[5M=5%ML
1 6M=o%ML
IF(NPLOTD.EQ.C) GO TO 62055
CALL DSPLOTAM3 IIMEoE2Mo I2MLe I3MeTTO3oF L0353 ¢X039 STMI
1y STMXy SDMI o SDMXY
62055 IF(M4.EQ.0) GO TO 621
DG 62050 J=1,M%
TTO4( J)=VF&(J)
FIO&4{JI=XP4&(J)
X04&(J)=YP4&( J)
S4(JI=2ZP4&LJ)
62050 CONTINUE
ML =M
JiMi=ML&L
J2Mi=2%MLEL
J3MI=3%MLEL
J4M1=4%MLE L
J5M1=5%MLE L
J2M=2%ML
J3IM=3RML
J4M=4%ML
JSM=5%ML
J6M=6%ML
WRITE{ 6439)
WRITE(6,18])
WRITE(Gs11l D(TTOGLINFIOALTID ¢S4 (L) yXO&(EY o= IWMQD
IF{NPLOTD.EQ.C) GO TO 621
CALL DSPLOTIM4yJIMLpJI2Mp J2ML o J3 M o TTOk oF 104 5 S o XO4 o STHIT
1o STMXeSDMT o SDMX )
621 IFENCOUPL ,EQ.0) GO YO é22
IFIML.EQ.0) GO TO 6218
KC=21 ’
GO 7O 61100
6218 IFI{M2.EQ.0) GO TO 6211
KC=22:
GO TO 61171
6211 IFIM3.EQ.0) GO TO 6238
CALL COUPLRANTYPE M3,TTO3,CELD DELO,DL;029D3,DA,D8,DEy
10.0, FIGBVX039$BVDFWDGWDH@X&évYCBQéCBqXPB@YPBvZPB»
WRITE(&,101)
WRITE{(6,102) DF,DG,DH
WRITE(6,38)
WRITE(6, 163
WRITE(Oe LOMMTTO3I( I oyFIO3CTD) oS3CI) oXCACEDoVCI(IYoZC3(LD
LyXP3{IDoYP3(LoZP3U L) o I=1,M3)
IF(NPLOTC.EQ.0) GO TO 6238
CALL COPPLTIM3, ILMLoI2MyE2ML o I3MyXC3oYC3,ZC3 s XP3YP3,Z
1P3,SCMT, SCMXD
6238 IF{M4.EQ.0} GO TO 622
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CALL COUPLRINTYPE M&, TTO4 CELOyDELOD1402+D3,0A-084DE,
1009 FI04o XD49 54y DFVDGVDH XC4oYC4oIC4 s XP4& o YP4IPG)
WRETE( 6, L0OL)
WRITE(G,102) DFgDGgDH
WRITE( &9 39)
WRITE(6,17)
WRITE(6, 100 (TTOG( L) FICA(T) oS&(ED o XC4H (T Do YC4AL) oZCLIED
LoXPa(I)eYP&CIVoZP4( L) yI=LyM&)
IFENPLOTC.EQ.Q) GO TO 622
CALL CUPPLT«M@eJLMLyJZMeJZVI@J3N9X€49YC492€4 XP4& VP& 7
1P4¢SCMI s SCMXD
622 IF(NVEL.EQ.0) GO TO 830
IF{ML.EQ.0) GO TO 6229
K¥=21
GO TG 61200
6229 IFfM2,EQ-.0) GO TC 6221
Ky=22
60 . TO 61284
6221 IF{M3.EQ.0) GO TO 6267
CALL VELCTYENTYPE M3,TTO3,CELO,DELOyD1+D2¢D3,DA-DByDEy
10.05FI03,X03S35VWINAWINyVF3 VX3 ¢VS3¢AF3,AX3,AS3)
WRITE(6,38)
WRITELH,250)VHWINAWIN
WRITE{6y15)
WRITEC(Oo 4LV LTTOBCID oVF3LI)oVS3UIDyVXI(IDoAF3(IDoAS3(I)
19AK3«IDVI319M3D
DO 2515 I=14M3
2513 PUNCH 103, TTO3(IDoVWINAWENFIO3(ID VF3(L)AF3{I) 53¢
1T10oVS3UIDvAS3(I)oXO3(I)oVX3LIDoAX3LI)
IF(NPLOTV.EQ-C) GO TO 6267
CALL VELPLT(M3, IiMLoI2MeI2MLoI3MeI3ML oI aMo I 4MLoIOMyISM
llv16M9TT039VF39VS3 VXBvAFBoASBeAX39$TME STMX SVYMI ¢ SYMX
2)
6267 IF(M&4.EQ.0) GO TO 70
CALL VELCTY(NTYPE M4y TTO4CELODELGsDLD29U3¢DADByDES
100 FIO04s XO4%y S4 o VWIN  AWEN  VF4 o VX4 o VSG g AF% 5 AX4 g AS4)
WRITE(6y39) !
WRITE(6y250)VWINyAWIN
WRITE( 6, 14)
WRITE(G4LIITTOL(I) o VFALID oVS4L{IDoVXAGTLTL ) oAFG(TI) oAS&CY)
19AX4“ IDgIﬂlngﬂ)
DO 2514 I=1yM4
2514 PUNCH: 103, TTO&(IDoVWIN )AWINGFIOG(IY oVF4( L)y AFQ(E3954«
1TB.VS4&{I), AS@KIDoXDQ@IDpVX#GIﬁwAX@«ID
IF«NPLUTV EQ.C) GO TO 70 ¢
CALL. VELPLT(M&, JIML pd2Mg J2MLy JBMVJBMIWJQM J@MLQJBM J5M
119J6M TTO4 3y VF4 9V S4 o VK o AF 4 AS4 AX49$TMIpSTMX SVME ¢ SVMX
21
70 CONT INUE
80 CONTINUE
830 KM=KM& 1 S
IF(KMoGT o KNMECH) Gl 70 831
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101

ii0

GO TO 50
STGP
END

211

SUBROUTINE RXXC(NTYPE NI ,TETO,CELGsDELG,D1¢D2-D3¢DA,DB
lyDEsHE¢FIOLl;FI02yXK01loX02¢S1 525 KA4oFI0O3,FI04,X03 sX044S
23¢S4eMJ1, MJ29ML1¢ML2¢VFL;VF2 VF3,VF4 o XCl,YCLZCLyXC2, Y
3C24ZC2sXPLyYPLZPL XP2sYP2,ZP2, XP39YP39ZP3yXP49YP4 P4

4)
DIMENSION
11(36 )
DIMENS ION
16 155136
DIMENSION
14R(36 }
DIMENSION
1FIO2R(36 }
DIMENS ION
14ZPL(36 )
DIMENS ION

1o2P2(36 ) .

DIMENS ION
1:ZP4(36 )
DIMENSION

TETOR(36 }TETO(36 doFI0LE36 }FIOLR(36 }+XT

XO1R(36 1} vFIO2€36 1oX02(36 ) 52(36 b FIO3(2

)

{

X02RE{36 DoFIU3R(36 },XO3R(36 DaFIlQR(Bé ) e XD

X034 36
XC1l{36
xc2(3£
xb3(3;

»

VF2(36

P1=3.,14159265

TROP=PI/180.0

CELOR=CELO*TRQOP
DELOR=DELC*TROP
SDEL=SIN(DELOR)
CDEL=COS(DELOR}
SLAM=SIN{CELORY)
CLAM=COS{CELOR}
DO' 101 I=1¢NI
TETOR( I}=TETO(I)*TROP

CONTINUE

beS3{36 1+FI04(36 )y XO4(36 b3S4(36 by
bsYCl{36 DpZC1;36 ) o XP1(36 ququ36 )
b o YC2(36 172C2(36 ) ¢XP2(36 ) ,YP2(36 }
boYP3(36 QgZé3§36 DqXP4(36 ?gYé4€36 )

VoVE3(36 )oVF4(36 ) oVF1£36)

IF{DELO.EQ-0.0}) GO TO 110
IF(ABS(DELO).EQ.180.0) GO TO 110

IF(ABS(DELO}.EQ.50.0) GO TO, 1202

GG 10 130
MJ1=0
MJ2=0
DO 1101 I

=1oNI

GNO=DA~D1*COS{ TETOR(I)}
GMO=DR*SLAM-D1*CLAM*SIN{ TETOR(I}}
AO=2,0%D3%GNO
BO=2,0%D3*GMO
CO=D3%%2-D2#%%2§GNO**26GMO%%2
RADI =BO%%2 £ AQ## 2= CO%%2
«LT.0.0) GO TC 1101

IF{RADI
ROOT=SQRT(

RADI)

3

FIOIRLID=2.0%ATAN((-BO&ROOT) /(CC=AO0)}



$9012
99011

99014

11013

99022
99021

99024

1101

1202
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FIOL(I)=FIOLR(I}/TROP

Tl= ({GMOo ASIN(FIOLREIDPEGND *COS(FIOLRLI
1))&D3)0/D2) '
IF{ABS(T1)GT-10) GO TO 11013

MJL=MJl&1; " ’

Jl=MJ1

TSl= (GNO*SIN(FIOIR(Ill@GMO*COS(FIOlR(I)i=DE*SDELP/(DZ*
1CDEL}

XOLR(I}= ARCOS(ABSKTIDQ

IF{T1.6GT-0.0} GO TO 99011

IF{TS1.GT-0.0F GO TO 99012

XO1R{I¥=XOLR(I}-PI

GO TO 99014
XOLR(T1=PI-XOIR(I}
GO TO 99014

IF(TS1.GT.0,0} GO TO 99014

XOLR(I)=—XQLR{L}

XO1¢I3¥=XO1R(I)/TROP
Sl(Il"DE*CDELGDB*CLAM&DI*SLAM*SIN(TETOR(Iﬁﬂ
VFL(JL)=TETO(I)

XCl¢J1)=FIOL(I)

YCLEJL)=XOL1(1}

ZC1{J1¥=S1¢I}
FIO2REIB=2.0%ATAN({~BO-ROOT}/{CO=-AO?}
FIO2{ 1 }=FIO2R(I)/TROP

T2= ((GMO  *SIN(FIO2RC(I)DIEGND  *COS(FID2R(I
1)16&D31/D2) ‘ :
IF{LABS{T2).6T.1.0) GO TO 1101

MJ2=MJ 261
J2=my2

TS2= &GNO*SIN«FIOZR(IDI=GMO*COS€FIOZR(I)» -DE*SDELY/ (D2+
1CDEL§

XO2R(I)1=ARCOSIABS{T2})
IF(T2.6T.0.00. GO TO 99021

IFIT52:,6T,0.0) GO TO 98022
XO02R{ID=X02R¢§ =PI

GO TO 99024

XO2R(I)=PI-XO2R{ I}

GO TO 99024

IF(TS2:GT.0.0) GO TQO 99024
XO2RE{Ib==XO2R(I)

X02(1)=X02R{ 14 /TROP

S2( 1) =DE*CDELEDB*CLAMEDL*SLAMESIN(TETOR(I) )
VF2(J23=TETO( I}

XC2(J2)=F102¢1}

YC2{J42)=X020 1}

2C2€4421=52(1})

- CONT INUE

GO TO 140

MJ1=0:

MJ2=0, .

DO 1201 I=1,NI



12013

1201

130

213

GNO=DA~D1*COS(TETOR(I))
 GMO=DB*SLAM=D1*CLAM*STIN(TETOR(I })
AO=DE*SDEL

BO=GNO

CO=GMO

RAD I =BO%*2 6 CO%% 2= AQ%k% 2

IF(RADI  .LT.0.0) GO TO 1201
ROOT=SQRT(RADI}
FIOLR(I)=2,0%ATAN((-BOEROOT}/(CO-AO}}
FIOM I¥=FIOLRUI)/TROP

Ti= ({6MO *SIN(FIOLR(IV)EGND *COSIFIOLIR(I
106038 7/D2) ) : '
IFCABS(TLIGT.1,08 GO TO 12013

Mdt=MJ161

J1=MJ1l

XOLlR(ID=ARCOSE(GMO  *SIN(FIOIR(I}I&GGNO  *COS(FIOLR(I
16035 /D29 :
XOL(I)=XO1R(1})/TROP
S1(I)=DB*CLAMEDL*SLAM*SIN(TETORAI} ) - DZ*SDEL*SIN(XOIR(I
1))

VF1(J1}= =TETO(Ii

XC1{Ji)=FIOQ(I)

YCLl{J1h=XOLL{1},

ZC1(JILd=S1(1}

FID2RL [ 1=2,0¥ATANC {~BO-ROOT}/(CO-ACYE . |

FIO2¢ I)=FI02R( 11/ TROP

T2= (LGMO  *SIN(FIO2REIDDE&GNO  *COSEFIO2R(I
109&D33/02) -

IF(ABSET2).GT.1.00 GO TO 1201

MJ2=MJ261

J2=MJ2

XO02R{I)= ARCUS««GMO *SIN(FIO2R(IDPEGNOD  *COS(FIO2R({
L)VEDBE/D2Y : »

X0R2C1)=X02R(ID/TROP

S2€ I )=DB*CLAMED L% SLAMXSINC(TETORLI) ) =D2%SDEL*SEN{XO2R(I
1) ¢

VF2(J2)=TETO(L)

XC2(J2)=FI020 1}

YC2€J23=X02(1I})

zc2¢J24=s2t1) .,

. CONTINUE

GO TO 140

MJI:O )

MJZEO*

ML1%0.

ML2=0"

00 1301 1= 19NI

NEO=0 .

GND=pA- Dl*CUS«TETOR«I»»
GMO=DB*SLAM=D1*CLAM*SIN({ TETOR(I }§ ‘

GKO=( CDEL**zv*«DZ**Z=D3**2=GNO %2 )=GMO  ®¥2-{DE
l*SDELa**Z -



1

1

12011

12012

1306

13061

1302

214

AQD= 2,0%(D3%GNO *{CDEL*%2 ) 6DE*GMO *SDEL ) -GKO
Al= 4.,0%(D3%GMO *(CDEL*%2})~DE*GNO *SOEL-GMO*GNO*

(SDEL**2} )

h2= 4. 0%( SDEL*%2)%(GND *¥%2-GMO  #%2)=2.0%GKO

A3=  4.0%{GMO *=GNO #(SDECL*%2) 603%GMO #(CDEL*%2) -

DE*GNO*SDEL}

Ag= ~GKO =2.0%(D3%GNC *{CDOEL*%*2) EDE*GMDO*SDEL)

IF( A% <EQ.0.,0) GO TO 12011

GO TD 12012

KA%=5

GO TO 140

BO=A07 A%

BL=AL/A4

B2=A2/A4&

B3=A3/A%
CO=BO*(4 . 0%B2=B3%*2 )=-B1%%2
C1=B3%Bl=4.,0%R0 .
EO=(2.0%(B2%%3)=9,0%B2%C1=27.0%C0O) /27,0
El=(=3.0%C16B2%%2) /3.0

IF(EO  .LT.0.0) GO TO 1306

GO TO 13061

EMO=-EQ

NEO=NED& 1

EQ=EMO.

CHEO=27.0%( EO%%2}
CHELl=4%,0%(El#*%3)

IF(E0.EQ.0.0) GO ¥O 1307

IF(ElL  .EQ.0.0) GO TO 1308
IF(CHED oGT.CHEL ') GO TO 1302
IF(CHED -EQ.CHEL . $ GO TO 1303
IF{CHED oLT-CHEL ) GO TO 1304
IF(EL oGTu0.0) GO TO 13022
SAYAL= 0.5%EQ /{(=E1 £3.00%%] .5}

' SAYRT= ALOGISAYAL ESQRT{SAYAL - #*¥281.0))

1
13064
1

13022

'

13024

13065
1303

13062

IFINEC.GT.0) GO TO 13064

Y3= B2 . /3.0862.0%SQRT(-EL  /3.0)%SINH{SAYRT
)

GO TO 131 ‘ ,

Y3: B2  /3.0-2,0%SQRTI-EL. /3.0)%SINHISAYRT
) vy
GO TO 131 g

SAYA2=  0.5%EQ  #((EL., /3,0)%%].5)

IF(SAYA2  .LT.1.0) GO TO 130t

SAYRT=  ALOGESAYAZ  &SQRT(SAYAZ  #%2-1,01)
IFINEO.GT.0b GO TO 13065 C

¥Y3= B2  #3.0862.0%SQRT(EL  /3.0)*COSHISAYRT
GO TO 131 a | ‘
¥Y3= B2  /3.0-2.0%SQRT(EL  /3.0)*COSH{SAYRT
GO TO 131 ; v

IF(NEO.GT.0) GO TO 13062

GO TO 13031 .

£3.0

/3.0

/3.0)

/3,01

ROOTL= =20, 0%((ED F2-,00*%%(1.0/3,0)d¢&B2 2300



ROOT 2=

(EC

72.00%%(1.0/3.0)6B2 /3.0

GO TO 13032

RCOTL=
ROOT 2=

Y3=RO0T2
GO TC 131
Y 3=ROOTL
GO TO 131
SAYRT=:

GO
13066 ROOTL=
~ 12,0
ROOT 2=
1 /3.0
ROOT 3=
1/3.0

2, 0% {EQ
={EDQ
IF{ROCTL.GT.RO0T2) GO VO 1305

ARCOS(0.5%ED
1F(NEC.6T.0) GO ¥O 13066
TO 13040

~2.0%SQRT(EL

20 0%SQRT(EL

2.,0%SQRT(EL

F2.00%%(1.0/3-0))EB2/3-0

F2.00%%(1.0/3.0) &2 /3.0

JULEL /3,00 k%1.5))

F3.0D*COS(SAYRT /3.0068B2 /

73.00%COSI{PI-SAYRT O/BDODQBZ

‘ .

/3.0)%COSIEPIESAYRT  }/3.006B2

GO TO 13041

13040 ROOTl=
ROOT 2=
12/3.0
ROOT3=
12/3.0
13041 IF(ROOTL
IF(ROOT2
¥3=R0O0T3
GO 7O .131
IF(ROOT1
Y3=R00OT3
GO TO 131
Y3= .
GO; TO 131
Y3=ROOT2
GO TO 131
IF(EL

13042

13044
13043

1307

2.0%SQRT(EL
=2.0%SQRT(EL

-2, 0%SQRT(EL

73.0)%COS(SAYRT
(13,00 %COSEL(PI-SAYRYT

/3.0)68243.0
1/3.00 &8
/3.0)%COS(LPTESAYRT - 1/3.01&68B

) GO TO 13042
} GO TO. 12043,

oGToROOT2
oGT . ROOT3
«GT-ROCT3

b GO TO 13044

ROOTL

!

JLE.0.0) GO TO 13071

ROOTL=B2/3.0 ,

ROOT 2=
ROOT2=
IF(ROOTL
IF{ROOT2
V3=ROOT3
6C TO 131
IF(ROOTL
Y3=R0O0T3
60 TO 131
Y3=RO0T2Z
G0 TO 131
Y3=ROOTL
6o TO 131
¥32B2/3.0
66 TO 131

13073

13074
12075

13071

SQRT(EL
=SQRT(EL

VEB2/3.0
VJEB2/3.0
) GG YO 13073
] GO TO 13074

-GE.ROOT2'
. oGE.ROOT3

/

«GE-ROOT3 ) GO TQ 13075



1308 EIF(NEO.NE.C) GG TO 13C81
Y3= B2 /3.,06¢EC ¥%(1.0/3.00 0
GO TO 131
13081 ¥Y3= B2 /3.0-{EO *%{L.0/3-000
131 IF(EE(0.5%B3) *%2)~B2 &Y3 PoLT-0-0) GO TO 1301

QSl= 0.5%B3 ESQRT{€0.5%B3 - )j*%2-B2 £Y3)
QS2=s 0,5%B3 =SQRTL(0.5%B3 ) x%2-B2 &Y3i}
IF(((E 0. 5%Y2 h%%2}-80 }-LT.0.0) GO TC 1301
HS1= 0.5%Y3  &SQRT({0.5%Y3 ) *%2-B0)
HS2= OpS5%Y3 =SQRT((0.5%Y3 ) *x%2-B0)

QHl=  QSi  *HS2  £QS2  *HSL
QH2=  QS1  *HS1  &QS2  *HS2
IF(ABS(QHL <-Bl  JoLE.0.0001) GO TO 131l
IF(ABS(QH2 =Bi1 ).LE.0.0001) GO TG 1312
- GO TO. 1301
1311 HL=HS1-
H2=HS2 .
GO TO 1313
1312 H1=HS2
H2=HS1 |
1313 RADIl=), QS1  #*%2-4,0%H1
RADI2=QS2%%2=4,0%H2
IF(RADIL . oL¥.0.0} GO TO 13lé
IF(RADI2.GE.0,0) GO TO 1318

FIOLR(ID=2-.0¥ATAN( G- 5% (-QSL ~SQRT(RADILID D

FIOL(II=FIOCLIRCE D /TROP
CTle ({6M0 *SIN(FIOLIR(EDIEGND *COS(FIOLR(K
L))ED3/D2)

IF(ABS(T1).GT-1-0} GO TO 13131

MJl=MJlE1

Ji=MJL,

TSi= «GMU*SEN(FRDIR(IDD ~GMO*COS{(FIOLR(III-OE*SDEL)/ (D2%
1CDEL )

XOLR{IbV=ARCOS(ABS(TLHY
IF(T1.6T.0.0) GO ¥TO 99031
IFETS1.6To0.0) GO TO $9032
XKOLR(ID=XOLR(II-PI
GO. TO $9034
99032 XOLR{IJ=PI-XGLR(I)
GO TE 99034
99031 IF(TSLIGT.0.00 60 TO ©9034
XOLR( 10 ==XOLR(I) .
99034 XOL(IJ#XOL1R(I)/TROP
‘ S1¢1)=DB*CLAMEDL*SLAM*SEN({TETOR(I) )~ D2%SDELKSINIXOLR( I
1D 3 6 DE*EDEL
VELEJL)=TETO(I)
XCLEJLI=FIOLLT)
VCL§JILD=XOL(I)
ZC14J11=S1(1)
13131 FID2R(ID=2.0%ATANEO.5%{-QSL ~ &SQRT(RADILD I}
FI0201)=FI0Q2R(I)/TROP | | R
T2= | (§GMO  %*SIN(FIO2R(IJIGGNG  #COSTFIOZR(I
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1))&D33/021) |
IF(ABSIT2) 6To1.00 GO TO 1301
MJ2=MJ 26 1
J2=MJ2
TS2=(GNO*SINEFIOZRE 1)) ~GMO#COS(FIO2R( I ) )-DE*SDELD/ (D2%

1CDEL)

XO2R (I )=ARCOS(ABS(TZ))
IF(T2.6T.0,0) GO TO 99041
IE(TS2.6T.0,0) GO TO 99042
XOZR(II=XO02R(1)-PI
GO TO 99044

99042 XO2R(IV=PI-XO2R(1}
GO TO 99044

99041 IF(TS2.6T.0.0) GO TO 995044
XO2REII==X02R(1)

99044 X020 Ip=XO2R{L)/TROP /

52 13=DB*CLAMED1*SLAM«SIN( TETOR(I )1~ DZ*SDEL*S[N«XOZR«I
1) ) EDE*CDEL ; g f

VF2(J2)=TETO(I}

XC2€J2)=FIC2(1)

YC20J424=X02(1)

7C2042)=S2(1})

60 TG 1301 , .

1316 IF(RADIZ - .LT.0.0) GO TO 1301 -
EIOLR(I) =2, 0%ATANEO.5%(=QS2 ~SQRTIRADI2)D))
FIOL(I)=FIOLR{I)/TROP
Tl= ((GMO  *SIN(FIOLR{I}DEGNC  *COSU{FIOLIR(I
L11ED31/D2) : : :
IF(ABS(TL}.6To1,00 GO TO 13161
MJl=MJ1E1
Ji=MJ1
TSL={GNO*SIN(FIOIR( [} 1 =GMO*COS(FIOLR I} )=DE*SDELD/ (D2%
1CDEL) _
XOLR{T)=ARCOSC(ABS(TL))
IF(TL.GT-0.,0) GO TO 95051
IF(TS1.67.0.00 GO T0O:99052
XOLREL=XOLR(I)=PI
GO, TD 99054

99052 XOLR{I§=PI-XOLR(I}
G0 TO 99054

9905] IF(TS1.GT.0.0}. GO TO 99054

© . XOLR(I}==XO1REI}

99054 X01(Ld=XOLR(I}/TROP
S1(I)=DB*CLAMED1*SLAMXSIN({TETOR(I ) b= DZ*SDEL*SIN«XOIR«E

1) JEDE%*CDEL
VFLLJ1)=TETC(I)
XCL(JL)=FIOL(I)
ZC1(J1i=S1¢1b

 YCLEJ1)=XOL(I}

13161 FIORR{EI=2.0%ATAN(O0.5%(=QS2 &SQRT(RADI2)))

" FIO2(I1)=FI02R({[)/TROP _

T2= ((GMO  #SIN(FIO2R(IDDEGNC  *COSE{FIO2R(I



99062
99061

99064

1318

99072
99071

99074

13181

218

1p)ED3)/02)

IFEABSIT21.6To1.00) GO TC 1301

MJ2=MJ 261

J2=MJ 2

TS2= «GN@*SENGFIDZR«KDD=GMO*COS(FIOZR4!DD DE*SDELI/(D2*

LEDEL )

XO2REIV=ARCOS(ABSITR)}
[F(T2.6T-0.0F 60 TO <9061

IF(TS2.6T.0.0) GO TO 95062
XO2R(I¥=X02RCI1-PI?

GO TO 99064

XKC2REI)=PI-XO2R(I}

GO TO 93064 =

IF(TS2.6T.0.00 GO TO 95064
XO2R(I)=-X02RC 1)

X02(I)=XO02R(I}/TROP

S2{ I} =DB*CLAMED1*SLAM*SINC(TETOR(ID}-D2*SDEL*SIN(XO2REI

1) )EDE*CDEL

VF2(J423=TETG(I)
XC24J2)=FI0261)
YC2(J2)=X0201}’
2C20J42h=S20])

GO TO 1301
FICIREI}=2.0%ATAN(O.5%{-QS1 ~SQRTL{RADIL)? D
FIOL(I3=FIOLR(I}/TRCP )

. Tl= ({GMO *SIN(FIQLIRCIDIEGND ¥COS{FIOIR(I -
IBDSDBQIDZ» o i
IF(ABS(TI) GT 4o OJ GO TO 13181

MJl=MJL&1*

J1=MJ1L '

TS1=1 GNO*SINEFIOLRE 1)) -GMO*COSEFIOLRET ]I ~DE*SDEL D/ { D2%
LCDELY '

XOLR(I1=ARCOS{ABS{T1)}

IF(TL.6T.0.0) GO TO SSOTi

IF(TS1.67.0.0} GO TO 99072

XOLR{IP=XOLRET b=P

6O TO 99074

XOIR{TI)=PI=XOLR(L}

GO TO 99074

IFfTS1.6T.0.0} GO TO oeo74

XO1RUI}==XOLR{T)

XOL1(I3=XO1R{ T3 /TRQP
SL{I)=DBXCLAMEDL*SLAMKSIN(TETOR(T}I-D2%SDEL*SINIXOLREE
1) ) &DE*CDEL

VFL(J1=TETO(I} .

XPL{J1}=FIOIL T}

YPL{J1)=XOL(I}

ZP1(J1d=S1{1),

FIO2R{[)=2.0%ATANEO.5%(-QSL  &SQRT(RADIL})}
FIOZ(I)-FIDZR(IP/TROP ‘

T2= (UGMO  *SINCFIO2R(IDIEGNO  *COS(FIO2R(I
19)8039/02)
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IF{ABS(T2).GT.1l.0} GO TO 13182
MJI2=MJ 261
J2=MJ2
TS2= «GNO*SIN(FIGZR(Ibl°GMO*COS(FIO2RGIDD DE*SDEL)/(D2%*
1CDEL)
XO02R(I)=ARCOS(ABSIT2})
IF(T2.6T.0.0) GO TO S$9081
IF{TS2.6T.0.0) GO TO 9$082
X02R{I¥=X02R{I}-PI
GO TO 99084
99082 XO2R{I}=PI-XO2R{1)
GO TO 99084
99081l IF{TS2.6T.0.0) GO TO $95084
XO2R{ I¥=—X02R(1)
99084 X02(I)=X02R{I)/TRCP
' S2(1)= DB*CLAM&Dl*SLAM*SIN(TET'R(IBO°DZ*SDEL*SIN(XD2R§i
19 }EDE*CDEL .
VF2(J2)=TETOLI}
XP2Ud2)=FI02(1)
YP2(J2)=X02(1}
pP2¢Jd2)1=s2(1)
13182 FIOBRII)=2,0%ATAN(O. 5*(-952 -SQRT(RADI2)))
FIO3(I)=FI03RUI)/TROP ’
. T3= : (EGMO  *SIN(FIO3R{I)}EGNC #*COS{FID3R(I
1))&C31/D2)
IF{ABSAT3).GT,l. 0) GO TO 13183
MLL=ML1&1
L1:ML1
TS3={ GNO*SIN(FIO3R(I})-GMO*COS(FIO3R(I) )—~DE*SDEL}/ (D2%
1CDEL) .
XO3R{I)=ARCOSAABSL{T3))
IF{T3,.6T.0.0) GC TO 99091
IF{TS2.6T.0.0) GO TGO 99092
XO3R(I¥I=XO3R(I}-PI
GO TO 99094
99092 XO3R{I§=PI-XC3R{I}
GO TO 99094 )
99091 IF{TS3.6T.0.0) GO TO 99094
XO3R¢I)==X0O3R(I)
95094 XO3(1I)=XO3R( T}/ TROP
53(1DcDB*CLAM&DI*SLAM*SIN(TETOR«I)) D2%SDEL*SIN{XO3R(T
1) )&DE*CDEL
VF3(L1)=TETOLI}
XP3{L1}*FIO3(I)
YP3EL1)=XO3(1)
ZP3LLLI=S3{1Y¥
13183 FIO4R(I1=2.0%ATAN(G.5%{-QS2 ESQRT(RADIZ2D D)
FIO4{I3=FIC4R(I}/TROP
T4=" { (GMC *SIN(FIO4R({I))E&GNO #*COS(FID4GR(I
1))EDB)Y /D2
IF{ABS{T4).GT.1.0) GC TO 1301
ML2=ML 261



99102
§9101

89104

1301
140

409
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L2=ML2

TS4={ GNO*SIN(FIO4R(I)}~GMO*CGS(FIO4R( 1) }-DE*SDELD/LD2%
L1CDEL}

XO4R(I)=ARCOS(ABS( T4}

IF{T4.6T.0.0) GO TG 99101

IF(TS4.6T.0.0} GO TO 99102
XO4R{I¥=X04R{II=-PT

GO TO 99104

XO4REII=PI-XO04R(I)

GO TO 99104 *
IF(TS4.6T.0,0) GO 0 99104
XO4R{TI==X04&R(1)

X0%€ I1=X04R{I)/TROP

S4( I )=DB*CLAMED 1*SLAM®SIN{TETORI{I ) }~D2%SDEL*SIN(XO4R(I
1) VEDE*CDEL

VF4(L2)=TETO(I}

XP4(L2)=FI04(I)

YP4IL2}=X0D4(1}

IP4fL2}p=S4l1)

CONTINUE .

RETURN

END -

SUBROUTINE COUPLRENTYPE,NIsTETUyCELO¢DELOyD1402¢D3 DA,
1DBsDEGHE¢FIOLyX019S1yDF 9yDG9DH ¢XCLyYCLyZCloXP1oYPLZPL)
DIMENSION TETORE36 ) TETO(36 ) FIOL{36 % FIOCLR(36 )¢XO
11(36 } ' :

DIMENSION XOlR(36 ),S1{(36 }

DIMENSION XCL(36 d,VC1(36 }+ZCLI36 ) yXPL{36 D,YPL(36 )
15ZP1(36 1}

PI=3,14159265

TROP=PI/180.0

CELOR=CELO*TROP

DELOR=DELO*TROP

- SDEL =SIN{DELOR)

"CDEL=COS(DELCR)

SLAM=SINECELOR)

CLAM=COS(CELOR}

DO 409 I=1,¢NI

TETOR( ID=TETO(I ) *TRQP ,
FIOLR(I}=FIOL(I9*TROP

XOIR(I}=X0L{I)%*TROP

CONTINUE :

IF(NTYPE.GT.3) GO TO 410

DD 400 I=1,NI '
XCL{I)=DB-S1{I)*CLAMED3*SLAM*SIN(FIOLR{ 14} E&(DEEDF) *(CL
LAM#CDELE SLAM*SDEL*COS(FIOLR(I DD I ESLAMESINC(FIOLR{I}D*(D
2H¥SIN(XOLR{I}b~D2-DGI*COS(XOLR (I} ) ) &I SLAM*COS(FIOLR(]
3} J*CDEL—SDEL¥CLAM} *(DH*COSAXOIRAI) ) &(D2-DG)*SIN(XOLR(I
41 )) .
YCL{Ib=DA&GD3*COS(FIGLR{I)I-(DELDF)*SDEL*SIN(FICLRIIIIE



400

410

430

509

221

1COS¢FIOLR(IPI*( DH*SIN(XOLR(I} )~ (D2-DG}*COSIXOLREILF1--C
2DEL*SINEFIOLIR(L) 1% (DH*COS(XOLRET ) &§D2~DG) *SIN{XOLR(I!
30}

ZCLEI)=S1(I}*SLAMED34CLAM*SIN(FIOLR(I}§ E(DEEDF] *{CLAM®
1SDEL*COS(FIOLR{ 1)k~ SLAM*CDEL] &CLAM®SINCFEOLRE 1] #( DH*S
2IN(XOLRCI}}-{D2-DGI*COS(XOLR(ID D) &{CLAM*COS(FICLR(I} ! *
3CDELESLAM*SDEL } *(DH*COS{XOLR (14 )&(D2<DG) *SINEXOLRE I} B D

XPL{I}=-S1{ [)&{DELDF*CDEL- SDEL*(DH*CCS (XO1R(IF)&(D2 D
16} *SIN(XOIRUI} })

YPLU1)=D3*COS(FIOLR(I))- (DEGDFI*SCEL#SINCF IOLR¢T) ) GCOS
1(FIOLR(I})*(DH*SIN(XOLREI)}-{D2-DG) *CCSC(XOLRCIbI1~SING
2FIOLR( 1} V*CDEL*{ DH*COSIXOLR(I DD &4 D2-DGy *SIN(XOLR( ) §

ZP1(E11=D3*SIN(FIOLR(T))E(DEEDF) *COSTFICLR{ I} *SDELESIN
L(FIOIRE I} *{DH*SINC(XOLR (1) )-(B2-DG)*COS(XOLR{ 1)) ECTSH
2FI0LR( 1) 1*CDEL*{ DH*COS(XO1R(I 1) &{D2~DG) *SINIXOLR(I! ¥

CONT INUE

GO TO 430

IF(NTYPE.GT.6) GO TO 430

GO TO #30
RETURN

END

SUBROUTINE VELCTY(NTYPEyNI TETO,CELO¢DELOsD1+D2+yD3,DA,
1DByDEsHEgFIOLs XOL9S1yVWINJAWIN;VFL VX1, VS1yAFL¢AXL ASL
2)

DIMENSION TETOR{36 ),TETO(36 9.F101(36 }sFIOLR(36 D)¢XO
11(36 )

DIMENSION XO1R{36 }¢VFL(36 D VX1{36 },VSI(36 § AFL(36
1)

CIMENSION AX1{36 )¢AS1(36 }

.PI=3.14159265

TROP=P[/180.0

CELOR=CELO*TROP

DELOR=DELO*TROP

SDEL=SIN{DELOR}

CDEL =COS(DELCR)

SLAM=SIN{CELOR)}

CLAM=COS(CELOR})

DG 509 I=1,Ni

TETORCI)=TETOL I }*TROP

FIOLRAII=FIOL{I$*TROP

XOLREI)=X0O1{1)*TROP

CONTINUE

00 500 I=1,NI

IF(NTYPE.GT.3) GO TO 520

GNO= ~ DA=-D1*COS(TETOR(I))

GMO= DB%SLAM=-D1*CLAM*SIN(TETOR(I}}

GMl= GNO *CDS(FIOIR{I)D&GMD *SINCFIOLRCID}

GM2= GMO  *COS(FIOLR{I!)-GNO *SIN(FIOLRUID}

Wl= GMO  *SINCFIOLR(I)IEGNO  *CCS(FIOLR(f))&D3

W2= GNG  *SIN(FIO1R{III-GMO  *COS(FIOLR(]}} -DE*SDE



512
513

514

515

520
500
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1L
GL1=  SIN(TETOR(I})*SIN(FIOLR(I)IECLAM*COS(TETOR(II*
1COSE{FIOLIR(IN}

GL2=  SIN(TETOR{ I} }*COSIFIOIR(IN]- CLAM*SIN(FEICLR(ID}*
LCOSCTETORUIY

GL3=" COS(TETOR(ID}*SIN(F[OIR«I)DeCLAM*SIN(TETUR(IDD*
1COS{FICLIR(I)}

GL4= CLAM*SINGTETOR(I))*SIN(FIOIR(ID)&COS«TETUR«IDD*
1COS(FIOLR(I})

IF{ ABS(DELO}.EQ.90.0} GO TO 512

VFL{I}=—-DLl¥0W2  *GL1l  &(CDEL¥¥2)*WL*GL2}*VWIN /W2

1 #*GM1  &(CDEL*#2)%Wl. *GM2)

GO TO 513

VFL{I)==D1%GL1%xVWIN/GM1

VXLEI)=-(GM2%VFL1(1) +D1*GL2*¥VWIN ) /{D2*SIN{XOLRII1 )}
VSLEI)=D1#SLAM*COS{ TETOR{(I) )& VWIN-D2%SDEL*COS{XOLRE I} )
1&VX161D. :

Ql=. GMl. *%26W2  *GM2 & (CDEL*#2)*{GM2  *%2-Wl

1 *GML1}, s .
Q2=  GM1  *GL1  &W2  *GL2  G&G(CDEL**2)*(GM2  *GL2
1  =WL%GL1) : '

@3= . PL¥(GLL  *%2)&W2  *GL3  GICDEL**2) *{D1*(GL2**
12)6WL%GLS)" -

Q4= W2, - %GL1  &(CDEL*%2)%Wl  *GL2

Q5= W2  %GML  E(CDEL*%*2)*Wl  *GM2
IF(ABS{DELO),EQ.90,0) GO TO 514

AFL{I¥==(Q1l *(VFLE{I)*%2)62,0%D1*Q2*xVWIN*VFLL{I}+D1%*Q3
L¥IVWIN®#2) #D1%Q4*AWIND /Q5 )

/G0 YO 518 »

AFLIIN=={GM2 = *{VFL{I)**2)E2.0%DL*GL2*VWIN®VFL(I}+D1*
LGL3%{VWIN*%2)+D1%GLI*AWIN) /GM1
AXLEI)==UD2%COS{XOLREIDIX(VXLEID*%2)EGM2  *AFL(L)-GML
L¥(VFLOID*%2) +DL* (GLA%( VWIN*%2) -2, 0%GLL*VFL( I} *VWIN#GL2
2%AWIN) b7 {D2%SIN{XOL1RCI ) )}
ASLEI}=D2%SDEL*(SIN(XOLR(I}D*VXI€I)*%2-COSEXOLRULD B *AX
L1141) D+DL*SLAM*{ AWIN*COS{TETOR(I ) d~(VWIN**2) *SIN(TETORL
21) b4

Gé TG 500

GO TO 500 )

CONTINUE

RETURN

END -

SUBROUT INE DSPLOT(LE;LIMI»LZMyLZMlgLBMvVFl VF2,VE3 3 VF4
15STMI¢STMX, SOMI  SDMXD

DIMENSION VF1(36)qVF2(36)vVF3(36D'VF4(36D X(2160,Y§216
13
DO 62051 I=1,LE
X{Id=VF1 €I}
Y(I)=VF2 (1)

62051 CONTINUE



62052

62053

6251

6252

6253

6254

6255

6256
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DO 62052 I=C1ML,L2M

IINI=I~-LE

X€I)=VF1 C(I1NI}

YEIb=VF3{ILNID*20.0

CONTINUE:

00 62053 I=L2M1,L3M

I2NI=1=-2*LE

X{Ib=VFl C(I2NI)

Y(I}=VF4UI2NI)

CONTINUE 7
CALL PLOTU{XySTMIs STMX¢Os¥YoSDMI o¢SDMXs0¢Dc900¢0as0O¢L3IM
1539193520

RETURN

END

SUBROUTINE COPPLT(LEsLIMLsL2M,L2ML (L3 M, VFl,VF2VF
137AF1AF2¢AF3; SCMI ( SCMX) !
DIMENSION VF1(36)¢VF2(36),VF3(36):AFL(36)AF2(361AF34
136) -

DIMENSION XKk216beY({21p)

, DO 6251 I=1,LE

X(I}=VF2(I}

Y(I$=-VFL(]}

CONT INUE

DO 6252 I=LLM1,L2M

TINI=I-LE

X§Ib=VF2(IINI)

YEI)=VF3(I1NI)

CONT INUE

DO. 6253 I=L2M14L3M

I2NI=1=2%LE ’

XCId=VFL{I2NI}

YEI)=VF3LI2N]}

CUNTINUVE ,
CALL PLOT(X¢SCMI SCMXs0sYy SCMI¢SCMXg0450:500¢0,90¢L3M
lo3¢19352)

DO 6254 I=1,LE

- XE1)=AF2(1)

Y¢Id==AFL(I} .

CONTINUE .

DO 6255 I=L1Ml¢L2M

IINI=I~-LE .

X(Ip=AF2¢ ILINI)

- Y(I)=AF3(I1INI}

CONTINUE

DO 6256 I=L2M1,L3M

I2NI=1-2%LE

X{I)=AFL{I2NID

Y{I}=AF3(I2NI}

CONTINUE ‘

CALL PLOT(X,SCMI ;SCMX40yYy, SCMI¢SCMX50500¢0050.505L3M
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6272

6273

6274

6275

6276
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19351932}
RETURN
END

SUBROUTINE VELPLT(LE,LLMLoL2MyL2ML L3 M, L3ML oL 4MyL4ML L
15Ms L5MLsL6MyKPLoYPLYP2yYP34ZPL,ZP25ZP3 STMI¢STMXy SVMI
2+ SVMX)

DIMENSION X(216),Y(216),XPL{36),YP1(36) ,YP2(361,YP3(36
11,2P1{36)

DIMENSION ZP2(36),ZP3(36)

DO 6271 I=1,LE

X{I)=XxP1 (I}

Y(I}=YPL(I)

CONT INUE

DO 6272 I=L1M1,L2M

IINI=I-LE

X{Ip=XP1l (ILNI}

Y(I)=YP2(I1NI)

CONTINUE - .

DO 6273 I=L2M1,L3M

I2NI=1-2%LE

XCI)=XP1 (I2NI)

YLID=YP3({I2NI)

CONTINUE

DO 6274 I=L3M1,L4M

I3NI=[~3%LE

X{I)=XP1 (I3NI)

Y(I}=ZP1(I3NI)

CONT INUE

DO 6275 I=L4M1,L5M

I4NI=I-4%LE

XCI)=XRLl (I14NI}

Y(I)=ZP2(14NI}

CONTINUE »

DC 6276 I=L5ML1,L6M

ISNI=1-5%LE

X{Ih=XPLl (I5NI)

Y(I)=ZP3LI5NI)

CONT INUE

CALL PLOTU(X,STMI, STMX40,Y,SVMI ,SVMX40+0c¢0.0:¢0,L6M
ly6y143,2)

RETURN-

END

SUBROUTINEPLOTE Xy XMINy XMAX9LXsY g YMINy YMAXoLY o Z oZMIN¢ZIM
LAXsLZyNPTyNPLOTyNCOPY NCD,NDIM) ,

THIS IS THE STANDARD PLCT SUBROUTINE FOR IBM- 7040
DIGITAL COMPUTER.



PROGRAM B.

c PROGRAM-RSRC B

C CEMIL BAGCI-SYNTHESIS OF THE RSRC SPACE MECHANISM FCR
c UNCONSTRAINED SCREW GEGERATIGN BY MATRIX ITERATION.
DIMENSION TET(25), SMQO( 8) JVL661 s VWE66D
1PQ(E,8) ,
DIMENSION TETOR(25 ),TETO(25 b,FI0L(25 }+FICLRI25 }¢XO
11025 )
'DIMENSION XOLR(25 )} sFI102(25 ),X02425 3552025 }FIO2R{
125)5S1(25)
DIMENS ION PQINV(BvS)vH(B!vCHECKGBDySYO(25D9$F(25» XO2R
1(25)

10050 FORMAT(5F10.3)

10051  FORMATU8FS.5)

10052 EFORMAT(315)

10053 FORMAT{ 8F7.2)

10054 FORMAT(SF7.2)

10055 FORMAT{8F7.2)

10056 FORMAT(3F1C.4)

10057 FORMATLI5)

10037 FORMATA LH1///5Xy 95HRSRC MECHANISM WHICH APPROXIMATES
1SPECIFIED SCREW DISPLACEMENT BEST IN THE LEAST SQUARES
2 SENSE.///)

10041 FORMATU( 12Xy 4HR%*%2, 12X SHRF%%2 12X SHRS*%2/ )

10042 FURMAT(sx,BFls 8}

10044 FORMATE5X¢10F12.6)

10043 FORMATU///10X¢2HDE 10X 2HDL 310X s2HD2¢10X52HD3 310X 2HODA
1510Xs 2HDB ¢ 8Xy SHDELTA 6Xo SHTETOL 16X s 6HLAMBDA/)

10045 FORMAT(///8XySHINPUT RO 32Xy LOHOUTPUT RCo ¢5Xs THGEN.SAY
145X THDES « SAY; 2Xs LOHOUTPUT TR. y5X s THGEN.TRo p5Xy THDES . T
2Ry %Xy 8HANGLE X0¢2Xy10HDIFoIN ROc2X¢LOHPIFLIN TR/ )

10046 FORMATAS5Xy8F12.6)

10038 FDRMAT(/1/5X942HSDLUTION CORRESPONDING TO THE MECHANIS
1M GF/)

10039 FORMATI22X,12)

READ(5,10057})NDIM

C NDIM IS THE NUMBER OF MECHANISMS OPTIMIZED.
NMECH=1

9597 READ{5510050) DTET12,DFY12,CELOsDTET,DLS12
DTET12 IS- THE RANGE OF INPUT CRANK ROTATION.

DFY12 IS THE RANGE OF OUTPUT CRANK R@TATIONo

CELO IS THE SKEW ANGLE LAMBDA.

DTET IS THE INCREMENT IN THE INDEPENDENT PARAMETER
TETP.DLS12' IS THE RANGE OF THE OUTPUT TRANSLATION.

SOOTOW

225
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READ(S5,10057) NITLMX

C NITLMX IS THE NUMBER OF INITIAL SET OF DIMENSIONS FOCR
o A MECHANISM.,
NINITL=1
PI=3.14159265
TROP=P1/180.0
CLAM=COS(CELC*TROP)
SLAM=SIN(CELO%*TROP}
' READ(5y10051)(CHECK(I)¢I=1¢8)
o CHECK (I) ARE THE DESIRED ACCURACY IN THE DIMENSIONS
READ(5,10052) 1841G,1V
o 18=19=1 DEFINES THE INVERSION WITH POSITIVE SIGNED
c RADICAL IN THE DISPLACEMENT EQUATIONS,;I8=19=2 DEFINES
o THE INVERSION WITH NEGATIVE SIGNED RADICAL.IV DEFINES
C FUNCTION BEING GENERATED IN THE SUBROUTINE °DESIREDS.
READ{5,1005T7)NPR
C NPR IS THE NUMBER OF PREC[SION POINTSo
READ{(5y10057T)NITMX \
o NITMX IS. THE MAXIMUM NUMBER OF ITERATIONS FOR EACH SET
o OF INITIAL DIMENSIONS. A
READ(5y LOOSTINCHPNT \
c IF NCHPNT IS NOT ZERC IT PRINTS THE DISPLACEMENTS
o AFTER FACH ITERATION, ‘
READI5510056)R2MXy RF2MX 9y RS2MX
o R2MXy RF2MXe¢ RS2MX DEFINE THE DESIRABLE LIMITS FOR SUM
C OF THE SQUARED ERRORS IN BOTH RGTATION AND TRANS.y
o ROTATION ONLY,AND IN TRANSLATION ONLY.
READ( 5y 1005TdNTDATA
c IF NTDATA IS NOT ZEROy, A SET OF DATA FOR THE DESIRED
C FUNCTION IS NECESSARY.

DO 50060° KDRCT=18,19,

 IF(NTDATA.NE.O}) GO TC 39998

CALL DSIRED(: DTET»DFYlZoDTETlZvDLSlZsNPRqKDQCT Iv

19 TET¢SYO,SF})

GO TO 3999
39998 READ{5,10056M(TETAI),SYO(I)oSF(I)el= lePRb
39999 READ{5,10053) DEsD1,D02,03,0A,DB,DELC,TETCL

. DEIN=DE

D1IN%D1.

D2IN=D2 -

D3IN=D3

DAIN=DA

OBIN=DB

NITER=0

WRITE{6y10044)DEsD1+D2¢D3,DA,08, DELO,TETOI
40008 CDEL=COS{DELO*TRCP)

" SDEL=SIN(DELO*TROP) \

IF{ABS(DE).G6T.10.0) DE=DEIN

IF{ABS({DA) .GT.30.0) DA=DAIN

IF{ABS(DB)oGTo30.0) DB=DBIN

IF¢DL.LE.O.O) D1=D1IN

IF{D2.LE.0.0) D2=D2IN



10024

100

110

55012
59011
96014

11013
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IF(D3.LE.0.0) D3=D3IN
DEIN=DE
DLIN=D1
D2IN=D2
D3IN=D3
DBIN=DB
DAIN DA

10024 I=1,NPR
TETD(I)“TETDlGTET(I)
TETOR(I)=TETO(I)*TROP
CONTINUE
NI=NPR
NEO=0
IF(DELO.EQ.0.0) GO TO 110
IF{ABS(DELG).EQ.180.0) GC TO 110
IF(ABS(DELO)4,EQ.90, 0) G0 TO 1202
GO.TO 130
MJ1=0
MJ2=0 C
DO 1101 I=1,NI.
GNO=DA-D1*COS(TETOR(I1)}
GMO=DB*SLAM-D1%CLAM*SIN(TETOR(I))
A0=2.0%D3*GNO o
BO=2.0%D3%*GMO
CO=D3%%2—-D2%%2 EGNO**266MO**%2
RADI=BO%*28A0%%*2~CO**2 '
IF{RADI .LT.0.0) GO TO 1101
ROOT=SQRT(RADI)
FIOLR(I}=2.0%ATAN((-BOEROOT) /(CT-AQ))
FIOL(I)=FIC1R(IY/TROP .
Ti= {GMO  *SIN(FICLR{I))IE&GNGC  *COSA(FIGLR(I}DED3)/D2
IF(ABS(T1).GT.1.0) GO TO 11013
MJl=MJ1E1
J1=MJ1
TSl= (GND*SIN(FIOIR(I))-GMQ*COS(FIOIR(IDb DE*SDEL)I(DZ*

1CDEL)

XO1R€I)=ARCOSUABS(TL))
IF(T1.6T.0.0) GO TGO 99011
IF(TS1.6T.0.0) GO TG 99012

 XOLR(I)=XG1RCI)-PI

GO TO: 99014

XO1R(II=PI-XOLR(I}

GO TO <$9014- :

IF(TS1.GT.0.0) GO TC <9014

XOLR(I)=-XOLIR(I}

XO1(I§$=XOLlR(I)/TROP

S1(I)=DE*CDEL 6DB*CLAMEDL*SLAM*SIN(TETOR(I))
FIO2R{I)=2.0%ATAN((-BC-ROOT)/ (CO-AG))
FIO2(1)=FIC2R(1)/TROP

T2= ((GMO  %=SIN(FIO2R(I))EGNC *COS(FIC2R(INIED3§/D2
IF(ABS(TZ).GT 1.0) GO To 1101

MJ2=MJ 281



59022
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J42=MJ2

TS2= dGNO*SIN(FIOZRII)l—GMO*COS(FlOZR(I)lnDE*SDELl/(DZ*
1CDEL )

"XO02R{1)=ARCOS{ABS(T2))

IF(T2.6T.0.0) GO TO 99021

IF(TS2.6T.0.0} GO TO 99022

XO2R{ [ )=X02RE(I)=-P1

GO TO 55024 ,

XO2R{I}=PI-XO2R(I)

GO TO 99024

IF(TS2.6T.0.0) GO TO 95024

XG2R( I b==X02R(I)

X02(1}=X02R( 1)/ TROP

s2(1)= DE*CDELEDB*CLAMGDI*SLAM*SIN(TETOR(I5l

CONT INUE

GO TO 140

MI1=0

MJ2=0

DG 1201 I=1,NI

GNO=DA-D1%COS(TETOREI D)
GHMD=DBESLAM-DL*CLAM*SIN(TETOR(I))

AQ=DE*SDEL

BO=GNO

CO=GMO

RADI =BO®%2ECO%% 2= AU*H2

IF(RADI  .LT.0.0) GO TG 1201

ROOT=SQRT(RADI)

FIOLIR{I)=2.0%ATAN((-BOEROGT)/ (CO-AC))
FIOLCI}=FIGIR(1}/TROP - - .

Ti= (GMO ~ *SIN(FIOLREIDIEGNO  *COS(FIOLR(I})IED3)/D2
IF{ABS(T1).6T.1.0}) GO TO 12013

MJ1=MJ1&1

J1=Md1

XOLR(I)=ARCOSC((GMO  *SINC(FIOLR(I)IEGNO  *COS(FIOLRLI
1Y1ED33/D2}) , ’
X01(1)=XO1R(I)/TROP
SL{I)=DB+CLAMED1#SLAM*SINCTETOREI))-D2*SDEL*SIN(XOLRET
1))

EI02R(1)=2.0%ATAN( (~BO-RODT) Z{CO-AD) )
F102¢{ 1)=FI02R(1)/TROP

-T2 (GMO *SINAFIO2R{ 1)) EGNC *COS(FIC2R(INED3DV/D2

1201

130

IF(ABSI{T2).6T.1.0) GO TO 1201

MJ2=MJ 261

J2=MJ2:

XO2R{I}=ARCOS((GMO  *SIN(FIO2R(IDIEGNC  *COS(FIO2R(I
1)26D3)/0D2) :

x02(I)=x02R(I)/TRGP

S2(I1)=DB*CLAMED1*SLAMXSIN(TETOR(I )}~ DZ*SDEL*SIN(XOZR(I
1)) ,

CONTINUE

GO TO 140

MJI1=0
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MJ2=0

DO 1301 I=1,NI

GNO=DA-D1*COS{TETOR(I})
GMO=DB#SLAM=D1*CLAM*SINE TETOR(I D)

GKO={  CDEL¥#2}%(D2%%2-D3%%2-GNO  ##2}~GMO  *%2-(DE
1%SDEL } *%2 * |

AD= . 2.,0%(D3%GNO  *(COEL*%2)EDE®GMO  *SDEL}-GKC

Al=  4,0%(D3%GMO  *(CDEL¥%2)-DE*GNGC  *SDEL-GMO*GNO%*
LOSDEL*%2) ) : :
A2=  4,0%(SDEL*%2)%(GNO  *%2-GMO  %%2)=2.0%GKC

 A3=  4.,0%(GMO  *GNO  *(SDEL**2) §D3%GM0O  #*{CDEL*%2)-
1DE*GNO*SDEL)

Ah=  =GKO  =2.0%{D3%GNO  *TCDEL*%2)&DE*GMO*SDEL)
IF(A4 .EQ.0.0) GO TO 51043

BO=AO/A4

Bl=Al/A4

B2=A2/ A4

B3=43/A4

CO=BO*(4.0%B2-B3%*2)—B1l%*2

Cl=B3%B1-4.0%B0 »

EO={ 2. 0%{B2#¥%3)~S.0%B2#C1-27.0%C0) /27.0
El={-3.0%C16B2%%2)/3.0

IF(ED * .LT.0.0) GO TO 1306

GC TO 13061

EMO=—-EC

NEO=NEOCE1

EC=EMO

CHEC=2T7.0%( EO%%2)

CHEL1=4,0%(E1%%3}

IF(E0.EQ.0.0) GO TO 1307

IF(El  .EQ.0.0) GO TC 1308 .

IF(CHED  .GT.CHEL ) GO TO 1302

IF{CHED .EQ.CHElL ) GO TO 1303

IF(CHED  .LT.CHEl ) GO TO 1304

IF(EL  .6T.0.0) GO TG 13022

SAYAL=  0.5%EQ: /A{-El  7/3.01%%*1.5)

SAYRT=: ALOG{SAYAL &SQRT(SAYAl  #¥2&1.0}
IF(NEO.GT.0) GO TO 13064 L
V3=, B2  /3.062.0%SPRT(-El  /3.0)*SINH(SAYRT /3.0
1) '

G0 TO 131 _

Y3= B2  /3.0~2.0%SQRT(-El  /3.0)%SINH{SAYRT /3.0

1)

66 TO 131

SAYA2=  0.5%EQ0  /{(El  /3.0)%%1.5)

IF(SAYA2 . .LT.1.0) GO TO 1301

SAYRT=  ALOG(SAYA2  &SQRT(SAYA2  #%2-1.0))
IF(NEC.GT.0) GO TO 13065

Y3= B2  /3.0862.0%SQRTIEL  /3.0)*COSH{SAYRT  /3.0)
GO TO 131 |

Y3=' B2  /3.0-2.0%SQRT(ELl  /3.0)*COSHUSAYRT  /3.0)
GO TO 131
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1303 [IF{NEC.GT.0) GO TO 13062
GO TO 13031

13062 ROCTl= -2.0%¢ (EO 72.,0)%*{1.0/3.0} ) &B2 /3.0
RCOOT2= (EO /2.0)%%(1.0/3.0) &B2 /3.0
GO 7O 13032 ' :

13031 ROOTL= 2.0%({EC /2.0)%%(1.0/3.0006B2/3-0
ROCT2= -(EQ /2.0)%*%(1.0/3.00&B2 . /3.0

13032 IF(ROOT1.GT.ROOTZ2) GO TO 1305
Y3=R00T2
GC TO 131

1305 V¥3=R0O0T1
GC TO 131

1304 SAYRT= ARCOS(0.5%ED /UEL /3.0)%*%1.5))
IF(NEO.GT.0) GO TO 13066
GO TO 13040

13066 ROOTL= =2.0%5QRT(E1L /3.0)*COS(SAYRT /3.0)&B2 /
13.0- : :
ROOT2=. - 2.0%BQRT(EL /3.0)*%COSU(PI-SAYRT }/3.0)&B2
1 ,/3001 1 .
ROOT 3= 2.0%SQRT(EL /3.0)%COSU(PI&SAYRT }/3.0018&8B2
1{3.0 '
GO TO 13041 ,

13040 ROOT1= 2. 0%SQRT(EL /3.0)*COS(SAYRT /3.0)6B2/3.0
ROOT2= -2.0%SQRT{EL /32.0)%COS(SPI-SAYRT }/3.0)E8B
12/73.0 '
ROOT3= -2.0%SQRT(EL /3.0 *COS((PIE&SAYRT ¥/73.0)&8B
12/73.0 :

13041 IF(ROOT1 .6T.ROOT2 ) GO TO 13042
IF(ROOT?Z .GT.ROOT3 } GO TO 13043
¥Y3=ROOT3
GO TO 131

13042 IF(ROOT1 .GT.ROOT3 } GO TO 13044
Y3=R0OO0T3 ; {

GO TO 131

13044 Y3= ROOT1

: GO TO 131

13043 Y3=ROOJ2 P
GO TO 131

1307 IF{El' .LE.0.0) GO TO 13071
ROGT1=B2/3.0 .

ROOT2=  SQRT{(EL )&B2/3.0

ROOT3=  -SQRT(El )E&BR2/3.C
IF(ROCT1 <GE.ROOT?Z ) GO TO 13073
IF(ROCT2 -GE.ROOT3 }) GO TO 13074
¥3LR0O0T3

GO TO 131

13073 IF(ROOT1 .GE.ROCT3 ) GG TO 13075
Y3=R0OOT3
GO TO 131

13074 Y3=R0OT2
GC TO 131

13075 Y3=R0OOT1



13071

1308

13081
131

1311
%312

1313

13130

95032
99031

59034

13131
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GO TO 131

GO TO 131

TF{NEO.NE.O} GO TO 13081

Y 3= B2 /3.084EQ ¥%(1.,0/3.0)

60 TO 131

Y3=:. B2 r3.0-(EOD *¥%{(1.,0/3.0))

CONTINUE

IF({((0.5%¥B3) **2)-B2 £Y3 )oLT.0.0) GO TC 13201
QSl=- 0.5%B3 ESQRT1(0.5%B3 - ) **%2-B2 &£Y3)
QS2= 0.5%B3 -SQRT((0.5%B3 ¥ ¥%2-B2 EY3)
IF((U(0.5%Y3 P%%2)-80 ).LT.0.0) GO TO 1301
HS1=." 0,5%Y3  &SQRT{{(0.5%Y3 : )%%2-B0O)

HS2= 0.5%Y3 -~SQRTY(0.5%Y3 - }%x*%x2-B0O)

QH1= Qs1 *¥HS2 £QS2 *HS1

RH2= QSs1 *¥HS1 6QS2 '*¥HS2

IF(ABS(QH1 -B81 }.LE.C.0001} GO TO 1311
IF(ABSLQH2 -B1 }).LE-.0.0001) GO TO 1312

GC TGO 1301 -

H1=HS1

H2=HS2

GO TO 1313

Hl=HS2

H2=HS1 :

RADI1l= QSl1 %%2-44,0%H]
RADI2=QS2%%2~4,0%*H2 '

IF(RADI1 .LT.p.O) GO TO 1316
IF{RADI2.GE.0.0) GB TO 51043
FIOIR{I)}=2.0%ATAN{O.5%(-QS1 -SQRT (RADIL)))
FICL(I)=FIOLR(I)/LTROP:

Tl= (GMO *SIN(FICLR(ID}EGND *COS(FIOLIR(INIED3DM/D2
IF{ABS(T1).GT.1l. Ol GO TO 13131

MJl‘MJlGl : '

Jl=MJ1
TSl¢(GNO*SIN(FIOIR(I)D’GMO*COS(FIOLR(Ib)-DE*SDELI/(DZ*
1CDEL) .
XOL1R(I=ARCOS{(ABS(T1))

IF{T1.6T.0.0) GO TO 99031

IF(TS1.GT.0.0) GO TO 99032

XO1R(I)=XO1RII)-PI

GO TO 99034

XOIR(I)=PI-XO1R(ID.

GO TO 99034 ’

IF(TS1.GT.0.0)' GO TO 99034

XO1R(I)=—-XOIR(I)

XOL{{)=XO01R(I)/TROP

S1(I)=bB*CLAMED1*SLAM*SIN(TETOR(I} )~ DZ*SDEL*SIN(XOIR(I

1) )&DE*CDEL

FICZ2RUII=2.0%ATAN(0Q.5%(~-QS1 GSQRT(RADIIDD’
FIO2(I)=FIO2RL(I}/TROP

T2= (GMO *SIN(FIO2R(IV)EGND *CUS(FIOZR(I))&DB)/DZ
IF(ABS(T2).GT.1.0). GO TO 1301 :
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MJ2=MJ 261
J2=MJ2
TSZ—(GNO*SIN(FIUZR(Il)-GMG*CUS(FIOZR(I)i-DE*SDEL)I(DZ*
1CDEL)
XO2R(1I)= ARCOS(ABS(TZ)D
IF(T2.6T.0.0) GO TO 99041
IF(7S2.6T.0.0) GO TO 99042
XO02R{I)=X02R(I)~P1
GO TO 99044
99042 XO2R(I)=PI-X02R(I}
GO TO 99044
95041 IF(TS2.6T.0.0) GO TO 99044
X02R(I)==X02R(1)
99044 X02{I1)=X02R(1)/TRGP
S2(1)=DB*CLAMEDL*SLAMXSIN(TETORLI))-D2%SDEL*SIN(XO2R(I
1) V&DE*CDEL
GO TO 1301
1316 IF(RADI2 LT.0.0) GO TO 1301
FIOLIRUI)=2.0%*ATAN(Q0.5%{-QS2 -SQRT(RADI2) )}
FIOCLC¢I)=FIOLR(I)/TROP
Tl=. (GMD *SINCFIOLR(I))&GNO *COS(FIOLR(I)IED3)/D2
IF{ABS(T1).GT.1.0)' GO TO 13161
MJl=MJ1&1
Jl=MJ1
TSl= (GNO*SIN(FIOIR(I)l—GMO*COS(FIOlR(I))-DE*SDEL)/IDZ*
1CDEL) :
XOLREI)=ARCOS(ABS(TLI)
IF(T1.6GT.0.0) GO TO 99051
IF(TS1.GT.0.0) GO TO 99052
XOLR(I)=XO1lR(I)-PI
GO TO ©9054
99052 XO1lR(IV=PI-XOLR{LI}
GC TO 99054
99051 IF{TS1.GT.0.0) GO TO 99054
XO1R{I¥=—XO1R(I)
99054 XO1¢I)=XO1R(I)/TROP
L S I)= DB*CLAM&DI*SLAM*SIN(TETOR(Il)—DZ*SDEL*SlN(XOlR(I
1) )& DE*CDEL
13161 FIO2R(I)F2.0%*ATAN(O.5%{-QS2 &SQRT(RADIZD))
FI02(I)=FI0O2R(I)}/TROP S ‘
T2= (GMO *SIN(FIO2R(I))EGNO *COS(FIO2R(1))&D3) /D2
IF(ABS(T2) .GT.1.0) GO TO 1301
MJ2=MJ 281 ’
J2=MJ2
TSZ—(GNO*SIN(FIOZR(Il)-GMO*COS(FIOZR(IBD-DE*SDEL)I(DZ*
1CDEL)
XO2R(I)=ARCOS({ABS(T2))
IF({T2.GT.0.0) GO TO 959061
IF(TS2.6T.0.0) GO TO 99062
XO02R(1)=X02R(I)-PI
GO TO 99064
99062 XO2R(I)=PI-XO2R{I)



G3061

59064

1301
140
10005

11006
11005

10006

100059

10010

10020

GO TO 990¢é4

IF(TS2.6T-0.0} GO TO 99064
X02R(I}=<X02R(])
X02¢1)FX02R(1)/TROP
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SZ(I)—DB*CLAM&DI*SLAM*SIN(TETUR(I))“DZ*SDEL*SIN(XOZR(I

1) )€DE*CDEL

CONTINUE

CONTINUE

R2=0.,0

RF2=0.0

RS2=0.0

DO 11005 I=1,8
SMQO(I)=0.0 -

DO 11006 J=1,8
PQ(I¢J9=0.0

CONTINUE

CONTINUE

DO 10000 I=1¢NPR
IF(KDRCT.EQ.2) GO TO 10006
FIYOR=(FIOL(1)&SYO(I})*TROP
SO1=S111)

G0: TO 10009
FIYDR=(FI02(1)&SYO(1))*TROP
SO1=S2(1)

GO TO 10010
RF=FIYDR~-FIO1(I)*TROP
RS=SOL&SF(I¥~-S1(I)
CFIY=COS(FIO1(I)}*TROP)
SFIY=SIN(FIOL(I)*TRCP)
GO TD 10020
RF=FIYDR-FI02(I)*TROP"
RS=SO1&SF(I)-S2(1) :
SFIY=SINEFIO2(I)*TROP)
CFIY=COSE{FIO2(I }*TROP}
RF2=RF2ERF*%2
RS2=RS2&RS*%2
R=SQRT{RF*%2&RS*%2)
R2=R*%2ER2"
CT=COS{TETC(I})*TRQOP)
ST=SIN(TETO(})*TROP)
GMO=DB#*SLAM-D1*CLAM*ST
GNO=DA-D1*CT
W=GMO*SFIYE&GNO*CFIYED3
D2W=D2%%2-Wkk2
IF(D2W.LE.0.0) GO TO 51043
PMB=SLAM

PMD1l=-CL AM%ST
PMT=<-D1*LLAM*CT
PNA=1.0

PND1l=-CT

PNT=D1%ST
PMTT=D1%CLAM%ST
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PMD1T=~CLAM*CT
PNDL1T=ST :

PNTT=D1%CT
F1l=(SDEL#*%2) *( GNO®%2-GMO*%2)

F2=2.0%GMO*GNO* ( SDEL*%2}

F3=2,0%( D3%*GNO*(CDEL%*%*2) EDE*GMO*SDEL )

F4=2.0%{ D3%GMO* (CDEL%*%*2 ) -DE*GNO*SDEL)

GKO={CDEL*%2) #( D2%*2~D3%%2~-GNO%*2 ) ~GMO*%2—{ DE¥XSDEL ) *#2
GMNN=GMO*CFIY-GNO*SFIY

GMNP=GMO*SFIY&GNOXCFIY

PFLA =2.0%(SDEL*%2)*{GNO*PNA}
PF1D1=2.0%( SDEL**2 )% (GNO*PND1-GMO*PMD1)

PF1B =2.0%( SDEL *%2)%*( ~GMO*PMB)
PFLDL=2.0%SDEL*CDEL*(GND%**2~-GMO**2})

PFLT =2.0%{SDEL**2)*{GNO*PNT -GMO*PMT )
PFLD1A=2.0%(SDEL*%*2)*{PND1*PNA)

PFL1D1B=2.0%( SDEL¥*%2)%*(-PMD1*PMB}

PF1D11=2.0%( SDEL¥%*2)*(PND1%%2-PMDL*%2)
PFIDLL=2.0%(CDEL**2-SDEL %*%2) ¥ (GNO**2-GMO*% 2}

PFLITY =2.0%{SDEL**2)%(PNT *%2EGNO*PNTT +~PMT *%2-GMO*P
IMTT ) _

PFLDLA=4,0%SPEL*CDEL*( GNO*PNA})

PFLTA =2.0% (SDEL**2)%(PNT *PNA)

PFLD1L=4.0%SDEL*CDEL*(GNO*PND1-GMO*PMD1 )

PFLDLT=2.0%( SDEL**2)%(PNT *PND1&GNO*PNDLT -PMT *PMD1-6G
1MO*PMD1T ) ‘

PF1DOLB=~4.0%SDEL*CDEL*GMO%*PMB
PFlTB=-2.0%(SDEL*%2)*PMT+PMB

PFIiDLT=4.0%5DEL *CDEL* ( GNOXPNT" -GMO*PMT 3

PF2A= 2.0%{ SDEL**2)*GMO%PNA
PF2D1=2.0%({ SDEL*%*2 ) *(GNO*PMD]1 &GMC*PNO1)

PF2B =2.0%( SDEL*%2)*GNO*PMB
PF2DL=4.0%CDEL *SDEL *GNO*GMO

PF2T =2.0% (SDEL**2)%(GNO*PMT &GMO*PNT )

PF2D11=2.0%{ SDEL*%2)*(2.,0%PND1*PMD1)

PF20LL =4, 0%GNO*GMO* [CDEL *#%2- SDEL*%2)

PP2TT =2.0%{SDEL*¥2}%(2.0%PNT *PMT &GNO*PMTT &GMO%*PNT
1T )

PF2D1A=2. O*(SDEL**Z)*PMDI*PNA

PF2AB =2.0%({SDEL*%*2)%*PNA*PMB

PF2DLA=%, 0% SDEL *CDEL*GMO*PNA .
PF2TA=2,0%( SDEL*%2)*PMT*PNA

PF2D1B=2.,0%( SDEL*%2)%*PMB*PND1
PF2D1L=4.0%SDEL*CDEL*{GNO*PMD1&GMO*PND1 )

PF2D1T=2. O*(SDEL**Z!*(PNT *PMD1 &GNO*PMD1T &PMT *PNDL&G
1MO%PNDLT ) .

PF2DLB=4. O*SDEL?CDEL*(GNU*PMB)

PF2TB =2.0%(SDEL**2)*(PNT *PMB)
PF2DLT=4.0%*SDEL*CDEL* (GNO*PMT, EGMO*PNT }
PF3E=2.0%SDEL*GMO

PF3D1=2,0%({CDEL*#*2)*D3%PND1 &DE*SDEL*PMD1)
PF3T =2.0%((CDEL%¥%2)*D3%PNT &DE*SDEL*PMT »
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PF3DL=2.0%(~2,0%SDEL*CDEL*D3*GNOEDE*GMO*CDEL})
PF3B=2.0%DE*PMB*SDEL

PF3A=2,0%D3%(CDEL*%29%PNA

PF3D3=2.0%(CDEL*%2) *GNO

PF3DLL=2.0%(~2,0%03*GNO* {CDEL**2~SDEL**2) ~DE*GMO*SDEL)
PF3DLA==4. 0%D3% SDEL *CDEL*PNA

PF3DLB=2,0%CEXCDEL *PMB

PF3TT =2, 0*((CDEL**Z)*DB*PNTT&DE*SDEL*PMTT)
PF3D1L=2.0%(~2.0%COEL*SDEL*D3%*PND1 EDE*CDEL*PMDL )
PF3D1T=2.0%({CDEL*%2)%*D3*PND1 TEDE*SDEL*PMDLT}
PF3DLT=2.0%({~2, O*CDEL*SDEL*DB*PNT&DE*CDEL*PMTD
PF3ER=2.0%SDEL*PMB

PF3EDL=2.0%CDEL*GMO

PF3ET=2.0%SDEL*PMT

PF3ED1=2.0%SDEL*PMD1

PF3D3A=2.0%(CDEL*%2 )*PNA )
PF3TD3=2.0%(CDEL*%*2)%*PNT
PF3DL3=-4.0%GNO* SDEL *CDEL

PF3D13=2., 0*(CDEL**2)*PNDI

PF4E=—2.0%GNO*SDEL ‘

PF4D3=2.0%{ CDEL*%*2)*GMO

PF4B=2,0%D3%{CDEL*%2)%*PMB

PF4A=~2,0%DE*SDEL*PNA

PF4D1=2,0%( (CDEL*%*2)*D3*PMDL-DE*SDEL*PNDL)
PF4DL=2,0%(~2,0*COEL*SDEL*D3%GMO-DE*CDEL*GNQ)

PF4T =2.0%( (CDEL*%2)%* D3%PMT -DE*SDEL*PNT )
PF&4ET=-2.0%SDEL*PNT

PF4ED1=-2.0%SDEL*PND1

PF4EA=-2.0%SDEL*PNA

PF4EDL=-2.0%GNO*CDEL

PF4D3B=2,0%[{CDEL**2)*PMB

PF4DL 3==4,0%SDEL*CDEL*GMQO
PF4TD3=2.0%{CDEL**2)*PMT

PF4D13=2.0%({CDEL**2)%PMD1

PF4DLA=~2. 0%DE*CDEL*PNA
PF4DLB=-4,0%COEL*SDEL*D3%PMB

PF4DLL =2.0%(~2.0%D3%GMO* (COEL **2-SDEL**2) DE*SDEL*GNQ}
PF4TT =2.0%((CDEL*%2)*D3*PMTT-DE*SDEL*PNTT)
PF4D1L=2.0%(-2.0%CDEL*SDEL*D3%PMD1-DE*CDEL*PNDL}
PF4D1T=2.0%{ (COEL*%2)**D3%PMDLT-DE*SDEL*PNDLT}
PF4DLT=2.0%(-2.0%CDEL*SDEL*D3%PMT-DE*CDEL*PNT)
PKD1=-2,0%{ (COEL*%*2 ) *GNO*PNDLEGMO*PMD1)
PKB==2.0%GMO*PMB \

PKA=~2.0%( CDEL*%2) *GNO*PNA

PKD3=-2.0%{CDEL*%*2 ) *D3

PKE==2 .0*DE*{ SDEL%%*2) -

PKD2=2.0% (CDEL**2)#*D2

PKDL=2.0%(~- CDEL*SDEL*(DZ**Z—DB**Z GNO*%2) - (DE*%2) *SDEL
1*CDEL)

PKT. =2. 0*((CDEL**2)*(: —GNO*PNT )—-GMO*PMT )
PKD2DL=~-4 .0%D 2% SDEL*CDEL

PKD2D2=2 . 0% (CDEL*%2)
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PKD1DL=4.0%SDEL*CDEL*GNO*PND}

PKD1T=-2.0%((CDEL* *Zl*(PNT*PNDIGGNO*PNDITDwPMT*PMDl GM
10*PMD1T)

PKD1B==2.0%PMB%*PMD1

PKD1A=~2.0%f (CDEL ¥%2) *PNA*PND1)

PKD1D1=-2.0#{ (CDEL*%2)%(PNDL*#2) EPMD1 **2)

PKEDL%=4,0%DE*SDEL*CDEL"

PKEE==2,0%( SDEL**21} :

PKDLT =—4.0%CDEL*SDEL*{ ‘ ~GNO*PNT ?}

PKDLA=4 o 0% SDEL *CDEL *GNO*PNA

PKDLD3=4.0%CDEL*SDEL*D3 '

PKDLDL == (D2**2 EDE**2~D3%%2~GNO*%2) %2, 0% {CDEL¥*2~SDEL %%
120 ‘

CPKTT  =2.0%((CDEL*#*2) % (—-PNT**2-GNO*PNTT )=PMT*%2-GMO*PM
17T}

PKTA==2. 0% (CDEL*%2) *PNA%PNT

PKTB==2,0%PMBXPMT

PKAA==2, 0*(CDEL**20*(PNA**ZD

PKBB==2,0%( PMB%*2)

PKD3D3=~2.0%(COEL¥*2)

FDN1= 20 0%F L%SF I Y*CFIY-F2% (CFIY*%2~SFIY%%2) -F3%SFIY
LEF4*CF LY,

IF(FDN1.EQ.0.0) GO TO 51043

FON=1.0/FDN1 : :

IF(FON.EQ.0.0} GO TO 51043 .

PFGE="FDN*(PKE ~CFIY*PF3E -
LSFIY*PF4E)

PFGDl= FDN*(PKDI—(SFIY**Z)*PFIDI&SFIY*CFIY*PFZDI CFIY%P
1F3D1-SFIY*PF4DL}

PFGD2=FDN%* PKD2

PFGDL=FDN*( PKDL~ (SFIY**Z!*PFIDLGSFIY*CFIY*PFZDL»CFEY*P
1F30L-SFIY*PF4DL}

PFGT =FDN*(PKT- (SFKY**Z!*PFlT&SFIY*CFIY*PFZT CFIY*PF3T
1 =SFIY*PF4T)

PFGA =FDN*(PKA-{SFIY**2)*PF1A&SFIY*CFIY*PF2A-CFIY*PF3A
1 =SFIY*PF4A)

"PFGB =FDN*{PKB=(SFIY*%2) *PFLBESFIY*CFIY#PF2B~CFIY*PF38
1 -SFIY*PF4B)' _ : :

PFGD3=FDN*{ PKD3~-CFIY*PF3D3—-SFIY*PF4D3)

PFGEE =(FDN**2)%((PKEE EPFGE*{SFIY*PF3E~CFIY*PF4E}}/FD
IN-(PKE ~CFIY*PF3E -SFIY*PF4E )*{~SFIY*PF3E &CFIY*PF&4E
2 EPFGE *(2.0%Fl%(CFIY%%2~- SFIY**2184 O%F2*%CFIY*SFIY=-CFI
3Y*F3~SFIY*F4))) y

PFGDll—(FDN**ZI*((PKDLDIGSFIY*CFIY*PF2011=(SFIY**Z&*PF
11p11 - : EPFGD L% (PF2DL*(CFIY*%2-SFIY%%2) -2
2.0%SFIY*CFIY*PF1D1ESFIY*PF3D1-CFIY*PF40D1)) /EDN=-(PKDLES
3FIY*CFIY*PF201-( SFIY*%2)%PF1D1-CFIY*PF3D]1-SFIY*PF4D1)*
4(2,0%SEIY*CFIY&PF1DL-(CFIY*%2~-SFIY%**2)*PF2D1-SFIY*PF3D
SLECFIY*PF4DLEPFGDL* {2, 0% F1*{CFIY*%2=SF Y¥%2) §4 .O%F 2%CF
6IY4SFIY~CFIY*F3~SFIY*F4)))

PFGD22=( FON**2) *((PKD2D2) /FON-PKD2%*{ PFGD2% (2, 0%F 1% (CFI
LY *%2-SFIY%%2) 64 .0%F 2%CFIY®SFIY-CFIY%*F3-SFIY%F4}) )}
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PFGDLL=( FDN*%2) *{ (PKDLOLESFIY*CFIY*PF2DLL-ASFIY**2)*PF
L1DLL-CFIY*PF3DLL ~SFIY*PF4DLLE&PFGOL*(PF2DL*(CFIVY*%*2~-SF
2IY%%2) =2, 0% SFIN*CFIY*PFL1DL&SFIY*PF3DL-CFIY*PF4DL))/FON
3-(PKDLESFIY*CFIY*PF2DL-(SFIV*%2}*PFI1DL-CFIVY*PF3DL-SFIY
4%PF4DLI*( 2, O*SFIY*CFIY*PF1PL°(CFIY**2@SFIY**2ﬁ*PFZDLQS
SFIY*PF3DLECFIY*PF4DLEPFGDL*( 2, 0*%FL*{CFIY**2-SFIY*%2) b4
6 O%F2*CFIY*SFIY-CFIY*F3=SFIY*F4))}

PFGTT =(FON*¥2)*((PKTT &SFIY*CFIY*PF2TT ”(SFIY**ZQ*PF
1LITT -CFIY*PF3TT <—SFIVY%PF4TT EPFGT *(PF2T *(CFIV#*%2-SF
2IY%%2)~2 ., 0%SFIY*CEIV*PF1T E&SFIV*PF3T =CFIY*PF4T )}/FDN
3-(PKT &SFIY*CFIY*PFZT =(SFIY**2)*PF1T -CFIY*PF3T ~SFIY
4¥PF4T )%(2.0%SFIYXCFIY*PFLT —(CFIY*¥2-SFIY%%2)*PF2T -§
SFIV*PF3T &CFIY*PF4T EPFGT *(2. O*Fl*(CFEY**Z SFIY**2384
6. 0*%F2%CFIY*SFIY-CFIY*F3-SFIV¥*F4))}

PFGED1={ FDN*%2) *( ( - =CFIY#*PF3ED1- SFIY*PF4EDI£PFGDI*
14 SFIY*PF3E —-CFIY*PF4E ))/FDN-{PKE ~CFIY*PF3E —SFIY*P
2F4E )*(2. O*SFIY*CFIY*PFIDI (CFIY*%2-SFIY*%2)%PF2D1-SFI
3Y*PF301L6CFIY*PF4D1EPFGDL#€ 2. O%F1*(CFIY*%2=-SFIY*%2) £4.0
4*F2*CFIY*S&IYeCFIY*FB*SFIY*F4DlD

PFGED2=1 FON** 24 *( (PFGD2*{ SFIY*PF3E-CFIY*PF4E) ) / FDN-{ PK
1€ -CFIY*PF3E -SFIY*PF4E }*(PFGD2*(2.0%F1*{(CFILY**2-SFIY
2%%2) 64 . 0%F2%CFIY*SFIY-CFIY*F3~-SFIY*F4) ) ) ¢

. PFGEDL=( FDN**2)*{{PKEDL-CFLY*PF3EDL~ SFIY*PF4EDL&PFGDL*
1( SFIY&PF3E ~CFIY*PF4E ))/FDN~(PKE -CFIY*PF3E -SFIY*P
2F4E 1*(2,0%SFIY*CFIY#PFLOL-ICFIY*%2-SFIY**2) *PF2DL-SFI
3Y*PF3DLECFIY*PF4DLEPFGDL* (2. O*FI#(CFIY**Z SFIY**Z!84¢O
4%F2%CF IY*SFIY~CFIV*F3~SFIY*F4) )}

PFGET ={FDN*%2)*(( ~CFIY*PFBET-SFIY*PF#ETGPFGT*(
1SFIY*PF3E ~CFI¥*PF4E ) )/FON-(PKE =-CFIY*PF3E —-SFIY*PF4E
2 ¥1*(2. O*SFIY*CFIY*PFIT ~(CFIV*%2-SFIY*%2)%PF2T =SFIY*P
3F3T GCFIYXPF4T GPFGT *(2.0%F1%*(CFIY#%2- SFIY*%2) 84 .0%F2
4*%CRIV*SFIY-CFIY*F3-SFIY*F4)})

PFGDLZ=( FDN*%2)%(( ! PFGD2*{PF2DL*{(CFIY*
l*2=SFIY**ZP ~2.0%SFIY*CFIY*PFLDLE&SFIY*PF3D1-CFIY*PF4DL)
2) /FDN- (PKDl&SFIY*CFIY*PFZDI—(S#IY**ZU*PFlchCPIY*PFBDl
3=SFIY*PF4DL}I*(PFGD2*( 2. 0*F1*ﬂCFIY**2°$FIY**ZD&400*F2*C
4FIY*SFIY°CFIY*F3¢SFIY*F4BSD

PFGDL3=(FDN*%2)*{{ '

1. =~CFIY*PF3D13~ SFKY*PF@DIBGPFGDB*(PFZDI*(CFIY**Z SFI
2Y*¥%2}) =2, O%SFIY*CFIV*PF1D16SFIY%¥PF3D1-CFIV*PF4DL1)}/FDN~
B(PKDLESFIY*CFIY*PF2D1={SFIY*%2) *PFL1D1-CFIVY*PF3D1-SFIY*
4PF4D1) * =SFIV*PF3D36LCFIY*PF4D3GPFGD3%(2. 0%F1*{(CFIY*
5%2=SFIY%% 2} 640 0%F2xCFIY*SFIY-CFIY%F3-SFIY*F4) )b

PFGDLL= (FON*%2)%((PKDL1OLE&SFIY*CFIY#PF201L-PFIDIL*{SFIY
1*%2)-CFIV*PF3D1L-SFIY*PF4D1LEPFGDL* (PF2DL*(CFIY*%¥2-SFI
2Y%¥2}~2, O*SFIY*CFIY*PFIDI&SFIY*PFBDI“CFIY*PF4DIDD/FDN=
3(PKDLESFIY*CFIY*PF2D1-(SFIY*%2) *PF1D1-CFIY*PF3D1-SFIY*
4PF4DLI*( 2. 0%SFIY*CFIV*PFLOL-(CFIY*%2-SFIY*%2) %PF2DL~-SF
51Y*PF3DLECFIY*PF4DLEPFGDL*( 2. O*Fl*(CFIY**Z SFIY*%2)&4.
60%F2*%CFIY*SFIY-CFIY*F3=-SFIY*F4}))

PFGDLT={FDN**2)*{(PKDOLT &SFIY*CF[Y*PFZDIT°PFIDIT*(SFIY
1¥%2)~CFIY*PF3D1T+-SFIV*PF4DLTEPFGT *(PF2DL*(CFIY*%2~SFI
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2VER2])=2.0%5F ] CFIY*PFlDlESFIV*PFBDl@CFIY*PF401»D/FDN-
3(PKDIESFIVXCFIV#PF2D1- (SFIY*%¥2)%PF1D1-CFIY*PF3D1-SFIY*
4PF4DL)H{ 2 O*SFIV*CFIV*PFL1T —(CFIV*,=2~ ~SFIY*%2) *PF2T -SF
SIY*PF3T &CFIV#PF&4T &PFGT ¥(2:. 0%FL*(CFIVY*%2=-SFIY*%2) &4,
60FF2%CFIY*SFIY-CFIV#F3-SFIY*F&) b b

PFGDZL (FON*%2)*{(PKD2DL ) /FON-E PKD2) *(

1 2o0%SFIY*CFIY*PFLOL-(CFIY*%2-SFIY**2}*PF20L~
2SFIV*PF3DLECFIV*PF4DLEPFGDL*{ 2. O*XFL1*(CFIY*%2~ SFIY**Z»S
34 ,0%F2*%CFIV*SFLY-CFIV*F3-SFIY%F4) |}

PEGD2T=( FON%%2) % (~-PKD2*{( 2. O*SEIVACFEIY#PFLT =(CFIV*%2
1=SFIY*%2)%PF2T =SFIY*PF3T GCFIY*PF#T EPFGT *(2.0%F1%*(C
2RIVH*2-SEIV**¥2) 64 OFF2*CFIY*SFIY-CFIY*F3- ~SFIY*F&) ) )

PFGDL T={ FON*%2) % (PKDLT &SFIV*CFIY*PF2DLT-PFLDLT*{SFIY
L¥%2)=CFIY*PF3DLT-SFIY*PF4DLTEPFGT *(PF2DL*{CFIY**2-SFI]
2Y*%2)-2,0%SFIY®CFIY#PF1DLESFIY*PF3DL-CFIY*PF4DL ) )/ FDN~-
3{PKDLESFIY®CFIY*PF2DI =4 SFIVY*¥2) *PFLOL-CFIY*PF30L-SFIY¥*
APF4DL ) ®( 2. 0*%SFIYHCFIY*PFL1T —{CFIVY*%2~-SFIY*%2) %PF2T -~SF
51v4#PF3T GCFIY%PF4T &PFGT *%(2. O*FI*KCFIY**2=SFIY**2»&40
QO*FZ*CFIY*SFIY-CFIY*F3°SFIY*F4DDD ,

PFGAA =( FDN=¥2)*({PKAA & e EPFGA *(PF2A *{
LCFIVH%2-SFIV®%2})~-2,0%SFIY*CFLY*PFLA &SFIY*PF3A —-CFIV*P
2F4A D) /FDN—-(PKA &SFIVXCFIV*PF2A —(SFiY*%2)%PFlA -CFIY*
3PF3A'~SFIY#PF4A V*(2,0%SFIY*CFIY*PFLA —(CFIY%%2-SFIY*x*
42)%PF2A ~SFIY®PF34 &GCFIY®PF4A 6PFGA *{2,0%F1¥(CFIV**2~-
SSFIV*%2) 64, 0%F2*CFIY&SFIY-CFIY*F3=-SFIY*F4)})

PFGEA =(FDN*%*2)*(f-SFIY*PF4EAEGPFGA*{ SFIY*PF3E ECFIY*
LPF4E DI/FON-(PKE ~CFIY*PF3E —~SFIY*PF4E P*(2.0%SFIV*CFI
2Y¥PFLA —{CFIV*%2=-SFIY**2}*PF2A ~SFIY*PF3A &CFIY#PF44 &
BPFGA *( 2. 0%FIx{CFIY®x2~ SFIY**ZD&4 O*FZ*CFIY*SFIY@CFIY*
4F3-SFIY*F4) )b :

PFGDLA=(FDN**2) % ( {PKDLA GSFﬁV*CF[V*PFZDlA°PF1D&A*«SF[V
L&&2) . 4 EPFGA *(PF2D1*(CFIV*K2-SFIVH%2)-2,
20%SFIV*CFIV*PFLIDL&SFIY*PF3DL-CFIVH#PF4DL) 17FDN-(PKOLESF
SIVXCFIY*PF2DL-( SFIV#%2)%PFLD1-CFIV¥PF3DL1-SFIY*PF4DL)*(
42, 0%SFIVRCEIV¥PFLA —(CFIY**2-SFIY**%2)*PF2A ~SFIV*PF3 A’
S56CFIV*PF4A &PFGA *(ZQO*FL*KCFIY**ZeSFIY**ZD&400*F2*CFI
6Y4SFIV=CFIY*F3-SFIY%F4) )}

PEGDZA=(FDN**2 )X {-PKD2%{ 2, O*SFIY*CFIY*PFIA @!CFIY**Z
L-SFIY®%2)*PF2A —SFIV*PF3A’ GCFIV*PF4A &PFGA *{2.0%F1%(C
SFIV*%2-SFIV%%2) 64 OFF 2*%CFIYXSFIY=CFEY*F3=SFIY*F4) )}

PFGDLA=(FON*%2 )% ( (PKDLA &SFIY*CFIY*PF2DLA-PFIOLA*(SFILY
1#%2)~CFIY*PF3DLA-SFIVH#PF4DLAGPFGA *(PF2DL*ICFIY*%2-5F1
ENEER =20 O%SFIVECFIY*PF1DLESFIY.PE3DL=CF IY*PF40LY b/ FDN-
B{PKDLESFIV*CFIY#PF20L~(SFIY*%*2) *PF1DL-CFIY*PF3DL-SFIY*%
4PF4DL D *( 2.0%SFIV*CFIY*PFLA —(CFIY®*%2-SFIY*%2) *PF2A -SF
SIY*PF3A GCFIY*PF4A EPFGA #{2.0%FL*{CFILY*%2=-SFIV*%2) &4
6O*F2¥CFIY*SFIY=CFIY*F3-SFIY*F4)}) 0

PFGTA ={ FON¥*%20*{((PKTA &SFIY*CFIY*PF2TA ~PFLTA *{SFIY
L#&%29 ' EPFGA *(PF2T *(CFIV*%2-SFIYV%%2)-2.
20%SFIY*CFIY#PFLT ESFIN*PF3T ~CFIY*PF4T #)/FDN-(PKT &SF
SBIVACFIY#PF2T —USFIY*%2)%PFLT ~CFIY*PF3T' -SFIV*PF4T )*{
42.0%SFIY*CFIY*PFLA —=(CFIY*%2-SFIY*%2})*PF2A =-SFIV*PF3A
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SECFIY*PF4A &PFGA *{ 2,0%F1*(CFIVY%%2- SFIV**2»54 0%F2%CFI
6Y*SFIV-CFIY*F3=SFIVY%F4}b})

PFGD3A={ FON*%2}) % {{-CFIY*PF3D3AEGPFGA%*(SFIY*PF3D3-CFIVY*P
LF4D3) ) /FON~(PKD3-CF IY*PF3D3-SFIY*PF4D3 ) *{2. 0*SFIY*CFIV
2HPFIA-LCEIV*%2=-SFIY%%2 )& PF2A=SFIY%#PF3ALCFIY*PF4AEPFGA
3#( 2. 0%FL*(CRIY¥*%2-SFIY%%*2)} 40 0%F2*CFIY*SFIY-CFIY*F3-SF
GIYXF&4D) )

PFGD3B={ FON%%2 ) %[ {~SFIY*PF4D3BEPFGR*( SFIY*PF3D3-CFIV*P
LF4D3 )} /FDN-(PKD3=CF IV¥PF3D3~SFIY*PF4D3)%*(2.0%SFIY*CFIY
2¥PF1B—(CFIVY%%2=SFIV*%2)%PF2B=SFIY*PF3B&CFIY*PF4B&PFGB
3%(2, O*Fl*kCFIY**ZcSFIY**Zﬂ&é o*FZ*CFIY*SFIY«CFlv*Fa =SF
4IY%F4)))

PFGTB: =( FON*%2)*{ (PKTB ESFIY*CFIY*PFZTB ~PELTB *(SFIY
L¥#2) © EPFGB *(PF2T *(CFIY*%2-SFIY*%2})-2,
20%SFIY*CFIY*PFLT &SFIY*PF3T -CFIY%PF4T ))/FDN-{PKY &SF
BIY¥CFIY*PF2T —(SFIV#*2)%PF1T ~CFIY*#PF3T —-SFIY*PF4T )*(
42,0%SFIV*CFIV*PFIB ~(CFIY*%2-SFIY**2)*PF2B ~SFIY*PF3B
SECFIY#PF4B SPF(B *({ 2. O*FL*(CFIY**ZGSFIY**2)64 0%F2*CFI

6YXSEIY-CFIY*F3~-SFIV*F4}}) :

- PFGD33=( FON**2) *{ (PKD3D3&PFGD3* ( SFIY*PF3D3~- CFIY*PF403O
13/FDN=(PK03 =CFIY*PF303=-SFIY*PF4&D3 ) *( ~SFIY*PF3D3&
2CFIY#PF4D3E6PFGD3%{ 2, O*F L% {CFIY*%2— ~SFIY*%2) &4, 0%F2%CFIY
3%SFIY-CFIY*F3-SFIY*F4)}}) '

PFGEDB= (FDN**ZD*K«PFGD3*(SFIY*RFBE=CFIY*PF4E$D/FDNe(PK
1E ~CFIY#PF3E ~SFIY¥PF&4E j*( ~SFIY*PF3D36&CFIY*PF4D3EP
2FGD3%{ 2, 0%F1¥( CFIY**2=SFIY*%2) E4. O*FZ*CFIY#SFiYQCFIY*F
33-SFIY*F4))}

PFGD23=( FON*%2 ) *{~(PKD2b % -SFIY*PFBDB&CFIY*PF&DBGPF
1GD3%( 2.0%F 1*¥(CFIY**2=SFIY¥%2) 64, 0*F2*CFIY*SFIY=CFIY*F3
2-SFIY%F4))) ,

PFGTD3=( FON**2) *( (- CF[Y*PFBTDB@SFIY*PF4T038PFGD3*(PFZT
1 *«CFIV**zesEIY**zmczoo*SFﬁv*CFIv*PflT ESFIY*PF3T -CFI
2Y*PF4T ) DJFDN=(PKT ESFIV*CFIY#PF2T —(SFIY*%2)*PF1T -CF
SIY*PF3T —SFIY*PF&T )%( ~SFIY%#PF3D3&CFIY*PF4D3&PFGD3*
402, O*Fl*ﬂCF[Y**Z?SFIY**ZDG4 O%F2%CFIY%SFIY- CFIY*F3 SFI
SY*F4)) ) o

PFGDL3= &FDN**ZD*«(PKDLDB=CFIV*PFBDLBQSFIY*PF4DL3GPFGDB
1% (PF2DL¥*(CFIY*%2=-SFIY*%#2) -2, 0%SFIV*CFIY*PF1DLESFIY*PF3
20L-CFIY*PF4DL) } /FON-{ PKDLESFIY#CFIY*PF2DL~{ SFIY*%2} *PF
31DL-CFIY*PF3DL- SFiY*PF4DLD*( ~SFIY*PF3D3&CFIY*PF4D3E
4PFGD3% (2. 0%F 1% ( CFIV%%2~SFIY%%2]) &4, O%F2*CFIY¥*SFIY-CFIY*
SF3-SFIY%F4)b) - .

PFGBB =( FON**2})*((PKBB , GPFGB *(PF2B *(
LCFIY*%2=SFIY4%2)=2.,0%SFIY*CFIY*PFLB &ESFIY*PF3B ~CFIV*P
2F4B 1 )/FDN-{PKB ESFIY*CFIY*PF2B —-(SFIY*%2)*PF18 —-CFIV%*
3PF38B —SFIY*PF4B M*{2.0%SFIY*CFIV%PF1B ~(CFIY*%2-SFIV%%
42)%PF2B =SFIY#PF3B &CFIV%PF4B EGPFGB *(2.,0%FLl%(CFIY*%2-
BSFIVA%2) 64 .0%F2%CFIY*SFIY=-CFIY*F3=SFIY*F41}})

" PFGEB =(FDN*%2)%((-CFIV*PF3EB&PFGB*{ &SFIY*PF3E -CFIY%
1PF4E ) )/ FON-{PKE ~CFIY*PF3E —SFIY¥PF4E )*(2,0%SFIY*CFI
2Y*PFL1B —(CFIY*%2-SFIY*%2}%PF2B —SFJY*PF3B &CFIY%PF4B &
3PFGB *(2.0%F1l%(CFIY*%2-SFIY**2) 64, 0*F2«CFIV*SFIY-CFIY*



240

4F3~-SFIY*F4) )

PFGDLB=( FON**2}*{ (PKDLB &SFIY*CFIY*PF20D1B8-PFLD1B*(SFIY
L%%2) ' EPFGE *(PF2DL*(CFIY*%2-SFIY*%2}-2,
20%SFIY*CFIY*PFIDL&SFIV*PF3DI-CFIY*PF401) }/FDN=(PKDL&SF
3IV*CFIY¥PF2D1-(SFIV**2)*PF1DL-CFIY*PF3D1-SFIV*PF4&DL) *{
42,0%SFIY*CFIY*PFL1B ~(CFIY**2-SFIY*%2)%PF26 —SFIY*PF38B
56CFIY*PF4B &PFGB *(2. O%F L*{LF [V#%2~SF[Y*%2) &4 o 0%F2%*CF 1
6Y*SFIY-CFIY*F3-SFIY%F4) D}

PFGD2B=({ FON**2 ) #¥{=PKD2 *{ 2,0%SFIY*CFIY#PF1B —(CFIY*%2
1-SFIY**2)*%PF2B ~SFIY*PF3B &CFIY*PF4B: EPFGB *(2.0%F1*(C
2FIVH%2-SFIY#%2) 840 0%F2%¥CFIY*SFIY-CFIY*F3-SFIY*F4) 1}

PFGDL B=( FDN*%2}%*({( SFIY*CFIY*PF2DLB-PF1DLB*{SFIY
1%%2)=CFIY*PF3DLB~SFIY*PF4DLBEPFGB *(PF2DL*{CFIY**2-SF[
2Y*%2) =2 ,0%SFIY*CFIY*PF LDLESFIY*PF3DL~CFIY*PF4DL) ) /FDN-
3(PKDLESFIY*CFIY*PF2DL~{ SF I Y**2) *PF1DL~CFIY*PF3DL-SFIY*
4PF4DL)*( 2. 0%SFIY*CFIY*PF1B ~({CFIY*%2~SFIY**2}%*PF28 -SF
SIY*PF3B GCFIY*PF4B &PFGB *(2.0%FL*(CFIY*%2=SFIY*%2) &4,
60%F2%CFIY*SFIY-CFIY*F3-SFIY*F4)))

PFGAB =( FDN*%2)%{ ( SFIY*CFIY*PF2AB
1 &PFGB *(PF2A *(CFIY*%2-SFIY*%2)-2,0%SFIY*CFIY*PF1A &
2SFIY*PF3A -CFIY*PF4A ))/FON-{PKA &SFIY*CFIY#PF2A -(SFI
3Y*%2 ) %PFLA ~CFIY*PF3A -SFIY*PF4A )*(2.0%SFIY*CFIY*PF1B
4 ~(CFIY*%2-SFAY%%2)%PF2B —SFIY*PF3B &CFIY*PF4B &PFGB ¥
520 0%F1%( CFIY*%2-SFIY%%2) 64, 0%F2*¥CFIY*SFIY-CFIY*F3-SFI
6YXFAL) )

PWE=GMNN*PFGE

PWD1=GMNN*PFGDLESFIY*PMDLECFIY*PNDL

PWD2=GMNN*PFGD2 :

PWDL=GMNN*PFGDL

PWT= GMNN*PFGT &SFIY*PMT &CFIY*PNT

PWA=GMNN*PFGAGCFIY*PNA

PWB=GMNN*PFGBESF IY*PMB

PWD3=GMNN*PFGD3&1 .0

PWEE ==GMNP*{PFGE #*%2)&GMNN*PFGEE

PWDLD1=-GMNP*{ PFGD1*%2) &CFIY*2.0%PMD1*PFGD 1 &GMNN*PFGD1
11 -SFIY*2.0%PND1*PFGD1

PWD2D2==GMNP*{PFGD2*%2 ) EGMNN*PFGD22

PWDL DL =~GMNP*({ PFGDL **2 ) EGMNN*PFGDLL

PWTT =~GMNP*(PFGT #*2)E&CFIY*2,0%PUT *PFGT EGMNN*PFGTT
1 ESFIY*PMTT =SFIY*2.0%PNT *PFGT &CFIY*PNTT

PWD3D3=-GMNP*(PFGD3%%2) EGMNN*PFGD33 -

PWAA=-GMNP*(PFGA*%*2 ) EGMNN*PFGAA-SFIY*2,0%PNA*PFGA

PWBB==GMNP*(PFGR%%*2 ) 6GMNN*PFGRBE2 . 0*%CFIY*PUB*PFGB

PWED1 =-GMNP*PFGD1*PFGE &CPIY*{PMD1*PFGE l&
LGMNN*PFGED1 “ ~=SFIY*(PND1*PFGE)

PWED2 =-GMNP*PFGD2*PFGE &GMNN*PFGED2

PWEDL =-GMNP%*PFGDL*PFGE &GMNN*PFGEDL

PWET =<-GMNP*PFGT *PFGE S&CFIY*{PMT *PFGE l&
1LGMNN*PFGET ! =SFIY*{ PNT *PFGE" }
PWD1D2=~GMNP*PFGD2%PFGDLECFIY*{ &PFGD2%*PMD1) &
1GMNN*PFGD12 « ~SFIY*( &PFGD2%*PNDL}

PWD1DL==GMNP*PFGOL*PFGOLE&CFIY*{( &PFGDL*¥PMDLD &
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1GMNN*PFGD 1L =SFIY*{ &PFGDL*PND1)
PWDL1T =-GMNP*PFGT *PFGDL&CFIY*{PMT *PFGD1&PFGT *PMDL}&
lGMNN*PFGDlTSSFIY*PMDlT =SFIY*(PNT *PFGDIGPFGT *PNDL) &C
2FIY*PNDLT

PWD2DL==GMNP*PFGDL*PFGD2EGMNN*PFGD2L

PWD2T ==GMNP*PFGT *PFGD2ECFIY*{PMT *PFGD2 I &
1GMNN=*PFGD2T =SFIY*{PNV *PFGD2)
PWDLT ==GMNP*PFGT *PFGDLECFIY*(PMT *PFGOL V&
1GMNN*PFGDLT -SFIY*{(PNT *PFGDL}

PWEA==GMNP*PFGA*P FGEEGMNN*PFGEA=SFIV*PNA*PFGE
PWEB=~-GMNP*PFGB*PFGEGGCMNN*PFGEBECFIV#PMB*PFGE
PWED3==GMNP*PFGD3*PFGE&GMNN*PFGED3
PWD1D3==GMNP*PFGD3*PFGD1&CFIY*PFGD3*PMD1EGMNN*PFGD13-S
LFIY#*PFGD3*PND1

PWD1lA= eGMNP*PFGA*PFGDIGCFIY*PFGA*PMDLGGMNN*PFGDIA@SFIY
1*¥{PNA*PFGD1&PFGA*PND1) ;
PNDIB°°GMNP*PFGB*PFGDIGCFIY*(PMB*PFGDIGPFGB*PMDIDGGMNN
1¥PFGD1IB-SFIY*PFGB#*PND1 : :
PWD2A==-GMNP*PFGA*PFGD2EGMNN*PFGD2A-SFIY*PNA*PFGD2
PWD2B=-GMNP*PFGB*PFGD26GMNN*PFGD2BECFIY*PMB*PFGD2
PWD2D3=-GMNP*PFGD3*PFGD26GMNN*PFGD23
PWDLD3=—GMNP*PFGD3*PFGDL&GMNN*PFGDL3

PWDLA =-GMNP*PFGA *PFGDL EGMNN*PFGDLA-SFIY*PNA*PFGDL
PWDLB =-GMNP*PFGB *PFGDLGGMNN*PFGDLB&CFIY*PMB*PFGDL
PWTD3=°GMNP*RFGT*PFGD3£GMNN*PFGTD3GCFIY*PMT*PFGDB SFIY
1%PNT*PFGD3

PWTA --GMNP*PFGT*PFGA GGMNN*PFGTA &CFIY*PMT*PFGA ~SFI1Y
L*¥(PNT*PFGAGPFGT*PNA}

PWTB ==GMNP%*PFGT*PFGB. GGMNN*PFGTB&CFIY*!PMT*PFGB&PFGT*
LPMB)—-SFIY*PNT*PFGB ‘
PNDBA“@GMNP*PFGA*PFGDBGGMNN*PFGD3A°SFIY*PNA*PFGDB
PWD3B==GMNP*PFGB*PFGD36GMNN*PFGD3BECFIY*PMB*PFGD3
PWAB=—GMNP*PFGB*PFGAGCFIY*PMB*PFGALGGMNN*PFGAB-SFIY*PFG
1B*PNA

PSGE= COELESDEL*W*PWEFSQRTEID2W)

PSGD1= ; SLAMRSTESDEL *W*PWDL/SQRT(D2W}

PSGD2= . ~SDEL*{D2-W*PWD2)/SQRTID2W}

PSGT= : DL*SLAM*XCTESDEL*W*PWT/SQRT(D2W}

PSGDL= + =DE*SDEL—-CDEL*SQRT(D2W) ESPEL*W*PWDL/SQR
1T(D2W)

PSGA=SDEL*W*PWA/SQRTAD2W) :
PSGB=CLAMESDEL*W*PWB/SQRT{D2W})
PSGD3=SDEL*W*PWD3/SQRTED2WI
~ PSGEE =SDEL*{{PWE **26W*PWEE D*DZWG(N**ZQ*(PNE **2) 0/
L{D2W%*1.5) .
PSGD11= SDEL*((PHDI**ZGN*PNDLDID*DZNG(N**Z&*(PNDI**ZDl/
1{D2W¥*1.5) '

PSGD22= @SDEL*((I O=PNDZ**2 W*PNDZDZB*DZH=(D
12-W*PWD2) *%2} /{D2W**1 . 5)
PSGDLL= —DE*CDELESDEL*SQRT(D2W)} 62 . 0*CDEL*W*P

INDLISQRT(DZW)GSDEL*((PNDL**ZGN*PNDLDL)*DZNG(H**Z)*(PND;
2L%%2) ) /4 D2W %1, 5)
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PSGTT= ~DL*SLAM*STESDEL*({PWT**2&W*PWTT I #D2W&(
LW%2 ) % PWT**2} § /{D2W¥%1.5)

PSGAA=SDEL*{ (PWA** 26 WHPWAAD *D2WE( WH*2 D % (PWA**2) )/ D2W*
1*¥1.5)

PSGBB= SDEL*((PNB**ZGW*PNBBp*DZWG«w**z)*«PWB*»ZDD/(DZW*
1¥1.5)

PSGD33=SDEL¥( (PWD3%*2EWHPWD3D3 D *¥D2WEE Wkk2) * (PWD3%%2) )/
L{D2W*%1.5) %

PSGED1l= SDEL*((PWDL*PWEEW¥PWEDL)*D2WE (W#%2) *PWE*PWDL )/
L{D2W%%1.5]

PSGED2=SDEL# { PWD2%PWE EW*PWED2) D2 W WP WE ( D2~ W*PWD2) }
1/7(D2Wx%1,5)

PSGEDL=~SDEL ECDEL*W*P WE/SQRT(D2H3 6 SDEL¥ L { PWDL*PWE
LEWHPWEDL ) *D2WE( W *2 P ¥ PWE*PWDL) / (D2W**1.5) |

PSGET= SDEL*««PwT*Pweaw*PwET»*ozwe«w**z»*PwE*PwT»/«DZN*

1%1.5) t

PSGDL2= : . SDEL*(«Pwoz*pwolaw*pwolozn*ozw«w*pw
1D1%{D2-W*PWD2) } /(D2 W1 . 5)

PSGDIL= ' COEL*W¥PWD1/SQRT(D2W3 ESDEL*{ ( PWDL*P
LWD1&W*PWDLDL ) *¥D2WE( W% 2D ¥PWD1%PWOL) /(D2 W¥* 1.5}

PSGDLT= . " SLAM&CTESDEL*{ (P WT*PWDLEW*PWDLT ) ¥D2W
LE(W*%2 ) %PWT*PWDL) /{ D2Wk% 1.5} ,

PSGD2L= ~CDEL*{D2~W*PWD2} /SQRT(D2W) ~SDEL*( {~
1PWDL *PHD2—W*PWD2DL ) ¥D2WE (D2~ W¥PWD2 ) *W*PWDL ) /{ D2W%%1 .5}
PSGD2T= - ~SDEL*{ (~PWT#PWD2<W¥PWD2T) *D2WE (D2~ W¥
1PWD2 ) *W*PWT ) /(D2W¥ 1. 5] ¢

PSGDLT= CDEL*W*PWT/SQRT(D2W) ESDEL*{ {PWOL*PWT

LEWKPWDLT)*D2WE (W¥*2 ) %PWT*PWDOL) /{D2W¥%1.5)

PSGEA = SDEL#*((PWA *Pweaw*PwEA )*DZH&(N**ZB*PNE*PNA )/
1(D2W*%1.5)

PSGEB = SDEL*((PWB *PWEEWPWEB »*Dzwaaw**z»*PwE*Pwa b/
1{D2WEx%1,.5) °

PSGED3= SDEL*((PWDB*PNE&N*PNEDBD»DZW&(W**ZN*PNE*PWDBD/
1{D2W%*1.5)

PSGTA = SDEL*({PWA *PWTEW*PWTA DJ*D2WE(W**2}*PWTHPWA n/
LID2W%%1o5)

PSGTB = SDEL*({PWB *PWTEWEPWTR D*DZNEGN**ZD*PNT*PNB »/
L(D2Wk%k1.5} .

PSGTD3= SDEL*«(PWD3*PNT&N*PNT03Q*DZWG(N**ZD*PNT*PNDB)[
1{D2W%%*1.5})

PSGD1A= SDEL*((PWA*PWDLEW*PWDLAD*D2WE (W**2)*PWDL¥PWA}/
1(D2W%*%1,5} : ’

PSGD1B= SDEL*g(Pwa*Pwo1aw*Pwo1a»*Dzwa«w**zn*pwol*Pwaal
L(D2wW¥%1.5)

PSGD13= SDEL*(ﬂPNDB*PNDl&N*PNDlDBD*DZW&(N**ZI*PNDI*PWDB
1) /{D2W%%*1.5)

PSGD2A= =SOEL*{ (—PWA*PWD2-W%PWD2A) *D2WE(D2-W*
1PWO2 b *W*PWAD /(D2W*%x1.5])
PSGD28= =SDEL*({~- PNB*PNDZ W¥PWD2B D) *D2WE{D2=W*

1PWD2 } *WxPWB ) /(D2W*%1.5)
PSGD23==SDEL*U£-PWD3*PWD2=-W*PWD2D3) *D2WE(D2—-W*PWD2 b *W*
1PWD3)} /(D2W**1.5)
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PSGDLA= CDEL*W*PWA(SQRT«DZNDGSDEL*§«PWDL*PWA
TEWEPHDLAY *D2WE{ WH%2 ) *PHAHPWOL ) F(D2W*%1 ., 5]
PSGDLB= CDEL*W*PWB/ SQRT{D2W) ESDEL*( (PWDL*PWB

LEWHPWDLE) *D2WE ( W *29$PWB»PHDLD/(D2W %150

PSGDL 3=CDEL*W4PWD3/SQRT(D2W) 6SDEL*( (PWDL*PHD3 &W+PWDLD3
L) ED2WEL W% 2 ) ¥PWO3*PWDL A/ {D2Wk¥*] . 5) ;
PSGD3A= SDEL*(«P%A*PWD3G%*PWD3AB*DQWGKw* 2V *PWO3*PWADYS
1{D2W%%*1o5)

PSGD3B= SDEL*GdPNB*PWDB&N*PWDBBD*DZW&(N *%x2)*PWD3*PWBD/
L{D2W*x%x1.5)

PSGAB = SDEL*({PKB *PWAEW*PWAB DP*D2WE(W**2)*PWAXPWB §/
1{D2W¥*1.5)

IF(I.GT.1) GG TG 10C49

POLE=PFGE

POLD1=PFGD1

POLD2=PFGDZ

POLDL=PFGDL. s

POLT =PFGT
PDLD3=PFGD3
POLA =PFGA
PDLB =PFGB

 POLEE=PFGEE
POLD11=PFGDLl"
"PDLD22=PFGD22
PDLDLL=PFGDLL:
POLTT=PFGTT
POLD33=PFGD33
PDLAA=PFGAA
POLBB=PFGBB
PDLED1=PFGEDL
PDLED2=PFGED2
PDLED3=PFGEL3
PCLEDL=PFGEDL
PCLET =PFGET
PDLEA =PFGEA
POLEB =PFGEB
POLDL2=PFGD12
PDLD13=PFGD13
POLDLL=PFGDIL
PDLD1T=PFGD1T
PDLDLA=PFGDLA
PDLD1B=PFGDIB
POLD2L=PFGD2L
POLD23=PFGD23
- PDLD2T=PFGD2T
PDLD2A=PFGD2A
PCLD2B=PFGL2R
POLDLY=PFGDLT
POLDL3=PFGDL3
PDLDLA=PFGDLA
POLDLB=PFGDLEB
POLTD3=PFGTD3
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POLTA =PFGTA
PDLTB =PFGTB
PCLD3A=PFGD3A
PCLD3B=PFGL3B
PDLAB =PFGAB
PSOE =PSGE
PSOD1=PSGD1
PSOD2=PSGD2
PSOD3=PSGD3
PSODL=PSGDL

PSOT =PSGT
PSOA =PSGA
PSOB =PSGB

PSOED1 =PSGED1
PSOED2 =PSGED2
PSOED3 =PSGED3
PSOEDL =PSGEDL
PSOET =PSGET
PSOEA =PSGEA
PSOEB =PSGEB
PSOEE =P SGEE
PSOAA =PSGAA
PSOBB =PSGEB
PSOTT =PSGTT
PSOD11 =PSGDL1
PSOD22 =PSGD22
PSOD33 =PSGD33
PSCDLL. =PSGDLL
PSOD12 =PSGDL2
PSOD13 =PSGD13
PSODIL =PSGDI1L
PSCDLA =PSGDI1A
PSODLB =PSGDLB
PSOD1T =PSGDLT
PSOD23 =PSGD23
PSOD2L =PSGD2L
PSOD2T =PSGD2T
PSOD2B =PSGD28B
PSOD2A =PSGD2A
PSODL3 =PSGDL3

PSODLT =PSGDLT:

PSODLA =PSGDLA
PSODLB =PSGDLB
PSOTD3=PSGTD3
PSOTA =PSGTA
PSOTB =PSGTB
PSCD3A =PSGD3A
PSOD3B =PSGD3B
PSOAB =PSGAB

QE=RF*{PDLE--PFGE} &R S*{ PSOE-PSGE?}
QDL =RF*{ POLD1~-PFGD1)&RS*{PSOD1 -PSGD1}
QD2=RF*{POLD2-PFGD2) ERS*{PSOD2-PSGD2)

244



245

QOL=RF*(POLOL-PFGDL ) &RS%*(PSCDL-PSGDL}

QT=RF*{PDLT -PFGT) ERS*(PSCT -PSGTI
QD3=RF*(PDLD3=PFGD3)ER Sk (PSOD3~ PSGD3}

QA =RF®(PDLA -PFGA )JERS*(PSUA —PSGA 1

QB =RF*(PDLB -PFGB D&RS*«PSOB =PSGE )

SMQOI1h=QE &SMQC(1)

SMQUO(2)=QD1&SMQC(2}

SMQO({ 3} =QD26&6SMQC( 3

SMQUIL 4)=QDL 6SMQO{ 4)

SMQOL 53=QT &SMQC(5%

SMQO¢6)=SMQO{ 61 £QD3

SMQG{7)=SMQO{7) &QA

SMQOE8)=SMQO{ 8D &QB

PQEE =(PDLE —-PFGE)**2ERF*(PDLEE —-PFGEE )&{PSUE -PSGE)
1¥%2&LRS*(PSOEE —PSGEE )

PQD1D1=( PDLD1-PFGD1 }¥*286RF*({PDLD11-PFGD11)&(PSODL-PSGD
11)**26RS*(PSODL1-PSGO11L) .

PQD202={PDLD2-PFGD2 ) **2ERF*(PDLDZ22~ PFGDZZDG(PSODzﬁPSGD
12)*%2&RS*{PS0D22-PSGD22)

PQDOLDL={PDLDL=PFGDL h**2ERF*{PDOLDLL~ PFGDLL)&(PSDDL@PSGD
ML p**2ERS*{ PSODLL -PSGDLLY

PQTT=(PDLT. =PFGT)*%2ERF*(PDLTT -PFGTTH&(PSOT
1. - =PSGTI**26RS*(PSOTT =PSGYT
PQD3D3=(PDLD3~-PFGD3 ) **2ERF*(PDLD33~PFGD33b&EPSCD3-PSGD
13} %% 26RS*{PSOD33-PSGD33) '/

PQEDL =(PDLD1-PFGD1)*(PDLE —-PFGE ) &ERF¥*(PDLEDL-PFGEDIL}E&
1{PSOD1-PSGD1I*EPSOE —PSGE ) E&RS*(PSCEDL-PSGED]}

PQED3 ={PDLD3~PFGD3)*(PDLE —PFGE J&ERF*{PDLED3-PFGED3)&
1{PSOD3-PSGD3)*(PSCE -PSGE DE&RS*{PSOED3=PSGED3)

PQED2 =(PDLD2-PFGD2)*(PDLE —-PFGE )&RF*{PDLED2-PFGED2}&
1(PSOD2-PSGD2}i*{PSOE -PSGE )ERS*{PSOED2+PSGED2}

PQEDL =(PDLDL-PFGDLI*{PDLE: -PFGE JE&RF*(PDLEDL-PFGEDLIYE&
1{PSODL-PSGDL)*{PSOE ~PSGE )&RS*{PSOEDL~PSGEDL? ;
PQET =(PDLT /=PFGTI*(PDLE. =PFGE )E&RF*{(PDLET -PFGET
IGRS*(PSOET -PSGET 1&(PSOT -PSGTI*(PSOE —PSGE: }
PQD1D2= (PDLDZ=PFGDZU*(PDLDI@PFGDID&RF*«PD&DIZ=PFGDLZQ&
1{PSOD2-PSGD21%(PSODL-PSGDL) ERS*{PSOD12-PSGD12)

PQD1DL=( PDLDL~PFGDL ) #{PDLD1- PFGD1) &RF*{PDLDLL-PFGD1LYE
1(PSODL@PSGDLD*(PSUDL@PSGDIDGRS*(PSODIL PSGDLLY}
PQD1T=(PDLT : ~=PFGTI*{PDLDL-PFGDL)ERF*(PDLDLT-PFGDLT)
LERS*(PSODLT-PSGDLTI&(PSOT . =PSGT)*{PSOD1~-PSGD1}
PQD20L =(POLOL-PFGDL ¥ *{ PDLD2-PFGD2 ) &ERF*{ PDLD2L-PFGD2L}E
1(PSCDL-PSGDLY*{PSOD2-PSGD2)ERS*{PSOD2L=PSGD2L)

' PQD1D3=(PDLD3=-PFGD3)*(PDOLD1~PFGDL)ERF*(PDLD13-PFGD13}&
1{PSOD3-PSGD39*(PSODL-PSGD1}&RS*{PSOD13-PSGD13}

. PQD2D3={PDLD3-PFGD3}*(PDLD2~-PFGD2 ) &RF*{POLD23-PFGD23)8&
1€ PSOP3-PSGD3)*{PSOD2~PSGD2) ERS*{PSOD23-PSGD23}
PQOLD3=({PDLD3=PFGD3 i *¢ PDLDL-PFGDL} ERF*{ PDLDL3-PFGDL3)&
1{PSOD3-PSGD3)*fPSODL-PSGOL I ERS*{PSCDL3=PSGDOL3}

PQTD3 =(PDLD3-PFGD3¥*(PDLT -PFGT )&RF*{PDLTD3-PFGTD3)&
- L(PSOD3-PSGD3I*{PSOT —-PSGT H&RS*(PSOTD3-PSGTD3)
PQOT={PDLT =PFGT)*(PDLD2-PFGD2) &RF*(PDLD2T-PFGD2T?}
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1ERS*(PSODZ2T-PSGD2T I &(PSOT =-PSGTI*{PSCD2-PSGD2}
PQOLT=(PDLT =PFGTI*{PDLDOL-PFGDL}&RF*{PDLDLT-PFGDLT}
LERS*(PSODLT-PSGOLTI&(PSOT =PSGTI*{PSODL-PSGDL} -

PQEA =(PDLA -PFGA })*(PDLE —PFGE }&RF*{PDLEA -PFGEA )&
1{PSCA -PSGA}*{PSOE -PSGE )E&RS*(PSOEA —-PSGEA }

PQD1A =(PDLA —PFGA )*{PDLD1-PFGDL)&RF*(POLD1A-PFGDLA}E&
1(PSODA —PSGA)*{PSOD1-PSGDL} &ERS*{PSODLA-PSGD1A}

PQD3A =(PDLA -PFGA )*¢PDLD3-PFGD3 ) ERF*(POLD3A-PFGD3ADE&
1(PSCA -PSGA)*(PSOD3-PSGD3) ERS*{PSCGD3A-PSGD3A)

PQD2A =(PDLA -PFGA I*{PDLD2-PFGD2)E&RF*{PDLD2A-PFGD2A}E
1{PSCA =PSGA9*(PSODZ*PSGDZDGRS*(PSODZA=PSGDZAD

PQDLA =(FPDLA -PFGA 1*(PDLDL-PFGDL)&RF*{PDLDLA~-PFGDLA}&
1{PSCA —PSGA}*(PSODL=PSGDL)ERS*{PSODLA~PSGDLA}

PQTA =(POLT: ~PFGT)}*(PDLA —=PFGA )E&RF*{PDLTA -PFGTA }
LERS*{PSOTA ~PSGTA' J&{PSOT =PSGT¥*(PSOA =PSGA" )
PQAA “(PDLA -PFGA )%%2ERF*(PDLAA —PFGAA J&{PSOA -PSGA
"1 pE¥2ERS*(PSDAA =PSGAA )

PQEB =(PDLB —PFGB )*(PDLE —-PFGE DERF*(PDLEB -PFGEB )&
1EPSOB-PSGB)*{PSOE -PSGE P&RS*(PSOEB —-PSGEB )

PQD1B ={PDLB -PFGB )*{PDLD1-PFGDLIERF*{PDLDOL1B~ PFGDIB)G
1{PSOB ~PSGBI*(PSOD1-PSGDLIERS*{PSOD1B-PSGD18)

PQD3B ={PDLB -PFGB )*{(PDLD3~-PFGD3)&RF*{PDLD3B-PFGD3BI&
1{PSOB —PSGBY*{PSOD3-PSGD3)E&ERS*(PSOD3B~PSGD3B)
. PQD2B' ={PDLB -PFGB }*(PDLD2-PFGD2)&RF*{PDLD2B-PFGD2B)&
1{PSOB =PSGB}*(PSOD2-PSGD2) ERS*{PSOD2B-PSGD2RB]

PQDLB ={PDLB =~PFGB }*{PDLDL- PFGDL)GRF*(PDLDLB PFGDLB &
1ipsoB ~PSGB})*(PSODL~PSGDL)ERS*(PSCDLB-PSGDLBY

PQTB ={PDLT" -PFGTI*{PDLB —PFGB ) &REX(PDLYB —-PFGTE )
LERS*(PSOTB *»PSGTB ) &&PSOT - =PSGT)*{(PSCB -PSGB )
PQAB ={PDLA ~PFGAY:({PDLB ~PFGB JERF*{PDLAB, -PFGAB }
L&RS*{PSOAB ~PSGAB )&I(PSOA ~PSGA)*(PSOB -PSGB )

PQBB =(PDLB —PFGB’ }%%26RF*(PDLBB —-PFGBB 1S !PSOB —PSGB
1 )*%2&RS*{PSOBB ~PSGBB )
"PQ{1,13)=PQfLs1)EPQEE
PQI1;21=PQf1ly2) &PQEDL
PQ(15;33=PQf1¢3)EPQED2
PR{1:,4)=PQ(1l,4)E&PQEDL
PQ{1l¢5)=PQ{1sSIEPQET ‘ .
PQl1,6)=PQ(1,5)£PQED3
PQE1y7)=PQ(Ll,;7)EPQEA
PQlle2)=PQ(1¢8)EPQEB
PQE2,2)=PQ(2,2) EPQDLD]
PQt2:3)=PQ{2,3)&PQD1D2
PQ(2:4)=PQL 2,4) EPQADLDL
PQE2,51=PQ{2,5)EPQDLT
PQI2y6)=PQE2,6D6PQD1D3
PQE2y7T)=PQ(2yTIEPQDLA
PQ{2:,8)=PQ(2,8)6PQD1B
PQ(3,3)=PQI3,3)&PQD2D2
PQ{3,4)=PQ(3,4)EPQD2DL
PQI3,51=PQ(3,5) &PQD2T
PQE3,61=PQ(3:6)&PQD2D3



PQI3,7=PQE3,7) &PQD2ZA
PQU3:8)=PQ(3:8) EPQD2E
PQl4,4)=PQl4y4) EPQDLDL
PQI4y5)=PQ{ 4y 5)&PQDLT
PQl4y 6)=PQ(4s6)EPQDLD3
PQEl4.7D=PQ( 4, THEPQDLA
PQl4yBD)=PQl 4y 8) EPQDLB
PQES,5)=PQI5,5)&PQTT
PRIB,60=PO{5,6)£PQTD3
PGS, 7)=PQ{5,7)EPQTA
PQI5,8)=PQ(5,8)&PQTB
PQIE,61=PQ(6,6)EPQD3D3
PQL&.7)=PQ(B, TVEPQD3A
PQI6,8)=PQl6,8) EPQD3B
PQU7,7)=PQI 7, TIEPQAA
PQE7+8)=PQITyE)EPQAB
PQL 8, 80=PQLE,B)EPQBSB

10000 CONTINUE —_—

NA=8 . 3

50040 DO 50041 I=1,MA
SMQO( I d=-SMQC(T)

DG 50042 J=1,NA
IF(J-GE-.I}) GO TO 50042
PQIIoJd=PQLJIvId

50042 CONTINUE

50041 CONTINUE
VI1)=NA
vi2)=NA
DO 50043 K=1,NA
12=K*NAEZ ,
I1r{K=1)%NAE3 '
00 50044 I=I1,12
J=I-I1¢&l

VLD =PQIKyJ)

50044 CONTINUE

50043 CONTINUE . ,
CALL INVERX(V,VilyDET.EE)

c THES IS THE STANDARD PROGRAM TO INVERT A MATREX BY THE
c IBM =7040 .
C DIGITAL COMPUTER.

IF(DET.NE.0.0) GO TG 50045
51043 D2=1.1%D2IN ' . ' \
GO TO 40008
50045 DO 50046 . K=1oNA
T1=(K=-1)%NAE3
12=K*NAL2
PO 50047 I=Ilg¢l2
J=I=-1181
PQINVEKg JD=VW(I]
50047 CONTINUE '
50046 CONTINUE
DO 50048 K=1¢NA



50049

50048

50051
50050

50065

51065 WRITE(6910044DDE901vDZvD3vDA9LBQDEL@9TE7010CELU

SUMP=0.0
DO 50045 L=1,NA
SUMP=SUMP&PQINV (KoL ) ¥SMQOAL}

CONTINUE

H{K)=SUMP

WRITE( &, 10044 )H(K)

CONT INUE

NCHECK=0

DO 50050 K=1,NA
IF(ABSEHIKDD.GT-CHECKIK)) GO TO 50051
GO TO 50050

NCHECK=NCHECK&1

CONTINUE

DE=DE&HL 1)

D1=D1&H( 2)

D2=D26H( 3}

DELOR=DELGREH( 4}

DELO=DELCOR/TROP

TETOLR=TETOLREH(5}

TETOL=TETGLR/TROP

D3=D3&HL 6) -

DA=DAEH( T}

DB=DBEH( 8)

NITER=NITERE1

IF(NITER.GT.NITMX} GO TO 50065
IF(NCHECK.EQ.0) GO TO 50065
IF(D3.LE.0.0) GO TO 40008

IF(D2.LE-0.0} GO TO 40008

IF(D1.LE.0.0) GO TO 40008

IF(ABSIDB} .GT.30.0) GO TO 40008
IF(ABS(DA).GT.30.0) GO TO 40008
IF{ABS{DE}GT-10.00G0 TO 40008&
WRITE(69100393KDRCT

WRITE( 6 10039)NITER
WRITE(6,10042)R2,RF24RS2
RMSEFR=SQRT{RF2/FLOAT{NPR))
RMSEFO=RMSEFR/TROP
RMSES=SQRT(RS2/FLUAT(NPRD)}
RMSE2=SQRT(R2/FLOATINPR)} |
WRITE(6,10044)RMSE2¢ RMSEFR yRMSEFO;RMSES
WRITE(6, 10044DDElevDZ D3,0DA,DB¢DELG,TETOL
NFINPT=0" -
IF(NCHPNT oNE»0O) GO TQ 52064
GO TCO 40008 .
WRITEC6,10037)

NFINPT=1 . ¢ ,
WRITE(6¢10038)
WRITE(6,10039)KDRCT
WRITE{(6;10041) | -
WRITE(6¢10042PR2,RFR2,RS2
WRITE{6,10043)

¢
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WRITE{ 6, 10045)
GG TO' 52065
52064 IF{RF2.LE.RF2MX) GO TO 52065
IF(RS2.LE-RS2MX) GO TO 52065
IFIR2.6T.R2MX) GO TO 40008
52065 DO 50066 1=1,NPR
IF(KDRCT.EQ.2) GO TO 50067
SYOG=FIOL(I}-FICL(1D
SFG=S1(1)-301
DIFROT=FICLALIESYO(LI~FIOLII}
DIFTRN=SOL&SF(II-SLEI}
WRITE({ 6910044} TETO(I}sFIOLLID;SYOGsSYOLI)ySLEID¢SFG,S
LFAI)yXOL( 19 ,DIFROT DIFTRN
G0 TO 50066
50067 SYOG=FI02(I1}-FID2(1}
SEG=S2(11-501
DIFROT=FLO2(LDESYOCI)~-FIO2(1}
DIFTRN=501ESF(I1-52(1 )
WRITE{6010044) TETOLI}:FE02(E},SYOG,SYOUIDoS2(E1¢SFGsS
LFEIbpX02€ 1D yDIFROTyDIFTRN
50066 CONTINUE
IFINFINPT.NE.O)GO TG 50060
GO TO 40008
50060 CONTINUE
51066 NINITL=NINITL&L
IF(NINITL.GT.NITLMX3GO TO 51067
GO TO 39999
51067 NMECH=NMECHE1
IF(NMECH.GT.NDIM} GO TO 50OTC
GG TO 39997
5007C STOP
END -

SUBROUTINE DSIRED{DTET sDFY12,DTETL2;DLS12sNPRyKDRCT oIV
13 TETs SYO, SF)
DIMENSION TETE250¢8Y0(25)5SF(251
PI=3.14159265
TROP=P1/180.0
DO 100 I=1,NPR
IF(I.GT.1) GO TO 101
TET(11=0.0
GO TO 102
101 Ii=I-1
TET(I1=TETCI1)&DTET
102 IF(KDRCT.EQ.1) GO JO 103
IF(KDRCT.EQ.2) GO TO 104
103 IF(IV.EQ,1} GO TO 1031
IF(IV.EQ.2} GO TO. 1032
1031 SYOLI}=-DFY12% ((TETUI}/DTETLZ)%%2)
SF{I1}=DLS12%(1.0-(1.0-TETAIB/DTETL28%%2)
60 TO 100



104

1c41

1042

100

250

SYCLID}=DFY12%{(1.0-{LoO~TETAI)/(0.5*CTETL2} V**2}%(- 1.0}
SFUIl=DLS12 *¥{1o0-(1.0-TET(IL)/(C.5%DTETL2)P%¥*2)

GO TO 100

IFCIV.EQ.L1) GG TGO 1C41%

IFCIV.EQ.2) GO TC 1042

syYotli=o0.0
SF(I)=DLS12%(((TET(I}-0.5*DTETL2)/7€0.5*%DTET 2} }*%2-1:0
li

GC T3 1l0C

SYO(I 1=DFY12%€1o0- (1. 0-TETL(II/(CH*DTET128 P F*2%{- 1.3}
SFEII=DLSLl2 *(1.0-€1.C~TET{I)/KC.5*DTETL2} ) **2}
CONTINUE

RETURN

END



PROGRAM C

PROGRAM-RSRC C

CEMIL BAGCI-SYNTHESIS OF THE RSRC SPACE MECHANISM FOR

CONSTRAINEC AND UNCONSTRAINED SCREW GENERATION.

PARAMETERS OF CONSTRAINTS ARE INCLUDED.CESIGN

EQUATIONS ARE SOLVED BY RELAXATION.

DIMENSION TETOR(30 ), TETO(30 ),FIOL(30 )4FIOLR(30 ),XO

11(30 )

DIMENSION XO1R(30 ) ,FI02(30 ),X02(30 )+52(30 ),FIO2RI

130) 4 S1(30)

DIMENSION XO2R(30)

CIMENSION VX1(30),VS1{300,VF1(30),AFL(30),AS1(30),AXL(

130)

DIMENSION D(8)4DDD(8) 4NIT(8),SMQO(8) ¢ ACCRCY ()

DIMENSION TET(30),SY0(30),SF(30)

DIMENSION SYOG(30),SFG(30)DIFROT(30) DIFTRN(30)

DIMENSION FGO1(3094FG02(30),FGOLR(30) FGO2R(30)

CALL ERRSET (259404Cy240,0)

10037 FORMAT(LH1///5X, S5HRSRC MECHANISM WHICH APPROXIMATES
LSPECIFIED SCREW DISPLACEMENT BEST IN THE LEAST SQUARES
2 SENSE.///)

10038 FORMAT(///5X;42HSOLUTICN CORRESPONDING TO THE MECHANIS
1M OF/)

10039 FORMAT(22X,12})

10041 FORMAT(12Xy4HR¥%2,12XsSHRF*%2 ,12X ¢ 5SHRS*%2/)

10042 FORMAT(5X,SF13.8)

OO0 0O0

10043 FORMAT( F//11X2HD1¢1l2X42HD2¢12X92HD3 512X ¢2HDAs1
12Xy 2HDBy 12Xy 2HDEy11X¢ SHDELTA, 6Xy6HLAMEDAy6X ¢ SHALFAL
27Xy SHALFA2/) '

10044 FORMATIS5X,10F12.6)

10045 FORMAT(///8XySHINPUT RO.y2XyLOHOUTPUT RO.¢5Xs THGEN.SAY
145X e THDES « SAY ¢ 2X s LOHOUTPUT TR.y5Xy THGEN . TR 35Xy THDES o T
2R« 4Xy BHANGLE XOy2Xy LOHDIF.IN ROoy2X¢10HDIF.IN TRo/)

10046 FORMAT(S5X;8F12.6)

10047 FORMAT(4F10,45)

10048 FORMATULHL5Xe215////711111774()

10049 FORMAT(215)

10050 FORMAT(5F10.3)

10051 FORMAT{6F10.5)

10052 FORMAT(315)

10053 FORMAT(8FS.5)

10054 FORMAT(3F10.5)

10056 FORMAT(6FL0.5)

10057 FORMAT(IS)

251



10058
10059
10060
10061
10062
10063
10064
10065

10066
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FORMAT(815)

FORMAT(3F10.8)

FORMAT(2X, 155 5X 3F1G.5)

FORMAT (415}

FORMAT{5Xy1215)

FORMAT{ 215, 110)

FORMAT(10X,5F15.5)

FORMAT (1HLy /// 15X, 4HTETG ¢ 7% 12HROT. VELOCITY 43Xy L3HTRAN

1.VELOCITY 410Xy LOHROT-ACCEL - s BXy LLHTRAN.ACCEL///}

FORMAT(1H1:///38HINVERSION WITH' POSITIVE SIGNED RADICA

AL/

10067

1006¢&
1006%
10070
10071
L0072
10073
10074
10075
10076
10077

900

50001

FORMAT{1Hl,/7//38HINVERSION WITH NEGATIVE SIGNED RADICA

/77y

FORMAT(LHL,5X, 6HKDRCT=513,5K¢3HIV=[3///)
FORMATL//4/1/1/5X¢1CF12.6)
FORMATE 10Xy 3F15.5)

FORMAT( 18Xy 3HTET, 12X,3HSY0 12Xy 2HSF/)
FORMAT( 10X, 7THRMSEFR=yF15.845X s THRMSEFQ=4F15.8)
FORMAT( 10X ¢ 6HRMSES=,F15. 8}

FORMAT (10X, 6HRMSE2=,F15. 6}

FORMAT{ ~ 5Xy6HKDRCT=¢13,5X,3HIV=,13///)
FORMAT(//////5%+1243Xy5F11.5)
FORMAT(1XyI292X¢5F11.5)

PI=3.14159265

TROP=P1/180.0

NCOUT=1

READ(5,10057)NDIM

READ(5,10050) DTETL2,DFY12yCELO,DTET,DLS12
READ(5,10061118, 19, IV,KD3

READ(5,10057) NTRANS

READ(5,1005T7}NCLOCK

READ{5,10057)NFNPNT

READ{5; 1005 TINPRINT

READ{Sy 10057 JNVLPNT

READ(5,10057) NITMOR

READ(5; LOOS8)INF SYMsNSSYM;NFOsNSO
READ(5,10049) NQ1,NQ2
READI5,10052)KR2CH y KRFCH s KRSCH
READ(5,10049) NPR,NPRL
READ{5y10056)R2MX ¢ RF2MX yRS2MX ; R2SEE ¢ DI FFMX s DIFSMX
READ(5510053)(ACCRCY(I},1=1,8}
READ(5410057INTDATA

READ(5,100579 MDLZRO

READ{55;10057) NSLP

CLAM=COS(CELC*TROP)

SLAM=SIN(CELO*TROP) |

NREDO=0

NSKPD=0

DD50069 KDRCT=I8,]S

- WRITE{64y10075)KDRCT,1IV

IF(NSKPD.GT.0) GO TC 390EC
IF(NTDATA.NE.O) GO TO 399¢8



3c¢cgg

39999

390659

39070
39080
35081
39082
39083
35084
39085
35086

35087
39088

35091
35092
3%093
39094
39095

35096
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CALL DSIRED{ OTETDFYL124DTETL12¢DLS12¢NPRoKDRCT IV
1,TET,SYO,5SF) |
WKRITE(6410071)

WRITE(6,100TOMTET(I),SYC(I), SF(Ith 1;NPR)
- GO TO 3g¢ec
READ(5¢1CO054){TET(I ) ,SYOUI}ySFA{I)I=1,NPR}
WRITE(6,10071) ;
WRITE(64 10070} TET(I)oSYC{Ids SFCID¢I=1,NPR)
READ(S5,1005300(1) D443 +D(5),D(6)+D(T) D(B):D{3},sD(2)
READ(S,IOOSBDDDD(IBoDDD(4D.DDD(5)'DDD(6)vDDD(7D9DDD(8l
1,000(3),D0D(2)

READ(5,10058INIT(L) ¢NIT(4) ¢NITES) ;NIT(63 s NITET){NIT(8)
1o NIT(3)4NIT(2) _
DE=D(1}

TETO1=D(2)

DELC=D{(3)

D1=D(4)"

C2=D{(5)

pe=D{(8)

IF(MDLZRO.EQ.O) GO TG 3906¢S

IF(NSLP.LT.3) GO TO 3907C

D3=D(6) .

DA=D(T7)

GO TP 39080

Q1=0(6}

Q2=D{7)

NCONE=0

L1=0

IF(NIT(lloNE.O) GO TO 39¢¢°1

IF(NIT(2).NE. 0) GO TO 39092

IF(NIT(3).NE,O} GO TG 39093

IFINIT{4}J.NE,O) GG TC 39094

IFINIT(59.NE-O} GO TC 3SCS5

IF(NIT{6) .NE.O) GO TO 390¢S6

IF(NJTU7).NE,O) GG TO 39097

IFENIT(8).NE.O) GO TO 39098

IF{L1.NE.O) GO TO 51066

NCONE=1

Ll 8

‘G0, TO S0002

Ll=1"

GO TC <0002

L1=2

GO TO 50002

L1=3

GO TO 90002

Ll=4 _

GO TO 90002

Li=5

GO T0 90002

L1=6

GO TO 90002



39097 L1=7
GO TO 90002
39098 L1=8
20002 DO 6QC00 L=L1,L1
NR21=0D
NR22=0
N2=NITIL)
NPLPNT=0 !
DO 60001 N=1¢N2
IF(NCONE-EQ.1) GO TO 40004
IF(N.EQ.1) GO TG 40004
IF(DOD(L).EQ.0.0) GO TG 60000
IF(L.EQ.1) GO TO 60Cl]
IF(L.EQ.2) GO TO 60012
IFfL.EQ.3) GO TO 60013
IF(L.EQ.4) GO TO 60014
IF{L.EQ.5) GO TO 60015
IF(L.EQ.6) GO TO 60Cl6
If(L EQ.7) GO TO 60017
IF{L.EQ.8) GO TO 60Cl8
GO TD 60001
60011 05:0(1)5020(15
GO TO 98797
60014 D1=D(L)EDDD(L)
GO TO 98797
60015 D2=D(L)EDOD(L}
GO T® 98797
60016 IF(MDLZRO.NE.O) GO TO 61016
D3=D(L)EDDD(L): :
GO YO 98797
61016 Ql=0(L)&DODIL)
GC TC 98797 ,
60017 IF(MDLIRO.NE.O) GO TO 61G17 .
-~ DA=D(LHI&DDD(LY :
" 60 TO 98797
61017 Q2=D(L)&DOD(L)
. GO TO 98797
60018 DB=D{L)I&DDDAL)
GO TO 58797
60013 DELO=D(L)&DDD(L)
GO' TO 98797
60012 TETOLl=D(L)&DDDAL)
: IF{TETOl.LT.360.0) GO TO 98797
TETO1=TETO1-360.0
S8797 D(L)=D(L)IEDDD(L)
40004 CDEL=COS{DELO*TRCP)
SDEL=SIN(DELO*TROP)
DO 10024 I=1,NPR
TETO(I)=TETCGLETET(I}
IFITETO(I).LT.360.0) GO TO 45056
TETO(I)=TETO(1)-360.0
45056 TETOR(ID=TETO(I)%TROP



N
i
5]

10024 CONTINUE
TFIMDLZRO.NE.O) GO TO 39906
IF{NSLP.EQ.O) GO TO 36509
CALL RSRC{NPRyTETO¢D1+02+D03+DAsDB¢DEsDELG-CELC,F
1I1C1eXO1sS1eFI02yX02,824FIOLRyFI02R,XOLR¢X02Ry FGOLFGC2
2y A4)

IF(A4.EQ.0.0) GO TO 90C

CALL QlQ2(TETOTETOR(FIOLFICLIR,FIO2,FIO2RX0LsX
101R¢X02¢ XO2RyNSLP s KDRCTyNQLyNQ29D1 D203 40E, DBy DELO,CE
2L0,Q1,Q1lR+Q2Q2R)

39909 IF(NSLP.EQ.0) GO TG 142
IF(NSLP.EQ.1) GO 70 1411
IFINSLP.EQ.2) GO TO 1412
GO TO 1413

1411 SLCPEL=Q1%*TRQOP
QLR=Q1*TROP
GO TO 1441

1412 SLOPE2=Q2%TROP
Q2R=Q2*%TROP
GO TG 142

1413 SLOPE1=Q1*TROP
SLOPE2=Q2%*TROP
Q1R=QL*TROP.

Q2R=Q2*TROP
GO. TO 146

142 TABlA= ABS!ABS(IETOI*TROP'—PI/Z 0)
TAB1B=ABS(ABS{TETOL*TROP)-1.5%PI)
IF(TABLA.LT.0+00001) GO TO 14202
IF(TAB1B.LT.0.00001) GO TO 14202

. GO TO 14203

14202 SLOPEL=PI/2.0

- GO TO 144

14203 SLOPEL=ATAN{TAN(TETC1*TROP)/CLAM)
IF(COS(TETOL*TROP).LT.0.0) GG TG 14204
IF(SIN{TETO1*TROP).LT.0.0) GO TO 14205
GO TO 144 ‘

14205 SLOPE1=PI+SLOPE1
GO TO 144

14204 IF{SIN(TETOLl*TROP). LT.0. 0) GO TO 14206
GG TO 14205 \ ‘

14206 SLOPE1=ABS(SLGPELl)

144 Q1lR=SLOPE1l
Q1=Q1R/TROP

- IFINSLP.EQ.0) GO TO 1441
GO TO 146 -

1441 TAB2A=ABSUABS((TETO1&6DTET12)*TRCGP)-PI/2.0})
TAB2B=ABS{ABS({TETO16DTET12)*TROP)~1.5%P1)
IF(TAB2A.LT.0.00001) GO TO 14402
IF(TAB2B.LT,0.00001% GO TO 14402
GO’ TO 14403 :

14402 SLOPE2=PI/2.0
GC TC 14604



144032

14405
14404

14406
14604

146

14609

14605

1501
1502

1503
1504

15101

15102

151
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SLOPE2=ATAN{TAN({TETOLEDTET12)*TROP)/CLAM)
IFCCOS({TETCL+DTET12)*TROP) .LT.0.0) GO TC 14404
IF(SIN((TET01+DTE712)*TROP) LT.0.0) GO TO 14405

GO TO 14604

SLOPE2=PI+SLCPEZ2

GO TO 14604

IF(SIN[(TETDI+DTET12'*TROPD LT.0.0} GO TO 14406

GO TO 14405

SLOPE2=ABS{ SLOPE2)

QZ2R=5LOPE2 '

Q2=Q2R/TROP

IF(MDLZRO.EQ.O0) GO TO 14609
YCL=D1*CLAM¥SIN(TETC1*TROP)ED2%SIN(SLOPEL)
YC2=D1*CLAM*SIN((TETOLEDTETL2%TROP) &ED2*SIN{SLOPE2)
XC1=D1*COS{TETOL1*TROP) ED2*COS(SLOPEL)
XC27D1*COS((TETOLEDTET12)*TROP) 6D2*COS( SLOPE2)

G0 TO 14605

CALL XCYC(TETO,TETOR,FICLsFIOLR,FIO2¢yFIO2RyX0LsX

101RvXOZ,XOZR.NSLP.KDRCTvNQl NQ2,.,D1,D2, D3 ¢DE,DB¢DELO,CE
2L0yQ13Q1lR+Q2¢Q2R, TETO1 (DTET12,QL14QL2yXCLlyXC24YC1l,YC2)

Y2Y1=YC2-YC1

X1X2=XCl-XC2 :
Ql=SLOPEL/TROP . '
Q2=SLOPE2/TROP a
DELSLP=ATAN(X1X2/Y2Y1)
IF(DELSLP.LT.0.0} GO TO 1501

GO TO 1502

DELSLP=PIEDELSLP

60 TO 1504

IF(DELSLP.GT.PI) GO TO 1503

GO TO 1504

DELSLP=DELSLP-PI

DEL SLO=DEL SLP/TROP
SHAFFY=SIN{DFYL2%0.5%TROP}
CHAFFY=COS(DFY12%0s 5%¥TROP})
GL3=(Y2Y1%*%26X1X2%%2} /(4 0%{ SHAFFY%*%2} )
D3=SQRT(GL3}

IF(KD3 .EQ.2) GO TO 15101

Y04 =YC160.5%{ YC2~YCL)&D3%SIN(DELSLP}*CHAFFY
X04 =XC1l-P.5%{ XC1-XC2)&ED3*CHAFFY*COS{DELSLP)
GO TO, 15102 ,

Y04 =YC180.5%( YC2-YC1)-D3*SIN(DELSLP)*CHAFFY
X04 =XC1-0.5%(XC1l-XC2)-D3*CHAFFY%*COS{DELSLP)
DA=X04

IF(CELC.EQ.O. o» GO TO 151
IF(CELC.EQ.180.0) GO TO.151

GO TO 152

DB=0

NPLPNT =1

HPL = Dl*SIN(TETDI*TROPDGDZ*SINISLOPEI)—DB*SIN(DELSLP=‘5

1*DFY12*TROP)

FOPLNR=ATAN(HPL/DA)



15167

152
40005

40001

859¢0
85¢491

86990
86991

40031

87990

87991

B&ceQ
88¢9l

100605

11005
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DAl=DA
IF(FOPLNR.EQ,O. o: GO TO 15197
IF(FOPUNR.EQ.PI ) GO TO 151¢7
DA=HPL/SIN(FOPLNR)
FOPLNO=FOPLNR/TRGP
TETCLP=TETO1
TETO1=TETC1-FOPLNO
GO TO 40005
0B=Y04/SLAM
CALL - RSRC{NPRsTETG>D01+D2+D3¢DA< DB+ DE,DELOsCELTF

1101,X01,S1sFI02,X02y52¢ FIOlR,FIOZRoXOlR X02RyFGOL,FGO2

2904)

IF(A40EQ00009 GO TO 60001
IF(KDRCT.EQ.2) GO TO 40031
FYOl=FIO1{1}
XOL1=X01l(1):
FY0O2=FIOL1{NPR)

XOL2=X01{NPR} ; .
IF{NFSYM.NE.O) GC TC 859¢<0
OFY12G=FIOL(L)-FIOL(NPR}

GO TO 85991

DFY12G=FIC1{1}- F[GI(NFO)
So1=S1(1)

IF{NSSYM.NE.O) GO TO 86990
DS=S1(13-S1INPR)

GO TO &6%¢%1 .

DS=S1( 1)~S1{NS0O)}
DIFFCH=ABS(ABS(DFY12G)-ABS(DFY12))
DIFSCH=ABS(ABS({DS)-ABSIDLS12))
GG TC 10005

FYOl=FID2f1)

XOL1=X02¢1)

FY02=FIO2(NPR)

XOL2=X02 {NPR)

IFI{NFSYM.NE-O) GO TO 879%0
DFY12G=FI02{1)-FI02(NPR)

GO TO 879¢1
DFYL2G=FIG2(1}-FI02(NFO}
SQ1=S2(1}

IF(NSSYM.NE.O) GO TO 88990
DS=S2{1)- SZ(NPR)

GO, TO 8&s¢l

DS= SZﬂl)—SZ(NSOD
DIFFCH=ABS{ABS(DFY12G)-ABRS(DFY12}))
DIFSCH=ABS(ABSLDS)-ABS{DLS12})
R2=0.0

RF2=0.0

RS2=0.0

DO 11605 [=1,8

SMQO(IN=0.0

CONTINUE

DC 10000 I=1,NPRL



IF(KDRCT.EQ.2) GO TO 10006
IF(NCLOCK<NE.C}) GC TO 12206
SYOGEI}=FGOL(I}~FYOl
GO TO 12205

12206 SYOG{1b=FYO1l-FGOL(I}

12205 SFIY=SIN(FICLR(I))
CFIY=COS(FIDIR(I))
RS=SOLESFUI)~SLLTI)
SFG{I)=S1(I1}-SO1
GO TO 10020

10006 IF(NCLOCK.NE.O} GO TO 12306
SYOG(I}=FGO2{I)~-FYO1
GO TO 12305

12306 SYOGL(I)=FYCL-FGO211)

12305 SFIY=SINEFIO2R(I))
CFIY=COS(FIO2R(IM)
RS=SO1&SF{I}-S2(1)
SFGUI)=S2(1)~S0O1

10020 DIFROT(IV=SYC(I}-SYCG(I)
RF=DIFROT(I}*TRCP
RF2=RF2ERF*%2
RS2=RS2ERS*%2
R=SQRT(RF*%*2ERS**2)"
R2=R*%2ER 2. .
CT= COS(TETG(ID*TROP)
ST=SINL(TETO(IL)*TRCP)
GMO=DB*SLAM=D1%CLAMXST
GNO=DA=D1%CT
W=GMO*SFIYE&EGNO*CFIYED3
D2W=D2#%%2-Wk*2 , ‘
IF{D2W.LE.0.0) GG TC 60001
PMB=SLAM
PMD1=-CL AM#*ST
PMT=-D1%CLAM*CT.
PNA=1.0
PND1=~CT
PNT=D1%ST
Fl=( SOEL%*%2 ) *{ GNO*%2-GMO*%2)
F2=2.0%GMO*GNO* { SDEL%%2}
F3=2.0%{ D3*GNO* {CDEL*%*2) EDE*GMO*SDEL)
F4=2.0%{ D3%GMO*(CDEL**2)-DE*GNC*SDEL}
GKO=({ CDEL¥%2)%{ D2%%2-D3%*2~GNO*%*2 ) ~GMO**2~ ( DEFSDEL b ¥%2
GMNN=GMO*CFIY-GNO*SFIY
GMNP=GMO*SFIYE&GNO*CFIY
PFLA =2.0%{ SDEL*%2) *(6NO%PNA)
PF1D1=2.0%{ SDEL*%2)*(GNO*PND1-GMO*PMD1)
PFLB =2.0%(SDEL%*2)*( ~GMO*PMB)
PF1DL=2. 0% SDEL*CDEL *{GNO**2-GMO**2)
PFIT =2,0%(SDEL*%2)%(GNO*PNT =GMO*PMT )
PF2A= 2.0%({ SDEL¥%*2)*GMD*PNA
PF2D1=2. 0% { SDEL**2) % {GNO*PMD1 ECGMO*PND1}
PF2B =2, 0% ( SDEL*%2)#GNO*PMB
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PF2DL =40 0%CDEL*SDEL*GNO*GMO
PF2T =2.0%{SDEL*%2)*(GNO*PMT GGMO*PNT }
PF3E=2.0%SDEL*GMO
PF3D1=2.,0%( (CDEL**2)%D3%PND1 - GDE%SDEL#%PMD1}
PF3T =2.0%{ {CDEL*%2)%D3%PNT EDE®SDEL%PMT " )
PF3DL=2.0%{-2.0%SDEL*CDEL*D3*GNOEDE*GMO*CDEL)
PF3B=2,0%DE*PMB*SDEL
PF3A=2,0%D3%(CDEL*%*2)*PNA
PF3D3=2.0%(CDEL*%2)*GNO
PF4E=-2.0%GNO*SDEL

~ PF4D3=2.0%(CDEL¥*2)*GMO
PF4B=2,0%D3%(COEL**2)*PMB
PF4A=-2,0%DE*SDEL*PNA _
PF4D1=2.0% ¢ (CDEL*%*2)*D3*PMDL-DE*SDEL*PNDL)
PF4DL=2.0%{=2.0%CDEL*SDEL*D3%GMO~DE*CDEL*GNG)
PF4T =2,0%( (CDEL¥*2 )% D3%PMT -DE*SDEL*PNT )
PKD1l=-2,0%( (CDEL¥*2)%GNO*PNDL EGMO*PMDL )
PKB=-2 .0%GMO*PMB
PKA==2.0%(CDEL**2)%*GNO*PNA
PKD3==2. 0% (CDEL¥#%2)*D3
PKE=-2.0%DE*{ SDEL*%2)
PKD2=2.0% (CDEL**2)*D2
PKDL=2. 0*(-CDEL*SDEL*(DZ**Z-D3**2—GNO**2) (DE**Z)*SDEL
1*CDEL)

PKT =2.0%({CDEL**2)*( -GNO#*PNT )-GMO*PMT )
FDN1= 2, 0%F1L*SFIYHCFIY-F2% (CFIY*%2-SFIY*%2)-F3%SF1Y
1EF4*CFIY

. IF(FON1.EQ.0.0) GO TD 60001

FON=1,0/FDN1

IF(FDN.EQ.0.0) GO TG 60001 -

PFGE= FDN%{PKE . =CFIY*PF3E -
LSFIY#PF4E)
PFGDL=FON#*{PKDL1~( SFIY**2)%*PFLD1 &SFIY*CFIY*PF2D1~-CFIY*P
1F3D1-SFIY*PF4D1)

PFGD2=FDN* PKD2

PFGDL =FDN# { PKDL—{ SE 1 Y*%2) *PFLDLESF I Y¥CF IY*PF2DL~CFIY%P
1F3DL-SFIY¥*PF&DL )

PFGT =FDN#*(PKT-(SFIY#%2) #PFLT&SFIY*CFIY*PF2T-CFIY*PF3T
1 ~SFIV*PF4T) :

PFGA =FDN#*{PKA-{SFIY#%2)%PF1AESFIY*CFTY*PF2A-CFIY*PF3
1 -SFIV*PF4A) "

"PFGB =FDN*(PKB-{SFIY+%*2) *PF1B&SFIY*CFIY*PF28~CFIY*PF33
1 ~SFIY*PF48)

PFGD3=FDN%( PKD3~CFIY*PF3D3~SFIY¥PF4D3)

PWE=GMNN#PFGE
 PWDL=GMNN¥PFGD1&SFIY*PMD1ECFIY*PND1

PWD2=GMNN#*PFGD2

PWDL =GMNN*PF GDL

PWT= GMNN*PFGT &SFIY*PMT &CFIV#PNT
PWA=GMNN*PFGALCFIY4PNA

PHB=GMNN*PFGBESF I Y PMB

PWD3=GMNN*PFGD3£1.0



19949 .

10000

19101

19102
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PSGE= CDELESDEL*W*PWE/SQRT(D2W})

PSGDL1= SLAMYSTESDEL*W*PWD1/SQRTA(D2W)

PSGD2= -SDEL¥(D2~W*PWD2) /SARTE(D2W)

PSGT= DL*SL AMECTESDEL *WHPWT/SQRTID2W)

PSGDL= =~DE*SDEL~CDEL*SQRT(DZWY &SDEL*W*PRDL/SAR
1TL(D2W)

PSGA=SDEL*W#PWA/SQRT(D2W)
PSGB=CLAM&SDEL#W%PWB/ SQRTID24)
PSGD3=SDEL*W*PWD3/SORT(D2W)
IF(1.6T.1) GO TO 19549
PDLE=PFGE

PDLD1=PFGD1

PDLD2=PFGD2

POLDL=PFGOL

PDLT =PFGT
POLD3=PFGD3
PDLA =PFGA
PCLB =PFGE
PSOE =PSGE

PSOD1=PSGD1 -
PSOD2=PSGD2
PSOD3=PSGD3
PSODL=PSGDL

PSOT =PSGT
PSOA =PSGA
PSOB =PSGB

QE=RF%{ POLE~PFGE ) ERS*( PSOE-PSGE}

QDL =RF*(POLD1-PFGD1)ERS*(PSOD1-PSGOL)
QC2=RF*{ PDLD2-PFGD2) &R S*{PSOD2-PSGD2)
QDL =RF*(PDLDL-PFGDL ) ERS*(PSODL-PSGOL}
GT=RF*(PDLT -PFGT) &R S*{PSOT" ~PSGT}
QD3 =RF#*{PDLO3-PFGD3 &R S*(PSCD3-PSGD3)
QA =RF*{PDLA -PFGA )ERS*(PSOA -PSGA )
GB =RF*(POLE —PFGB JERS*(PSOB —PSGB )
SMQOL1)=QE &SMQO(1)

SMQD{ 2)=QD1ESMQCT 2}
SMQO(3)=QD2&SMQO(3)
SMQO(4)=QDLESMQC(4)

SMQO(5)=QT &SMQO(S)

SMQO( 6)=SMQO(6) £QD3
SMQO(7)=SMQO(T)IEQA .

SMQO( 8)=SMQO( 8} &QB

CONT INUE

IF(KRFCH.EQ.0)6C TO 19101
RMSEFR=SQRT{RF2/FLOAT (NPRL))
RMSEFC=RMSEFR/TROP

GO TO 15001

IF(KRSCH.EQ.0) GG TO 19102
RMSES=SQRT(RS2/FLOAT(NPRLY))

GO TO' 15002

IF(KR2CH.EQ.0 ) GO TO 19103
RMSE2=SQRT(R2/FLOAT(NPRL) )



19103

15001
19002
52065

52066

19104
19105

19106

52766
60020

69421

60021

60030
60036

60035

60040

IFER2.GT.R2MX) GO TO 60020
GO TG 52065

NR2SEE=C,

IF(NCONEJNE.O) GO TC 52066
IF{NFNPNT.NE.O) GO TO 52C66
IF(R2.GT.R2SEE) GO TO 60020

NR2SEE=1

G0 TO 52066

IF(RFZ.LE.RF2MX) 6O TO 52065

GO TO 19103

IF(RS2.LE.RS2MX} GO TO 52065

G0 TO 19103

IF(DIFSCH.GT.DIFSMX} GO TO 60020
IF(DIFFCH.GT.DIFFMX) GO TO 6Q020
WRITE{ 6y 100441DE+D1 402,03, DA,DB,DELT, TETOL
WRITE( 6, 100420R2RE2,RS2,DIFFCH,DIFSCH
IF(KRFEH.EQ.C) GO TC 15104
WRITE(6,10072) RMSEFR,RMSEFO
IF(KRSCH.EQ.C) GO TC 15105
WRITE(6,10073) RMSES '
IF(KR2CH.EQ.0)GO TO 15106
WRITE(6+10074) RMSE2
WRITE(6,10042)Q1,Q2,DELSLO. .
IF(NPLPNT.EQ.C) GO TO 52766
WRITE{6y10042) TETOLP,FOPLNO
WRITE(6y10042) (SMQO(T)s1=1,8)
IF(NPLPNT.EQ.0) GO T0O 69421
TETO1=TETC1P

DA=DALl -

IFENFNPNTNE.O) GO TC 522é8

IF(NCONE.NE-O) GO TO 52165
IF(NR2SEE.EQ.1) GO TO 60060
IF(NsEQ.13 GO TO 60060

IF(KR2CH.NE.O) GO TO 60030
IF(KRFCH.NE.O) GO TG 60040

- IF(KRSCH.NE.0G) GO TO 60050

IF{R21 .GF.R2 ) GO TQ 60060
IF{NR22.6T.0) GO TO 60035
D(L)=D{L3-DDDEL)

DDD(L )=-DDD{(L)

NR22=1

RS2=RS21

R2=R21

RF2=RF21

GO TO 60060
DOLI=D(LI-DDDIL}
WRITE(6,10060) LoD(L)
R2=R21

RF2=RF21

RS2=RS21

GO TO 60000

IF(RF21.GT.RF2} GO TO 60060

261
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GC TO 60036
60050 IF{RS21.GT.RS2) GO TO 60060
GO TO 60036
60060 R21=R2
RF21=RF2
RS21=RSz2
IF{NR2SEE.EQ.1) GO TO 52165
52068 IF{NPRINT.EQ.0) GO TO 60001
52268 CONTINUE
52165 IF{NFNPNT.NE.O} WRITE(6,10068) KDRCT IV
IF(NPRINT.EQ.0) GO. TO 60001
DC 50066 [=1,NPRL
IF(KDRCT-EQ.,2) GO TG 50067
IF{NTRANS.NE.C} GO TO 55541
DIFTRNCI)=0
SF4IV1=S1(])
\ GO TO 55542
55541 DIFTRN(I)»=SCL&SF{I}~S1(I}
55542 JFINFNPNT.EQ.0): 60 TO 55543
WRITE(6,1006S) TETOLIDyFICLC(ID,oSYOGEI) ySYT(TI}sSL{I}SF
16( 1D sSFUIYyXOLC L) DIFROTETY yDIFTRN(I)
GG TO 50066
55543 WRITE(6410044) TETO(IDwFIOl(IDvSYOG(I)vSYO(I)ySl(IlpSF
lG(IDpSF(I).XOI(ID'DIFROT(ID9DIFTRN(Iﬁ
GO TO 50066 .
50067 IF{NTRANS:NE,O) GO T0 55551
DIFTRN(I1=0
SF(1§=52¢(11
GO: TO 55552
55551 DIFTRN(I)=SOL&SFI{I)-S2(I)
55552 IF{NFNPNT.EQ.0) GG TO 55553
WRITE{6,1006G) TETO(IDFIO2(I);SYOG(I}oSYOLI)S201}¢SF
1G(I}ySFEI),X02CE) sDIFROTCI) yDIFTRN(L)
GG TO 50066 . :
55553 WRITE(6;10044) TETO(INsFIO2(T)¢SYOGLL),SYOCI)oS2(1)¢SF
1GEIDySFUI) ) X020 1) «DIFROTIID DEFTRNCI S
50066 CONT]JNUE
IFINFNPNT.EQ.0) GO TO 60001
IF(KDRCT.EQ.2) GO TO 55554
WRITE(6,100773( 1, TETU(I).FIOl«I» tSYOG(I)sSYOEI ) DIFROT
l(lpvl Lo NPRLY
"WRITEET¢10077) (1, TETO(ID.FIOI(I),SYOG&ID SYO(I9,0IFROT
LETDs I=15NPRL)
WRITE(6+1007TI{ Yo XOLAID ¢SLATD oSFGC(L) oSFLIDsDIFTRNEID I
1=1,NPRL)
WRITE(T910077I(Eo XOL(I) ¢ SLLID ¢SFG(ID4SFC(I)oDIFTRNCID I
1=1¢NPRLY) C
GG TO 60001 -
55554 WRITEL(T,L00TTILITETOLI) yFIC2(I)ySYOGLIDoSYCEI)yOIFRCT
LI} s I=1,NPRL)
"WRITE(6,100770{1,TETO(I) +FIO241D),SYOGLIN,SYC(ID,DIFROT
(1Y I=1,NPRL)



60001
60000

50060
51066

50770

5007¢C

50075
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WRITE£69)1O0OTTI (T4 XO2( 1)y S2(X) ¢SFGUINySF(I}DIFTRN(ID,I
.1=1,NPRL)
WRITE(ToLOOTTICI4X024I04S2(1) ¢SFGLI) ,SF(I)¢DIFTRN(I) 1
1=1,NPRLY’

CONTINUE

CONTINUE |

IF(LL.EQ.1) GO TO 35082

IF{L1.EQ.2) GO-TO 35083

IF(L1.EQ.3) GO TO 39084

IF(L1.EQ.4) GO TO 36085

IF(L1.EQ.5) GO TO 35086

IF(L1.EQ.6) GO TO 39087

"IFLL1.EQ.7) GO TO 3S088

IF(L1.EQ.8) GO TO 51066

CONTINUE

IF(NITMOR.EQ.0) GO TO 50070

 NSKPD=1 ‘

NREDO=NREDOE1L :

IFINREDC.GT.NITMOR) GO TO 50070

CO 50770 L=148

DCD{LI=DDP(L)/ZACCRCY(LD

CONTINUE

GO TO 90001

IF(NVLPNT.EQ.Q? GO TO 50078

PO 50077 KDRCT=I8,19

IF{KDRCT.EQ.2} GO TO 50075 '

CALL VELCTY{1,NPR oTETO.CELDoDELO.DloDZoDB DAy
10ByDEe O FIOl.XOl.Sl.VFl.VXl VS1.AFl,AX1,AS1)

WRITE( 6910066}
WRITE(6,10077Th( I, TETCEI),FIOLCI),SYOGEI}¢SYOUI),OIFROT
1(1991 L« NPRL)
NRITE€6'10077)(IoXOl(l!oSl(IboSFG(IBoSF(IquIFTRM(IDvﬁ
1=1,NPRL)

_WRITE(6,10065) .

WRITE( 6y 10064)(TETO(T) g VFLAT) oVSLEI) yAFLLI) ;ASLILI)¢I=1
1¢NPR)

GO TO 50077

CALL VELCTY{1.NPR s TETO¢CELOsDELOsD1+02+03 DA,
1DByDEy aQ¢FI025X029S2,VF1 VX1, VSLoAFLyAXLoASLY
wRITE(6910067)

WRITE(65100770( 1, TETOCI) ¢FI0261)ySYOG(ID,SYC(I)DIFROT
1413, I=03NPRL)
WRITE(6,10077) (1o XO2(1) ¢S2€I) ¢SFGUI) ¢ SFCIN yDIFTRN(ID (I

~ 1=15NPRL)

50077

50078

50080

WRITE(6,10065)

WRITE( 69 10064) (TETOUI ) o VFL (L) oVSLUL) JAFLELD sASLCL o I=1
1,NPR)

CONT INUE

NCOUT=NCOUT&L. - |

IF(NCOUT.GT.NDIM) GC TGO 50080

GO TO S00

sToP



101
100

110

11911

11970

11972
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END

SUBROUTINE RSRCY{NPR,TETO,D14D2¢D39DA¢DBsDE¢DELO,CELOF
1101, X011, SlqFIDZbXOZvSZgFIDIR9F102RVXOIRWXOZRoFGQEoFGOZ
29 A4)

DIMENSION TETOR(30 ),TETC(30 ),FICOL(30 ) 4FIOLR(30 o'xa
11¢30 )

DIMENSION:XOIR(BO ) +FI02(30 d¢X02(30 ¥,52(30 DgFlOZR(
130¥,S1§{30} ‘

DIMENSION X0O2R(30}

DIMENSION FGOI(BO!9FGOZ(30NgFGOlR(30)9FGOZR(303

PI=3.1415%265

TROP=PI/180.0

CLAM=COS{CELO*TROP)

SLAM=SIN{CELO*TROP)

CODEL=COS(DELO*TROP)

SDEL=SIN(DELO*TROP}

DO 101 I=1,NPR

TETOR{ [ ) =TETO{ I 1%TRCOP
CONTINJE o

NEO=0'

NI=NRR

IF(DELD,EQ.0,0) GO TO. 110 o

IF{ABS(DELO).EQ.180.0) GO TO 110

IFCABS{DELO).EQ.90.0) GO TO 1202

G0 TO 130

MJl=0

MJ2=0. .

A4=1»0

DG 1101 I=1,NI

GNO=DA-D1%COSETETOREI))

GMO=DB*SL AM-D1*CLAM*SIN(TETOR(I})

A0=2.0%D3%GNG

BO=2.0%*D3%GM0O

CO=D3%%2-D2%*2LGNO**286MO**2

RAD] = BO**Z&AO**Z-CO**Z

IF(RADI ' .LT.0.0) GO TO 1101

ROOT=SQRT(RADI) ‘

FICLR{I)=2.0%ATAN{ { -BOEROOT)/ (CO-AC))

IF(FIOIRE¢ID).GT.0.). GO TO 11911

FIOLR(I)=2.0%PIEFICIR(I)

FIOLI)=FIOIR{IDI/TROP

IF{F.NE-)1) GO TG 11970

FGOLIR( IV=FIO0LR(I)

60 TO 11980

IM=1-1

IF(FIOLR(I).LT.PI}) GO TO 11971

IFCFIOIR(IM)ILLT.PT) GO TO 11972

GO TO 11973

IF{COS{FIO1R{[}).LT.0:0) GO TO 11973

IF(ABS(FIOLR(T)-FIOIR(IMII.LT.PE) GO TO 11973



11571

11873
11580

99012
59011
99014

11013

11612
12970
12972

12871

12973
12980
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FGOLR{ I1=FGOLR(IM}I-FIOLR(IM)—(2.0%PI-FIOLR{I))
GO TO 11980

IF(FIOLR{IM).LT.PI) GO TO 11973
IF{COS(FIOLIR(I}).LT.0.0) GO TO 11673
IF(ABS{FICLIRCIMI-FIOLR(IJ} .LT.PI} GO TC L1973
FGOLR{ I)=FGO1R( IM)EFICIR(I)€2.0%PI~FIOLR{IM)
G0 TO 11980
FGOL1REI)=FGOLIR(IMIEFIOLR{II-FIOLR(IM)
FGOI(I)-FGOIR(IDITROP

T1=({GMO- . *SIN(FIOIR(I))E&GNC  *COS(FICLRII)IED3)/D2)
IF(ABS!TL).GT 1.0} GO TO*11013 ‘
MJ1=MJ1&1 '

J1=MJ1 :

TSl= (GNO*SIN(FIOIR(I!!—GMO*COS(FIOIR(I)l-DE*SDELl/(DZ*
LCDELY

XO1RC¢I)=ARCOS(ABS{TL)}

IFETL.GT.0.0) GO TO 99011

IF{TS1.67.0.0) GO TO 95012

XO1R{ I }=XO1R(1}-PI

GO TO $9014 -

XOLR(I)=PI-XOLR{I)

GO TD 99014

IF{TS1.6T.0,0) GO TC 99014

XOLR(IJ)=—XO1R(I)

XOL(I)=XO1R(IY/TROP

S1(I}=DE*CDEL &DB*CLAMED1*SLAM*SIN{TETOR(I))
FIO2R(11=2.0%ATAN{ (-BO~ROOT)/{CO-A0))
IF(FIO2R(1}<6GT.0.) GO TO 11912

FIO2Rt I )=2.0*PIE&FID2R(I}
FIO2CIV=FJO2R{T)/TROP

IF(INEs.1} GO TO 12970

FGO2R(I)=FIC2R( I} '

GO TO 12980

IM=1~-1

IF(FIO2R{I).LT.PI) GO TO 12971 .,
IF(FIOZR(IM) LT.PI) GO TU 12972

‘T0 12973

IF(COS(FIUZRK!DD.LT.O on GO To 12973
IF(ABS(FICR2RAII-FIO2R(IMI}.LT.PI) GO TO 12973
FGO2R( I )=FGORR(IMI-FIC2R(IMI=(2.0%PI-FIQ2R(I))
GO TO 12980 ) ‘
IFCFIO2R{IMI L T.PI) GO TO 12973
IF(COS{FID2R(I}}.LT.0.0) GO TO 12973
IF(ABS{FIO2RAIMI-FIC2R(I}) LT.PI) GO TO 12973
FGO2R(TI )= FGOZRKIM)&FIDZR(I)GZ O*PI-FIO2R{ IMA.
GO TO 12980 -

FGO2R( TV=FGO2R (IMy aFIUZRCE N ~F LU2RTIM}
FGO2(1)=FGO2R(I}/TROP

T2=((GMO - *SIN(FIO2R{(IDPEGNC  *COS(FIO2R(I}IED3Y/D2
1) |

IF(ABS(T2).6T.1.0) 6C TO 1101

MJ2=MJ261



96022
99021
©G024
1101

1202

12511

17670

17972

17571

17973
17980
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J2=MJ2
TS2=¢ GNO*SIN(FIO02R( 1)) -GMO*COS(FIO2R( 1) )~DE*SDELI/ (D2%*
1CDELY

XO2R(EI)=ARCOSC(ABS{T2))

IF(T2.6T.C.0) GO TO 99021

IF{TS2.6T.0.0) GO: TO $%022

XO2R(I)=X02R (1 }-PI

GO TO 99024

XO2R(I)=PI-XO2R(I)

GO TO 99024

IF(TS2.6T.0.0) GO TO S9024

XO2R(I)=-X02R(1)

X02{ 1)=X02R(¢I)/TROR

524 1)=DE*CDEL&DB*CLAMEDL*SLAM*XSIN(TETOR(I) )
CONT INUE

GO. TO 140 -

MJ1=0

MJ2=0

A4=1.0

DO 1201 I=1,NI

GNO=DA-DL1*COS(TETOR(I)) . ‘
GMO=DB*SLAM-DL1*CLAM*SIN( TETORLI))

AD=0F#*SPEL -

BO=GNO

CO=GMO

RADI=BO%*%26C0%% 2—A0%*#2

IF(RADI  .LT.0.0) GO TO 1201

ROOT=SQRT(RADI)
FIOLR(I$=2.0%ATAN({-BO&ROCT)/{CC-AG)} y
IF(FIQOLRC¢I).GT.0.) GG .TO 12911
FIOLR(I)=2.0%PI&FIOLR(I)

FIOL(I)=FIOLR(I)}/TROP

IF(}.NE.1} GO TG 17970

FGOIR{I}=FIOIR(I)

GO 7O ‘17980

IM=1-1

IF(FIOIR(ID.LT.PI} GC TO 17971
IF(FIOIR(IM)oLT.FI) GO TO 17972

GO TQ 17573

IF(COS(FIOLIR(I)I.LT.0.0) GO TO 17573
IF(ABS(FIOLRCI)=FICLRUIMID.LT.PI) GO TQ 17973
FGOLR(I}=FGOLR(IM)-FIGLR(IM)-(2.0%PI-FICLR(I))
GC TO 17980

IF(FIOLR(IM).LT.PI) GG TO 17973
IF(COS(FIDLR(I)).LT.0.0) GO TG 17973
IF(ABS(FIOLR(IM)-FIOLR(IND) .LT.PI} GO TC 17973
FGDlR(I’—FGOlR(IMI&FIDIR(IIGZ 0%PI- FIOIR(IMB
GO TO 17980

FGO1R{ [9=FGOLR{IMIEFIOLR(I )~ FIDlR(IMﬁ

FGOL4{ IY=FGOLRLI}/TROP

T1=((GMD, = *SIN(FIOLR(IDI&GNO  *COSEFICLRE{IIIED3)/D2D
IF(ABS(TI) GT.1.0) GO TO-12013 :



12013

12912

18970

18972

18971

18973
18580

1201

130
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Mdl=MJLEL
J1=MJ1
XOLR{I )=ARCOS({GMO *SIN(FIOLR{I))EGNO #COS{FIOLR(I
1)}€D3)/D2)
XOl{Ip=XO1IR{I)/TROP
S1{I}=DB*CL AMEDL*SLAMXSIN(TETORCI ) ~D2%SDEL*SIN(XOLRL]
1y
FIO2R{I)=2.0%ATAN( (- BG-RGGT)/&CC~AO»!
IF(FIO2R(I}.GT,0.) GO TO 12912
FIO2R{I)=2, O*PIGFIUZR(Ii
FIOZ(I)=FIGZR(ID/TROP
IF(I-NE.1) GO TO 18570
FGOZ2R{I)=FIC2R(I)
GO TO 18980
IM=]=~1
IF{FIC2R(L}-LT.PI} GO TO 18971
IF{FIO2R(IMI LT .PID) GO TO 18972
GO TO 18873
IF{COSEFIO2REIIILT-U0) GO TCO 18973
IF(ABS{FIO2R(1})-FIO2RCIM)).LT.PI) GO TO 18973
FGO2RAI)=FGO2R( IM)=FIO2R(IMI-(2.0%PI-FIO2R(I)}
GO TD:i-1898C
IFCFIG2R{IM).LT.PI) GO TC 18573
IF(COS{FIO2R(I)) LT.0.0) GO TO 18973
IF(ABS{FIO2R(IM)-FIC2R(I)} .LT.PI} GO TC 18973
FGO2R( L) =FGO2R(IM)E&FIQ2R{I ) &2, 0%PI~FID2R(I M)
GO TO 18980
FGO2R{ I)=FGU2R{ IMPEFIO2R (1) -FIC2R(IM}
FGO2{TI )=FGO2R(I)/TROP
T2={(GMO" - *SIN(FIG2R{IDI)IEGNC  #COS(FIO2R(I))IED3}7/D2
1)
IFUABS(T2).6T.1.00 GO TO 1201
MJ2=MJ 261
J2=MJ2.
XO2R(I)=ARCOS((GMO *SINCFIO2R(I ) D &GNO *COS({FIO2R(1I
1))&D3)/D21Y-
X02¢I1)=X0O2R{ID/TROP
S2{ 1) =DB*CLAMED1*SLAMXSINLTETOR{I ) ) ~D2*SOEL*SIN{XO2R(I
i))
CONTINYE
GO TO 140
MJ1=0
MJ2=0
DC 1301 [=1,NI
GNO=DA-D1*COSETETOR(L})
GMO=DB*SLAM-DL*CLAM*SIN(TETORLI }}
GKO=( CDEL**Z!*(DZ**Z—DB**ZwGNU %2 )-GMO *%2-(DE
1%SDEL ) *%2
AC= 2.0%{ D3%GNO *(CDEL**Z’GDE*GMD *SDEL ) -GKC
Al= 4.0%(D3%GMO #*{CDEL*%2)~DE*GNO *SDEL~GMO%GNO*
L{SDEL*%2)) '
A2= 4.0%{ SDEL#*2)%(GND . *%&2~GMD *¥%21-2,0%GKD
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A3=  4.,0%{GMO *GNO * (SDEL*%2) ED3*GMC *{CDEL**2)~
1DE*GNO*SDEL )
A4= -GKO  ~2,0%(D3#%GNC #{CDEL#%%2) EDE*GMO*SDEL)
IF( A% «EQ.0.0) GO TO 140
12012 BU=AO0/A4
Bl=Al/A4%
B2=A2/A4
B3=A3/A4
CO=BO*(4 .0%B2-B3%%2)-B1%%2
C1=B3%Bl-4.0%80
EO=(2.0%{B2%%3)-9.0%B2*%C1~27.0%C0}/27.0
El=(-3.0%C1lEB2%%2)/3.0
IF({ED .LT.0.0) GO TO 1306
GO TO 13061
1306 EMO=-EO
NEO=NFO&1
. EG=EMOQ
13061 CHECU=27.0%(EQ%%2)
CHEl=4.0%{E1%%3)
IF(EC.EQ.C.0) GO TG 1307
IF(EL .EQ.0.C) GO TO 1308
IF(CHEO «GT.CHEL ) GO TO 1302
IF(CHEC  .EQ.CHEL } GO TC 1303
IF{CHEQD +LT.CHEL ) GO TO 1304
1302 IF(El «GT.0.0) GG TO 13022
SAYAl= . 0.5%E0° /(I(-El /3.0)%%].5)
SAYRT= ALGCG(SAYAL ESQRT(SAYAL *%261.0) %
IFINEC.GT40) GO 'TO 13064
Y3:= B2 /3.0862.0%SQRT(~-EL /3.0)%STNH({SAYRT /3.0
1)
&0 10 131 , A
13064 Y3= B2 /3.0-2.0%SQRT{~E1l £3.0)%SINH{SAYRT /3.0
1)
6C 70O 131
13022 SAYA2= 0.5%EC /E{EL /3.0 %¥%¥1.5)
: IF(SAYA2 LTo1.0) GO TQ 1301
SAYRT= ALOG(SAYA2  &SQRT({SAYAZ *%2=-1.0)}
13024 IF(NEOC,GT.0) GO TO 13065

Y3= B2 /3+.082.0%SQRT{EL /3.Q)*¥COSHISAYRT /3.0)
GG TO 131 : C

13065 Y3= B2 /3.0-2.0%SQRT(E1 /3.0)%COSHISAYRT /3.0)

; GO T0 131

1303 IF(NEO.GT.0) GO TG 13062

' GO TO 13031 o "

13062 ROOT1= ~2.0%({ED ~ /2.0)**(1.0/3.00)6&B2 /3-0

ROCTZ2= (EC 72.,0)%%£1.0/3.0) &B2 3.0

GO 70 13032
13031 ROCTl= . 2.0%4{(EOC 72.0)*%(1.0/3.0}168B2/3.0

ROBT2=  —(EQ"  /2.0)%%(1.0/3.016B2 /3.0
13032 IF(ROGT1.GT,ROOT28 GO TO 1305
Y3=ROOT2

GG TGO 131
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1305 Y3=ROOTL
6o TO 131 SR : :
1304 SAYRT=  ARCOS(0.5%EC /((EL  /3.0)%%1.5}})
IF(NEC.GT:0) GO TO 13066
GO'TO 13040

13066 ROOTL=  =2.0%SQRT(EL  /3.0)*COS(SAYRT  /3.006B2  /
13.0 o |
ROOTZ=  2.0%SQRTI{E1l  /3.0)%COS((PI-SAYRT  }/3.0)6B2
I /3.0
ROOT3=  2.0%SQRT(EL  /3.CI*COSCIPIESAYRT  1/3.0)6B2
1/73.0 :

GO TO 13041
13040 ROOT1= 2-0%SQGRTIEL /3-00%COS(SAYRT /3-.038682/3.0

ROOT2="  =2,0%SQRT(EL  /3.0)*%COS({PI-SAYRT  )/3.0)&B
12/300 . '

ROOT3=  -2.0%SQRT{El /3.0 *COSI(PIE&SAYRT  $/3.0)6B
12/3.0

13041 IF(ROCTL «GT - ROOT2 ) GO TO 13042
IF{ROOT2 -6GT.ROGT3 ) 6C TC 13043
Y 3=RO0T3
GO 70 131
13042 IF(ROCT1 «GT.RO0T3 - 9 GO TC 13044
¥3=R0OCT3
G0 TO 131
13044 Y3=  ROOT1
G0 7O 131
13043 Y3=ROOT2
GO TO 131 , \
1307 IF(ElL LEL0-0) GG TO 13071 , )
ROOT1=B2/3.0
ROOT2=  SQRTEEL  1EB2/3.0
ROOT3=  =SQRT(EL . )&B2/3.0
IF{RCOTL .GE.ROCTZ2 ) GO TO 13073
IF(ROOT2 +GE.ROOT3 ) GO TO 13074
¥3=RO0OT3
GO TO 131
13073 IF(RCOTL -GE-RDOT3 ) GG TO 13075
Y3=ROOT3
GO0 TO 131
13074 Y3=R0OT2
60 TC 131 .
13075 Y2=ROOTL
GO TO 131
13071 Y3=B2/3.0
GO TO 131 !
1308 IF{NEDO.NE.G} GO TG 13Cs8l1
¥ 3= B2 /3.G8(EC  *¥{1.0/3.0))
G0 TO 131
13081 Y3= B2 /3.0-(EQC  *%(L.0/3.0})
131  CONTINUE
IF(((10.5%B3) *%2)-B2 £Y3 })LT.0.0) GO TO 1301
GSl=  0.5%B3 - ESQRT((0.5%B3 ) *%2-B2 £Y3)



1311

1312

1313

13130

13911
1397¢

13972

13971

13673
13980

G2032

QS2= 0.5%B3 =-SQRT({Q.5%B3 ) x%2-82 &Y31)
IF(({{0.5%Y3 PE%2)-B0C JolLToe0.0) GO TO 130}
HS1= . ©.5%Y3 ESQRTI(Q.5%Y3 ) ¥%2-8B0)
HS2= 0o5%Y3 =SQRT{(0.5%Y3 b %%2-801)

QHlL= Q81 = *HS2 6QS2 *H Sk

QH2= Q31 *HS1 §QS2  *HSZ

IFIABS{QHL -B1 ). LEaC.0001) GO TO 1311
IF(ABS(QH2 =81 b.LE-C.000L) GO TO 1312

GO TO 1301 .

H1=HS1.

H2=HSR

GO 7O 1313

H1=HS2

H2=HS1

RADIL= €S1 *%2=4,0%HL

RADIZ QS 2%% 2= -4 o Q% H2

IF(RADII LT.0.00 GO TO 1316
EF(RADIZ2.GE.O0:0) GO TO 140
FIOLR(ID=2.,0%ATANEO,.5%(-QS1 ~SQART(RADIL} )
IF(FICLR(I}.GT.0.) GO TO 13911 '
FIOIR{IN=2.0%PIE&FIOLIRCI)

FICILII=FICLIREI}/TROP

IF{INE.1) GO TO 13S67C

FGOLR(I)=FIOLR(I)

GO TO 13980

IM=]-1

IF(FIOIR(I).LTLPI) GO TO 13971
IFCFICIR(IMILT.PED GO TO 13972

GO TO 13273

IF{COS(FICLIR(I})LT:0-.0) GO TO 13973
lF(ABS(F{OIR(ItQFIOIRIIM)laLToPID GO TC 13973
FGOLREIV=FGOLIR( IM)-FIOLIRCIMI=(2,0%PI-FIOLR{ )}
GO 70 13980

IF(FIOLREIM)LLT. PI) GO TO 13973
IF(COS{FIOLRC(L} Y LT.0- 0) GO TO 13973
IF(ABS(FIDIR{IMI-FIOLR{IDPD LT-PI} GO TO 13973
FGOLR(I)=FGOIR(IMIGFIDIR(IDPE2 . O%PI-FICLR{IM}
GO TO 13988
FGOlR(13=FGULR(IMDGFIOIR(IQmFIOIR(EMa
FGG1{1)=FGOLIRALD/TROP

270

Ti={(GMO *SIN{FIOLREID} DEGND *COS{FICIRCLDIED3I/D2Z)

IF(ABSETL)oGT-1,:0) GO TO 13131
MJ1=MJ181
J1=MJ1

TSl= &GNO*SIN(FIOIR(I)leMU*COS«FIGIRGIbB DE*SDELI/E(DZ*

1CDE} )

XOLR{I)=ARCOS(ABS(TL))
IF(T1.,6T.0.0} GO TO $9031 .
IF{TS1.6T.-0.0) GO TO SS032
XOLR{ I )=XO1R§ 1})~PI

GO0 TO 9034
XOLR{ID=PI-XOLR(I}



¢9031

53034

GC TO 95034

IF{TS1.67.0.0) GC TO <2034

XClRﬁI»—°X01R(ID

XOL{I)=XCOLREID/TROP

SL{I1=DB*CLAMEDL* SLAMKSINC(TETCOR (I )=D2% SDEL*SINCXULRII

LI YEDEXCDEL

13131

13912

14570

14072

14971

14973
14580

85042
8S041

99044

1316

FIOZR(I)=2.0%ATAN(O.5%(=QSL  &SQRT(RADILID)
IF(FIN2R(I}.GT.0.) GO TO 13912 -
FIO2R(I)=2,0%PI&FIC2R(T}

FIG2(1}=FIO2RET)/TROP

IF{L.NELEY GO TO' 14570

FGO2R{ E$=FIOZR(I}

GG TO 14S80

IM=I-1

IF(FIOZR(I}.LT.PI) GO TO 14971
IFEFIO2RLIMILLT.PT) GO TO 14972

GO-TC 14973 -

IFECOS(FIO2RI 11.LT.0.0) GO TO 14973
IFCABS(FIC2R{IN-FIO2R(IM) D LT.PI) GO TO 14573
FGO2R I ) =FGO2R{ IM)I~FIO2R{IM)~(2,.G+PI~FIO2R( 1))
GG TD 14980

IF(FIO2R(IMILLT.PI) GO TO 14973
IF(COS(FIO2R(ID).LT.0,0) GO TO 14573
IF{ABS(FIOZR{IMI-FIOZR(I)) .LT.PI} GO TC 14573
FGO2R(I)=FGOZR(IM)GFIC2R{I)62.0%PI-FIO2R{IM)
GO TO 14980

FGOZR{ 1) =FGO2R{ iM)GFT102R (1 )-FIO2R( M),

FGO2( 11=FGO2R(1/TROP

T2={(GM0  *SIN{FIOZRUIIIEGND  *COS(FIO2R(I1I&ED31/D2
1)

[F(ABSET2) .GT.1.00 GO TO 1301

MJ2=MJ261

J2=MJ2
T52=1GNO*SIN(FI02RE 1) )~GHO*COS(FIO2RT 1 ) )~DE*SDEL)£ED2*
1CDEL)Y

XO2R{1)=ARCOS(ABSET2) )

IF(T2.6T.0.0} GO JO 95041

IF(TS2.6T.0.0) GO TO 59042

XO2RE 1 1=X02R(T} =PI

GO TO 99044

XO2R( I }=PI~XQ2R(I)

60 TO 95044

IF(TS2.6T.0.0) GO TG S9044

XO2R( 11==X02R(1)

X02{ 1} =XC2R(1}/TRCP

S2(1)=DB*CLAMEGD 1% SLAM*SIN(TETCR(I ) )~D2%SDEL*SINIXO2R(I
1} 16DE*CDEL

60 TO 1301

IF(RADI2~ +LT.0.0) GO TGO 1301
FISLR(I)=2.0%ATAN(0.5%({~Q52 —SQRT(RADI2)))
IF(FIOLIR([).GT.C.) GO TO 13913
FIOIR(I}=2.0%PI&FEOLR(I)
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13913 FIOLCID=FICLR(L)/TRCP
"~ IF{I.NE.1l) GO TO 15S7C
FGOLRUID=FIOLR(I}
GO TO 15980
15970 IM=I-1
IF(FIOIR(I}.LT.PI) GO TO 15971
IF(FIOLR(IM).LT.PI) GO TO 15572
GO T3 15973
15672 IF(COS(FIOLR(I)I.LT.0.0) GO TO 15973
IF(ABS{FIDIR{I}~FICLR(IM)D&LT.PI) GO TC 15573
FGOLR( I )=FGOLR{IMI—=FICIR(IM)—(2.0%PI-FICIR(I}}
GO TO 15580
15971 IF(FICIR(IM).LT.PI) GO TG 15973
IF(COS{FICOLR(I}).LT.0.0) GO TO 15973
IF(ABSIFICLIR{IMI-FIGIR(I}) .LT.PI) GO TO 15573
FGOLRE I)=FGOLR(IM)GFIOLRII)IE2.0%PI~FIOLR(IM)
GO' TO 15980
15973 FGO1R{ID=FGOLR(IMIEFIDLIREI)V-FICLR(IM)
15980 FGOLUI}=FGOLR(I)/TROP ,
Tl=({(GMO . *SIN(FIOLR(I}IEGNO  *COS(FICLR{I})ED3)/D2)
IF{ABS(T1).GT.1.0) GO TO 13161
MI1=MJ1&1
J1=MJ1
TS1={GNG*SIN(FIOLR(I))-GMO*COS(FIOLR(I))-DE*SDEL)/ (D2*
1CDEL) ,
XOLR{I)=ARCOS(ABS(T1))
IF(T1.GF.0.0) G0 TO 99051
IF(TS1.6T.0.0) GO TO 95052
XO1R( I =XOLR{I)-PI
GO TO 95054
99052 XOLR(II=PI-XO1R(I)
GO TO 59054
99051 IF({TS1.GT.0.0) GO TO $S054
XO1R(I)==~XOLR(I}
99054 XOLl(I)+=XO1R{(I)/TROP
Sl(I)“DB*CLAM&DI*CLAM*SIN(TETUR(I))-DZ*SDEL*SIN(XOIR(I
1) )EDE*CDEL
13161 FIO2R(I}=2.0%ATAN(O.5%(~QS2  &SQRT(RADIZ2}}}
IF(FIC2R(I}.6T.0.) GO TO 13614
- FIO2R(ID=2.0%PI&FIO2R(I}
13914 FID24I)=FI02R(I}/TROP
IF(I.NE.1) GO TO 1697C
FGO2R{I)=FIC2R{ 1)
, GO TO 16580
16970 IM=I-1 ,
IF(FIO2R(I).LT.PI) GC TO 16571
IF(FIO2R(IM).LT.PI) GO TO 16972
GO TO 16573
16572 IF(COS(FID2RII}).LT.0.0) GO TO 16973
IF(ABS{FIC2RIT}~FIO2R(IMI).LT.PI) GO TO 16973
FGO2R( I)=FGO2R( IM)-FIC2R(IM)-{2. 0*PI~FIOZR€!DD
GO’ TO-16980
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16971 IF(FIO2R(IM).LT.PI} GO TC 16973
IFICOS({FICZ2R(I}).LT.0.0) GO TO 16973
IF(IABSI{FIO2R(IM)-FIO2R(I)) «LT-PI) GO TC 16973
FGO2R{I)=FGO2R{IMIEFIOZ2RLI)E2.0%P[-FIO2R{IM)

GC TG 16S80 :
16973 FGUZR(ID*FGOZR(IM)&rIUZR(I)‘FIDZR(IMQ
16280 FGO2(I)=FGU2R(I)/TRCP
F2=({6GMD *SINCFIO2R(I ) ) EGND *COS{FIC2R{I)DIED3) /D2

1)

IF(ABS(T2).GT.1.0) GC T 1301

MJ2=MJ 281 ‘

J2=M42 ‘

TS2=(GNO*SIN(FIO2R(I))-GMO*COS(FIG2R(I) )-DE*SDEL}/(D2%*
1CDEL Y

XO2R{T)=ARCOSLABS(T2))
IF{T2.6T.0.0) GD TO 99061
IF(TS2.6T.0.0) GC. TQO 990462
XO2R(I)=XO2R(I)=-PI
GO TG ©9064

99062 XO2R{I)=PI-X02R{I)
GO TO 95064

99061 IF(TS2.6T.0.0) GO TO $9064
X02R{I)==XO02R{1})

99064 X0241)=X02R{1)/TROP
S2(1)= DB*CLAMGDI*SLAM*SIN(TETGRGI)) -D2*SDEL*SIN{X02R(1
1) )6DE*CDEL

1301 CONTINUE

140 RETURN:
END

SUBROUTINE QLQ2(TYETC,TETORFIOCL FIOIR,FIO2,FIO2RyXOL¢X
 101R¢ X025 XO2RyNSELPyKORC T3 NQL 9sNG2 901 9D2,D34DE DB+ DELCy ce
2L0¢QLs Q1R Q2¢Q2R}

DIMENSION TETO{(30); TETOR(30),FI0LE30)FICLR(30),FI02¢3
10}y FIO2R{30) '

DIMENSION. XOL(30) ¢ XOLR{30) s X02{30) ¢ XO2R(30)

PI=3.14159265

TROP=PI/180.0

SLAM=SIN{CELO*TROP)

CLAM=COS{CELO*TROP)

COEL=COS(DELO*TROP)

SDEL=SIN{DELO*TRGOP)

IF(KDRCT .EQ.2) GO TO 39901

IF(NSLP.EQ.1) GO TO 35502

Wll= DZ*COS(XOIR(NQl)D

W21=D2%COEL*SIN(XOLR{NQL))

QLLD=W21*SIN(FICLR{NQLY ) #+WLL*{CDEL**2)%*COS(FICLIRINQL))

IF{Q11D.NE.0.0) GO TO 39503

QlR=PI/2.0

GO TO 39904

35903 QIR=ATAN({WLL*{COEL**2)*SIN(FIQLRINQL) )-W21%COS{FIOLRI



274

INQLY DD/ {W2L*SIN(FIOIRINQL) }+WLL*(CDEL**2)*COS{FIOLRINQ
21))))
39904 Q1=Q1R/TROP
IF(NSLP.EQ.2) GO TO 41014
39902 W12=DP2%COSE{XDLRING2))
W22=D2*CDEL*SINEXOLR{NQ2)}
Q220=W22%STN(FTOLRANQ2D ) +W12* (CDEL**2 ) *COS{FIDLRING2))
IF{Q22D.NE.0<C) GO TO 39905
. Q2R= PI/Z o ‘
GO TO 3¢
39905 Q2R= ATAN((WLZ*(CDEL**ZD*SIN(FIOlR(NQZ!D-WZZ*COS(FIOIR(
INQ2) ) ) /4 W22*SINTFIDLR(INQ2} ) +W12%(COEL*%2)*COS{FIOLRING
22h) 1)
3906 Q2=Q2R/TROP
GO TO 41014

39901 IF(NSLP.EQ.1) GO TO 35%1¢
W11=D2%COS{XO2R(NQL)}
W21=D2*CPEL*SIN(X02R(NQ1})
QLl1D=W21*SIN(FIOC2R(NQ1) ) +W1l* (COEL**2)*COS{FIO2RINQLI}
IF(Q11D0.NE.0.0) GO TO 39511
QLR=PI/2.0

| GO TO 39512 ‘

39911 QIR=ATAN{(W11*{CDEL*%2)*SIN(FID2R(NQL))-W21*COS(FIO2RI(
INQL) DD/ CW2L*SINCFIO2RINQLI D +WLL*(CDEL**2)*COSYFIG2R(NQ
21))))

39512 Q1l=Q1R/TROP

IF(NSLP.EQ.2) GO TO 41014

39919 W12=D2*COS{XB2R(NQ2)}})

W22=D2#CDEL*SIN{XO2R{NQ2)}
Q22D=W22*SIN(FIO2R{NQ2) ) +W12*(CDEL*%2 ) *COS(FIO2RINQ2)})
IF{Q22D.NE.0.0) GO TO 33613

QZP\:pIIZoO .

GO TO 39914

39913 Q2R=ATAN({ W12*{CDEL**2)*SIN(F IO2RINQ2) }~W22*COSC{FIO2R{
INQ2) ) )/ (W22*SIN(FIO2R{NQ2Y )+ W1 2% {CDEL**2 ) *COS{FIO2RINQ
2241}

39914 Q2=Q2R/TROP:

41014 RETURN
END

SUBROUTINE XCYCATETO,TETOR,FIOL,FIOLR,FI02FI0O2R¢XG1 X
101Ry X029 X02Ry NSLP ,KDRC Ty NQ13yNQ2 4D1,D2 403 s DE DBy DELO, CE
2L05QLyQ1R¢Q2,Q2Rs TETGLsDTETL2,QLLsQL2 s XCL¢XC24YC1,YC2)

DIMENSION TETO(30)°TETOR(30),FICL{30} ¢FIOLR{30},FI02(3
10) sFIO2R(30)" |

DIMENSION X01030) ,XO1R{30) 4X02{30D 4 XG2R(30)
PI=3.14159265

TROP=P1/180.0

SLAM=SIN(CELO*TROP )

CLAM=COS(CELC*TRGP)

CDEL=COS(DELO*TROP)



SDEL=SINIDELC*TROP)

IF{KDRCT.EQ.2) GO TO 14608

QL1=CL.0/D2)*SQRT(¢D2*SDEL+D2*COS(XOLR(NQL) ) ) *x2#(D2*C
LDEL*SINA XOLRENQLI ) ) %%2)

QL2=(1.0/D2)*SQRTA(D2*SDEL+D2*COS{XOLRINQ2) I} **2+(D2*C
LDEL*SINCXOLR{NQ2) D) *%2)

YCL=D1*SIN(TETOL*TROPI*CLAM#D2*QLLI*SIN( QLR+ ATAN(TAN(DE
LLO*TROPI=SINCXOLRINCLI ) N +SDEL*{DE*COS(FIOLRINQL) ) -D2%*
2SINCFIOLR(NQLD D)

YC2= DI*SINI(TETOI*DTETlZI*TROPi*CLAM*DZ*QLZ*SIN(Q2R+AT
LANUTANIDELO*TROP ) *SIN({ XOLRENQ2) ) ) ) + SDEL*(DE*COS(FJIOLR{
2NQ2) ) -D2*SIN(FIOLRINQ2)))

XC1l=DL*COSU(TETOL*TROP)+D2%QLL*COS(QLR+ATANATANIDELO*TR
10PI*SIN{ XOLR(NQL) ) ) ¥ +(DE-D2)*SDEL*SIN(FIOQLR(NQL))

XC2=D1*COS(I{TETOL+DTETL2)*TROPI+D2%QL2*COS{ Q2R+ATAN(TA
INIDELB*TRDPI*SINlKDIR(NQZ!ll'+lDE—DZl*SDEL*SIN‘FIDIR(N
2Q2)) L

GO TO 14605

14608 QLl=(1. OIDZl*SQRT((DZ*SDEL+DZ*CUS(XD2R(NQllIl**2+(DZ*C

LDEL*SIN{XO2RINQL) D %%2)

QL2=(1.0/D2)*SQRT((D2%SDEL+D2%COS(XO2R(NQ2) D) *%24(D2%C
LDEL*SIN{XO2R{NQ2) § ) *%2)

YCi= Dl*SINITETDI*TRDPI*CLAM+DZ*QL1*SIN(QlR+hTAN(TAN(DE
ILD*TROPI*SIN(KUZR(NQLIlli+SDEL*IDE*LﬂS(FIUZR(NQll1-02*
2SINC(FIO2R(NQ1)))

YC2= DI*SIN((TETGI+DTETIZ!*TRUP1*CLAH+DZ*QL2*SINIQZR+AT
LAN{ TANCDELO*TROPI*S INCXO2RENQ2) )} ) #+SDEL *( DE*COS(FIU2R(
2NQ2) 1 -D2*SIN(FIO2R(NQ2)))

XC1l=D1*COS(TETOL*TROP)+D2%QL1*COS(QIR+ATANI{TANI{DELO*TR
LGP YXSINE XO2RANQL) ) ) V+(DE-D2) *SDEL*SIN{FIC2RINQL)) ¢

XC2=D1*COS((TETOL4DTETL2)%TROP) +D2*QL2*COS( Q2R+ATAN(TA
IN({DELO*TROPI*SIN(XO2RE(NQ2) ) ) +(DE-D2) *SDEL*SIN(FIO2R(N
2Q2))

14605 RETURN

OCOOODOOOO

ENL

SUBROUTINE VELCTYUINTYPEsNITETOyCELO,DELOyD1¢D2yD34DA,
lDByDEyHE,FIOLsXOLeS1yVF1+VXLoVS1,AFL9AX1,ASL)
SUBROUTINE' VELCTY IS THE SAME AS IN PROGRAM A.

CRDER OF DATA AND FORMAT STATEMENTS ARE AS FOLLOWSy
NDIM{ I5)=NUMBER OF PROBLEM SETS.
DTET12,DFY12,CELOyDTET,DLS12(5F10.3) DTET12 IS THE
RANGE OF INPUT ROTATICON FROM THE' POSITICN FORPARAM.OF
CONSTRAINT QL TO POSITION Q2.DFY1z IS THE RANGE CF
OUTPUT DEFINED SIMILARLY.DLS12 IS THE RANGE OF

OUTPUT TRANSLATICN.

18019y IVyKD3 (41I5) 181G ARE INDEXES OF DC LOCP.IF
I18=1°=1 THE GEOMETRIC INVERSICON 1 WITH THE POSITIVE
SIGNED RADICAL IS OPTIMIZED.IF 1I8=I9=2 THE SECOND
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IMVERSIGN ]S CPTIMIZED.

IV IS USED TO CALL THE CORRECT DESIRED DISPLACE-
MENT FUNCTIONS IN THE SUBRCOUTINE °®DESIRED®.

IF KD3=2THE' INVERSIGN IN FIGURE S.4 DEFINED BY
Y04 =YLl&0-.5%(YL2-YC1I-D3*SIN(DELSLP)*CHAFFH
X04 =XC1-0.5%{XC1-XC2)-D3%CHAFFY®COS{DELSLP}

IS OPTIMIZED.IF KD3=3 OR 4 INVER.IS DEFINED BY
Y04 =YCl&0.5% KYCZ@YCI)8D3*SIN(DELSLPD*CHAFFY
X804 =XC1-0, 5*«XCleCZD&DB*CHAFFY*CGS(DELSLPD

IS OPTIMIZED.
NTRANS{I5) IFf IT IS ZERD ND APPROXIMATICN IS DONE FOR
TRANSLATION
NCLOCK{IS) IF LERG OUTPUT RGTATES EN CUUNTERC&OCKNISE
DIRECTION, -
NPREINT(IS) IF ZERO NG DISPL. NO VEL. PRINTED AFTER
EACH ITERATION,EXCEPT FOR THE SOLUTION REACHED.
NPRINT- MUST NOT BE ZERO IF NFNPNT IS NOT ZERG.
NVLPNT(IS) IF NOT ZERO VELOCITIES AND ACCELERATIONS
FOR THE FINAL DIMENSICNS  ARE PRINTEDD
NITMOR (15) IF NOT ZERO ITERATION IS DONE WITH THE
FIRST VALUES .THEN THE CCMPUTED VALUES ARE USED AS NEW
DIMENSIONS . INCREMENTS ARE DIVIDED .BY ACCRCY(I).
ITERATION IS DONE *NITMOR® TIMES.
NFSYM¢NSSYMyNFOs NSOy NFVO(4IS) IF NSYM=0. REFERENCE

- CHECKS ON THE DISPLACEMENTS ARE DONE AT I=1 AND 2=NPR.

OTHERWISE IT IS DONE AT I=NFO AND I=NSO.
NQ1¢NQ2 (215) INDICATE AT WHAT WALUES OF TET(NQL} AND
TET{NQ2) THE PARAMETERS QL AND Q2 ARE INTRODUCED.
KR2CH, KRFCH,KRSCH (3I5) THE ONE NOT. ZERC DEFINES WHICH
RESIDUAL SUM IS MINIMIZED.R%*2,RE*#%2,CR RS¥%2
NPRyNPRLE215) NPR IS THE NUMBER OF PRECISION POINTS IW
THE DISPLACEMENT,NPRL ¥S THE NUMBER OF THE PRECISIGN
POINTS CONSIDERED IN THE MINIMIZATION PROCES.
R2MX s RF2MX ;RS2MX 3 R2SEE s DIFFMX s DIFSMX{6F10.5)
ACCRCY(I};I=158 (8FS.S)
NTOATALI5) ¢ IF ZERO IT COMPUTES SYO AND SF IN THE
SUBROUTINE. "DESIRED® . OTHERWISE INSERT DATA FOR STET(I}
SYOUI)gSFEIN,I=1,NPR?
MDELZRG(IS5# IT IS NOT ZERQ WHEN DELTA IS ZERO.
NSLP{15) 1T DEFINES WHERE THE CCNSTRAINT FOR
INSTANTANECUS OWELL IS.IF NSLP=1 CONSRAINT IS 4T TETOZ
Q2 IS THE SLOPE OF THE NCRMAL AT TETO2.IF NSLP=2
CONSTRAINT IS AT TETOLl AND Q1 IS THE SLCPE OF THE
NORMAL AT TETGLl.IF NSLP=0 CONSTRAINT ]S AT BOTH TETOL
AND TETO2.1F NSLP¢2" THERE ARE NO CONSTRAINTS.
D(Ib,1=158 (BFS.5) INITIAL VALUES OF DIMENSIONS.
DL I)=DE,D{2}=TETOL

D{3)=DELO,D{ 4} =D1,0(5)=02,D(6)=D3,D(T)=DA,D(8)=DB
IF QL IS A VARIABLE DE6)=Ql.IF Q2 IS & VARIABLE D{71=
Q2.
DOD(I}+I=1,8 (8F9.5) INITIAL INCREMENTS IN THE UNKNOWN
DIMENSIONS .



NITEID);I=148 £8I5) NUMBER OF INCREMENTS.
WHEN ALL NIT{L) ARE ZEROC IT COMPUTES WITH THE INITIAL
VALUES ONCE.
IF NIT{KP=0 NGO ITERATION IS NEEDED FOR THE KTH DI

MENSION. ' '
THE OUTPUT IS PRINTED IN THE FOLLOWING CRDER,
KDRCT, IVE215)
DIMENSIONS AFTER EACH ITERATIﬂNooTHEk R**ZvQF**ZyRS**Z
+DIFFCH. AND DIFSCH
Q1vQ2,DELSLPO

TETOLP,FOPLNG. THESE ARE PRINVTED FOR PLANE MECHANISM
SMQOLI)yI=1,8 EQUATIONS OF CONDITICONS.THEY MUST VANISH
THE OUTPUT DISPLACEMENTS ARE PRINTED IN THE FOLLOWING
CRDER,
TETOsFIO,SYOGySYOsS ¢SFGy SFoXOeDIFROTyDIFTRN,

OO OO0 OO0

SUBROUTINE DSIRED(DTET9DFY129DTE712pDLSlZvNPRpKDRCT7IV
Ly TEToSYO,SF?
DIMENSION TET{30},SYO430),SF (30} ‘
PI=3.14159265
TROP=PI/180,0
DO 100 I=14NPR
JF(I.GT.1} GO TO 101
TET(]13=0.0
GO TO 102

101 Ii=I-1
TET(IY=TET(IL)&DTET

162 IF{KDRCT.EQ.1) GG TO 103
IF(KDRCT.EQ.2) GO TO 104

103 IF(IVJEQ.L) GO TO 1C31

' IFCIV.EQ.2) GO YO 1032

IF(IV.EQ.3) GO TO 1033.
IF(IV.EQ.5) GO TO 1035

1031 SYO(I)=-=DFY1l2% ﬂ(TETKIﬂ/DTETIZD**ZD
SFIIDl=DLS12%(1.0-(1.0-TETUI)/DTETL2D*%2)
GG TO 10001 ,

1032 IF(TET{I).6T.210.0}) GO TC 10321
SYOUI)=~DFY12%0.5%( Lo 0~COS{TETE I} *180.0%TROP/210.,01}}
SFEI)=0,5%DLS12% QIQOwC@b(TETKED*ESO;O*TK&P/ZIOuOHB

G0 TO 10001 .

10321 SYO(I}==0.5%DFY12%(1.06COSI{TET(I1+210.0)0%180.0%TROP/1
150,00}
SFUI)=0.5%DLS12% ({1.0&COS({TET(I}~210.0)%180.,0%TROP/1
150.0) }

' GO TO 10001
1033 SYO(I9==DFY12¢((TET«Il/DTﬁTl?D**2!
SF{1)=~PLS12*TET{(I}/DTET12
GO TO 10001
1035 IF{TET{I).GT.180.0) GC TG 10351
SYC(I)=2.8125%{(TET(I)/45.0)%%*3)
GC TC 10352



10351
10352

104

1041

1042

1045

10451
10452
10001
100

o
=
&0

SYO{[3=-2.8125%(((360,0-TETLI})/45.0)*%3)
SF{I}=0.

GO TO 10001

IF{IV-EQ.1}) GO TO 1C4l

EF{IV.EQ.2) GO TO 1C4%2

IF(IV.EQ.5)GC TO 13045

GO. TG 100

SYO(I)=0.0

SFEI)=DLSL2 *{L,0=€L.0~-TET(I}/{(Q.5%DTETLZ) &F%2D*(~1.0)
GO TO 10001 ,

SYO(Ib= DEY12*{{TET(I}/DTETL2)*%*2])
SFULI)=—OLSL2%TET(I)}/DTETLZ

GO TG 10001

IFCTET(I).6T.180.0) GO TO 10451
SYD{I)=2.8125%({TET(I)/45.0)%*3)

GO TO 10452
SYOLI)=-2.8125%(((360.0~-TET{L})/45.0)%%3)
SF{I}=Co ' )
IFCSYO{I) To0.0) SYO(I)=360.06SY0(1}
CONTINUE

RETURN

END
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