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ABSTRACT 

This report presents a new method for solving Lagrange's equations 

of motion utilizing FORMAC.  An application using this technique is 

given with an eleven degree-of-freedom problem which describes the 

motion of the M110A1, a self-propelled 8" howitzer under dynamic con- 

ditions of firing.  A computer program has been written, is operational, 

and the listing is contained in the appendix.  This report is an en- 

deavor to automate the generation and solution of the equations of 

motion for dynamical systems. 

FORWARD 

In October 1976, it was requested that a mathematical model be 

developed of the M110A1 to study the dynamic motion of the system dur- 

ing firing so as to define dynamic loading at various points in the 

weapon system for a subsequent stress analysis of weapon components. 

This project was funded by AMC under AMCMS Code 664602.12.38900, D. A. 

Project No. 1W664602D389. 

The authors are indebted to Miss Ann Marie Lowder and Mrs. Jan 

Keller for their many hours of typing in preparing this report. 

Also, the authors appreciate the assistance given by Mr. Al Smith in 

helping to obtain the data for this model. 

IV 



1.0 INTRODUCTION 

1.1 General Discussion of Modeling 

A convenient way to describe a physical system and study its be- 

havior is to represent the system by mathematical equations.  Gener- 

ally, the resulting equations are a set of differential equations 

based on the laws of mechanics and the geometry of the physical sys- 

tem. The use of a computer is usually necessary to solve this set of 

equations and especially if the system under study is complex and a 

sufficient amount of detail is required to characterize it.  If the 

use of a computer becomes necessary, the mathematical expressions, 

physical constraints and logic must be transformed into a computer 

program.  The equations and their solution technique comprise a math- 

ematical or computer model.  If such a model is to be of value, this 

model must be amenable to analysis and its output must represent the 

behavior of the physical system with sufficient accuracy so that useful 

information can be obtained concerning the actual system. 

Since real world conditions cannot be modeled exactly, inherent 

inaccuracies will exist in the model because the modeler must resort 

to simplifications and abstractions of the actual, physical system. 

The important point is that an acceptable level of confidence be 

established so that inferences drawn from the model output are correct 

and the model generates the same behavior characteristics as the 

actual system.  Confidence in the model output is gained through 

model validation. 

Model validation is a check of the agreement between the behavior 

of the model and that of the actual system. The correctness of the 

model can only be measured relative to the physical system.  Models 

may be validated according to various criteria. One such criteria 

is Bayes' formula for conditional probabiliities. With this procedure, 

specific model outputs are compared with field test data, and the con- 

ditional probability (that the model is valid given the field test 

results) is determined. 



However, many times the system to be modeled is still on the 

drawing board and field test results do not exist.  If this is the 

case, the design and simulation should complement each other.  That 

is, a math model may be developed while the design of the system is 

progressing from the drawing board stage to system integration.  Here 

the model may be used to provide insight into how the system will 

perform under dynamic conditions. Thus the model may be used to 

(1) predict dynamic loading on critical parts, (2) define sensitivity 

of weapon performance to design parameters, (3) evaluate suggested 

weapon modifications and (4) provide the necessary foundation for 

design optimization studies. 

As test data becomes available, it is necessary to "validate" 

and "tune" the model.  If a correlation between test results and 

predicted motion is poor and significant motion occurs which was 

neglected in the model, a complete revision of the model may be re- 

quired.  However, if all significant motion has been accounted for 

in the model but the magnitude and timing of the predicted motion is 

in error, a "tuning" of the model is in order.  For example, the 

model to be generated in this report requires an effective spring 

rate for the ground-weapon interaction.  The value chosen for this 

parameter may be poorly estimated.  If varying the value of this 

parameter between reasonable limits greatly improves the desired 

correlation between model and test, the model is said to have been 

tuned. 

In the design, development, and fabrication of any given system, 

the proper mixture of analysis, simulation, and testing is necessary 

to produce the payoffs that must be achieved for a cost-effective 

product.  The use of model studies may reduce costs in lieu of exten- 

sive testing, but it does not necessarily preclude the need for per- 

forming an actual field test.  A field test yields information for 

the evaluation of the system itself, provides a data base to be used 

for comparison to other systems, and is necessary for model validation. 



One of the most important and useful tools to analyze the results 

of a given design is through mathematical simulation.  Such is the 

case for the development of the model contained in this report.  Sim- 

ulation is a powerful tool and it enables the analyst to become famil- 

iar with the behavior or performance of the actual system under study 

when subjected to a variety of different conditions or parameter 

changes. Generally, experiments with the actual system itself are 

very costly; however, they can be performed on the model with relative 

ease and at low cost. Many times, experimentation on the model will 

provide more information about the interaction of variables than test- 

ing on the actual system because of the controlled environment and the 

ease of parameter variation. 

Weapon systems of today are becoming more complex and this trend 

is likely to continue because of the current threats being proposed; 

as a result, design requirements are becoming increasingly more 

difficult to satisfy.  It is well recognized that a change in design 

or a change in even one aspect of the weapon system may very well 

produce changes or create the need for changes in other parts of the 

system. As the long list of parameter trade-offs such as accuracy, 

caliber, threat, dispersion, etc., are considered, the engineer's 

intuition and experience become increasingly more difficult to apply 

and it becomes more important to define the design procedure mathemat- 

ically.  Design requirements specify that a weapon system is to per- 

form some task at some index of performance.  Thus, the design of a 

weapon system provides a natural setting for an optimization problem, 

assuming a knowledge of all environmental factors influencing the 

design process are known.  To just search for admissible parameters 

so that the system is enabled to perform its task is not satisfactory. 

It should be required to seek those parameters so that performance is 

optimized (in some sense). 



In the past, conventional methods of analyzing the dynamic 

behavior of a given system required the analyst to linearize the 

generalized coordinates to achieve simplification of expressions. 

This is no longer necessary. FOKMAC, a language developed by IBM, 

allows the analyst to proceed with a nonlinear analysis of the system 

being studied.  It also allows mathematical models suitable for optim- 

ization studies to be formulated with relative ease (as far as obtaining 

the required differential expressions). 

The model developed in this report is completely nonlinear. The 

reasons for this approach and an in-depth discussion of its derivation 

are given in the sections that follow. 

1.2 Description of the Model 

The purpose of this technical report is to document the work 

accomplished to date on the development of a mathematical model for 

the Howitzer, Heavy, Self-Propelled, Full-Tracked, 8-inch, M110A1, 

see figure 1.1. This documentation has two major objectives; (1) the 

detailed description of a new method for developing and solving 

Lagrange's equation of motion and (2) the generation of a mathema- 

tical simulation to describe the motion of the system and to define 

dynamic loading at various points in the weapon (which are to be used 

as input for a stress analysis of weapon components). 

A method was developed, utilizing FOKMAC, to obtain the necessary 

symbolic representations for the differential expressions required to 

solve Lagrange's equations of motion of the M110A1.  FORMAC, as 

developed by IBM, provides for the symbolic manipulation of mathema- 

tical expressions, i.e., the expression SIN(X) can be differentiated, 

resulting in the expression COS(X). Expressions can be differentiated, 

evaluated, replaced, compared, and parsed.  After differentiation, 

expressions which occur repeatedly can be replaced by new variable 

names and thus millions of arithmetic operations can be eliminated 

during the execution of the computer program.  This is illustrated 

in appendix E.  Since PL/I is a subset of FORMAC, all of the facilities 
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of PL/I are available for program structure, loop control and I/O. 

The FORMAO output consists of coded differential expressions and they 

are automatically punched on cards (error free) in FORTRAN format.  The 

end product is a computer program written in FORTRAN.  Approximately 

95 percent of the work to generate the simulation model was accomplished 

on the computer.  This procedure essentially reduced the 11 degree-of- 

freedom problem described below to a rather routine operation. 

In the development of mathematical models of weapon systems it 

is desirable to limit the degrees of freedom of the model to the major 

gross motions of the system.  In general, the larger the model (in 

terms of degrees of freedom) the less accurate is the predicted motion 

of the system.  This is primarily due to the difficulty in accurately 

defining the values of the weapon parameters.  However, this problem 

can be overcome by performing carefully instrumented tests (both static 

and dynamic).  If a physical system does exhibit significant multi- 

degree of freedom motion it is necessary to model that motion and accept 

the complexity of the resulting system of equations.  In this report 

it was essential that all major motions be identified, resulting in an 

eleven degree-of-freedom system. 

The model developed for the M110A1 has five distinct masses: 

(1) the vehicle, M^, (2) the spade assembly, M , (3) those parts that 

traverse but do not elevate, M , (4) those parts that elevate but 

do not recoil, K^,  and (5) the recoiling parts, M^. 

The generalized coordinates were defined based on the following 

logic:  the entire system would translate laterally (x), roll (9), 

and yaw (i|0 as a single rigid mass; the vehicle would translate fore 

and aft (y), translate in a vertical direction (z), and pitch (<j>) 

about its own mass center; those parts that traverse (M + >L, + HJ) 

would yaw (T) relative to the vehicle; those parts that elevate 

(M + lO would pitch (y) relative to the vehicle; the recoiling parts 

would translate (n) relative to the frL, parts; finally the spade as- 

sembly would translate fore and aft (v) and pitch (v) relative to the 



ground.  Note the initial value of y (Y0) is the angle of elevation, 

the initial value of x (x ) is the angle of traverse, and the initial 

value of n (i"u) locates the in battery position of the mass center 

of the recoiling parts relative to the trunnion. 

A brief description of the operation of the physical system is 

given below. When the weapon is fired, the pressure generated by the 

burning propellant drives the projectile out of the tube and forces 

the recoiling parts (tube, recoil rods, recoil pistons, etc.)  rearward. 

The motion of the recoiling parts is primarily resisted by oil pressure 

on the face of the recoil piston.  The piston is pulled through a cyl- 

inder of oil, the oil being throttled around the piston via orifice 

areas which are designed as a function of recoil displacement to min- 

imize peak recoil forces.  In parallel, to the recoil cylinder is the 

recuperator cylinder wherein the recuperator piston, during recoil, 

compresses a gas and hence stores enough energy to return the recoil- 

ing parts to the firing (in-battery) position.  The total recoil force 

is transferred to the understructure through the trunnions.  As a 

result of this system of forces, a large torque is generated around 

the trunnions and the elevating parts will tend to pitch relative to 

the vehicle.  The restraint to this pitching motion is offered by a 

friction brake.  Until the moment tending to produce pitch exceeds 

the restraining moment of the friction brake, no pitch motion results. 

When the moment tending to produce pitch exceeds the restraining 

moment, pitch motion is initiated; and will continue until the conr- 

stant restraining moment of the brake brings the pitching motion to 

a stop. A similar action occurs in the yaw motion of the traversing 

parts. 

The spades are designed to offer ground resistance to rearward 

motion and to the pitching of the spade assembly but little re- 

sistance to roll, yaw and translations in the lateral and vertical 

directions.  Thus horizontal ground springs acting on the spade as- 

sembly in the longitudinal direction are sufficient to restrain the 

longitudinal translation and pitch of the spade assembly. 



The resistance to lateral translation and yaw of the weapon system 

is the ground friction between the ground and the vehicle tread (assumed 

to be at the ground contact point of the four corner roller wheels). 

Vertical ground springs are located at these four ground contact points 

and restrain the roll and vertical translation of the weapon system. 

Note the effective spring rate goes to zero at any of the ground contact 

points when contact between the ground and the vehicle is lost.  The 

braces and spade cylinders are modeled as springs and hydraulic damping 

and act primarily in the longitudinal direction between the vehicle 

and the spade assembly. Dampers are associated with the vertical ground 

springs and the braces. 

The method of mathematically describing the above physical phe- 

nomina is contained in Appendix A. 



2.0  SOLUTION TECHNIQUE 

2.1 Overview 

Experience has demonstrated that modeling multi-degree of freedom 

systems requires many hours of tedious manipulation of expressions 'with 

the risk of generating numerous errors. The result is generally the 

implementation of a model which is a linearized version of the system 

under consideration.  That is, in the conventional technique, the analyst 

is forced to linearize most of the generalized coordinates to achieve 

simplification of expressions.  These shortcomings led to the development 

of a semi-automated procedure. 

This report develops a new technique for obtaining the dynamic 

equations of motion of any system resulting from Lagrange's equation. 

The equations generated by the procedure given here are completely 

nonlinear.  This approach is taken for several reasons.  First, the 

accuracy that might be lost by linearizing due to cross-coupling effects 

is not known; secondly, the nonlinear model is much easier to obtain 

than the linearized version using the methods developed in this report 

and the nonlinear approach does not require much, if any, additional 

core storage; and thirdly, a more accurate model would produce results 

which are closer in agreement to that of the real world. 

It was found that the term -3(Kinetic Energy)/9(Generalized Co- 

ordinates) does not have to be calculated as the positive of this term 

appears in the expression ■£    8(Kinetic Energy)/3(Generalized Velocities) 

and they cancel.  This result is always the case.  If the procedure in 

this report is used, two, three, and perhaps even four degree-of-freedom 

systems can be accomplished quite easily by hand if the FORMAC software 

package is not available to the analyst. 

2.2 Lagrange's Equation 

The expression for the Lagrangian method which yields the equations 

of motion for a dynamical system is 



d 3(KE)    3(KE)  ,  3(DE)    3(PE)  = (2  ,x 
dt ^   " 3qj     3^     3qj J 

where  j  = 1,2,....,k 

KE = Total kinetic energy 

DE = Total dissipative energy 

PE = Total potential energy 

F = Generalized external force 

q = Generalized coordinate 

q. = Generalized velocity 

t = Independent variable, time 

k = Number of generalized coordinates 

Equation (2.1) in matrix form can be written as 

A(q)q" = B(q,q,t) (2.2) 

The first term of equation (2.1) will generate the A matrix plus addition- 

al terms which contribute to the B vector.  The remaining four terms of 

equation (2.1) make up the rest of B.  It will be seen in the sequel that 

equation (2.1) can be expressed conveniently in matrix form. 

In generating the desired equations of motion by utilizing FORMAC, 

it becomes necessary to examine Lagrange's equation in detail, see 

Appendix B.  This is required because FORMAC performs only partial 

differentiation.  The results of the analysis in the appendix determine 

which derivatives are to be taken and how they are ultimately combined 

to yield a set of 2nd order nonlinear differential equations describing 

the dynamic motion of the system under investigation. 

In the conventional method of actually carrying out the analysis 

of the Lagrangian, an imbedding of terms occurs within a given expres- 

sion (terms occur repeatedly) due to the matrix operations, dot pro- 

ducts, and the way in which each succeeding mass center is located 

from the preceeding one.  To avoid the imbedding problem as much as 

possible, the philosophy of the technique reported here is to operate 
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on the position vectors of each mass before dot products are actually 

taken.  In fact, because of the way each succeeding mass center is 

located, the position vectors themselves can be broken up into smaller 

expressions. 

However, imbedding still occurs to some extent, but the expressions 

are small enough such that the imbedded terms can be identified rapidly 

and replaced by new variable names quite easily with FORMAC.  Thus, 

millions of arithmetic operations are saved in the course of actually 

solving the differential equations during the running of the computer 

program.  To see this, the reader should refer to Appendix E to get some 

idea of how much of a reduction in the number of arithmetic operations can 

actually be accomplished by the replacement of repeated terms with new 

variable names.  All of the partial differentiation as required by 

Appendix B is performed on the smaller expressions and then a reduction 

in the size of these differential expressions is obtained by removing 

the imbeddedness.  The dot product of the position vectors is taken at a 

later time with numbers as elements instead of with large expressions as 

is normally done in the conventional method.  FORMAC necessitated the 

analysis covered in Appendix B since only partial derivatives could be 

obtained by using FORMAC.  The outcome of this analysis provides 

a technique that facilitates the derivation of the equations of 

motion whether done by hand or with the aid of a computer. 

2.3 FORMAC Approach 

An objective of the work reported here was to develop an organized 

and efficient computational scheme that would handle multi-degree of 

freedom problems with relative ease.  FORMAC provides this capability. 

It is an IBM software package which allows the manipulation of mathema- 

tical expressions.  Using FORMAC, expressions can be differentiated, 

evaluated, replaced, compared, and parsed.  Since PL/l is a subset of 

FORMAC, all of the facilities of PL/I are available for program struc- 

ture, loop control and I/O.  The computer performs the necessary matrix 

11 



multiplication and differentiation.  In addition, angles are coded, ex- 

pressions are optimized and finally punched in FORTRAN format ready for 

numerical integration.  This process virtually eliminates any mathematical 

or key punching errors for approximately 85 percent of the FORTRAN pro- 

gram as this amount of the computer program is obtained from the results 

of the FORMAC output.  This technique also allows the analyst to spend 

considerably more time formulating the problem and not be worried about 

the enormous amount of mathematics required to obtain the desired equa- 

tions of motion.  In short, it reduces problems which seemingly appear 

hopeless to a rather routine operation. 

2.4 Kinetic Energy 

This section covers the kinetic energy portion of the Lagrangian. 

To be more specific, it discusses the use of equation B-ll.  An ex- 

ample is given on how to obtain the A matrix of equation (2.2) by use 

of B-ll and also the corresponding FORTRAN coding generated by the 

Einstein summation notation is shown. 

Since nearly all of the required matrix operations for a particular 

problem are contained in the definition of the kinetic energy, this 

becomes the obvious starting point for obtaining the necessary differ- 

ential expressions.  It will be seen in later sections that many deriv- 

atives for other energy terms do not have to be calculated as this will 

already have been accomplished in the kinetic energy portion. 

As mentioned previously, it is more efficient (computationally) to 

operate on the position vectors before dot products are actually taken. 

And also mentioned before was that the position vectors themselves are 

not really operated upon since they are in fact reduced to sums of 

smaller quantities (to reduce the imbedding problem) and it is these 

smaller quantities which are of interest.  The actual break-up of the 

position vectors is covered in section 3.3.  Because of the ease in 

actually combining the smaller terms to obtain the position vectors, 

the example given here will be concerned with only the position vectors. 

12 



Equation B-ll is rewritten for convenience. 

dt  8q   9q  Q     Q  Wq   Vq 4i4j   \      \± 
Hl 

(2.3) 

where all quantities are defined in Appendix B.  M is the mass asso- 

ciated with the position vector Q, where Q takes on the various letters 

Q, R, S, etc., to distinguish each of the n position vectors and its 

corresponding mass. 

It is seen from equation (2.3) that first and second partial deriv- 

atives with respect to the generalized coordinates are required.  The 

subscripted variable PKE (i,j,k,l) provides a convenient bookkeeping 

notation for representing these derivatives, the mass from which they 

originate and the direction (x,y, or z) of the position vector with 

respect to the inertial coordinate system.  From past experience this 

bookkeeping procedure has proven to be very adequate; it is organized, 

efficient and yet simple and it also conveys a maximum amount of 

information such that a particular quantity can be easily identified. 

For example, the i runs from 1 to n and refers to the particular mass 

and associated position vector that is being delt with; the 1 runs from 

1 to 3 and refers to the x,y, or z direction; the j and k refer to the 

partial derivatives which have been taken with respect to the q gen- 

eralized coordinate and the q, generalized coordinate if second partials 

have been taken.  If only one derivative has been taken, then k takes 

on the value 1 plus the number of generalized coordinates. 

Suppose the number of generalized coordinates is eleven and the 

position vectors are Q, R, and S, then 

9 ft  = PKE (1,5,8,L), where L = 1,2,3 
9q59q8 

92S  = PKE (3,5,8,L), where L = 1,2,3 
8q59qj 
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_3R_ PKE (2,9,12,L), where L = 1,2,3 

An example of using equation (2.3) with the number of masses n = 2 

and the number of equations k = 3 and considering only the acceleration 

terms of (2.3) yields the following result. 

First equation: 

M, Q  • Q i), + I  • Q L + 5  • ? i 
ql   ql 2   ql   q2 2   ql   q3 3. 

+ M,, 1       • R"  q\ + R   • R"  q„ + R"   • R"  q" 
Q, q, 1    q,    qn 2    q,    q0 ql   ql l ql   q2 ql   q3 3 

Second equation: 

M„ Q • Qn '4-, + Q„   •  Q„ '<lo + Qn   • Q„ q\ 
q2   ql      q2   q2      q2   q3 

+ M 
->     -* -*■ -*■ 

R   • R  cL + R   • R  q_ + R   • R  qQ q2    qx
4l    q2   q2 2    q2   q3 3 

Third equation: 

M„ Q       •   Q      q,   +   Q       •   3     q\   +  3       '   Q      q\ 
q3       \   * q3 q2   2 q3 q3   3 

+ WL 
-> •> ->■->■ ->■ -* 

R        •   R      q\    +   R        •   R      q„   +   R        •   R      q\ 
q,      qn   i       q^      q9  

2       q-,      q^ 3 
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These three equations can be rewritten in the form 

First equation: 

M Q   • §  + M„ R~  • R 
Q\  \        R <*!   1i 

qi + 
M 3 

q2 

->■    -> 

M_ R   • R 
* qx      q2 

q2 + 
M- Q   • Q  + M^ Rn  * 
q\       q3  "R qx 

->• 
R 
q3 

q3 

Second equation: 

M Q   • Q  + M_ R   • R MQ\     \     * q2      qx 
ql + Q\2 

->■ 

Q  + 
q2 

P_ - 

M„R  • R 
R q2  q2 *2 + M (5   • 3   + KL R" 

Q\     \3     R q2 q3 
^3 

Third equation: 

Q q3      qx     R q3      <*i 
q\ +  M 3 4i        Q q3 q2 

MR  • R 
Ti q3  q2 *2 + M Q   • Q  + ML R 

Q q3    q3   ^ q3 
R 
q3 

^3 

- The first row of the A matrix of equation (2.2) is 

• A(l,l) = M Q   • Q  + *L R"   ' R 

"T 

A(l,2) = M $   • 3   + M„R"   • 1 
Q\     \2     R qx      q2 

A(l,3) = M Q   • Q  + ML, R   • R 
\\     \     *R qx  q3 

and so forth for the remaining six elements of A of this example. 
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The FORTRAN Coding for obtaining the elements of the A matrix for 

the translational part of the kinetic energy is now given.  The 

rotational part must be added to these terms and this can be found in 

Appendix F which contains the FORTRAN program.  Similarly the remain- 

ing coding for the kinetic energy is in appendix F. 

Since A is symmetric, the upper triangular terms are calculated 

to reduce the number of arithmetic operations.  Recalling that IEQS = 3 

and IMASS = 2 yields 

DO 1 j = l.IEQS 

DO 1 k = j,IEQS 

SUM = 0. 

DO 2 i = 1,IMASS 

DO 2 1 = 1,3 

2 SUM - SUM + XMASS(i)* PKE(i,j,12,1)* PKE(i,K,12,l) 

A(j,k) = SUM 

1 A(k,j) = SUM 

2.5 Other Energy Terms 

The differential expressions required for other energy terms are 

either obtained from those which have already been calculated or are 

derived separately.  As an example of how to utilize expressions 

already calculated, the reader can refer to equations A-7 through A-ll 

in Appendix A.  These five equations are very similar to equation A-12 

except that A-12considers only the z direction and involves both 

16 



multiplication by the gravitational constant, g and by the five masses. 

Therefore, 3U,/3q. can be obtained very quickly from the following 

definitions (which are explained in section 3.3).  For equations 

A-7-11 

P-  = PKE (l,j,12,3) 
*q3 

3K - PKE (2,j,12,3) 

'"j 

3S - PKE (3,j,12,3) 
3«, 

31 - PKE (4,j,12,3) 

'"l 

P-  = PKE (5,j,12,3) 
3q. 

The 3U /9q. makes up a part of the B vector in equation (2.2) which 

forms the right hand sides of the differential equations.  The con- 

tribution of d\]±/dq.   (from the potential energy) to the right hand 

sides (utilizing calculations from the kinetic energy)is evaluated 

as follows 

"DO 14 J = l.IEQS 

14 RHS(J) = RHS(J) + GRAV*(XMASS(1)*PKE(1,J,12,3) + XMASS(2)* 

1 PKE(2,J,12,3) + XMASS(3)*PKE(3,J,12,3) + XMASS(4)*PKE(4,J,12,3) + 

2 XMASS(5)*PKE(5,J,12,3)) 
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Note that the fourth subscript of PKE is equal to 3 which signifies that 

only those terms in the z direction are used.  The third subscript is 

equal to twelve since only one partial derivative is taken (the number 

of generalized coordinates is eleven). 

As much use as possible is made of all previously defined matrix 

operations or whatever caculations have been performed to aid in obtain- 

ing new partial derivatives.  This can readily be observed when examin- 

ing the FORMAC program. 

2.6 Numerical Integration 

A fourth order Runge-Kutta integration scheme is used to integrate 

the matrix differential equation 

A(q)q = B(q,q,t) 

To  solve  for  the  q,   i.e., 

q2  =   f2(qi,q±,t) (2.4) 

\ =  fk(VVt} 

advantage is taken of the symmetry in the mass matrix A.  The sub- 

routine which decouples the acceleration terms into the form of equations 

( 2.4 ) is called SOLVE and the algorithm used in the Square Root Method. 

Appendix D describes the modifications that were made to that method to 

eliminate the concern of pure imaginary numbers.  A description of each 

subroutine and its purpose is given in the FORTRAN listing in Appendix F. 
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3.0 APPLICATION OF SOLUTION TECHNIQUE 

3.1 Symbol Table 

Corresponding 
Computer Symbol  Analysis Symbol Definition 

Al, A2, A3 V a2' a3 Coordinates of the mass 
center of vehicle in 0„- 
A,,B,,C" 

Unit 

inches 

AAA (11, 11) 

A1SUB, (A1BAR), 
A2SUB, A3SUB 

"•1 , \A. ) ,   A- , 

Coefficients matrix of 
acceleration (mas« Matrix) 
terms 

Coordinates of the attach- 
ments of the brace to the 
vehicle in 0. - X"Y"Z" 

4 

pound second 
inches  „ 

or lb.sec. in. 

inches 

ALPHAI, ALPHA2, 
ALPHA3 

ASTAR 

V V a3 

BETA 

Coordinates of the horizon* inches 
tal attachment points of 
ground springs to spade as- 
sembly in 0 - ABC 

Angle between jj of brace    degrees 
and a plumb line dropped from(changed to 
the attachment of the brace radians in 
to the vehicle program) 

A3 2 
3 = -T—   —j    where <j » sped* pound sec 

8 A~ inchesz 

fie weight of oil, A = area 
of piston and An = effective 

area of orifice,  ß is a 
hydraulic constant for the 
spade cylinder 

BBETAE, BETAE    ß£, 3£MAX torque provided by friction inch pounds 
brake in elevating mech- 
anism.  3-,WAU is maximum. UMAX 

BBETAT, BETAT    ß , ß 
TMAX 

torque provided by friction inch pounds 
brake in trav«sittg mechn 
anism.  ß „.„ is maximum. 

TMAX 

BO FT B<(t) Breech force pounds 
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Corresponding 
Computer Symbol  Analysis Symbol  Definition Unit 

BRCHX (105) 

BRCHY (105) 

Bl, (B1BAR) 
B2, B3 

Bx (Bx), B2, B3 

Abcissa of breech force     seconds 
curve(time) 

Ordinate of breech force    pounds 
curve 

Coordinates of the attach-  inches 
ments of the spade cylin- 
ders to the vehicle in 

CBRCE Damping coefficient asso-   pound sec 
ciated with K. inch 

CC11, CC12, 
CC21, CC22 ij 

Damping coefficients asso-  pound sec 
ciated with K.. inch 

COFT C(t) Recuperator force pounds 

CU5 Damping coefficient for     in. lbs. sec. 
use in determining initial 
conditions 

C1P, C2P, C3P r' r' r' Coordinates of the attach- 
ments of the spade cylin- 
ders to the spade assembly 
in 0„ - U'V'W1 

inches 

DA (1, 1, 1, L) 
L= 1,2,3,4 

2<-Kl,2) 
3^(2,1) 
4^(2,2) 

ij 
Extension/contraction of 
vertical ground spring 

inches 

DP (1, 1, 1, 4)  S\ 
ij 

IV v 
Spring deflections(Q..  ) 

ij 
pounds 
inch 
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Computer Symbol 

Dl, D2, D3 

Corresponding 
Analysis Symbol 

dl» d2' d3 

Definition                Unit 

Coordinates of the center   inches 
of the trunnion in 
05 - X

ivYivZiv 

DIP, D2P, D3P D{, DJ, D^ Coordinates of the attach- 
ments of the braces to the 
spade assembly in 07 - U'V'W' 

- 

EB £B 
Distance from mass center   inches 
of recoiling parts to 
point of application of 
breech force in n direction 
only, e    is negative. 

EC ec Distance from mass center   inches 
of recoiling parts to point 
of application of recuperation 
force in n direction only. 
£_ is negative. 

ER eR 
Distance from mass center   inches 
of recoiling parts to point 
of application of recoil 
force in n direction only. 
eD is negative. K 

ELANG Angle of elevation for use  radians 
in determining initial con- 
ditions of Q(7) 

- 

El, E2, E3 el» e2' e3 
Coordinates of the center of inches 
the traverse bearings in 
0 _ X»Y»Z" 
4 

FOFG F(Y) Equilibrator force as a     pounds 
function of y. 
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Computer Symbol 

FF1, FF2, FF3 

Corresponding 
Analysis Symbol Definition 

fi» f
2- Coordinates of the mass 

center of the traversing 
but non-elevating parts 
in 05 - X^VVV 

Unit 

inches 

GAMMAX (105) 

GAMMAY (105) 

GKST 

F(Y) 

K 
st 

Abscissa of equilibrator 
force curve data in degrees 
but converted to radians in 
program. 

Ordinate of equilibrator 
force curve. 

Effective torsional spring 
about trunnion used in de- 
terminiag initial conditions 

radians 

pounds 

inch pounds 
radians 

GRAV Acceleration due to gravity  inches/sec 

Gl, G2, + Q(2),  g g2 + v, 
G3 gj 

Coordinates of the center    inches 
of pressure of the spades in 
0„ - XYZ.  Note v is a gener- 
alized coordinate. 

HH1, HH2, HH3    h , h„, h Coordinates of the mass cen- inches 
ter of the spades in 
0, - U'V'W'. 

H0OR1 Delta function used in 
defining initial conditions 

IBOFT table lookup counter on 
breech force 

IBPTS No. of ordered pair»'in breech 
force table 

IEQS Number of generalized coordinates 

IGOFT Table lookup counter on 
equilibrator 
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Corresponding 
Computer Symbol  Analysis Symbol Definition Unit 

IGPTS 

IMASS 

No. of ordered pairs of 
points in equilibrator table 

Number of masses 

IROFT Table lookup counter 
on recoil force. 

IRPTS 

02, 03 o2, o3 

No. of ordered pairs of 
points in recoil force table. 

Coordinates of the 
equilibrator attachment 
points to the elevating 
but non-recoiling parts 
in 0. - H'H'Z' 

6 

inches 

PD (3, 11, 12, 4) 

PG (6, 12, 12, 3) 

PT (8, 11, 12, 3) 

PU (4, 11, 12, 4) 

PW (5, 12, 12, 3) 

QDD (I) 

Derivative functions in 
dissipative energy 

Derivative function in 
generalized forces 

Derivative function in 
translational part of 
kinetic energy 

Derivative functions in 
potential energy 

Derivative functions in ro- 
tational part of kinetic energy 

Accelerations of the 
generalized coordi- 
nates I = 1,...,11 

Units of Q(i) 

second 

QD(I) Velocities of the gen- 
eralized coordinates, 
I = 1,...,11 

Units of Q(j) 

second 

QSAVE (11) Dimension variable which 
saves the generalized coor- 
dinates in Runge-Kutta integration 
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Computer Symbol 

QDSAVE (11) 

Corresponding 
Analysis Symbol Definition Unit 

Dimension variable which 
saves generalized velocities 
in Runge-Kutta integration. 

Q(D Translation of re- 
coiling parts.  Has 
initial value. 

inches 

Q(2) Fore (+) and aft (-) 
motion of spade as- 
sembly. 

inches 

Q(3) Lateral displacement 
of total weapon system 

inches 

Q(A) Fore (+) and aft(-) 
motion of vehicle and 
traversing parts 

inches 

Q(5) Up (+) and down (-) motion 
of vehicle and trarr 
versing parts 

inches 

Q(6) Pitch of vehicle and 
traversing parts 

radians 

Q(7) Pitch of elevating parts 
relative to the vehicle. 
May have initial value 
angle of elevation = y 

radians 

Q(8) 

Q(9) 

QUO) 

Pitch of spade assembly radians 

Roll of total weapon system  radians 

Yaw of total weapon system   radians 
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Computer Symbol 
Corresponding 
Analysis Symbol Definition Unit 

Q(ll) Yaw of traversing 
parts relative to the 
vehicle. May have 
initial value (angle 
of traverse = T). 

radians 

RHS (11) 

RODY (105) 

RODX (105) 

ROFT R(t) 

Right hand side of equa- 
tions of motion. 

Ordinate of recoil force 

Abcissa of recoil force 
(time) 

Recoil force 

pounds 

seconds 

pounds 

TIME Time measured from ini- 
tiation of solution. 

sec 

TIMEH Integration step size sec 

TIMEH2 Defined as TIMEH/2. sec 

TIMEH8 Defined as TIMEH/8 sec 

XI, Q(l), ZETA   5,n,C Coordinates of the mass 
center of the recoil- 
ing parts in 0, - E*H'Z' 
Note n is generalized co- 
ordinate. 

inches 

XIB, Q(l) + EB, 
ZETAB -B' 'B' ^B Coordinates of point of 

application of breech 
fane in 0, - H'H'Z' 

inches 
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Computer Symbol 

XIC, Q(l) + EC, 
ZETAC 

Corresponding 
Analysis Symbol Definition 

KC'  V CC Coordinates of point of 
application of recuperator 
force in 0, - E'H'Z' 

Unit 

inches 

XIR, Q(l) + ER, 
ZETAR 

XIXX(I) 

S* \ 

XIXY(I) 

Coordinates of point of 
application of recoil 
force in 0, - E'H'Z' 

Moments of inertia of 
masses about their prin- 
cipal "X" axis where Q, R, 
S, T, U correspond to 
I = 1,2,3,4,5 

Cross products of inertia 

inches 

lbs sec in 

lbs sec ift 

XIXZ(I) 

XIYY(I) 

XIYZ(I) 

XIZZ(I) 

XII, ETA1, ZETA1  £ , n , ^ 

Cross products of inertia 

Moments of inertia of 
masses about their prin- 
cipal "Y" axis where Q, R, 
S, T, U correspond to 
I - 1,2,3,4,5 

Cross products of inertia 

Moments of inertia of 
masses about their prin- 
cipal "Z" axis where Q, R, 
S, T, U correspond to 
I = 1,2,3,4,5 

Coordinates of the mass 
center of the elevated 
but non-recoiling parts 
in 0, - E'H'Z' 

0 

lbs sec la 

lbs sec in 

lbs sec in 

lbs sec in 

inches 

XKK1, XKK2 Effective spring rate of 
one of the braces 

pounds/inch 
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Computer Symbol 
Corresponding 
Analysis Symbol Definition Unit 

XKP11, XKP12, 
XKP21, XKP22 

K 
ij 

Horizontal ground spring 
at four roller wheels to 
prevent lateral translation 

pounds/inch 

XKY1, XKY2 K! Spring rate of horizon- 
tal ground springs asso- 
ciated with spade assem- 
bly. 

pounds/inch 

XK(1,1), XK(1,2) 
XK(2,1), XK(2,2) 

K' 
ij 

Spring rates associated 
with ground springs at 
front and rear roller 
wheels 

pounds/inch 

XL (1,1), XM(1,1), 
XN(1,1), XL(1,2> 
XM(1,2), XN(1,2) 
XL(2,1), XM(2,1) 
XN(2,1), XL(2,2) 
XM(2,2), XN(2,2) 

m n, 
ij * ™lj » "ij 

Coordinates of ground 
springs at front and rear 
roller wheels 
i = l(right) i=2(left) 
j ■= l(front j=2(rear) 
in 0, - X"Y"Z" 

inches 

XLENGH Length of equilibrator inches 

XMASS(l) M Mass of the vehicle pound second 
inch 

XMASS(2) M Mass of the spade assem- 
bly 

pound second 
inch 
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Computer Symbol 
Corresponding 
Analysis Symbol Definition Unit 

XMASS(3) M Mass of the traversing 
but non-elevating parts 

pound second 
inch 

XMASS(4) 
M Mass of elevating but non- 

recoiling parts 
pound second 

inch 

XMASS(5) M Mass of recoiling parts pound second 
inch 

XMU Coefficient of friction 
between vehicle träad and 
ground 

XNN2.XNN3        N2> N3 Coordinates of the equili- 
brator attachment points 
to the traversing but non- 
elevating parts in 

o5 - x
1^1*^ 

inches 

ZZ(I)  I - 1,2,...00 Factored algebraic expressions 
tö reduce the number of arith- 
metic operations 
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3.2 Technique of Generating Energy Expressions and Generalized 

Forces. 

The techniques used in the development of Appendix A are illus- 

trated in the following paragraphs. 

Assuming a vector to be defined in one coordinate system, it is 

necessary to determine a coordinate transformation which will define 

that vector in a different coordinate system.  These coordinate trans- 

formations are needed to refer velocity and displacement vectors to 

a fixed coordinate system and angular velocity vectors to the appro- 

priate body axes.  As an example, three coordinate systems are defined. 

They are:  (1) (L-ABC, an inertial coordinate system (fixed in space) 

having its origin at the mass center of the weapon system in the em- 

placed position; (2) C^-A1!*1^, a coordinate system initially coinci- 

dent with 0,-ABC and remaining parallel to 0..-ABC at all times where 

0    is the center of mass of the system; and (3) 0 -A"B"C", a coordinate 

system fixed in the weapon system and moving with it 

C'  C 

or 

•/ 

ZsZ 
_B 

• B* 

Fig. 3.1 

A V 
B = B1 

C 
—                M 

C1 

+ A, where A. = 

A1 + x 

B - B1 

C = C1 

A1 A Cos 6 + C Sin 6 

C1 = -A1  Sin 6 + C Cos 
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thus 

Xa Xa = 

Cos 6 0 Sin 

0 1 0 

Sin e 0 Cos 

and 

cAc" 

2 

l/V A" 
Fig.   3.3 

V ' A" 

Bl = Xb B" 

_cl_ 
c" 

A = A" Cos i(i - B" Sin * 

B - A" Sin * + B" Cos i|> 

C, = C" 

where X^   = 

Cos ty  -Sin <JJ  0 

Sin Tp     Cos i|>  0 

0 0       1 

and hence by successive substitution 

A A" 

B 

C 

= x1 + x2 B" 

C" 

where X. = X • X 
2    ab 

The matricies A , A , and X£ are orthogonal and hence their in- 

verses are their transposes. Now if the coordinates of a point in 

the weapon system are known in 02-A"B"C" they can be determined in 

0 -ABC. All transformations in Appendix A were determined in this 

fashion. 

The absolute angular velocity of the system about the 02-A"B"C" 

coordinate system is (see Figure 3.1 and 3.2) 

• 
ü) =        8 sin i|) 
x 

oj = 6  cos i\> 
y 

a)       =      i> 
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or 

(JÜ 0 
X -1 

ÜJ 
y 

= Ab e 

z A"B"C" 
X 

All angular velocities were obtained by similar transformations. 

Defining an element of mass in the weapon system to be dm and the 

vector from the origin of the fixed coordinate system to that element 

of mass to be p\ then the kinetic energy (dt) of that element of mass 

is 

dT = 1/2 p «pdM 

Define 

p = P + P 

where ? is the vector from the origin of the fixed coordinate system 

to the mass center of the weapon system and p is the vector from the 

mass center of the weapon system to the element of mass dm.  Now 

dT - 1/2 (? + p) *(P + P)dm 

Since the weapon system has a rigid body rotation, then 

thus 

A-       -*-  -»- 
p = u x p 

dT - 1/2 (P + u> x p") • (P + uxp)dm 

expanding and integrating 

31 



4-4-  4- -»- 
T = 1/2MP • P + P • w x p dm + 

-»■-»-    ->■  -»- 

(co x p ) • (co x p ) dm 

M      M 

The sum of the first moments of a mass about its own mass center is 

zero.  Thus 

J 
M 

pdM = 0 

and to x   p   can be written as; 

(ü)Xp)=i(iüZi-co 
y z 

v   .   *. (co x - co z)  + k(co y - co x) 
y)+jz x ' x y 

and 

! (co x  p) . (co x  p) dM   = co2 

J x 

M 

(y2 + z2) dM   + co5 (x2 + z2) dM 

M M 

+ co< (x2 + y2) dM   -  2co co 
f 

M 
x y j 

xy dM 

M 

2co   co      x z d M -  2 co   co     yzdM r..i y    zl 

M M 

By definition of moment of inertia and cross products of inertia 

1/2 
->■ -K -*• 

(co x  p) • (a, x   p) dM   =1/2   (I   co2   +1   co2 + I   co2) v xx yy        zz 
M 

-(I      CO.   CO     +  I      coco+I      coco) 
xy   x   y xz   x   z yz   y    z 



Neglecting cross products of inertia the kinetic energy of the weapon 

is 

T = 1/2MP • P + 1/2 (I a)2 + I co2 + I ü)2) 
xx   y y   z z 

where 

*-*i 

and the u>. are as previously defined.  1,1,1 are the principal moments l x   y   z 

of inertia of the system about the A"B"C" axes. 

The potential energy of a mass is simply the weight of that mass 

times the Z-coordinate of its mass center as measured in the fixed 

coordinate system.  Define 

X = [0 0 1], then for our example 

Ul " X0 * Xl 

Energy stored in a spring having a spring constant K is 

U2 = 1/2 K (AL)
2 

where AL is the extension/contraction of the spring.  It is only necessary 

to define L as a function of the generalized coordinates. 

Associated with springs in a system is damping.  Thus for the 

Spring K assume a damping coefficient C.  Then the dissipative function 

for damping corresponding to the energy function for the spring is 

U2 = 1/2C (AL)2 
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Assuming a forcing function, F(t) to be applied at a^ V a3 ln              ' 
0    -A"B"C" then in 0. -  ABC the point of application is 

"Af" "al 

Bf 
= x1 + x2 S2 1    : 

_Cf. _a3 

The c lirec ;tion of the force in 0 - ABC is 1 

F1(t) 

F2(t) 

F3(t) 

The generalized force is then written as 

^i = X2 

Fx(t) 

F2(t) 

F3(t) 

3qi 
x1 + x2 

where i refers to the particular generalized coordinate q. 

There are four basic moments acting on the elevating parts around 

the trunnion:  (1) the moment due to the weight of the elevating parts, 

(2) the moment due to the equilibrator, (3) the moment due to the breech 

force, and (4) a moment due to the friction brake.  The friction brake 

will offer sufficient torque to cancel out the other three moments and 

no pitch motion occurs until the algebraic sum of the other three 

moments exceeds the maximum torque that can be generated by the friction 

brake.  Then the brake will offer a constant (maximum) resistance until 

the pitch velocity becomes zero.  This is the argument used to generate 

the logic for the mathematical simulation (in Appendix A) of the friction 

brake. 
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3.3 FORMAC Procedure 

This section describes the procedure that was used to obtain the 

necessary partial derivatives to solve Lagrange's equation of motion 

for those energy expressions derived in Appendix A by utilizing the 

results of Appendix B.  The translational part of the kinetic energy 

will be given first, followed by the remaining energy expressions. 

Equations (A-7) through (A-ll) of Appendix A can be obtained 

from the definitions given below by summing combinations of the 

appropriate expressions. 

PT(1,L) = Xx  + X2X3 

PT(2,L) = X2*4 

PT(3,L) = X2X10 + X2Xn  hi 

PT(4,L) = V5*6 

PT(5,L) = X2X5X? 

rfin 

Lf 

PT(6,L) = *2
X
5
X
7
X
8 

PT(7,1) =X2X5X7X9 
LC 

PT(8,L) = X2*5
X
7
X
9 

where L = 1,2,3 

K 1 

L? J 
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It is more efficient to differentiate these eight quantities 

rather than differentiate the five original position vectors Q,R,S,T 

and U as repeated terms will expand the derivatives into very large 

expressions.  By working with the smaller quantities, the analyst is 

able to quickly reduce the size of the partial derivatives utilizing 

the replace statement in the FORMAC program, see Appendix E.  Also, 

computational costs are higher if differentiation is performed on the 

original expressions as considerably more core storage is necessary 

and, in general, the expressions just become too large to handle 

efficiently.  The entire FORMAC program for this problem required 

230K bytes of core using TSO.  However, in order to keep the core 

size at a minimum, quantities that weren't needed for certain com- 

putations were commented out. 

The break-up of the five position vectors into the eight smaller 

vectors appear exactly the same here as in the FORMAC program, see 

Appendix C.  After the definition of these quantities has been made, 

the differentiation can proceed.  As required by equation B-ll, first 

and second partials are to be taken.  Once this has been accomplished 

the expressions are punched in FORTRAN format.  The first and second 

partials of these eight expressions are defined by the subscripted 

variable PT(1,J,K,L), ... , PT(8,J,K,L) where J = 1,2, ... , 11 and 

represents the partial derivative with respect to the J  generalized 

coordinate; K = 1,2, ... ,12 and represents the partial derivative 

with respect to the K  generalized coordinate except when K = 12. 

This signifies only one derivative has been taken; L = 1,2,3 for the 

x,y, or z direction. 

Near the beginning of subroutine NAME in the FORTRAN program, the 

differential expressions PT(I,J,K,L) are combined to give the partial 

derivatives of the original position vectors.  These derivatives have 

the variable name PKE(I,J,K,L) where I = 1,2,3,4,5, for the five 

position vectors and the J,K, and L run to 11, 12, and 3 respectively. 
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The next energy term to be discussed is the kinetic energy 

(angular part).  Equation (B-14) determines the derivatives that are 

needed for the rotational part of the kinetic energy.  Since the 

inertia terms are constant in the A and B vectors of equation (B-14), 

all that is necessary at the moment is to define the quantities 

W (i), W (i), and W (i) where i = 1,2,3,4,5 for the five masses and 
x    y        z 
then differentiate these terms.  This procedure begins on line 2390 

in the FORMAC program of Appendix C. Because equations (A-5) and 

(A-6) are equal, only four angular vector quantities need to be 

differentiated.  The definition of the four quantities begins on 

line 2650, however, the development starts on line 2390 and because 

of the ease in following the program, it is not necessary to discuss 

the matrix operations defining the angular velocity expressions. 

The inertia terms are combined with the partial derivatives of 

the angular terms in the FORTRAN program.  Also, the coefficients 

of the acceleration terms are added to the acceleration coefficients 

of the translational part.  The remaining terms are added into the 

right hand sides.  Because equations (A-5) and (A-6) were equal, 

it was not necessary to calculate the partials in (A-^6) ,  However, 

their corresponding inertia terms have different numerical values 

and must be combined appropriately.  Therefore, equation (A-6) is 

set equal to equation (A-5) in subroutine DER2 so that this can be 

accomplished.  Thus the subscripted variable for the masses now 

runs from 1 to 5. 

Since differentiation with respect to the generalized velocities 

is required, the definition of the subscripted variable changes for 

the angular quantities.  These are as follows for the variable 

PW(I,J,K,L). I = 1,2,3,4,5 and defines the I  mass that is being 

delt with.  J = 1,2,...,12 and defines which partial derivative has 

been taken with respect to the J  generalized coordinate.  K = 

1,2,...,12 and defines which partial derivative has been taken with 
f~ Vi 

respect to the K  generalized velocity.  L = 1,2,3 for the x,y or z 
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direction. When J = 12 and/or K = 12, this indicates no partial has 

been taken with respect to the J  generalized coordinate or the K 

generalized velocity or both.  An examination of equation (Br-14) shows 

both the A and B vectors are required with no derivatives.  The deriv- 

atives for equation (B-15) already exist from those taken in equation 

(B-14).  Since there are not any similar terms in these two equations, 

the negative of (B-15) is required as was not the case in the trans- 

lational analysis. 

The partial derivatives of the subscripted variable OMEGA (I,L), 

which begins on line 2650, are defined to be PW(I,J,K,L). 

A discussion of the derivatives for the potential energy will 

now take place.  The potential energy function, PE, is defined to be 

PE = i  U., see equation (A-15).  As required by equation (2.1), the 

partial derivative of each of the six components of PE with respect 

to the generalized coordinates must be taken.  The 9U /dq.   did not 

actually habe to be performed as all of the required derivatives have 

already been calculated from the kinetic energy.  This is discussed 

in section 2.5 

The derivatives of U„, U , and U, can be followed in the FOKMAC 

program starting at statement number 3710.  In statement number 3860, 

LAM25 (1,KKK) was LAM25 (3,KKK) when 9U /3q. was taken.  The 3 was 
J     — 

changed to a 1 for the partial differentiation of U' in the dissipative 

energy.  Working with TSO, this change was very simple as compared to 

coding additional statements.  This short cut is rather unfortunate 

as the step by step procedure in the FORMAC program is not entirely 

in sequence.  Only 230K bytes of core was allowed and thus every 

possible use was made of every previous operation. 

The subscripted variable PU(I,J,K,L) for the potential energy 

has the following definitions for the subscripts.  I = 1,2,3,4 and 

refers to IL through U .  U and U are added to the right hand sides 
1        4   5b 

in subroutine NAME.  J = 1,2,...,11 and represents differentiation 
t-Vi 

with respect to the J  generalized coordinate.  K = 12 since second 
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partials are not taken.  L = 1,2,3,4 for the U as this term was 

broken up into 4 terms due to the 4 ground springs, see definition 

of variable DA(I,J,K,L) in section 3.1.  U and U were each performed 

in two parts as indicated by equations (A-13) and (A-14). 

The dissipative energy function, DE, is defined as DE = U- + U + 

Ü where Ü.,Ü and Ü are given in equations (A-16,17,18).  The DE 

function requires differentiation with respect to the generalized 

velocities.  Thus, for U  in equation (A-13), let EXP stand for the 

expression involving the sums and products of the matrices.  Then, 

12 

Ul " 2 Ci3 dt EXP 

Consider now 

d r,m        9EXP • + 9EXP •  , 
■—EXP = -r q.  -r— q~ + 
dt       9q  1   9q„  2 

, 9EXP • 
• • H—z— q 

9q  nn 
n 

9U 

9q .   9q . 
K 9 EXP • 9EXP • 

«• + -5  q 
9q   n 

n 

C. . 
9 EXP 

9q, 
ql + 

9 EXP • 
+ -9q~qn 

9 EXP 

9q. 
J 

Therefore, only the 9EXP/9q. is calculated and the sums and products 

of terms are performed in subroutine NAME.  The utilization of the 

calculations performed in the potential energy were taken advantage 

of in obtaining the expression EXP. 
1   *  2 

The necessary derivatives for the dissipative function U„ = ^C. (L„) 

may be obtained by the following analysis. 

d 9L2   • 9L2   • 
dTL2   =   9qT qi +  9^7 q2 + + 

9L0 2   • 
9q     qn 
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9Ü       .  3L        .   9L 
— = C. (L_) — = C. (L ) -^~- 
9qk 3qk k 

.  9L2 
Thus, only 8L„/3q, needs to be determined,  C. (L0)-5—" is assembled 

in subroutine NAME. 

The same analysis is performed for U .  That is, 

3U     .  2   3L 

8qk k 

where 

9L  .    9L  . 9L  . 

3   9q;L '1   9q2 
M2        9qn n 

The required derivatives for the generalized forces are defined 

in section A6 of Appendix A. The reader can easily follow through 

the FORMAC program by refering to section A6 and subroutine NAME. 
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4.0 CONCLUSIONS AND RECOMMENDATIONS 

This report exhibits the techniques of utilizing FORMAC for the 

generation of the equations of motion of a complex weapon system. 

The development of this technique was a major objective of this effort. 

It allows the analyst to spend considerably more time formulating the 

problem and not be too concerned about the enormous amount of math- 

ematics to be performed.  It also allows a completely nonlinear model 

to be developed and thus it is no longer necessary to linearize the 

generalized coordinates to achieve simplification of expressions.  The 

procedure of linearizing is very time consuming, nearly impossible 

for large degree of freedom systems, and the risk of generating 

numerous errors is quite high.  Utilizing FORMAC, the differential 

expressions are punched on cards in FORTRAN format which eliminates 

any potential key punching errors. 

A computer model has been developed for the simulation and is 

operational.  The model output appears reasonable based on current 

data available and a knowledge of how the system performs under 

dynamic conditions of firing.  Due to the impending closure of Rodman 

Laboratory it was necessary that this report be written in a limited 

time frame since both authors were leaving the laboratory.  The work 

presented in this report was initiated during the month of October, 

1976 and was terminated in January, 1977.  Therefore, some refinements 

and corrections to the model which would have been made if time per- 

mitted are discussed below. 

A better understanding of the friction brakes in both the 

elevating and traversing mechanisms and an improved logic criteria 

is desired.  The value ß„,,AV may be a "break away" torque and under 

dynamic conditions is inaccurate.  A more desirable logic might be 

lf      | £   (IY)| -- BEMAX then i = Y=0soiY = 0 
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if     I £ (IY) I > ßEMAX then ßE = ßEMAX (Signium y) 

where     I = l^     +  ^  + MR ( n + ? ) + ME ( r^ + S^ 

A more accurate value of g may be obtained when test data becomes 
E 

available. 

At the time of this analysis, only the total resisting force, 

R(t) + C(t), was available and was defined to be R(t).  These forces, 

R(t) and C(t), should be individually determined as functions of the 

generalized coordinates to permit parametric variation studies on 

orifice area effects and to justify optimization design studies as 

meaningful.  The computer program has been written to accommodate 

these changes. 

Determination of the hydraulic force coefficient (ß) resulted 

in such a large force (due to the exceedingly small orifice area) 

that it exceeded the force expected from deformation of the cylinder. 

Therefore, the spade cylinder was ignored in the computer runs by 

setting g=0.  However, if modification to the spade cylinder are 

made to allow the cylinder to act as a shock absorber, the design of 

the cylinder may be evaluated by this model, 

Initial conditions may be determined in two different ways: 
9P E (1) set -~—-   = 0 and solve the resulting system of algebraic 
qi equations for initial values of the generalized coordinates or (2) 

assign a dashpot with each spring and without applying B(t), let the 

computer solve the system of equations until equilibrium is obtained. 

The resulting values of the generalized coordinates are then used as 

initial conditions.  Due to time limitations, a simple static analysis 

was used to define initial conditions for the sample output of 

Appendix F. 

A secondary output from the program is the dynamic loading on 

the various components.  Spring loads are directly determined from 

the program.  However, to determine interaction loads on various 
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components, free body diagrams will have to be developed and equations 

of motion written for the components.  Since accelerations of the 

components are known from the program, it only remains to solve for 

the forces which should then be compared with the results from 

experimental test data.  Finally, the model should be validated against 

data obtained from field tests which are to take place during FY 77. 
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APPENDIX A 

Derivation of Energy Expressions and Generalized 

Forces for MHO Self-Propelled 8" Howitzer 

Al.  Coordinate Systems 

0. - ABC an inertial coordinate system having its origin 

at the mass center of the weapons system combi- 

nation in the firing position.  The 0 - AB plane 

is horizontal and parallel to the earth's surface. 

The 0 - BC plane is vertical. 

0 - A'B'C' a coordinate system having its origin fixed at the 

center of mass of the weapons system combination. 

This coordinate system is at all times parallel to 

0 - ABC.  The coordinates of 0 in 0- - ABC are 

(x, 0, 0). 

0. - A"B"C" a coordinate system reflecting the roll (6) and 

yaw (ijj) of the weapons system combination.  The 

coordinates of the mass center of the vehicle (0.) 

are located in this coordinate system by (a.. , a„, a»). 

0 - XYZ a coordinate system having its origin at the mass 

center of the vehicle prior to the y and z transla- 

tions of the vehicle and is at all times parallel 

to 02 - A"B
MC". 

0. - X'Y'Z' a coordinate system having its origin fixed at the 

mass center of the vehicle.  This coordinate system 

is at all times parallel to 0„ - XYZ.  The coordi- 

nates of 0, in 0 - XYZ are (0, y, z). 
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0 - X"Y"Z" a coordinate system fixed in the vehicle and re- 
4 

fleeting the pitch ($) of the vehicle.  The end 

points of the braces and spade cylinders are located 

in this coordinate system by (A.. , A_, A.), (A.., A_, 

A3) and (B , B2> B3>, (B.^ B2> B3> respectively. 

0 - x,"y,,,zl"       a coordinate system having its origin at the center 

of the traverse bearings; 0 - Z'" being the center 

of traverse.  This coordinate system is at all 

times parallel to 0, - X"Y"Z".  The coordinates 

of 0C are e., e„, e- in the 0. - X"Y"Z" coordinate 
5     12  3       4 

system. 

0 - X Y Z        a coordinate system that reflects the traverse an- 

gle, *.  The coordinates of the mass center of the 

traversing but non-elevating parts are f , f_, f_ 

in this coordinate system. 

0, - SHZ a coordinate system having its origin fixed at the 
6 

midpoint between the trunnions.  This coordinate 
iv iv iv 

system is at all times parallel to 0,. - X Y Z 

0, - S'H'Z' a coordinate system that reflects the pitch of the 
6 

gun (y) relative to the understructure.  Note that 

the initial value of y  is the angle of elevation. 

The coordinates of the mass center of the recoiling 

parts are £,n»C in this coordinate system.  The 

coordinates of the mass center of the elevated 

but non-recoiling parts are £.. ,n, > £■■• 
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0 - uvw a coordinate system having its origin at the center 

of pressure of the spades.  The coordinates of 0 

in 03 - XYZ are (g , g2+v, g3). 

U'V'W a coordinate system fixed in the spade and reflecting 

the pitch (v) of the spade.   The coordinates of 

the mass center of the spade are (h.. , h„, h„) in 

this coordinate system.  The coordinates of the 

end point of the spade cylinders and braces attached 

to the spade are (+ C , C2, C,) and (+ D'  D^, D') 

respectively. 

A2.  Coordinate Transformations 

C 
"   A   " "   A'   " 

B = B' 

C C 

where 

x 

0 

0 

+ x. 

where 

X = a 

A' ~ "All 
B' = X 

a Bl c J LcJ 

cos 6 0 sin 6 

0 1 0 

sin e 0 cos e 
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where 

r Aii -  A"" 

BI *h B" 

LcxJ _ c"_ 

xb = 

cos lj;  -sin ty      0 

sin IJJ   cos 4»  0 

0      0     1 

So 

and 

r A'1 ~ A"- 

B' 
■ x? 

B" 

_ c'_ . C". 

' A" " 
- x _ 

B" = Y 

- c" . Z 

where X„ = 

where 

L 3 J 

+ A, 

X " X*' 

Y = Y» 

.  Z _ . z'_ 

where 

y 

2 

+ x, 
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and 

y"/ x 'x, 

■ x'- '  X" _ 

Y' =  \ Y" 

-   Z'_ _ z" _ 

where 

X. = 

1 0 0 

0 cos  $ -sin <f> 
0 sin <J> cos * 

X" " "     x„,- 

Y" = Y"» 

Z" z'"_ 

where 

X6 = 

L e3 

+ A. 

xv 

X"»   " [xivl 
Y'l» 

=     X7 
YiV 

z"' _ L ziv J 

where 

COS    T -sin T 0 

sin T cos   T 0 

0 0 1 
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.IV 

,iv 

xiv c 

Y1V = H 

ziv Z 

where 

and 

=     X, 

where 

H* 

Z' 

1 0 0 

X9 = 
0 cos Y -sin Y 

0 sin Y cos Y 
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Now 

W 

X "u" 
Y = V 

Z w 
L   J »-       _ 

where 

10 

10 

g2 
+ v 

and 

where 

= X 

11 

11 

U' 

V 
W 

1 0 0 

0 COS    V -sin v 

0 sin v cos   V 
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A3.  Kinetic Energy 

Define 

M 
vs 
M \ 
M 

s 
Mt 
M e 
M 

Mass of vehicle/spade combination 

Mass of vehicle 

Mass of spade 

Mass of traversing but non-elevating parts 

Mass of elevating but non-recoiling parts 

Mass of recoiling parts 

Define the coordinates of the mass center of Mj 

M 
vs 
M 
v 
M 
s 

M. 

x, 0, 0 

al» a2' a3 
h^, h2> h^ 

fl' V f3 

in 0± - 

in 02 - 

in 0? - 

in 0,. - 

ABC 

A,,B,,C" 

U'V'W 
xivYivziv 

M 
e 

M 
^1' nl' ^1 
Z,  n, C, 

mo6- 
in 0, - 

E'H'Z' 

H'H'Z» 

Define the vectors in the 0.. - ABC coordinate system from 0.. to 

the mass center of M as 

M 
vs 
M 
\ 

M 
s 

Mt 

M 
e 

M 

-y 
P 

->■ 

R 
-y 
S 

T 
-*■ 

U 

and the vectors to an element in M. as 
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M 
vs 
M 

M 

M. 

P 

q 

r 
-»- 
s 

M 
e 

M u 

Define p as the vector from the mass center of M to the element of 

Mi, e.g. 

Q + PQ - q 

The angular velocities are determined as follows 

px 
Ü 

py 
0 
pz 

-  X. 
-1 

J A"B"C" 

(A-l) 

and 

qx 
o 
qy 

qz 

-  X 
-1 

X"Y"Z' 

"to "*1 px 
to + 0 

py 
to- 0 

ps ^ 
..        — 

(A-2) 

Also 

rx 
to 
ry 

rz 

- X 
-1 
11 

U'V'W 

"to " V 
px 

to + 0 
py 

to 0 
pz 

L_              _ - 

(A-3) 
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Now 

sx 

sx 

sx 

-1 
- X 

xivYivziv 

"to 
qx 

"o" 

qy 
+ 0 

• 

qz 
T 

(A-4) 

and 

tx 

ty 
Jtz 

= X 
-1 

LU'J E'H'Z' 

_           _ "*      • 
ID Y sx 
tli + 0 

sy 
(Ü 0 

sz —         — 
L-           -^ 

(A-5) 

Finally 

0) ux 

uy 

uz_ _l =1Dl7l H'Z' 

w. tx 
ID 
ty 

"tz Ü). 

(A-6) 

The kinetic energy differential is written as 

dT - % q • q dM + ^ r • r dM + % s s dM + h t  •   t dM 
t e 

Since 

then 

but 

q = Q + P, 

•      •      • 

q = Q + Pr 

PQ = "Q X PQ 
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so 

q - Q + u)Q x pQ 

Now 

M 

% q q dMv • J$ 1 Q 

M 

Q . Q + 2Q . ü>Q x PQ + (wp x PQ ) . CüJQ 
x PQ Cn *Pn>  *< 

or 

I % q q dMv - Jj Q Q Mv + Q [pQ dMv + H [( WQ JPQ dMv + H  1 % X PQ) 

M v 
M M 

% X PQ} dMv 

but 

JpQ ^ * ° 
•M 

and neglecting cross products of inertia 

H Qq  x p-Q) • CQ  x p-Q) dMv - % (IQX w2x + IQY U2Y + IQZ W2Z) 

M 

So 

KE = % M Q2 + ^ M R2 + % M S2 + ^ M T2 + ig M U2 v       s        t       e       r 

+ h  (IQX "QX + V "QY + V UQZ> + h   (IRX "RX + XRY <4Y + XRZ uiz> 
+ h   (ISX USX + XSY WSY + ZSZ "Iz* + h  (ITX UTX + XTY "TY + hi  «TZ* 

+ h  (IUX U§X + rUY ^uT + XUZ »UZ* 

where u) . is the absolute angular velocity of the i  body around the j axis 

of that coordinate system fixed in the body. 
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Now 

\ + *2 (x3 + V 

R 
a 

*b 
R 

Xl + X2 ( X3 + X10 + Xll 

(A-7) 

(A-8) 

Xl+X2    X3+X4+X5       X6+X7 

Xl +X2      X3 + X4 + X5      X6 + X7      X8 + X9 

(A-9) 

U 

Xl+X2      X3+X4+X5      X6+X7      X8+X9 

K 

n 

(A-10) 

(A-ll) 

A4.  Potential Energy 

Define 

x0= [o 0 l] 

Then the potential energy of the component weights is given by 
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Ul - f v A0 [h + A2<*3 + V]+Vo[*l*A2[^ + *" + *. V2 A3 T  A10 + AH h2 
L h3  JJ 

+ Mt A0 [Al + A
3 + \  + A5 A6 + A7 

+ M A. 
e 0 Al + A2 3   4   5 A6 + A7 A8 + A9 

\ i 1111 
(A-12) 

+ \A0 Al + A2 A3 + A4 + A5 A6 + A7 A8 + X9 
'Mill' 
n 

? J 

Assume vertical ground springs at the front and rear roller wheels.  In 

0, - X"Y"Z", define the coordinates of the point of contact between ground 

and roller wheels as 1  , m  , n  for i = 1,2 and j = 1,2 where i = 1 is 

right, i = 2 is left, j = 1 is front and j = 2 is rear. 

The coordinates of the roller wheels ground contact in 0- - ABC are 

1, 

Al + A2 *3 + \  + *5 m 
ij 

ij 

LnijJ 

and the extension/contraction of the springs is 

Al + A2 
A3 + X4 + A5 

[ x« 
- 

"13 
n. . ■* 

A3 + 

■ nij 
. - 

and the energy stored in the springs is 
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* EKij i xo 
x1 + x2 

r hi] - 

V mij 
■* [niJ 

* 

x3 + x4 + x5 
hi - -1 

ffiij 

_nijj 

if 6 . . < 0 then K,, - 0 

The coordinates of the end points of the braces prior to motion are 

(in 0? - U'V'W) 

-                             - 
' 

gl '±»1 

ti - g2 > D2 

A3 _g3 
Di 

Thus the original length of the brace, 1^, is 

2 

/ 

A. ,   A. "gl ±Di 

^2 - g2 
- D2 

\ 

.tl        - .83. L     D3. 

The coordinates of the end points  during motion  (in 0^ - U'V'W)   are 

-1 
Xll(  XA+X5 

Al'  Al 

*2 
-  X 10 

±Di 
D2 

D3  J 

Thus the length of the brace, L2> is 
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Al* Al 

- X. D2 

D3J 

The energy stored in the braces is 

U3 = * Ki (L1 " Vi i = 1,2 (A-13) 

The coordinates of the attachment of the two ground springs (always per- 

pendicular to the spade) in 02 - ABC are (+ o^, a2, a3>.  In the 0? - U'V'W 

system the coordinates are 

£ 
±°1 

Xl | " X3 " A10 

Prior to motion, the coordinates of the spring attachments in C>7 

are 

- U'V'W 

±al 31 + gl 
a2 

- a2 + g2 

a3 a3 + g3 
L            J L- 

The displacement of the springs, 6., is the "y" component in 

and so 

•s (-?( 
±V 

a2 

.    a3 -'■) 
-X3" 

■"")■( 

±ai 
a2 
a3 

- 

■ a± + gl 

a2 + g2 

a3 + g3 

UA = h K[ l\ i = 1,2 (A -14) 

\ 
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The energy associated with the tipping parts is defined as 

3U. 
F(7) 

3q    E   L fN2 [" S3 " (°2 ~ V Sin T + (°3 " d3} COS Y J 

- N, [- N2 + (02 - d2) Cos Y + (03 - d3) Sin y 1 1 

2 "\ 1/2 

L = 

0 / 'U \1 
N2 A °2 

*•) W \ 
L°3J 

where 

- B(t) • CDuntil B(t) • C > ßPMAY then ß = 3 EMAX E  MEMAX 

when Y < 0, ßE = 0 

Also, the energy associated with the traversing parts is defined as 

U6 - 3T • T 

where 

BT = B(t) (-5 ) until B(t) I C  I > 
B '    TMAX 

then B =* ß w.„ when T < 0, ß =0 
T    TMAX '  T 

The potential energy function, PE, is defined as 

PE = ZU. 
1 X 

(A-15) 

A5.  Dissipative Energy 

The dissipative function associated with the roller wheel springs is 
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V*ciWit (x° 
x1 + x2 A3 + X4 + X5 

ij 
mij 
n.. 

(A-16) 

The dissipative function associated with the brace is 

°2 - * C1B [li  <L1 " V] 

or since L.. = 0 

U2 " h  CiB(V (A-17) 

The coordinates of the end points of the spade cylinders during motion 

(in 0 - U'V'W) are 

£ \ + X5 

V Bi" 
B2 

LB3 

- X 
10 

±q 
C2 
C3 

Thus the length of the cylinder is 

L3 "  ( [. AiJ ( h + h 
Br Bl" 
B2 

LB3 Ä 

v10 C2 
C3 

2 v % 

Thus 

U3 = 1/3 ß (L3)' (A-18) 

The dissipative energy function, DE, is defined as 

D.E. = zn 
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Note that there is no dissipative function associated with the yaw and 

pitch springs of the traversing and elevating parts, respectively. Also 

3 " 2g  A2 

where a  = specific weight of oil, A = area of piston, and AQ = effective 

are of orifice. 

A6.  Generalized Forces 

The breech force acts at (E, r\n,   C ) in the 0, - 5'H'Z' coordinate 
B  o       B ° 

system and in the -n direction.  The recoil force, R(t), acts at 

(E , n , 5 ) in the 0, - 5'H'Z1 system and in the n direction but is 

an external force in the n equation only.  The components of the breach 

force in 0 - ABC are 

"B(t)A" 0 
B(t)B 

~    X2  X5  X7  X9 
-B(t) 

_B(t)c 0 

In 0. - ABC the coordinates of the points of application are Ag, Bß, Cß 

\ 

B 

Xl + A2f X3 + A4+X5(X6 + X7(X8 + A9 

The generalized force is 

B(t), 

Q: B(t) 

B(t), 
B ^ 

BB 

CB 

, where T\    =  n + eß 
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Similarly, 

Q"       = 

R(t)i 

R(t), 

R(t), 
3q. 

R J 

, where r\    = n + eR 

and 

R(t)i 

R(t)j 

R(t) 
C J 

= x2 . x5 • x? . x9 

0 

R(t) 

0 

and 

BR 
CR 

-x1 + x2(x3 + x4 + x5[x6 + x7(x8 + x9 ■R 

Also, a recuperator force, C(t), acts at £^ nfi Cc« Thus 

Qllt 

n 

C(t)^ 

C(t)j 

C(t) c J 

9<u 
c 

L    c 

where n    = n + e 
c c 

where 

c(t)i 

C(t)] 

C(t)( 

= x2 . x5 . x7 • x8 

0 

C(t) 

0 

and 

X±  + X2 ( X3 4- X4 + X5 ( X6 + X7 ( X8 + X9 
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Define 

»ö- 10  0 

then the displacement of the horizontal ground springs is 

Ö'ij " Xh Xl + X2 
x3 + x4 + x5 

f^l • 

m. . 

LnijJ . 

X3 + 
ij 

m. 

'ij 

and the horizontal force is - K'       X'     .     The generalized force is 

Q   ,.   such that 

F..  = 
-K'   .6',.       if 

ij     ij -K,«*,u ' <WKU4« 

-y K  «±1 (Signum 5'  )  if  j - K'±j 6^.) > y K±j 6±j 

Note when 6.. < 0, K . = K'   = 0 
ij —    i3    IJ 

jv 

ij 

ij 
0 

0 
3<i 

Xl+X2lX3 + X4 + X5 

ij 
m. 

Lnij 
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APPENDIX B 

Mathematics of Solution Technique 

Since FORMAC takes only partial derivatives the following analysis 

was required to determine which derivatives are actually needed and 

once they are obtained in what manner are they combined to produce the 

equations of motion. 

To begin the analysis the expression for the Lagrangian which 

yields the equations of motion is 

A.   3JMi _ 9(KE) , 8 (DE)   3(PE) = F 
dt ~3q.     dq.     + dq.     +  3q..     j ^"D 

where      j = 1, 2, . .., k 

KE = Total kinetic energy 

DE = Total dissipative energy 

PE = Total potential energy 

F. = Generalized Force 
J 

q. = Generalized coordinate 
J 

q = Generalized velocity 
j 

t = Independent variable, time 

k = Number of generalized coordinates 

Consider at first only the kinetic energy terms of equation (B-l) 

and write 

1 3(KE) 3(KE) _ d  3(T+W)   3(T+W) 
dt  3q. 3q.   dt  3q.      3q,                   (3~Z) 

where      T = ?T., T is the translational part of the kinetic 
i=l energy 
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W = EW., W is the rotational part of the kinetic energy 
i=lX 

n = Number of masses 

T. = 1/2 M.Q.'Q. 

W. = Q^ p .m.+l/l   I (^.xp",)'(w.xp .)dM 
M.        -*M. 
l i 

•th 
M = i- mass 
l 

Q. = Position vector of the l- mass 

p  = Vector from the mass center of M to an element of M 
i 1 

a;. = Angular velocity of mass M^ 

Now consider only the T. and dropping the subscript on the T for 

convenience as though only one mass is being studied at this time.  An 

examination of the expression (B-3) will proceed. 

_d_ 9Q'Q (B-3) 
dt  dq 

where      ^ _ an T 

Since Q is a function of the generalized coordinates only, i.e., 

Q = Q(q1»q2
,,-"qk) 
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where the double subscript on i refers to the Einstein summation 

notation and runs to the value k.  From (B-4) 

q        i1 i      <i2 

+ V*1* 

*     4, a   + t   A4o   + 1   qM   +   • • •   +  %kq\  + ?q^ =  Qq/l + ^Iq   ■   -q2q^2   '   \^ 

Since Q is a function of only the coordinates 

+     J5   ^I + £   9dl2 +        + i5  !i . M 
Q^ 9qk    3q       3q 

or Q.   = <$ 
q      q 

(B-5) 

Therefore, 

4- -4 

9q xq   x Hq 

and 

_d_ 
dt 

4- 4-" 

3q dt 2« 

4- 4 
For one mass, say T = 1/2MQ-Q, then 

_d_ 
dt 

3T d_ [ 31/2 MQ«Q 
dt    3q 

_d_ 
dt 

->- 4- 
MQ -Q 

q 
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Examination of the term 

3F %-U 

yields 

[<$   -Q]     =   [Q   -Q3   q_   +   [Q   -QJ   q     +   ...   +   [Q   -Q]   q 
q q    qx i        q    q2 2 xq    qk

Hk 

+ [V^i + [v\^ + •••+ [v\\ 

Since Q is a function of only the coordinates, terms like Q .  go 
qq± 

to zero and using the results of equation (B-5) the above expression 

reduces to 

or <V*] = [ V^+ \\]h+ •••+ [v4 + VV** 
-*•->■ ->        -»■ 

+ Q *Q    äi + ••• + Q " Q    q'i (B-6) 
q   q^1 q    qk 

k 
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Since 

Q   = 
q 

T  q, +^-qo + 
ql q2 

, 3Q . 

32Q     . 32Q,.     . 3J^_   . 
3qJL8qqi       3q23q  q2        ■**       3q   3q qk "VqV     (B-7) -q±q 

And using the results of equations B-4, 7, equation B-6 becomes 

_d_ 
dt M Q  *3 4. + 3 *Q   4. 

qql qi x   q qiql 1 
ql + •4 q. 

qqk q± x 
+ 

K q  q±qk x ^+Wi+,,,+v\qk 

= 4i Q   *Q q. + ... + q, Q   • Q  q. 

+ Q *Q   q.q, + ... + Q -Q   q.q, 

+ Q «Q q + ... + Q .Q q 
q   qx i q   qk 

k 

1 qq, kxqq, Q q. 
qi X 

+ V Q   q.q, + ... + Q   q.q, 
. qiql x X       qiqk x k 

+ Q • q J- k 

• Q   ' 0* q. + Q *$    q.q. + $ -Q  i], 
J qq-j q^ i \   q^ 4iMj \ \±  ± 
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Thus, for one mass the following result is obtained 

_d_ ^T = _d_ 
dt 3q  dt 

VV1 

M(5 «Q 
q 

= M a '$  *3 q. + Q *Q  q.qi + qj \qj \ i  q q^-j x J 

(B-8) 

When more than one mass is involved a summation over all masses 

must be performed.  Equation (B-8) would take the form 

, az T. 
_d i 
dt  Sa 

(B-9) 

Before proceeding with the rotational part of equation (B-2), an 

examination of the translational part of the second term of that equation is 

given below.  For ease of notation consider only one mass.  Then, 

11 =JL 
3q  9q 

1/2MQ-Q l-L> 42» • 

and 

_3_ 
3q 

1/2MQT-Q 
M 
2 

Qq.Q+Q.Qq 
M   -V   4- 

2 K'Q 

or 

— = MQ • Q = MQ   q. • Q  q, 
8q     q  X     \±<l    1   qj J 

(B-10) 

from B-4 and B-7.  The results of equation (B-10) also appear in 

equation (B-8); and since (B-10) is preceded by a minus sign, these 

terms cancel and equation (B-2) becomes 
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dt 8q   9q 
= EM Q • Q    q.q. + Q • Q  q*. (B-ll) 

n 
It was seen earlier that W = £ W. , where 

i=l   X 

W.   = Q. • ÜL- 
1       ^1      XJ 

„„ P.dM.  + 1/2 
Mil 
i 

(to     x p   )  • (a),  x   p .) dM. 
M.     l l       vi i'      j 

1/2 I     (I) o)2(i)  + 1/2 I     (i) 0,2(1)  + 1/2 I     (i) 0)2(i) (B-12) 
A/i. A. y y y z z z 

-   [i     (i) u   (i) Ü)   (i)  + I     (i) to   (i) to   (i) + I     (i) to   (i) to   (i)l L xy x y xzxz yzyzv/J 

r 
since J  pidMi = 0.  Equation (B-12) can be written in matrix form as 

M. 

K± = A(i) B(i) 

Where A(i) and B(i) are defined as 

A(i) = 

1/2 1  (i)co (i) - I  (i) to (i) 
xx    x      xy    y 

1/2 1  (i)to (i) - 1  (i) to (i) 
yy  y    yz  z 

1/2 1  (i) to (i) - I  (i)to (i) 
zz    z      xz    x 

IT 

;  B(i) - 

UJ (i) 
x 

coy(i) 

coz(i) 

The subscripts are dropped again as a matter of rotational convenience. 

~  = W. = (AB). = A.B + AB. 
3q  q    q  q    q 

Since W is a function of the generalized coordinates and generalized 

velocities i.e., W = WCq^ q2 q , q  q   ..., q )  then 
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± [W.]- A.^ßq,   +   A. B^q, +   ...   + A.qkBqk+  A. B^ qfc 

+ A^1
W|i + AqB41

,1i+"-+A«k
B'lk + Aq\,Ik 

However,   terms  like A.,     and B..     go  to  zero because each of  the 
qq±   q^i 

vectors is linear with respect to the generalized velocities.  Equation 

(B-13) reduces to 

(B-13) 

-J. fw. "! = q A.   B + A.B  q. + q.A B. + AB.  q 
dt [ q J   4i qq±     q q.. J    i q± q    qq± * 

+ A.B q\ + q.A. B. (B-14) 
q qji  J qj q 

The remainder of the rotational terms are 

3W 
■5- = A B + AB (B-15) 3q    q       q 

The above analysis describes which partial derivatives must be 

taken and how they are combined for the kinetic energy.  The derivatives 

of ehe other energy expressions are either obtained from the kinetic en- 

ergy or are completed separately.  For the most part, those differential 

expressions which cannot be obtained from the kinetic energy are easily 

calculated by the use of FORMAC.  In order for the reader to see more 

clearly the use of equations (B-ll), (B-14), and (B-15), a discussion is 
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given in section 2.0 with FORTRAN to see exactly how terms are combined. 

Also, in section 3.3 this is discussed further with actual application 

to an artillery problem. 
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APPENDIX C 

FORMAC Program 

This appendix contains a listing of the FORMAC program which was 

used to generate the differential expressions to solve Lagrange's Equa- 

tion.  This program was developed on the IBM 360/65 operating system 

Time Sharing Option (TSO).  A maximum of 230K bytes of core storage was 

available and thus segments of the program were commented out when not 

utilized.  Because of the ease in which TSO converses with the user, 

the values of some variables were changed to accommodate a quick form- 

ulation for the next energy expression to be evaluated.  At all times 

maximum use was made of all previous coding and so some expressions may 

appear, at first glance,out of place. 
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APPENDIX D 

The Square-Root Method 

This appendix presents the method that was used to decouple the 

acceleration terms, i.e., solve the matrix equation AX = B.  The method 

can also be used to solve any system of linear equations of the form 

AX = B if the A matrix is symmetric, which is the case when solving 

Lagranges equations of motion. 

The algorithm used is called the square-root method.  In case the 

coefficient  matrix of a system is symmetric, finding the solution is 

made more expedient by taking advantage of the symmetry.  Using the 

equations presented in Reference 1 produces pure imaginary numbers in 

the computational scheme and so a modification to that algorithm is 

given here to alleviate the problem of imaginary numbers. 

A FORMAC program was developed using the modified square-toot 

method to solve a system of equations either numerically or symbolically. 

The program is listed here along with results, both numeric and sym- 

bolic.  Cards can be automatically punched in FORTRAN format. 

FORMAC can be used to obtain symbolic solutions in problem areas 

which heretofore could only be approached numerically. This is well 

exemplified in this appendix. 

The solution of a system using the square-root method reduces to 

the solution of two triangular systems.  For the equation 

AX = F 

the algorithm according to Reference 1 is 

'11 

11 

=  /a 
11 Slj  = alj/sll 

i-1 ^-i 

a. .  - £      s   , ii ,     mi m=l 
,   i  >  1;   s 

ij 

i-1 
£       s   .   s   . 

,     mi    mi 
m=l J 

/Sii*  *   >  i 

s±j  - 0,     i >  j 
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i-1 
f. - Z       s .k 

r, l    .  mi m 
k - -±  , '     k. =  2-i   ± > ! 
1  sll        X      Sii 

The final solution is found by the formulas 

n 
, k. - Z              s. x 
k l    . , -   im m 
n m=i+l   . _, 

x = — , x. =   ; l < n 
n  s l       s. . 

nn li 

In case the elements of the matrix are such that radicands of the ex- 

pression s.. are negative, pure imaginary numbers appear in the r w 

for which s?. < 0.  To alleviate this problem, the following defini- 

tions are made 

s,, = a.,        , s  = a.. 
11   11 13    iJJ 

c.  = l/sni      , c.  = 1/s..; i > 1 
1      11 l      li 

i-1 2 

s. .   = a..  - Z       s.c,i>l 
li   li    ,  mi m 

m=l 

i-1 
s.. = a. . - I  s.s.c,j>i 
13    13  m=1 mi mj  m' 

s. . = 0,  i > j 
13 

i-1 
k,=f , k.=f.-Z,s.kc 
11 li  m=l  mi m m 

n 
x = k c        , x. = c.k. - Z s.  x c.: i < n 
nnn 111    . .,  im m l 

m=i+l 
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2 
With this method, approximately n /2 elements of the S matrix and 2n 

components of the vectors K and X are recorded.  The square-root method 

is widely employed where the solution of symmetric systems is called 

for and it is recommended as one of the most efficient methods. 

A listing of the FORMAC program is given below.  To solve the system 

of equations AX = F, only the value N representing the size of the square 

matrix A and the variable SOLVE must be changed to produce either a 

numeric or symbolic solution. 

For N = 11 and SOLVE = NO, the output is contained in the FORTRAN 

listing under the subroutine named SOLVE in Appendix F. 
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For N = 3 and SOLVE = NO the following calculations as computed by 

FORMAC in symbolic form solve the system of equations with symmetric matrix 

A. 

A3x3 X3xl = F3xl 

POTENT CARDS DATA 

S(l.l> » A<1,1) 
S(l,2) " A(l,2) 
S(l,3) - A(l,3) 
C(l) " S(l,l)*»(-i ) 
S(2<3) • A(2.3)-S<1.2)»SU.3>iC(l) 
C(2) - (A(2,2)-S(1.2)**2tC(l))»»(-l > 
C(3) » (A(3,3)-S(8.3)*«tC(a)-$(t.3)*«*C(l))«(-l > 
XK(l) ■ F(l) 
XK(2) ■ F(2)-XK<l)*SU,2>tC(l) 
XK<3) • F(3)-XIC(l)*S(1.3)»C(l)-XK(2)tS(2.3)*C(2) 
X(3) - XK(3)*C<3> 
X(2) - XK(2)*C<2)-X(3)*S(2,3)*C<2) 
X(l) - XK(l)*C(l)-X(3)«S(1.3)*C(l)-X(2)*S(1.2)tC(l) 

READY 

For N = 15 and SOLVE = YES (with the appropriate A matrix now 

defined) , the following numeric solution is given.  The solution of 

course is the vector x(l) through x(15). 
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APPENDIX E 

Removal of Imbedded Terms 

This appendix displays the reduction in the number of arithmetic op- 

erations that were accomplished by using FORMAC.  CHAIN and REPLACE op- 

erations enabled character strings involving algebraic expressions to be 

replaced by new variable names and thus eliminate millions of arithme- 

tic operations during the execution of the program. 

The first five equations (53 lines of FORTRAN formated output) rep- 

resent the partial derivatives of U  ( part 2 of two parts ) in the po- 

tential energy with only the sines and cosines replaced, i.e., S6 = 

SIN (Q(6)), C8 = C0S(Q(8)), etc.  The last five equations (7 lines) are 

the result of removing imbedded terms. 

A similar type of reduction in the number of operations was performed 

on all expressions before the FORMAC output was punched on cards. 
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APPENDIX F 

FORTRAN Program and Sample Data 

This appendix contains a listing of the FORTRAN program and a 

sample of the output data. The correspondence between the column 

headings of the output and the Q(i), QD(i), QDD(i) along with the 

units can be obtained in section 3.1. All units are in inch, pound, 

seconds, and radians. 
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FOR IRAN   IV   G   LEVEL      21 DATE   •   77UO 

ELEVEN   OOF   MODEL   OF   MHO TO«   STREEUR   J»«   1977 

THE   KAIN   PROGRAM   ESSENTIALLY   READS   AND   NRITES   DATA.     CONSTANTS 
ARE    INITIALIZED   IN   DER1V   AND   SUBROUTINE   KUTTA   INTEGRATES   THE 
DIFFERENTIAL   EQUATIONS. 

OOOl 
0002 
0003 
000*. 

0005 
0006 
0007 
0008 
0009 
0010 
0011 
0012 
0013 
0014 
0015 
0016 
0017 
ooia 
0019 
0020 

0021 
0022 
0023 
002* 
0025 
0026 
0027 
0028 
0029 
0030 
0031 
0032 

COMMON   /0ATA1/1IME,TINEH,T1MEH2,TINEH8 
CUHMI1N   /DERI V1/0111 1,0DI111,000(11 1 
COWMAN   /KUTTS3/1EPTS,IRPTS,IGPTS 
COWM JN   /XR;ADl/BRCHX(105t,BRCHYI105l,R0DX(105),R0DYU05), 

1   GANMAX(IOS),GAMMAV(105I 
COMMON   /NAME9/H0LR1 
KEAO   1 . IBPTSiIBRCHKII I.BRCHVII I,l'l•1BPTSI 
HEAD   1,JRPTS,IR0CX(II,RDDYI]I,I-1,1RPTS> 
READ   l.lGPTS.IGAMMAXIII.GAHHAVIll.l-l.lCPTSI 

1 FURMATII10/(8F10.0)) 
00   15    1-1 .10P1S 

15   GAMHAXIII-GANHAXII1*3.14159/160. 
FINK.005 
H00R1-1. 
H00R1-0. 
T1HEH2.T1NEH/2. 
TINEH8.T1NEN/B. 
PRINT   2 

2 P0RMATI6X,4HTIM£/I 
PRINT 3 

3 F0RMATI6X,3HETA,11X,1HV,11>,1HX,11X,1HV,11X,1HZ, 9X.3HPMI, 
1  9X.3HGAN, 9X.2HNU, 9X,4KTMET, 9X.3HPSI, 9I.3MTAUI 

INITIALIZE CONSTANTS I« SUBROUTINE DERI« 

CALL DERIV 
20 CALL KUTTA 

PRINT 10.T1HE 
PRINT 10,1011 l,l>l,UI 
PRINT 10,10011 1,1-1,11) 
PRINT 10.(ODD!I),1-1,11 I 

10 F0RNATI11F12.4I 
PRINT 11 

11 FORNATI//I 
IFITIME .LE. FINI I CO TO 20 
STOP 
END 

0002 
0003 
0004 
0005 
0006 
0007 
0001 
0009 
0010 
0011 

0012 
0013 
0014 

0015 
0016 
0017 
00 IS 
0019 
0020 
0021 
0022 
0023 
0024 
0025 
0026 
0027 
002« 
0029 
0030 
0031 
0032 
0033 

SUBROUTINE   0ER1V 

THIS   SUBROUTINF    INITIALIZES   CONSTANTS   AND   DEFINES   THE    IMBEDDED 
TERMS,   22(11,   NHICH   MERE   REMOVED   FROM   THE   PARTIAL   DERIVATIVES.      THESE 
TERMS   ARE   USED   IN   0ER1   AND   0ES2. 

COMMON   /DERlVl/Qllll.OOtlll.ODDUll 
COMMON   /D<£R1V2/A1,A2,A3.ASTAR, XKY1.XKY2 
COMMON   /DERIV3/A1SUB,A2SUB,A3SU8,XKK1,XKK2,A18AR 
COMMON   /DERIV4/XLI2,2),XMI2,2I,XNI2,2I,XM2,2I 
COMMUN   /CERIV5/tl.E2,E3,FFl,FF2.FF3,Dl,D2,03,XU,ETAl,Z£T«l 
COMMON   /DERIV6/B1,B2,83,B1BAR,XI,ZETA 
COMMON   /DEfi]V7/PC(6,12,12,3l 
COMMON   /DERIVe/XIB,EB,ZETA6,XIR,ER,ZETAR,XIC,£C,ZETAC 
COMMON   /DERIV9/BLFT,C0FT,R0FT,FOFG 
COMMON   /NANEl/PTIS,ll,12,3l,PWIS,12,12,3),PUI4,ll,12,41 

1    ,PD(3,11,12,41 
COMMON /NAME7/DA11,1,1,41,OP 11,1,1,41 
COMMON /XZZ90/ZZ190) 
COMMON /DERCON/      Gl,02,C3,01P,D2P ,D3P,C1P,C2P,C3P,ALPHA1, 

1 ALPHA2,ALPHA3,HM,HH2,HH3 
COMMON /TRIG/C6,S6,C7,S7,CB,SB,C9,S9,C10,S10,C11,S11 
ASTAR-ASTAR»3.14159/180. 
G1>0. 
G2--125.1 - 54.193I«SIN(ASTAR) 
G3--7.15   -   54.1931«C0S1ASTA«I 
01PO9.5 
D2P.54.1931»S1N(ASTAR) - 54.0327*SIN<ASTAR « 0.26261 
D3P-54.1931»C05I»STAR1 - 54.0327"COS(ASTAR ♦ 0.2626) 
C1P-D1P 
C2P-02P 
C3P»D3P 
ALPHA1-39.5 
ALPMA2«-125.1 - 54 ,0327°SIN(ASTAR • 0.26261 
ALPHA3--7.15 - 54.0327*COS(ASTAR ♦ 0.2626) 
HH1-0. 
HH2-54.1931»SIMAS1AR)   -   2.°54.0327/3.»SIN(ASTAR   t   0.26261 
HH3"54.1931»C0S(ASTAR> - 2.»54.0327/3.«COS IASTAR » 0.26261 
RETURN 
ENTRY OERFUC 

ZERO ALL DERIVATIVE FUNCTIONS W/R TO KUF.T1C ENERGY 
(NOT INCLUDING THE ANGULAR TERH5I 

0034 
0035 
0036 
0037 
00 38 

DO 1 I*1,8 
DO 1 J-1,11 
DO 1 K«l,12 
CO 1 L"l,3 
PT(I,J,K,LI-0. 

ZERO KINETIC ENERGY ANGULAR TERMS 

DO 12 1-1,5 
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0040 01) 12 J"l,12 
0041 CO II K.1,12 
0042 UQ 12 l"l,3 
0043 12 "II »JiKill'O. 

C  . llttD   DEMVATIVE   fuHCIlDllS   «/•   ID   POTENTIAL   EKEP.GY     U2 
C 

0044 DO 4 1-1 .4 
0045 OU 4 J'l.U 
0046 DO * «■' -l^ 
0047' ÜH 4 L"1.4 
0048 4 PUII.J.K.ll.O. 

C ZE«0   DE11VATHE   FOUCTlOtlS   «/»   TO   0I5SIf>»TIVE   E»E«GV 
C 

0049 DC 5 1-1.3 
0050 DU 5 J-1,11 
0051 DO 5 
0052 DO 5 
005»            5 PDtl,J,«,ll-0. 

C ZERO   DEBIVATKE   HIUCTIONS   «/«   TO   CEHEKUUED   FORCES 
C 

0054 DO   6   1"1.6 
0055 DO   6   J-1,12 
0056 DO   6   K-1,12 
0057 DO   6   L«l .3 
0051                               6   PGIl,JtK,ll-0. 
0059 CfCOSIOIbll 
0060 Sb-SINIOItll 
0061 C7-C0SI0ITI1 
0062 S7-S1N10C7) 1 
0063 CCC0SI0I8H 
0064 St'JIIIIOIIII 
0065 C9-CUSI0I9I1 
0066 S»«S1NI0HII 
0067 cio-cnsioiio 11 
0068 ilO-SINIO!IO 1) 
006» cn-cosiaiiiii 
0070 S11-SINI0I11II 
0071 ZZ(1).C8"S9   •   S8>C9»S10 
0072 IIIJI—CI«S»   -   S8«C9»S10 
0073 22I3|.CB>C9»S10   -   S8»S9 
0074 ZZ14|.-C8«C9>510   ♦   S»»S9 
0075 ZZ(5|.CB»S9»S10   •   5B'C9 
0076 III»t"-C«»S9»iI0   -   S8«C9 
0077 22I7I-C8-C9   -   S8'S»»S10 
0078 ZZ(8).-C8«C9   •   SB»S»>S10 
0079 ZZI9)«C9°S10°S6   ♦   S9*C6 
0080 22(10).-C9"S10«S6   -   S9"C6 
0061 ZZ(11|.C9°510>C6   -   S««S6 
0082 ZZU2|.-C9>SI0»C6   ♦   S9«S6 
0083 22(13)-C9«S6   ♦   S9«S!0"C6 
0084 ZZI14|.-C9»S6   -   S9»S10»C6 
0085 ZZ(15I"C9»C6   -   59>S10»S6 
0086 2Z(16).-C9°C6   ♦   59«S10'S6 
0087 ZII17I"-C1MC»«510   -   SI 1 »C9»C10'C6 
0088 2I(1II-CI1«C»>S10   •   S11<C9'C10'C6 
0089 22(191--C11«C9H10»C6   «   S11>C9»S10 
0090 ZZ(20|.CI!*C9°CIC»C6   -   S11»C9«S10 
00*1 22121 I»Cll»CIO   -   511«S10«C6 
0092 22(22I.-C11«C10   ♦   511«510»C* 
0093 ZZ(23).-C11«S10»C6   -   S11»C10 
0094 ZZ(241.C11*510«C6   »   Sll'CIO 
0095 22(251.C11-C10-C6   -   S11«S10 
0096 ZZI26I— C11»C10»C6   •   Sll'SlO 
0097 22(271.-C11»S10   -   SIMCIO'C» 
0098 22(28|.C11«S10   ♦   S11«C10»C6 
0099 2Z(29!.C11'S9»S10   «   SI1»S9>C10»C6 
0100 22(30|.-(11«S9'S10   -   SI1'55>C10>C6 
Old 22(311.Cll>S9»C10>C6   -   S11»S9«510 
0102 ZZ(32|.-CU»S9H10«C6   •   S11»S9«S10 
0103 22(33|.-C11'C9«C10   »   S11»C»«S10»C6 
0104 22(341.C11>C9»C10   -   SI1»C9«S10»C6 
0105 ZZ(35|.C11»C9°S10«C6   *   SU>C9«C10 
0106 221361.-C11«C9»S10»C6   -   S11»C9»U0 
0107 2ZO71-Cll«5»«C10   -   SI 1 «S9»S10«C6 
0108 ZZ(3S|.-C11>S9»C10   ♦   SI 1•S9°S10«C6 
0109 2Z(391.-C11>S9.S10>C6   -   S11«S9>C10 
OHO Z2I40I«C11»59«S10"C6   ♦   S11»S9»U0 
Oin 22141 ).A25Ub°C6   -   A3SUB»S6 
0112 ZZ(42)-A2SUB»S6   *   A3SUB»C6 
0113 22I43I--C3   ♦   0151   •   ZZI42I 
0114 ZZI44I.-G2   -   0121   »   0(4)   ♦   ZZI4J.) 
0115 ZZI45I--02P   •   22I43I-S8   ♦   ZZ(44I»C» 
0116 ZZI46I.-D3P   •   Z2I43IK8   -   ZZ(441«S8 
0U7 ZZI471.-D1P   -   Gl   ♦   A1SUS 
01U ZZ(48)"-02P   -   G2   ♦   A2SUB 
0119 ZZ149I.-33P   +   A3SUB   -   G3 
OHO Z2(50).2ZI47I°.2   •   2Z(45I«»2   ♦   ZZ(46>°«2 
0121 Z2(51).ZZ(47I"»2 ♦ ZZ(4>>"2 ♦ 2Z(49I°»2 
0122 ZZ(52).-ZZ(50)»«C5 ♦ ZZ(51>"0.5 
012 3 ZZ I 53 I -111 52 I «XKM'ZZ (50 I .»(-.5 I 
0124 ZZI54)-D1P ♦ A1BAR - Gl 
DU! ZZI55I.-G2 - 02P • A2SUB 
0126 22I56I-2ZI54I».2 . ZZ145>«»2 ♦ ZZ(46I»2 
0127 ZZ(57).ZZ(54I>«2   ♦   2Z(55I'«2   *   Z2(49l"2 
0128 ZZ(5«|.-ZZ(5tl»»C.5   «   ZZ(57I'»0.5 
0129 ZZ(59)>XKK2°ZZI581»ZZ(56I 
0130 ZZ(60|.-XH(1,1I   -   A3   .   XNI1,1>»Z2U5)   - XL! 1,1 I »S9=C10   ♦ 

1 XHI1.1 CZZI131   •   A2»S9«S10   •   A3K9   4   Q(4I'S9»S10   ♦   0(5)»C9 
2 A1"S9°C10 

ZZ(61 1-18.11,21   -A3   -   Xl(l,2)»S9»C10   ♦ XXI1,2 I »22 (131   • 
1 XN(1,21°ZZ(15I    •   C14)«S9«S10   ♦   0(5I»C9 -   A1«S9»C10   ♦   A3«C9 
2 ♦   A2°S9°S10 
1ZI»I—XNI2.1I   -   A3   -   XLI2.1I>S**C10   • XHI2,1 l»Z2 113 I   ♦ 
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1 XSI2,1)°ZZ(15>   •   Cl*l »S9»SJ0   ♦   SI5I>C9   -   A1»S9»CI0   •   »3«C9   • 
2 A2'S9"S10 

01)3 ZZ1631"-XNI2,21    -   13   ♦   XH 12 . 2I»lit 13»   *   XNI2.21«12 115>   - 
1 XLI2,2)=S9«C10   *   C(4)°S9»S10   ♦   0151-19   -   A1*S9»C10   ♦   A3»C9  ♦ 
2 A2>S9°S10 

0134 ZZ(64).-ALPHA2   ♦   02   »   0121   ♦   A2   ♦   C8M-C2   -   QI21   -   A2   ♦ 
1 ALPHA2K1C   ♦   ALFHA3»S9°S10   -   C9»51C»IALPHA1   -   Q(3)t>   ♦ 
2 S8* I-G3   -   A3   ♦   ALPHA3»C9   ♦   S9»ULPhll   -   CI3I1I 

0135 I1I65I"-AIPHA2   •   G2   ♦   012)   •   A2   •   CBM-C2   -   0121   -   A2   • 
1 ALPHA2°C11   •   ALFHA3»59«S10   -   C9'S1C>l-ALPHAl   -   013111   ♦ 
2 S8'l-A3   -   G3   ♦   ALPMA3K9   ♦   S9»I-ALFH*1   -   3(3)11 

0136 Z2I66I»-G2   -   CI21   ♦   CI4)   ♦   B2°C6   -   B3«S6 
0137 2Zlb7t*-G3   ♦   0(51   ♦   B2»S6   ♦   B3»C6 
0136 ZZI63I--C1P   ♦   Bl    -   01 
0139 ZZI69I--C2P   •   ZZ(67I»S8   ♦   ZZ<66»»C» 
0140 ZZI70I.-C3P   •   ZZI67I«C8   -   ZZI66)*SB 
0141 ZZI71|.|ZZI70>»»2   ♦   ZZ(6«I='2   ♦   Z2l»9l"2I••(-.51'0.5 
0142 ZZI72)«-92°S6   -   fc3"C6 
0143 ZZI73)-62*C6   -   83°S6 
0144 ZZI74I'IZZ(7GI»»2   *   2Z(69I»»2   *   IS18A«   ♦   C1P   -   Cl1»"21••(-,S)»0.5 
0145 ZZI7S1--G2   -   C(2»   •   CI4I   -   A3SUB*S6   ♦   A2SUI*C6 
0146 ZZ(76)>-C3   •   0(51   *   A3SUB*C6   *   A2SUB*S6 
0147 ZZI77I--C2P   ♦   2ZI76MS8   ♦   ZZI75l"Ci 
0148 ZZI78I--D3P   ♦   22(761«C»   -   ZZI75I«S« 
0149 ZZI79I-~A3SUB*S6   ♦   A23UB*C6 
0150 ZZI80).-«3SU6°C6   -   A2SUB*56 
0151 ZZIB1 IMZZ(77(>»2   •   ZZI78I»'2   •   101'   •   AlBA«   -   61 I "21 • •l-.SIH) .5 
0152 ZZI82»-(ZZI77)»»2   ♦   ZZI78I°»2   •   (AlSü!   -   DIP   -   Gl1*»2I•*(-.5l»0.f 
0153 ZZIB3l»A2*S9*510   *   A3»C9   ♦   0I41«S9»S1':   ♦   0151 »C9   -   A1*S9*C10 
015* ZZIB4).-A2«C9»51C   •   A3>S9   -   0I4I*C9>510   ♦   0IS»»S9   4   A1»C9«C10 
0155 ZZIB5I'2ZI12I°C11   -   C9°C10*S11 
0156 ZZI86I"-C9'>C10«C11»C6   ♦   C9*S10*S11 
0157 ZZH7|.C10=C11»C6   -   S10»51l 
0158 ZZI88I--C10»S1MC6-S10«CI1 
0159 ZZIB9).S9»C10»CU°C6   -   S9»S10«SU 
0160 ZZI90I-ZZI13)»C11 » S9*C10*S11 
0161 CALL DERI 
0162 CALL 0(02 
0163 »ETURH 
0164 EDO 

0001 SUBROUTINE DERI 1 
C 
C     THIS SUBROUTINE CEFINES THE PARTIAL CtRIVATIVES PERTAINING TO THE 
C     TRANSLAT10NAL PART OF THE KINETIC ENERGY. 
C 

0002 CUHHQN /DER1V1/0I11I ,00111 I,000(111 
0003 CDNKQN /DER IV2/A1,A2 , A3,A STAR,XKY1,XX»2 
0004 CDPNUN /DERI V3/A1SUB,A2SU8,A3SU8,X*«l,XRK2,Al BAR 
0005 CÜHHI1N /0EftlV4/XL(2,2),AN(2,2) , KM 2.2 I ,XK I 2 ,2 I 
0006 CL1NÜN /DERIV5/El,E2,E3,FFl,FF2.FF3.:i,C2.D3,Xll,ETAl,2ETAl 
0007 CO*HJN /üERlV6/31,B2,B3,B18AA,XI»ZcTA 
0008 CUXHON /DER!V7/PGI6,12,12,3t 
0009 CdHHtlN /GEalV8/X1B,EB,ZETAB,X[R,ER.2ETAR,XIC.EC,ZETAC 
0010 CUHMDN /UER1V9/BLFT,CUFT,ROFT,FUFG 
0011 CÜHHÜN /NAHtl/PTI 8 ,11,12,3 ),PH(5,12.12,31,PU( 4,11,12,4] 

1 ,PDI3,11,12.4I 
0012 CUMNGN /NAME7/DA(1,1,1,41,0P(1,1.1.41 
0013 COHHÜN /XZZ90/ZZ190) 
0014 COMHUN /DERCÜN/      Gl ,G2,G3 ,01P,^2P,33P,C1P,C2P,C3P,ALPHA1, 

1 ALPHA2.ALPHA3 ,HH1 ,HH2,HM3 
0015 COHHON /T«IG/C6,S6,C7,S7,C8,58,C9.S9,C10,S10,C11,S11 

C 
C BERIVATIVE   FUNCT1CNS   H/R   TO   K.E.   I\CT   1NCLU0ING   ANGULAR   TERNS» 
C 

0016 
0017 
0018 
0019 
0020 
0021 
0022 
0023 
0024 
0025 
0026 
0027 
0028 
0029 
0030 
0031 
00 32 
0033 
0034 
0035 PTI    3,   9,12,   II    ■   -HH1«C10«S9   •   •"-2'ZZ(5I    •   HH3.ZZI71   ♦   G3°C9-G1»C 

U0°S9   »   S9°S10«(C2   ♦   0(21 I 
0036 PT(    3,10,12,   II    >   -MHl°C9'S10-t-M2*Ci:*C8°C9   ♦   HH3-C10 < S8°C9-G1 K9» 

0037 
003B . 
0039 PT(    3,10,12;   21    *   I HI«C10-HH2*U*>::   *   tHJ°S6>SlO   *   Gl °C 10-S10MG2 

0040 
0041 

PTI 1,   3,12, 1) ■ 1 
PT( 1 .   9,12, 11 ■ A2°S9*S10   ♦   A3*C9-A1»C10*S9 

PTI 1,10,12, 1 1 i -A2»C10*C9-61»C9'SIO 
PT( 1 ,10,12, 21 * -A2«S10   ♦   A1«C10 
PT( 1,10,12, 21 • -A2«S10   ♦   A1=C10 
PTI 1,   9,12, 31 ■ a2°C9»S10-A3°S9-ll'C10*C9 

PTI 1,10,12, 31 > A2>C10»S9   ♦   A1»S9=SL0 
PTI 2,   4,12 1) ■ -C9«S10 
PTI 2,   5,12 1) ■ S9 
PTI 2,   9,12 1 ) * 0(4)°S9'S10   ♦   3(51»C9 
PTI 2,10,12 11 ■ -0(4)»C10«C9 

PTI 2,   4,12 2) * CIO 
PT( 2,10,12 2) ■ -QI4)*S10 
PT( 2,   4,12 3) » S9»510 

PTI 2,   5,12 3) ■ C9 
PTI 2,   9,12 3) ■ Q(4)*C9°S10-G(5!»S9 
PTI 2,10,12 31 • OI4I»C10=S9 
PTI 3,   2,12 1 1 ■ -C9«510 
PTI 3,   8,12 1 ) i HH2«ZZI11   •   Hn3=ZZIll 
PTI 3,   9,12 1 ) ■ -HH1°C10*S9   ♦   •'^Z'ZZIS)    ♦   H 

110« S9   ♦   S9»S10° Ü2   *   012)) 
PTI 3,10,12 11 , -MHl»C9'S10-l-f-2*Ci:'Cf*C9   ♦ 

1 SI 0 -C10»C9° G2 , CI2II 
PTI 3,   2,12 21 * CIO 
PTI 3,   8.12 2 ) . -HH2'C10«S8-HH3=Ci:jCS 
PTI 3,10,12 21 ■ (HloC10-HH2^Cö'j;:   *   KH3°58 

1   • 912)1 
PTI 3,   2,12 31 S9«S10 
PTI 3,   8,12 3) ■ HH2»ZZI7)   ♦   Hh3»ZZ(6) 
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C9' 
00-3 

00 44 
0045 
0046 
0047 
0048 
0049 
0050 
0051 
00 52 
0053 
005* 
0055 
0056 
0057 
005» 
00 59 
0060 
0061 
0062 
0063 
0064 
0065 
0066 
0067 
0068 
0069 
0070 
0071 
0072 

0073 

00 74 

007$ 
0076 
0077 
0078 

0079 
0080 
0061 
0082 
0OB3 
0084 

0085 

0087 
0088 
0089 
0090 
0091 
0092 
0093 
009* 
0095 
00 96 
0097 
0098 
0099 
0100 
0101 
0102 
0103 
0104 
0105 
0106 
0107 
0108 
0109 
0110 
Olli 
0112 

0113 
0114 

0115 
0116 
0117 
0118 
0119 

0120 
0121 

0122 
0123 
012* 

0129 
0130 
0131 

Mt 
1*C9 
Ml    3,10, 

1*510 ♦ Cl 
PT1 1, 9, 
Mt 1 , 9, 
Pl( 1.10, 
Mt 1,10, 
P T I    1 ,    9, 

Pit 
Pit 
Pit 
Pit 
Pit 
Pit 
PT( 

9,10, 
0,10, 

2, 9, 
2,10, 

Pit 2, 
Pit 2,10, 
Pit 2, 4 
Pit 2, ». 
Pit 2, 5, 
Pit 2, 5, 
Pit 2, 9 
Pit 2, 9 
Pit 2, 9 
Pit 2,10 
Pit 3, 2, 
Pit 3. 2 
Pit 3, 8 
Pit 3, 8 
PTI 3, 8 
Pit 3, 9 

1*C9 ♦ C9 
Pit 3, 
1*510 ♦ 
PTI 3,10, 

1*C9 * C9' 
PTI 3, 2, 
PTI 3, 8, 
PTI 3, 8, 
PTI 3,10, 

1* 012)1 
Pit 3, 2, 
PTI 3, 2, 
PTI 3, 8, 
PTI 3, 8, 
Pit 3, 8, 
PTI 3, 9, 

10*59-59* 
PTI 

1*510 
Pit 

10, 
9, 

•S10* 
.10, 
10*59 
10, 
510* 
10, 
8, 

10, 
10, 

8, 31 
9, 31 

10, 31 
31 

510*102 
,10, 3) 
10»C9*(C 
,10, 31 

|0*S9-59*510*IGJ 
PTI *, 6,12, II 
Pit 
Pit 
Pit 
PII 
PTI 
PTI 
PII 
Pit 4, 6 
Pit 4, 6 
PII 4, 6 
Pit 4, 6 
Pit 4, 9 
PTI 4, 9 
PTI 4,10 
PII 4, 6 
PTI 4, 6 
PII 4,10 
PTI 4, 6 
PTI 4, 6 
PTI 4, 6 
PTt 4, 9 
Pit 4, 9 
PTt 4,10 
PII 5, 6,12, 

,12, 1> 
,12, II 
.12, 2) 
,12, 2) 
,12, 3) 
,12, 31 
,12, 3) 
.6,11 
,9,11 
,10, 1 I 
,10, II 
,9,11 
,10, 1) 

Pit 5, 
l*t-Cll*C 
PTt 5,10 
PTt 5,11 
111*C10*C 
PTt 
PTt 5,10 
PII 5,11 
PII 
PII 

1*I-C11«C 
PTt 5,10 
PTt 5,11 
1S11*C10* 
Pit 5, 
PII 5, 
PII 5, 
1S6*C9 
PTI 5, 
PII 5, 

I«I-C11*C 
PII 5, 
PTI 5, 
1S11*C10* 
Pit 5,10 
PTt 5,10 
PTI 5 

12. 1) 
10*59 » 
12, II 
12,1) 

9) 
12.21 

,12, 2) 
,12, 21 
,12, 3) 
,12, 31 
10*C9 ♦ 
,12, 3) 
.12. 31 
591 

6. 

10, 

10»C9 
10, 
11 , 

59 1 
.10, 
,11. 
11. 

-HM1*C10*C9 ♦ HM2-ZZI3I ♦ MH3*2Z(2)-t>*S9-H*C10 
0121) 

HH1*59*SI0 • KH2*C10*C»*S9-HH3*C10*S9*S« • SI'S» 
• CI2II 
A2»C9*510-A3*59-81*C10*C* 
»2*C10*S9 • 81*59*510 
A2*C9*510-A1*C10*C9 
-A2*C10-A1*S10 
-A2*59*S10-A3*C9 ♦ 81*00*59 
A2*C10*C9 » >1*C9*510 
-82*59*510 ♦ *1*C10*59 
59*510 
-C10*C9 
C» 
BI*I*C9*S10-0I5I*S» 
CI*I*C10*5« 
014 1-0*510 
-510 
-0I*I*C10 
C9*S10 
C10*S9 
-S» 
-59 
-0t*)*S9»51O-8l5l*C» 
0(*I*CIO*C» 
ei4i*cio*c» 
-01*1*59*510 
59*510 
-C10"C» 
HH2*Z2(3I * HH3*ZZ(2I 
HH2*ZZI7I ♦ HH3*ZZI6I 
HH2*C10*S8*C9 ♦ HH3*C10»CI*C9 
-MH*C10*C9 ♦ HH2»ZZI3) ♦ HH3*ZZ(2 l-S3*S»-H»C10 

> 01211 
HH1*S9*510 « MH2*C10*C8*59-HH3*C10*S9*SI ♦ 01*5» 
• 012)1 ' 
-MM1*C10»C9 ♦ HH2*CB*C9*S10-HM3*SI*C9*S10-M»C10 

> 0121) 
-510 
-HH2*C10*CB * HH3*C10*5B 
FH2*58*510 ♦ HH3*C8*S10 
-HH*S1C-HH2*C10«C8 ♦ HH3*C10*5<-G1*S10-C10*(C2 

C9*S10 
C10*S9 
HH2*ZZI6I * HH3*2ZI8I 
HH2*Z2I2) • HH3*ZZ(*I 
-HH2"C10*59*5B-HH3»U0*C8*S9 
KK1*C10*S9   •   HH2*ZZI6)   •   MH3*2Z(»I-G3*C9   ♦   tl*Cl 
01211 
HHl*C9*S10   ♦   HH2*C10*C8*C«-HH3*C10*SB*C9   •   H"Ct 
• 012)1 
BH1*C10*S9-HH2*C8*59*510   ♦   HH3*S»*S»*S10   ♦   tl'Cl 

(2* 
E2* 
-E2 
FF2 
FF2 

ll'Z 
FF2 
FF2 

II 
ZZ19I   ♦ 
ZZI13) 
•C10*C6 
•010*56 
*C6*S10 
Z2I15) 
!Ztlll 
C10*C6* 
ZZI11I 
ZZI1SI 
C10*56* 
C10*56*' 
ZZtlll 
C10*C6 
C6*C9*S 
•C10*C6 
56*510 
•C10*C6 
ZZI14I 
ZZI1CI 
•C10*56 
ZZI14) 
C10*C6« 
C6*59» 

•C11*ZZ 
IC11"Z 

11131) 
•ZZI19I 

•l-Cll 

3*ZZIU) 
E3"ZZtl5l-El*C10*S9 
9   «   £3*U0"S6*C9-E1*C9*S10 
3*C10*C6 
£3*56*510   •   El'CIO 

E3*ZZ(14) 
E3*ZZI10I-E1*C10*C9 
-E3*C10*S6*S9   ♦   E1*59*S10 
£3*22(10) 
E3*ZZI14) 
•   E3*C10*C6*C» 

C9   ♦   E3*C10*C6*C9 
♦   E3*ZZI10I-E1*C10»C9 
S9-E3»C10*S6*S9   ♦   E1*S9*510 

-E3«S6*C9*S10-E1*C10*C9 
E3*C10«S6 

E3*C6*S10 
E3*C10«S*-E1*S10 

E3*ZZtU> 
E3*ZZI12I 
9-E3*C10*C6*59 
E3*ZZI16)   ♦   El*O0*S9 
-E3*CI0*S6"C9   »   E1»C9»S10 

510   ♦   £3*56*59*510   ♦   E1*C10*S9 
(91   «   FF3°Z2I11)   •   FF1*S11*ZZ(9I 
ZI13I   »   S11»C10*59I   •   FF3*ZZI15)   ♦   fFl 

FF3»C10*S6*C9   •   FF1*ZZI17I 
C10«C9-S11*ZZI12I I   ♦   FFl*tCll*ZZtl2l-S 

-FF2*Cll»C10*St-FF3*C10*C6-FFl»Sll»C10*S6 
FF2»ZZI23)   *   FF3*S6"S10   ♦   FF1*2Z!21I 
FF2*ZZI27)   «   FF1*ZZI25I 
FF2*C11*ZZ(15I   ♦   FF3»ZZI14)   •   FF1*S11»ZZ(15 I 
FF2*ICll*ZZtlll   ♦   S11*C10*C9)   ♦   FF3*ZZI10I   ♦   FFl 

11=22113 ) ) 
FF2*ZZ(31)-FF3*C10*S6*59   ♦   FFl*ZZt29) 
FF2*ICll*C10»S9-511*ZZf1311    «   FFl"tCl1*ZZ(13 I   » 

FF2*C11*ZZ(11I ♦ FF3°ZZ(10) ♦ FF1*S11*ZZ111) 
FF2*C11*ZZ115I * FF3*ZZI1«) ♦ FFl"511*ZZ115) 
FF2*C11*C10*S6*C9   «   FF3*C10*C6«C9   »   FF1*S11*C10* 

-FF2a511*ZZ(9)   ♦   FF1*C11*ZZ(9I 
FF2*IC11*ZZ(11I   ♦   S11*C10*C9)   «   FF3«ZZtlOI   «   FFl 

11*Z2(11II 
FF2*ZZ(31)-FF3*C10*36*59   •   FF1*Z2I29) 
FF2*tCll*C10»S9-511*ZZI13ll   •   FFl»IC11*ZZ(13 I   • 

FF2*ZZI35)-FF3*S6*C9*S10 
FF2*ZZIUI   »   FF1*ZZ(19I 
FF2*(-C11*ZZ(12I   *   S11*C10*C9) 

FF1*ZZI33I 

FF1*I-C11*C10*C 
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0132 
01 )3 
0134 
0135 
0136 
0137 
mil 
0139 
0140 

0141 
0142 

0143 
0144 

0144 
014b 
0147 

0148 
0149 

0150 
0151 

0152 
0153 
0154 
0155 
0156 

0157 
0150 

0159 
0160 

0162 
0163 

0166 
0167 
0168 

0169 
0170 
0171 

0172 
0173 
0174 
0175 
0176 
0177 
0178 
0179 

0180 
0181 

0182 
0183 
0184 

0185 

0186 

0187 

0188 

0189 

0190 

0191 

0192 

0193 
0194 

0195 

0196 

0197 

0198 

0199 

0200 

0201 

0202 

19-S11"ZZI12I 
PTI 5, 6, 6, 
PT( 5, 6,10, 
PI( 5, 6,11, 

5,10,10, 
5,10,11, 
5,11,11 , 

PII 
PII 
PT( 
PTI    5,   6,   6, 
PTI    5,   6,   9, 
PT(   5,   6,10, 

1S9 
PT I    5,   6,11, 
PTI    5,   9,   9, 

1C11°C10°S9 ♦ 
HI 5, 9,10, 
PTI    5,   9,11, 

1S11*U0»C9> 
PTI   5,10,10, 
PTI   5,10,11, 
PTI   5,11,11, 

111*ZZI1311 
PTI    b,   6,12, 
PTI    6,   9,12. 

1CU°ZZI13I ♦ 
PTI 6,10,12, 
PTI   6,11,12, 

(•ZZI1211 
PTI 6, 6,12, 
PTI 6,10,12, 
PTI 6,11.12, 

PTI 6, 6,12, 
PTI   6,   9,12, 

IC11>ZZI11I • 
PTI 6,10,12, 
PTI    6,11,12, 

1WZI1311 
PTI   6,   6,   6, 
PTI    6,   6,   9, 
PTI    6,   6,10, 

1C9 
PTI    6,   6,11, 
PTI   6,   9,   9, 

lCll'ZZUll » 
PTI 6, 9,10, 
PTI    6,    9,11, 

11»ZZI13II 
PTI    6,10,10, 
PTI   6,10,11 , 
PTI   6,11,11, 

IS11"C10«C») 
PTI    6,   6,   6, 
PTI    6,   6,10, 
PTI    6,   6,11, 

PTI 

PTI 

PTI 

PTI 

PTI 

PTI 

PTI 

PTI 

6.10.10, 2) 
6.10.11, 21 
6,11,11 , 21 
6, 6, b, 3 1 
6,   6,   9, 3) 

3) 
6,10 
6,11 
9,    9,    3) 

111»ZZI14>-S11°C1 
PTI    6,   9,10,   31 
PTI 6, 9,11, 31 

ll'ZZIllll 
PTI 6,10.10, 31 
PTI 6,10,11, 3) 
PTI 6,11,11, 31 

1*C10"591 
PTI 7, 6,12, 1 I 

1*   ZETA1°IC7°ZZ II 
PTI 7, 7,12, 11 

1A1*(-C7<»(C118ZZI 
PTI    7,   9,12,   1) 

1ZI13I    ♦   S11»C1C> 
1    •   S11»C10»S9)I 

PTI 7,10,12, 1) 
1ETA1«IC7«C10«S6» 

PTI 7,11,12, 1 I 
1C9-5!1°ZZ< 12 ) )-Z 

PTI    7,   6,12,   21 
I )   +   ZETA1°(-C7°C 

PTI    7,   7,12,    21 
1» S7»U0°S6I 

PTI    7,10,12,   21 
11°IC7°S6»S10 

PTI 7,11,12, 
PTI    7,   6,12,    31 

II ♦ zeTai"(c7e*zz 
PTI 7, 7,12, 3 1 

1ZETA1M-C7MU1 
PTI 7, 9,12, 31 

1ZI11 I    ♦   lll'UO 
I •   S11«C10>C911 

PTI    7,10,12,   3) 
1A1°I -C7K10°5fc* 

PTI    7,11,12,    i ) 
1«S9-SU*ZZI13) 1- 

PTI    7,   6,   6,   II 
II ♦   ZETA1MC7°ZZ 
PTI    7,   6,    7,    II 

1Z(9I-S7«ZZI11I I 
PT I    7,   6,   9,   11 

1) • ZETA1°IC7°ZZ 
PTI 7, 6,10, 1 ) 

1C10°C6°C9> ♦ ZET 

-FF2»C11»C10"C6   •   FF3'C10'S6-FF1>S1I»C10«C» 
FF2»C11»S6-M0   •   FF3'C6»S10   •   FFl'Sl 1«S4»S10 
FF2»S11«C10>S6-FF1«C11«C10»S6 
FF2«ZZI26>   «   FF3»CK«S6   ♦   FF1«ZZ(Z7I 
FF2>ZZ(221   »   FF1»2ZI23I 
FF2"ZZI26I    •   FFWZI27I 
FF2'C11>ZZI141   •   FF3-ZZI16I   ♦   FF1»S11«ZZI141 
FF2»C11«ZZ110I   •   FF3-ZZI12I    •   FF1>S11«ZZ110 I 
-FF2°C11»UC°S6»S9-FF3>C10>C6>S9-FF1«S11"C10»S6« 

-FF2»S11=ZZI151   •   FF1«C11*ZZ(ISI 
FF2'ICU»ZZI14I-S1I'C10»59I   •   FF3»ZZIU)   •   Ffl»l 

ZZI14II 
FF2>ZZI20I-FF3»C10«S6-C9   ♦   FFl'ZZIlt) 
FF2»IC1I>CI0«C9-511>ZZC11H    *   FMMC1 l»ZI (II I   ♦ 

FF2»ZZI39I   ♦   FF3"S6"S9>510   •   FFMZZU7I 
FF2»ZZI30I   «   FF1»ZZI31I 
FF2«I-C11>ZZI13I-S11'C10«S»I   •   FF1>ICU«CIO*St-S 

C3"ZZI11I   •   01>S11>ZZI9]   ♦   C2*C11*ZZI<> 
D3°ZZ(151   ♦   D1«I-C11*C10»S9   ♦   S11*ZZU3)>   ♦   MM 

C10»S9> 
03>C10'S6'C9   ♦   01*ZZI17I   »   02-ZZU9I 
01MC11»ZZI12>-S11»U0'C9I   ♦   02«l-Cll»C10"C»-SU 

-D3«C10>C6-01«S11,C10»S6-D2>U1«C10«S» 
03»56>S10   •   01«ZZI21I   ♦   02»ZZI23I 
01>ZZ<25>   •   02°ZZIZ7I 
03"ZZI14I   •   01«S11«ZZU5)   «   D2'C11*ZZI15I 
C3«ZZI101   ♦   01M-C11"C10>C9   ♦   SIWZI11II   «   OZ«l 

C10»C91 
-03«C10'S6»S9   «   0MZZI29I   •   02*ZZI31I 
D1°(C11*ZZI13I   •   S11>C10»S9I   ♦   D2»(C1I*C10*S*-SI 

D3»2ZI10> • Dl'Sll'ZZIllI ♦ C2"C11*ZZ1111 
03-ZZI14) ♦ D1*S11°ZZI15I » C2*C11*ZZUSI 
03»C10»C6«C9   •   D1«S11>C10>S6'C9   •   D2>Cll»CI0*St* 

D1°C11»ZZ(9I-D2»S11»ZZ191 
D3°ZZU0I    ♦   01»(-C11»C10»C9   ♦   S11»ZZ<11I>   ♦   02*1 

C10°C91 
-03«C10'56>S9   •   D1-2ZI29I   ♦   C2-ZZI31I 
01MC11"ZZI131   <   511>C10»S91   ♦   02>IC11«C 10"5»-S1 

-D3«S6H9»S10   ♦   01»ZZI331   ♦   02»ZZ(35I 
CMZZI19I    •   02»ZZI1SI 
Dl«l-CUH10»C9-Sll'ZZI12ll   «   02'l -Cl 1 >Z2 (12 I   • 

D3»C10«S6-D1"S11»C10H6-02»CI~W10»C6 
D3«(6>510   •   01«S11'S6«S10   •   02"CU«Si'SlO 
-D1«C11»C10»S6   +   02°S11»C10*S6 

03>C10«S»   ♦   D1»ZZI27I   •   02*ZZI2tl 
CMZZI23I   ♦   02>ZZI22I 
D1-ZZI27I   •   02»ZZI26> 
D3*Z 2 116 1    ♦   D1*511*:ZI141   ♦   D2»C11»ZZI14 I 
03°ZZ(12)   ♦   Dl"Sll°iZllO)   ♦   C2»C11»ZZ(101 
-D3«C10«C6oS9-DlfMmi0«S6°S9-02°Cll»C10*S6»S» 
Dl«Cll«ZZI15>-D2»SlI>ZZil5l 
03»ZZ(lbl   •   01°IC11*C10»59   ♦   S11*ZZ(14I)   »   02»IC 

'591 
-D3»C10«S6»C9   *   Cl•ZZIIBI   «   02*ZZI20I 
Ol'ICll^ZZIlll   ♦   511»C10*C9»   ♦   D2"IC11»C10»C9-S1 

03»56«S9°510   ♦   C1>ZZI37I   ♦   02«ZZ(39I 
D1»ZZI31I   •   02»ZZI30I 
01»ICI1«C10«S9-S11=ZZI131I   »   02>I-C11»2ZI13I-S11 

!t»l»|C7»Cll»ZZI9l   •   S7>ZZI11II 

ZET 

■ XI1«511'ZZI9I   » 
1 l-57°CU'ZZI9!l 
■ ETJ1MC7»ZZI9I-57>IC11«ZZI12I-S11»C10«C91I 
12 l-Sll»C10»C91-S7eZZ(9l) 
• XI1»I-C11"C10°S9   »   SI 1 »12113 11    •   CT11MC7*IC1I»Z 
S9I   «   S7>ZZI15I)   •   Z;T»1°IC7>ZZI15I-S7"IC11«ZZI13I 

• X11«ZZ(171   ♦   ETil=IC7»ZZ(19I   ♦   S7*C10»S6»C9I   •   Z 
C9-S7«ZZI19)1 
»   X11MC1 1*ZZ112 1-M1*C10°C9I    ♦   ET Al »C 7» t-Cl 1 *C10* 
!T«l«57'l-CU'flO = i9-511»ZZI12ll 
-   -Xll°51 15C1C'56   ♦   ;Tilo(-c7 = CU'C10«S6-S7»C10*C» 
10*C6   ♦   S7»clloC10i56l 
• ETA1«I-C7"C10»56-S7'ZZI25II    •   ZETA1•(-C7»ZZI 25 I 

ETA1    K7»ZZI23I   ♦   S7»S6«5101 ZET* 

:7'ZZI27I-ZETA1057OZZI27I 
7M6IC7'C11 ^ZZI15)    ♦   S7»ZZI141 

511=C10«'59I 1   ♦ 

- XI MZZI21) 
ZZI23) ) 
» X119ZZI25I » E Til 
. XI 1°S11 'ZZU5I ♦ 
I14I-S7»C11=ZZI15I■ 
■ ETA1>IC7"ZZI15!-S7"IC11»7Z(13> 

ZZI13)   ♦   S11»C10 = S91-W-'ZZI15M 
'   X11»I-C11"C10»C9   •    311*221111)    •   tTAl>IC7«ICll»I 
C9i  • S7 = aii(;ii  ■  z-7«i»tc;°zz<ici-S7*(cii*zziiu 

■ <I1*ZZI29I    •   ETäl    IC7»ZZI31 I-S 7 >C10'S6«S9I   •   in 
5-57»ZZI31lI 
=   XI 1 °(C1 I ;ZZ (131    *   51 1 <-C I 0*S9 I    ♦   ETA1»C7»ICI1«C10 
ZETAl»S7»ICll»Cl'J«i9-ill»ZZI131l 
- XI 1°S11 »ZZ111 1   ♦   C.TA| "IC7ocll»ZZIHI   •   57*ZZ(10) 
(10 1-S7H1 WZdll 1 
■ ETAi°(C7sZZIll)-57JCli»ZZI9ll   ♦   ZETA1 *l-C7»CU*l 

■ XIl°SlfZZI>5l    •   tTil»IC7"CH»ZZI151   •   S7>ZZI14I 
I14I-S7>C11»ZZI151I 
•   XI1*S11 •C10»S»"C9   •   ETAl*ICT'UI*C10»St>Ct   ♦   S7» 
Al«(C7»C10"C6«C9-S7rCil»C10'>S6'C91 
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57°lCllaZZ{ 12)-S11*C10°C9) ) 

( TA1>IC7«ZZI15I-S7»IU1»ZZI131   »   S11»C10»S9)I   ♦ 
Z113I   ♦   SllnlO"S9l-S7o2ZllS>) 
FTAle|C7°C10°56eC9-S7«'ZZ(19) )   ♦   2ET Al M -C7»ZZ 111 

-ETA1»S7»I-C11»C10°C9-511<2ZI12))-ZETA1>C7«I-C11 

XI1"I-C11>C10°C9   ■>   511»ZZI11>>   •   ET«1»IC?>IC11*Z 
S7»ZZI10II   •   ZETA1»IC7>ZZI10I-S7'IC11«ZZI11I 

i Z I« ) 
P T ( / , 7 , 7 , 1 ) 

1TA1°(-C7 'ZZ(V)    ♦ 
PII 7, 7, 9, II 

1 Z f T A 1 * I - r 7 - I C 1 1 • 
PT( 7, 7,10, II 

1 l-S7K10°S6H9l 
P7 I 7, 7,11, II 

1*C10*C9-511°ZZ (1 
PTI 7, 9, 9, II 

1ZU1I    <   Sll'CIO' 
I *   S11°C10°C9I I 

PTI    7,   9,10,    II 
1A1M-C7°C10°56«5 

PT( 7, 9,11, 1 I 
1*59-511°ZZU3II- 

P71 7,10,10, II 
1«1>I-C7»56"C9"S1I 

PTI   7,10,11,   1 I 
PTI 7,11,11, II 

1121   ♦   S11»C10*C9 
PTI 7, 6, 6, 2 1 

1S6I   «   ZETA1MC7» 
PTI 7, 6,7,21 

11*C106S6   ♦   S7»C1 
PTI    7,   6,10,   21 

II «   ZETA1«IC7>C6 
PTI   7,   6,11,    2) 

11»C10°S6 
PTI    7,   7,   7,   21 

I ♦   57"ZZI251 I 
PTI    7,   7,10,   21 

n*56°S10> 
PTI   7,   7,11,   21 
PTI 7,10,10, 21 

ll»IC7»C10»S6-57* 
PTI   7,10,11,21 
PTI    7,11,11,   21 
PTI    7,11,11,   21 
PTI    7,   6,   6,   3) 

II »   ZETA1«(C7»ZZ 
PTI   7,   6,   7,   31 

1ZZI151-S7«ZZI14I 
PTI 7, 6, 9, 31 

1 I   ♦   ZETA1»IC7»ZZ 
PTI 7, 6,10, 31 
1C10»C6*S9I ♦ ZET 
PTI 7, 6,11 , 31 
1°ZZI15I 
PTI 7, 7, 7, 31 

1 ZET«I«I-C7«ZZ(1 
PTI 7, 7, 9, 3) 

1ZETA1M-C7MC11» 
PII 7, 7,10, 31 

111*   S7*C10»36°S 
PTI 7, 7,11, 31 

110*S9-511*ZZ(13) 
PTI 7, 9, 9, 31 - XI1»[C11°C10«59 ♦ S11»ZZ(14)I ♦ ETA1*lC7»(Cl1»ZZ 

1U4)-S11»C10°59I ♦ S7*ZZ(16>> ♦ ZE TA1 • ( C7°ZZI 16 I-S7MC11 »ZZ 11* I -51 
11"C1C°39I I 

PTI 7, 4,10, 3) * XI13ZZ116! < ETA] MC7*ZZ 120 I-S7"U0*56°C9 ) ♦ ZET 
lAl»l-C7»clO»it>C9-5 7«2ZI2CII 

PTI J, 4,11, 31 * X IlMLll'ZZIll1 ♦ 511*C10°C9) ♦ ETA1»C7»IC11»C10 
l»C9-r)ll=-ZZIllll-ZtTA10S7°Kll«CKj«,C9-5111'ZZIll)l 

PTI 7,10.11*. 31 ■ <Il°Z/(37) * ETA1<-(C7°ZZ 139) ♦ S7'S6*S9°S 101 ♦ Z 

lETAlMC7"Sha:,4aSlC-iJ°nl
:14n 

PTI    7,10,11,   31    ■   XU»ZZI31)    .   ;TAl"C7°ZZ(3r,l-ZETAl»S7°ZZI30l 
PTI 7,11,11, 31 ■ XIl"i:il»C10«S9-511>ZZI13ll » ETA1»C7«I-C11*ZZ II 

13)-S]l*C10s54l-ZtTAl»S7"(-cll^ZZI13)-ill»(;10»59l 
PTI    fi,    1,12,    II    -   C7«(C11°ZZU2)-511»C10'>C9)   ♦   S7*Z2I9) 
PII », 6,12, II ■ XI»S11»ZZI9I ♦ Oil IMC7°C11»ZZ(9> ♦ S7>ZZ(11II • 

1   ZETA»IC7«ZZII1I-57»C11«ZZI9I I 
PTI a, 7,12, II ■ til l«IC7»ZZI9l-S7"i;il»ZZI12l-Sll"C10«C9ll ♦ ZCT 

lAM-t7°Kll°ZZ(12l-511*ClC»C9l-S7°ZZl9)) 
PTI «, 4.12, II ■ X1M-U1»C10«S9 • 511'ZZIIJII « Oll l»IC7» ICH »ZZ 

11131 » M1«C10»S4I • 57>ZZI15II > ZETA« I C 7>ZZ 115 >-S7MCll«Z2l 131 • 
1    511K10^591 I 

PTI «,10,12, II ■ XI'ZZIUI • 0I1)"IC7>ZZI19I • S7°C10»S6'C9I ♦ ZE 
1TA°(C7°C10°S6H9-57»2Z 11911 

PTI «,11,12, 11 ■ XI»IC11«ZZI12I-S11°C10'C9> • 011>»C7"I-Cl1»CIO«C 
19-Slt>ZZ(12ll-ZETA°S7°<-Cll°C10"C9-Sll»Z2<12)> 

PTI    B,    1,12,   21    •   C7»2Z(25)-S7°C10°56 
PTI 8, 6,12, 21 ■ -XI»S11»U0°56 » 011 I•!-C7»C11«C10>S6-57«C10«C6> 

1   •   ZFT»»I-C7"C10»C6   •   S7»C11«C10«S6I 
PTI a, 7,12, 21 ■ Cll l'l-C7°C10>S6-57>ZZI25>> ♦ ZETA"I-C7"ZZ1251 • 

1    S7<-C10*S6> 
PTI a,10,12, 21 ■ X1»ZZI21I ♦ Oil>»IC7»ZZI23> ♦ S7'S6»S10I ♦ ZET«" 

1(C7»56*S10-S7°ZZ(23I I 
PTI    8,11.12,   21    ■   XI»ZZ<25)   •   0 11 I «C7»ZZ(27>-ZETA«S7>ZZ127) 
PTI   6,   1,12,   3)    -   C7»IC11°ZZI13)   ♦   511aC10°S9)   ♦   57»ZZI15I 
PTI », 6,12, 31 ■ X1»S11=ZZI15I . 0 11 I" IC 7>C11 »ZZ 115 1 » 57-ZZIHII 

1   +   ZETAc(C7»ZZI14)-S7°C11*ZZ<15)) 
PTI a, 7,12, 31 ■ Cll I«ICTZZI15)-57»IC11»ZZI13I ♦ S11»C10»S9II ♦ 

WETAM-C7MC11BZZI13)   +   511°C10*S9J-S7*ZZ115)1 
PII 8, 9,12, 31 ■ X1«I-C11»C10»C9 ♦ 5U*ZZ<11>> • 011 > M C7MC11 «ZZ 

11111 ' S11»C10«C9I • S7»ZZI10II « ZETA«IC7«ZZI10I-S7P|C11»ZZI11) • 
1    S11»C10*C9)I 

PTI »,10,12, 31 ■ KI»ZZ(29 I ♦ 0111"IC7>ZZ131l-S7>C10«S*«S»> ♦ ZET» 
1»(-C7°C10*S6«'S9-57*ZZ(31II 

PTI «,11,12, 3) ■ X!»(CU*ZZI13> ♦ 511*C10*S9) ♦ Q(lI*C7*1C11*C10* 
1S9-S11»ZZI13II-ZETA»S7»IC11«C10«S9-S11PZZI13)I 

PTI    «,   1,   6,   II    •   C7>CU»ZZI9)   ♦   57»2ZI11) 
PTI   8,   1,    7,   1)   ■   C7>ZZI9I-S7P1C11»ZZI12)-S11"C10>C9I 
PTI    8,   1,   9,   1)   •   C7*IC11*ZZI13)   »   S11»C10»J9I   •   S7»ZZI151 
PTI   «,   1,10,   1)   »   C7»ZZ(1«I   ♦   S7»C10»S»»C9 

9 I 

XI1»ZZ(29I ♦ ETA1MC7-ZZI31 l-S7*C 10»56»S9) • ZET 
•S7»ZZI31II 
X11«IC11»ZZI13I • S11>C10«S9| ♦ ETA1»C7*IC11*C10 

ETA1«57MC11»C10>S9-511"ZZI131) 
XU*ZZI33) ♦ ETA1»(C7«ZZI35I-S7»S6»C9»S10I ♦ ZET 

-57*ZZ<35)I 
XI1'ZZI19I   ♦   ETA1»C7"ZZI1«I-ZETA1"S7'ZZIUI 
XI1"I-C11>C10'C9-S11P2ZI12) I ♦ ET«1«C7"I-C11«IZI 

-ZJT«1«57»I-CU'ZZ(12I   ♦   ill »C10»C91 
-XI1*S1I*C10»C6 ♦ ETA1"(-C7*C11»C10*C« ♦ S7*C10* 

10»S6   ♦   S7»C11K10*C61 
ET»1»(-C7«C10»C6 • S7»Cll*C10»Stl ♦ ZETM*IC7*C1 

•C6I 
X11»511»S6«S10 ♦ ETA1>IC7»C11»S6>S10 • S7»C»9J10 

S10-57«C11»S6«510) 
-XI1«C11«C10«S6   •   ET»1'C7PS11»C10«S6-ZET»1»S7«S1 

fTAl>l-C7»ZZI25)   ♦   S7»C10»S6I   »   ZETll»IC7»C10>Si 

ET«1«(C7«56»S10-S7>ZZ(23)I   •   ZETA1*I-CT*IZ<JJI-S 

-ET«1>S7'ZZ(271-ZIT«1>C7«ZZI27) 

XI1*ZZI27I   ♦   ET«1»IC7«ZZI261   ♦   S7«C10«56)   ♦   ZET« 
2126)1 
XI1«ZZ(23I   ♦   ETA1»C7«ZZI22I-ZET«1»$7»ZZ(2ZI 
XI1»ZZI27I   •   ET«1»C7»ZZI26I-ZET«1»S7«ZZI26I 
XIMZZI27I   *   ETA1-C7'ZZI26I-ZET«1«S7>ZZI26I 

X11«S11»ZZI141   ♦  ETA1»IC7»C11»ZZI1*I   •  STZZI1H 
1»I-S7»C11»ZZIKI I 
ET»1>IC7'Z2(1<.I-S7»C11»ZZ(15)I   •   ZETA1»! -CT'Cll« 

XI1»S11»ZZI10) • ET»1.|C7«C11»ZZI10) « 57«ZZI11I 
12I-S7»CU»ZZI10II 

-X11«511'C10"S6«S9 ♦ ETA1>I-C7PC11«C10«5»«S9-S7P 
1»I-C7*C10*C6«S9   ♦   S7*C11»C10»S6*59I 

XI1»C11»ZZI15I-ET«1PC7«S11»ZZI15I   •   ZiT»l'S7»Jll 

ET«1>I-C7«IC11«ZZI13I   •   S11'C10>S9I-S7'ZZI15I)   ♦ 
I   ♦   57«ICU>ZZI13I   ♦   S11«C10'S»II 
ET«1«IC7»ZZI10I-S7»IC11«ZZI11I   ♦   S11*C10*C«)I   • 

Zllll   •   S11H10>C9I-S7»ZZI10I1 
ETA1«I-C7»C10«S6»S9-S7»ZZI31II   •   Z(T«1•(-C7»ZI13 ) 
-ETAlöS7o(ClloClO»S9-Sll*ZZI13))-ZET»l»C7*ICll»C 
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Pit   b.   6,11.    II    ■   Xl.Ul»JIHI-elll«CTSll«IIH)   •   2CT«.ST.SJ1«II( 

'pTI », 7. 7, II ■ cm»l-CTUlWZim-Sll«C10«C»l-57.1II9ll « It 
11AM-C7.72(91    •   S?«(C11'ZZ(12I-S11'C10>C911 
Ml 8. 7, 9, 11 ■ CI1|.|C7»22(1SI-S7.(C11«2ZI13I • SII»CI0«S9II « 

I7MÄ.I-C7MC11.2ZI13I   ♦   S11-C10.S9I-S7.2ZU51 I 
Vu \!   7.10,    II    -   C11I.IC7.C10.S6.C9-ST 22(1911   •   2E t».| -C7.ZZU9I 

1pTT"ol°vf ll"I 1    ■   -0(1I"S7M-C11»C10.C9-S11.22(12H-2E7»'C7M-C11. 

1p!°*6?"|1.,9"i)2',»l'I-Cll»C10.C9 . Sll-ZZUlll . 0( 1 I MC7.IC Jl-Il 
1(111    *   SU«C10«C91    *   57*22(1011   •   2ET*> (C 7.22 (10 I -SLICI1*111111   • 
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PI(   8.    1,10,   21    ■   C7«Z2I23I   •   S7«S6'S10 

"',   t'.   l:'i:   !!    '•    -Ji.iil.CI0.C6   ♦   OI1I*(-C7.C11.C10.C*   ♦   S7.C1CS 
Ul    •   ZCU'ICTCR.S»   •   S7<C11«C10>C»I „,...,,.,,, 

PTI    s,   6.    7,   21    ■   tlll>l-C7.C10«C6   •   57K11 «CI0.S6 I   ♦   ZET«.|C7«C11 

^""^^^^^"'"I'Sll'St.SIO   .   Cllll.IC7.Cll-S6.S10   .   S7.C6.S10I 
1    +   Z>TfiMC7'C6.S10-57.Cll»S6-5101 ,.   ,.. 
',„,;   6,11.   21    .   -«1.CIMCI0.S6   ♦   Qll|.C7.Sll.ClO.S»-IET«.S7.Sn. 

'pM°»!   7,    7,   21    ■   0I1IM-C7.22(251   .   ST«C10»S»I   •   ZEU'IC7.U0«S» 

'pl"b!Ziao!   21    •   CUI.ICTS6.S10-S7.2212111   •   ZET»> (-C7.1IU1I-S7 

'PHS,   7,11,   21    ■   -0(I|.S7.2II27I-IE7»»C7.III27I 
»II    'iiclio!   21    ■   XI«22(271   .   0I1I.IC7.JZIJ»!   *   S7.C10.S4I   •   ««• 

'pir-'?o'n!72l''iM.22l23l   .   0(ll.C7.m22l-2Et».S7.m21l 
Pi!    -,,11,11,   21    ■   XL2ZI271    •   .I1I.C7.22I2H-2EM.S7.ZII24I 

I'll s, 1,   6, »I ■ C7U11.2II1SI   •   S7>IKltl ,,„.,., 
PT » i.    7, >l ■ C7.22I15I-S7.IC11.JZI19I   ♦   S11>CI0>S9I 
PTI a, i,   9, Jl . 17<IC11»ZZI11I   ♦   S11.C10.C9I   .   STZZtlOl 
HI 8, 1,10, 31 ■ C7t2ZI31l-S7.C10.S6.S9 

M! ",; i-.'i: 3!: tT:i5Ji;Si?:nsi!:^.£?ii.»-«..*.. .7.«...,. 
,p;1

i.:i::ci:,IJ!
,.,t".-

,i";}mi!-s7.cii.ii.i.i. . «T..«-O.«I.I 

'p!!5l"ir"!'l!'.    .1.511.221101   *   CI1I.IC7.C11.HI10I   .   S7.1ZII1II 
'pIl'.ri^^ri'^IsUHloi^S,   .   a„,..-C7.C.,.C.0.S6.S,-S7.C 
110.C6--S91    ♦   2:ll'l-C7.C10.C6.S9   -   S7.C11>C10>S6.S9I .,„„,., 
Ml    t,   6.11.   31    =   x|.C11.22ll5l-ill|.C7.511.miSI   .   2E7«.S7.S11>I 

"|!"      ,      7,    31    ■   0(1I»(-C7.(C11>22113I   *   Sll'ClO.591-57.1111911   . 
1   Z-Ti"l-C7 '721151    ♦    S7»(C11.Z2I131    ♦   Sll'ClO'S» I I 
PT(\.    7.   9,    II    -   '.I11MC7.22I10I-S7MC11.2ZI11I   •   S11.C10.C9II   . 

..„.,,    ■ 7» ir 1 1 07 71 1 1 1    *   sil .C10°C9)-S7.2Z(101 1 
»l!    s,   ).V,    31    Z   CI1I.I-C7.C10.S4.S9-S7.IZI31II   .   2E7..1-C7-ZZI31 

'ill    '!   "ll^s"'    -ÜI1|.S7»IC11>C10»S9-S11»2ZU3I1-ZET»«C7.|C11»C1 

'ilJ';1"""','!!'.   XIMCII.CIO.59   .   511.22(1411   •   OIII.ICTICU'IK 
1S4I    in'Cii'wl    -    Si = 22(U)l    *   2ETA.(C7.Z2(16)-S7.|C11.Z2I1*I-S11. 

'p'l    n",r,   31    '   XI.7Z118I    .   0I1I.IC7.ZZI20I-S7.C10.S6.C9I   .   IETt 

1pn':'"9,'n,!'--r:,x"»'Kl!'22111l   .   511.C10.C9I   .   0I11.C7.ICU.C10. 
1.-J-511    IL II I 1 - 2 r I 0   S7< (C11»C10»C9-S11«Z2111I I 
Ml    '!l'li;.    Jl    =    XL 221371    .   0I1IMC7.Z2I39I   .   S7-S6.S9.S101   .   IE 

1 1;, M    7 ■ ■■ -,    s ■-, ■' '. 1 1 - 5 7 > 2 2 I 3 9 1 I 
p.,    ,    ,-,   ll,    jl    --   XI«271311    •   0I1I-C7.ZZI30I-2ET«.S7>ZZ130I 
p||    .'!,    ,,,    ,,    .    <1.ICI1.C10« 59-511.22(1311   .   0111'CTI-Cl 1'ZZ 113 

1 1-51 ,    w- 'VM-2'I«»57.|-C11.22I131-S11.CI0.S9I 

0 M 2 
0113 

!U: N 
£N0 
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SUBSJUT1NE    DEK2 

THIS   SUIKOUTINE   I.EP1NES   THE    HI1I1L   OEUVATIVES   PEB1A1NINC   TD   THI 
DUL>K   VElUClllES,   POTENTIAL   ENEBCY.   01SSIP»! IVE   E«E»GY.   »HD 

GENERALIZES   FUP.CES. 

CU»HJN   /DEm VI /0 111 I,toll 11,000(11 I 
CJKH.JN   It ER1V?/Al ,«i.»3,»ST»«,x«Yl.XI!YZ 
C'lHHUN   /IE«IV3/«1SUB,A2SUB.A3SUB,XKK1,KKK2,»1BA« 

C.'XKJN   /^ERHi<./»Lli.2 1.»MI2,Jl,XNI2.2IiXmJ.II 
UMI ]N   /„(ü|V5/El.E2.E3,FFl,Ff2,FF3,01,C2.03.«ll.ET»l,ZET«l 

UlnHclN   /UEklY6/81,B2,B3,B16AP.,XI.ZEl« 

CU»H.)N   /0E«IV7/H(»,1J,1J.31 
COMNON   /üE«iVE/XH.EI,ZET»»,XI«,E»,lET»li,.»K,EC.ZET»C 

CUMM3N   /OERIVS/SLFT.CCFT.BDFT.FOFG 
CDKHJN   /NAK£1/PTCS,11.12,3>.P»(5.12.12.3>.I>UC4.1I.U.*I 

1    .PD13.U ,12.*.! 
COMHDN   /NAKET/CAIl.l.l.'.I.OPd.l.l.'tl 

CUMMUN   IXH91/U 1901 „   ,,R 
CUHNUN   /„EUl.NZ G1,G2,G3,D1P,02P.03P,C1P,CZP.C3P.AI.PH»1, 

1    ALPHA2,ALPHA3,HHl.HH2.HH3 
CONMIN   /T»1G/C6,S6,C7.S7,C8,S8,C9.S9,C10,J10,C11,S11 

OEBIVAIIVE   FUNCTIONS   »/«   TO   U.E.    <»NGUL«B   TE»«5   0NIY1 

0D(9I°C10 
-00(91PC10«Sb   ♦   OD110)*Cb 
-oom°sio«c6 
-0D(9I»C10»C6-QDI101»S6 
CO(9I"S10«S6 
C0191PC10 
-OOI«I»SB«C10   ♦   001101'C» 
-0D19I»CB»S10 
-aC19)PCB*C10-00(101*JB 
CD(9|PS8»S10 

Sll»l-0C19I«C10*S6   ♦   OD <10 I»C*I 
-OD(9l>Sll"S10"Ct>   ♦   00I9I'C10>C1I 
-Sll'IOCK.1   »   OD(9I»S10>    •   C11'(0D(91»C10«C»   ♦   Q 

C             OEH VATIVE    F UNC 

&:u 
C 

PWt 1,10,12, 1 ) 

WIT PHl 1 .   6.12. 2» 

:•: 11 PHI 1 ,10,12, 2 ) 

:;i9 PH( 1.   ft.12« 31 

:-:*c PH( 1 ,10.U, 3) 

::JI PHl 2,10,12. 11 

: :tt PH< 2,   8,12, 2) 

i:a Put 2,10,12, 2 ) 

::2«. PHI 2.   8,12, 3) 

:wi PHI 2,10,12, 3) 

O;A PHI i,    6,12. 1 ) 

I'-.n PW< 1,10,12, 1 1 

i:a PHI 3,11.12, 1 ) 

10(10,*56> 

:;^ PHI 3,   6.12 , 21 

PH( 3,10.12, 2) 

z: si PW( 3,11.12. 2) 

19)* S10) 

:■. :i P-l 3,   6.12 31 

c: M PH( 3,10,12 31 

PWl 4,    6.12 1 ) 

. : }<> PW( 4, 10,12 1 ) 

C11«(-QD(9)»C10*S6 ♦ MM10I*C*I 
-Ü0(»»*S11*CI0-Q0(»»»S10»C11»C6 
-Sll»IQCI9.»C10«C6   ♦   ODI10>*S6>-C11MOD(A> 001 

-ÖD(9)*C10»C6-00(101*St 
QD(9 ) »510°S6 
511 * f -QC (9 ) «-C 10»S6   ♦   GDU0I»C6) 
-QD 19 1*511*SlO»Cfe   ♦   0D(9I»C10*C11 
-Sll*IUCU)   ♦   00 I »I • S10 I   ♦   ClI*tOOI9l*ClO»C6   ♦   6 

Cll*C7*C-0D19)*C10*Sfr   ♦   QD(10t*Cfcl   ♦   STM-GCUl» 

7*IOD(ll»-QD(»l*CIO»$»   ♦   OD<10»»t*l-S7*<-Sll»<0 
Cll*lC0t9»*CI0»C*   ♦   0D<10>*S*1I 

c?»(-ooi«)*sn*cio-oot9»*$io*c 0DI9r*S10*S6*$7 

C7*C-S1I*IGEH91»C10*C* 

-C11*S7»I-00<91*C10»56 

QD(10)»56»-C11*IQ0(6)   • 

QDI10l*Cft1    ♦   C7*(-0DI9I 

PMI    4,11,12, 
1LM10I BS6i 

PHl    4,    6.12. 
I C 10^-C fe-QO {10 J °561 

Pwl    4,    7,w,    2 I    • 
U'(6J    ♦    Ü0 (91*5 10 1 

PWl    4,10.12. 
111H6I 

PW(   *., 11 ,12, 
1    JD(9) *S10H 

PW(    4,    6,12, 
1 oC10uC6-aOI101»S61 „    „ 

Pril   4.    7,12,   31    -   -C7»(-S11*(QD(6)   ♦   QOI9)*S101   ♦   Cl 1 • I QD 191 *C10*C 
16    ♦    ■jCUOI'Sfcl I-S7MC01U )-üD(9l*C10»S6   ♦   0DU0I*C6) 

P»f t    4 , 10,12 ,    3 )    ■ 
1*C6 » 

PM<    4.11.12,    3 1    * 
1+    QD(9)*S10)) 

PHI    1,12,12,    1)    * 
P*<    1,12,12,    21    - 
P w(    1,12,12,    31    * 
PHI    2,12,12,    II    * 
FH I    2,12,12,    21    * 
Pdl    2,12,12,    3)    - 
PWl    3,12,12,    1)    - 

1 191*510) 
P - I     3,12,12,    21    * 

1 D I 1 0 ) » 5 6 1 
PHI     3,12,12,    3)    = 
PHI    4,12,12,    1 )    * 

life)    *    CDI9)°S1C) 
PHI    4,12.12,   2)    - 

1    *    Gi, I 10 I °56 I )    ♦ 
P*(    4,12,12,    31    - 

1 ;,(h )    ♦    UD19 1^5 10 ) 
Phi    1,12,    6,    1)    ■ 
PW(    1,12,    9,    11    - 
PW<    1,12,    9,    21    • 
PWl    1,12,    9,    3 >    - 
PH(    1,12,10,    21    « 
PWl    1,12,10 

CD19>*S10*S6»C7-S7»(-CDI9)»S11*U0-QD(9I*510*CH 

■S11*IOD(91»C10*C6   +   QD(10I*S6)-C11»(QDU» 

L0(6)   *   QD(9)*S10 
CD(9)*C10"C6   ♦   00(10)*S6 
-OCI9)*C10»S6,   ♦   QD(10I*C6 
C0(8»    +    QDI9)*S10 
^D(9)»CB*C10   +   Q0UO)*Sfl 
-CD 19 1 *58*C10   ♦   QDU0MC8 
511*100(91»ClO'Cb   ♦   0D(10)»Sfe1 

-SI 1 * IOD 16 

CUMQOIt)   *   QD 

♦   0DI91OS10)    ♦   C11*(0D(91»C10*C6   ♦   Q 

PHI    2,12, 
Prfl    2,12, 

Prf( 
PH( 

PHI 

.12, 9, 
,12,10. 
,12,10. 

3,12. 6, 
3.12, 6, 
3,12, 9, 
3,12.    9, 

PHI 
PHI 
PH( 
PH ( 
PH I 

3,12, 9, 
3,12.10, 
3,12,10, 
3.12,10, 
3,12,11, 
4,12, 6, 
4,12. 6, 
4,12.    6, 

1 1 
11 
21 

UD(in-CC.(9)*C10»56   +   QD(101«C6 
CD(7)   +    S11*IQD(»»*C10*C6   ♦   0D(10>*56,   ♦   C11*I0D 

C7»(-Sll*lQ0«fc»   ♦   QD(91«S101   ♦   Cll*1ODC91»ClO*C* 
S7»(0D(U l-OU(9)*C10»S6   ♦   00(10I'C6I 
C7*KDllll-wD(91*C10»Sfe   ♦   00 (10 1 »C6 1-S7» (-511 * 10 
*   Cll «I CD(9»*C10*Cb   ♦   0C(10)*S6H 

1 
S10 
C10»C6 
-C106S6 
56 
C6 
1 
510 
CB»C10 
-SS'CIO 
SB 
Cd 
en 
-511 
5ll*C10»C6 
-Slle510   ♦ 
-C10»S6 
511*56 
C1M56 
C6 
1 
Cll 
-S11»C7 

>   SI 1»57 

*   510-C11 
C10*C11*C6 

F-10 



00*1 
0062 
00ö3 
00 o« 
ÜOo5 
00ö6 
0087 
OOoS 
0089 
0090 
oo n 
0092 
0093 
009*. 
0095 
0096 
0097 
00 98 
0099 
0100 
0101 
0102 
0109 
010« 
0105 
0106 
0107 
010« 
0109 
0110 
Olli 
0112 
0113 
0114 
0115 
011b 
0117 
0118 
0119 
0120 
0121 
0122 
0123 
012« 
0125 
0126 
0127 
0128 
0129 
0130 
01.1] 
0132 
0113 

013« 
0135 
0136 
0137 
0138 
0139 
01 «0 
01«1 
01>.2 
01«3 
01«« 

PHI 
P„< 
PH( 

PWI 
PH t 
P»l 
PHI 
PH I 
P»l 
PHI 
P»l 
PHI 
PHI 
PHI 
PHI 
PHI 
PHI 
PHI 
PHI 
PHI 
PHI 
PHI 
PHI 
PHI 
PHI 
PHI 
PHI 
PHI 
PHI 
PHI 
PHI 
PHI 
PHI 
PHI 
PHI 
PHI 
PHI 
PHI 
PHI 
PHI 
PH I 
PHI 
PHI 
PHI 
PHI 
PHI 
PHI 
PHI 
PHI 
PHI 
PHI 
PHI 
Pal 

PHI 
PHI 
PHI 
PHI 
PHI 
PHI 
PHI 

«,12, 9. 21 
«.12. 9. 3 I 
«.12,10, 1 I 
«,12,10, 2 1 
«,12,10, 31 
«,12.11, 21 
«,12.11. 31 
1. 6, 9, 21 
1. 6, 9. 31 
1. 6,10. 2 1 
1 , 6,10, 31 
1.10, 9, II 
1.10. 9, 2 1 
1.10, 9, 3 1 
2. 8, 9, 21 

2, 8,10, 
2.10, 9, 
2.10, 9, 

3, 6,10, 
3, 6,10, 

3.11. 6, 
3,11, 6, 
3,11. 9, 
3,11, 9, 
3,11.10, 
3.11,10, 

6,10, 
6,10, 
6.10. 

.. 7.10, 
•» 7,10, 
'. 7,11, 
>• 7,11, 
',10, 9, 

,10, 9, 
,10, 9, 
,11, 6, 
,11 , 6, 
,11 , 6, 

«.11. 9, 2 1 
PHI «,11 , 9, 3 ) 
PHI «,11,10, 1) 
PHI «,11,10, 21 
PHI «,11,10, 3) 

1 
SU»C10K6   •   510°C11 
-C10'S6"S7   .   C7M-S11-S10   •   ClO'Cll'C«! 

-C10»St»C7-S7«l-Sll«S10   «   C10«CI1«C*> 
Sll'56 
C11«S6"C7   .   C6«S7 
-C11"S6«S7   ♦   C6«C7 
57 
C7 
-C10"S6 
-C10-C6 
C6 
-56 
CIO 
-S10»C6 
SI0»S6 
-58«C10 
-CI'CIO 
Cl 
-it 
CIO 
-C««S10 
S»»S10 
-S11"C1C«S6 
-C10«CU«5» 
-C10*C6 
lll'Ct 
C1MC6 
-56 
-S11*S10»C6   ♦   C10*C11 
-S11°C10-S10»C1I«C6 
S10«S6 
-511 
-Cll 
-SM'SIO   .   C10«C11»C6 
-S11«C1C'C6-S10»C11 
C11»S6 
-511*56 
-S11'C10>56 
-C10«C11»S6>C7-C10«C6«S7 
C10«C11'56»S7-C10»C6"C7 
51MC6 
C11»C6>C7-S6«S7 
-C11H6«S7-S6>C7 
S11»S7 
S11»C7 
-C10°S6"C7-S7«<-S11»S10   •   C10*C11*C6I 
C10«S6«57-C7»I-S11»S10   •   C10«CI»Ctl 
-C11«S6>57   «   C6»C7 
-C11'S6«C7-C6«S7 
C7 
-57 
-SM»SIC>C6   •   ClO'Cll 

510»S6«57   ♦   C7«I-S11»C10-S10»C11*C61 
S10«S6>C7-S7»1-S11»C10-S10»C11«C»> 
-511 
-C11>C7 
C11»S7 
-S11>S10   •   C10-C1I-C6 
C7>I-SU°C10»C6-S10»C11> 
-S7»l-ill«C10»C6-S10«Clll 
C11»S6 
-S11«S6«C7 
S11>S6'S7 

01«5 
01«6 
0H7 
01«8 

01«9 
0150 
0151 
0152 

0153 

015« 
0155 

0158 

0159 
0160 
0161 
0162 

0163 

0166 
0167 

HUX.HUY.WU7   '   HTX.HTV.U7Z 

00   2   J-6,12 
00   2   K-6,12 
DO   2   L-1,3 

2   PHI5, J.X.L 1-PHU.J.K.L1 

0EP.IV4TIVE   FUNCTIONS   H/R   10   PUTEN7IAI.   ENEHCr 

•S9«S10 PUI    2,    4,12,    1) >    XKtl.lMZZUO)» 
PUI    2,    5,12,    11 ■    XKI 1,1 | • ZZlbO)«' 
PU(    2.    fc,12,    1) '    XK(1,1)*ZZI60)» 
PUI    2,    9,12,    1 ) *    XMl.lMZZIbOl* 

1XNI 1 .1 l»Z2 (10)-a ;>W-Xl U ,1 13r9<.C 

PU(    i ,10,12,    1) '    XKI1.1 )*lLlbQ)* 
159*ClC*Sfc   ♦    XL (1 ,1 1°S9»S1C   ♦    XH|1 

PlU    2,   *,12,    2 ) «    X« I 1 ,21»ZZ(61)• 
PUI    2,    5,12,    2 1 =    XKU,2l»ZZl6ll» 
PUI    i ,    6,12,    2 I *    XX (1 ,2! »11(61 )* 
PUI    2,    9 , 12,    2) =    XM 1 ,2 1 *ZZ (til <■ 

1XNU ,2I*ZZ( 1U)-X 1 1 1 ,2 )*C9»C10    ♦   X 
PU (    2,10,12,    2 1 *    XM 1 ,2l=ZZIbl)° 

1 S9°C10CS6    *   * L 11 ,2 ]»59°S10   ♦   XM(1 
PU(    2,    4,12,    3) *   XRl2,n«ZZI621» 
PU(    2,    5,12,    3 1 ■   XM2,1M2Z<62)* 
PU(    ?,    6,12,    3) ■   XM2,l)«ZZ((-2)» 
PUI    2,    9,12,    31 •    XM2.1 l*llih2)° 

1XMI2.1 1*2Z(111    ♦ CI4)aC9=ilC-i(51 
PUI    2,10,12,    3) XKI2,1MZZ(62I» 

1S10    ♦    XKI2.1)"59 "C 10*Cfc   ♦   CI4MS9 
PUI    2,    4,12,    4) XK(2,2)«ZZ(63)«. 
PUI    2,    5,12,    41 XK(2,21°Z2(63)»( 
PUI    2,    6,12,    U 1 XKI2,2>»ZZIC>3M 
PUI    2,   9,12,   4 1 XKI2,21»ZZI63I» 

1XL(2,2)»C9°C10   ♦ OUl»C9'>51O-0(5l<1 

PUI    2,10,12,    M XK 12 ,2) eU(t3)<* 
K10-C6    ♦    XL 12 ,21 S9»S1C   ♦   6(4)039« 

*C9 
<XN(1,1>*ZZ(14>    ♦   XHIl,ll*ZZ(lSn 

(0(4)*C9*S10-0(5)»S9-A1»C9*C10   ♦ 
10   ♦   XPI1,1I'ZZUU   ♦   *2*C9 = S101 
IQ(4)«-S9»C10    ♦   *1*S9*SIC-XN(1 ,1 )• 
,1 I*S9*C10»C6   ♦   A2*S9°C10! 
S9»S10 
C9 

(XN(],2)*ZZ(141   ♦   XN(1,2|»ZZ(15)I 
(Cl41»C9"S10-C(5l»S9-ftl*C9«C10   ♦ 
M(1,21»ZZU1 l-*3»S9   ♦   A2»C9*S101 

IGI413S9OC10    ♦   ai»S9oS10-XHU ,21* 
,21»S9oC10»C6   ♦   A2»S9»C10> 
S9"S10 
C9 
iXNI2,l)*ZZ(14)   ♦   XHI2.1MZ2I1S11 
(XM2.1 )"ZZ(10)-XLI2,1 )-C9=C10   ♦ 
»S9-A1«-C9*C1C-A3»S9   ♦   A2'C9»S10» 
{-XN(2,1 )»59»C10»S6   ♦   XLI2,1)«S9» 
»CIO    ♦   A1»S9»510   ♦   A2*59*C10) 
S9«S10 
C9 
tXNI2,2)»ZZI14)   *   XMI2,2)./ZI15)1 
IXN(2,i MZZI10I    *   XM(2.21*ZZ(11 t- 
S9-A1«C9»C10-A3»S9   ♦   A2»C9«SJ0I 
-*NI2,2)»S9=*C10('S6   ♦   XN(2,2t*S9* 
CIO   ♦   A1*S9»S10   *   *2»S9*C10» 

0ESIVA11VE   FUNCTIONS   W/i   TO   PIITENTUL   EKEHGV   U3     MRT   ONE 

PUI    3,   2,12,    1)    «   -ZZt53J*(-ZZ(45)*C6»2   ♦   ZZUfct«Sl«21•.5 
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j 70 PU(     ».    «-.12,    1>    '    -H <53 I Mii (*.5)»C8»2-JZ 1*61 »S8»2I«.5 
* i )1 Pjl    j.    5,12,    II    '    -iniJi«UIU5)»Si^   *   11 l*fe)»CB»2l».5 
; i TJ PUl    j,    6,1?,    U    ;    -ZZ1531MZZI45)MZZ(4H»SS    -   C8*ZZI42II» 

12.*   ZH^I MZZ(41(»C8*S8*ZZ(42>)»2.)».5 
•,jj3 Pu(    3,   8,12,    II    «   -ZZ(53)MZZ(45)MZZ(43>->C8-ZZ144)*SB)*2   ♦   ZZI461 

l*t-ZZt43l*S8-ZZ(44)*C8l*2l«.5 

f 
f yEPIvATIVE    FUNCTIONS   M/S    TU   POTENTIAL    ENERGY      U3   PART    TKO 

C 
-■IK PUl    3,    2.12.    2)    •    -ZZI59I M-ZZI45 IK8*2    ♦    ZZ (46 I •58*2 I•.S 
r!75 PJ(     ).    4,12,    2)    ■    -ZZ<59JMZZ(45)»Ce»2-ZZ(461*S«*2»*.5 
-lltt PUl    3,    5,12,   2)    -    -ZZI59)MZZ(45)*SS'»2    ♦    Z Z (46 1 »C 8*2 » ».5 
-J77 PUl    3,    6,12,   2>    •   -ZZ(59)MZZ(45)»(ZZ(4n°S8   -   CB»2Z(42>)« 

12.*   ZZI4*)*C22(41)*C*«Sl*Z2<4;i)*2.l*.5 
Ci 78 PUf    3,    8.12,    21    -    -111 59 1 M 11 ( 45 )•( 11 ( 43 1 »CB-ZZ (44 I »SB 1 *2   ♦   ZZ(4bl 

l»(-ZZ(43)»S8-ZZ(44)»t8M2)-.S 

C 
C DERIVATIVE    FuNCTlCNS    W/R    TC   POTENTIAL    ENERGY   U4   PART   ONE 

C 
0179 PU(    4,    2,12,    11    -    XKY] °Z2 (fe4)M-tB    ♦    1) 

I    -0(21*11 .-CO l-( -ULPMM-U3 > )°C9»510   ♦    ALPHA2-C10   ♦   ALPHA3*S9*SlO 
1    -A2-G2-UI2MflC6-( (ALPHA1-U 31 I »S9-ALPHA3»C9-A3-G3»*S8   »A1.PHA2 

1    -A2-G2 
0180 PUl    4,    3,12,    11    -    XKYl°ZZ(641«(CBn9*S10-SS»S9l 

1    ~Q(2)»C9»5I0<>C8    ♦    G12leS9»5B 
0181 PUl 4, 8,12, 1) * XKY1°ZZI64IMCBM-A3-C3 ♦ ALPHA3"C9 ♦ S9MAIPHA» 

1-0131 ) )-Sa*(-ü2-t(2)-A2 ♦ At.PriA2*tlO ♦ ALPHA3»S9»S10-C9«MQMALPHA 

11-Qt31))I 
1*012) =■(-! ALPHAJ-Ll 3I)»C9»S10    ♦    ALPHA2*C10    ♦   ALPHA3*S9*510-A2~« 
1    -0(2 ))*S8-Q(2 )•> I ULPMA1-C13 ) )»S9    ♦    ALPHA3»C9-A3-G3I»CB 

0182 PU( 4, 9,12, 1) » XKYl°ZZ(64)»(C8*IALPHA3*t9»S10 ♦ S9*SIC»I*LPHA1- 
1CI31IJ    *    S&M-ALPiA3«S9    ♦    C9°(ALPHA1-G(3»»1 1 
1    -3(2)'((ALPHA1-CI31 l«S9»S10    »    ALPHA3*C9*S101»CB-CH2I•t*ALPHA1 - 
1    Q(3>)*C9-ALPH63»S91°S8 

0l33 PUl    4,10,12.    II    -   X*Y1«ZZ164I<>C8»<-ALPHA2*S10   ♦   ALPHA3*S9»UC-t»*C 

110» ULPHM-QU I 1 I 
1   -Q(2m-lALPHAl-C(3n»C9*C10-ALPHA2*S10   ♦   ALPHA3*S9*C10 IKt 

C 
C ÜEHIVATIVE   F0NCT1CNS   H/R   TO   POTENTIAL   U4   P»RT   T«0 

C 
0184 PUl   4,   2,12,   21    «   XKY2»ZZ (65 IM-C8   *   II 

1    -ül2lBll.-Cö)-t-(-tlPHAl-QI3l l»C9»510♦ALPHA^•C10♦ALPH*^•$••$10 
1    -A2-02-QI2) l°CB-( |-ALPHAl-Q(3))«59-ALPhA3*C9-A3-G3l»iB   ♦   ALPMA2 

1    -A2-02 
0185 PU(    4,    3,12,    21    "    **Y2'>Z2(651*<ta»C9»S10-SB*59» 

1    -0(2 1 *C9»SlfjsC8    ♦    0(2)*S9°S8 
01b(, Pui    4.    8,12,    2)    *    *KY2*2Z (65)MC8»(-G3-A3    ♦   ALPHA3«C9   ♦   S9M-ALPHA 

1 l-0( 3 I 1 l-S8»(-C2-:(2l-ft2    ♦    ALPMA2"C10    ♦   ALPHA3»S9»S10-C9«$10* ( -ALP 

1HA1-043) I I) 
1*0(2 ) ' 1-l-fiLPHM-;( 3) >n9BS10    ♦    ALPHA2K10    ♦   ALPHA3»$9*M0-A2-G2 
1    -012 I )«hi-LU ) M (-»LPHA1-GI3) )*S9    ♦    ALPHAS »C9-A3-G3 ) »CB 

Glt)7 PU(    4,    9,12,    2»    ■    *HY2*ZZ ( 6 5 ) <■ I C 8 » UL PHA3»C9*S10   ♦   S»»S10* I -ALPHA! 
1-QI3)))    *    S6»( -ALO*-t3»S9    ♦    C 9" l -AL PHA 1 -111 3 III ) 

7 'J 1    -C(2)M l-tLPHM-i.(3)l*$9»510   ♦    ALPHA3*C9«S1QI*CI-QI21M<-UPH»1- 
1    0(3)1 -C9-AIPMA3« J*»l»Si 

01--8 PUl <-,Lf.l2, 2) = XKY2°ZZ (fc5)»C8>M-ALPHA2*510 ♦ ALPHA3*S9*CI0-C9»C 
1 Id S I - a I P H A 1 - ij I 3 ) ) ) 
1 -lj(2 )"(-(-ALPfAl-;(3) I^C4"C10-ALPHA2»S10 * ALPMA3»59»C 10 l»CB 

C 
C     CcßlVATIVE FUNCTICSS W/R TO DISSIPATIVE ENERGY UBAR1 PART ONE 
C 

01&9 P0( 1, 4,12, 1 ) ■ S9°S10 
0190 PÖ1 1 , 5,12, 1 I '   C9 
0191 PDl    1,    6,12,    11    ■    XM1 ,1 («ZZU4I    ♦    XH (1 ,1 ) * ZZ ( ] 5) 

0192 PCI 1, 9,12, 1) * r.Ml,l)'ZZ(101-Xl(l*l)*C9*C10 ♦ XM (1,1 1»2Z 111 I ♦ 
1    A2>C9^10-A3*S9    ♦    0 ( 4 ) K9 * i 1 0 -Q ( 5 1 * S9-A 1 *C9*C 10 

0193 PDl 1.10,12, II * -XM 1,1 I =S9niO»S6 ♦ XL ( 1 ,1 ) »S9»S10 ♦ XH(1,1)*S« 
l'CTOKfa    ♦    A2»S9»Cir    ♦    QI4)»i9*C10    ♦   AJ»59»S10 

0194 P0(    1 ,    4,12,    2 1    *    S9*510 
0195 PCt    1,    5,12,    2)    =   C9 
01"6 POt    1,    t,12,    21    -   XH(1,2)*ZZ(15)    ♦   Xftl(l,2)*ZZI14> 
0197 PDl 1, 9,12, 21 = -XL (1 ,2 )»C9*C10 + XK ( 1 t2 1 «ZZ111» ♦ IN(1,2 I«ZZ( 10 

1)    ♦    .12 JCv=-Slü-A3 = S9    ♦    014 ) 'C9»S10-Q(5 ) » S9-A1 *C9*C 1 0 
0198 ?iM 1.1C.12, 21 = XL ( 1,2) : S9«S10 * XM ( 1 t2 I »59"C10*C6-Xlin .2 l»$f *Cl 

10*S6    ♦    ^2-,S9'=Cr:    +    „(4>*S9m3   *    A1°S9*S10 
0199 PÖ(    1,    4,12,    31    =    S9*S10 
021)0 PD!    1 ,    5,12,    3)    =    C9 
0201 POI    1,    »5,12,    3)    =    X-^12 ,1 ) =ZZ I 15)    ♦   XN (2 »1 1 *ll ( 1* 1 
0202 1-31 1. 9.12, 3) = -XLI2.1 ) U 9 = C 1 0 ♦ XM (2 ,1 ) *ZZ (11 I ♦ XMI2 » 1 ) *ZZ (10 

1)    *    A?-t v»S10-£3 = ;■»    *    C(4 |»C9*51C-0I5I*S9-AI»C9»CI0 
02J3 CO!    1.1-.12,   3)    -    xL (2,1 )=S9*S10   ♦   XM (2 ,1 I «S9»C10»C6-XN12»11 •$♦•€» 

lL^Sb    »    :?»i9*UC    ♦    -I4IOS9-C10    ♦    Al*i9*S10 
0204 PÜI 1. 4,12, 4) = S9»S10 
0205 POt 1, ^,12, 4 1 = C9 
02'i6 P"»l    1,    t,12,    4)    .-    «HI2.2 MZZU5)    ♦    XN ( 2 ,2 ) *ZZ (14) 
0207 F'..( 1, -.12, 4| = -XL (2,2 )^C9*C10 ♦ XH ( 2 , 2 I »ZZ 111 I ♦ XN( 2 ,2 ) «Z Z 110 

1)    •    -2 ^J'M0-£3    19    »    CI«. )-;9-S10-C(5l»59-Al»C9*C10 
0208 PJI 1.1-,,12, 4) . »L(2.2) = S9«S10 ♦ X« I 2 ,2 J »S9 »C 10«C6-XII( 2,21 »S9»C1 

1  i-^t-    *    ■-. ^ ' 5 9 ■» C 1 -    <■    ;(41>i9*cn    ♦    A1»59»S10 
c 
C Cf'N'fWt    fu«CT;;\S   «/«    10   OliSlPUIVE   ENERGY   UBAR2   PART   ONE 

c 
0209 P3( ?, ^,12, U = ZZ(«2)*I-ZZI77I*CI*2    +   ZZ(78I»SB»2) 
0210 FO ( s, s,12, 1) = ZZ( .-2(-HH 77 I »C 6 62-ZZ I 78 I • SS»2 > 
0211 PC! /, i,12, 1) = 11 (^2 J' (ZZ ( 77)-»S8*2    +   ZZ(7B)*CB*21 
0212 PDl .', b,12, 1) * ZZ(^2)-IZZ177(MZZ(791»S8   ♦   ZZ(60I»C«»»2   ♦   Z2I7B 

i i*iz; ( ;^i*CB-i;i = : csa)*2 I 
0213 H:M 2, -J.12, 1) * ZZ(S2)MZZ(77)»(ZZ(761»C8-ZZ(T5)*SBI*2 ♦ ZZI7S1* 

1 l-Ll [7b)°Sa-ZZ I I". )=-C81»2 I 
C 
c oeRj.ATive  Fu^cTlL:^s h/fi  TO OISSIPATIVE ENERGY UBAR2 PRRT TMO 

0214 P!M 2, 2,12, 21 = ZZ(E1 I *(-2Z(77)»C8»2 ♦ ZZ(78»*SB»2I 
0215 POI 2, 4,12, 21 -• ZZ<el )* I Z Z ( 77 I »C8-2-ZZ (7B I »SB»2 » 
0216 PUl .', 5,12. 21 « ZZ1P1I»(ZZ(77I«S8»2 ♦ ZZ(78I»CB»2I 
0217 >0( 2, 6,12, 21 ■ ZZ(81)»(11 177 1 MZZi79 I »SB   ♦   ZZIIQl*CBt*2   ♦   ZZI7« 
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0220 
0221 
0222 

0223 

0224 
0225 
0226 
0221 

0226 

0229 
02 30 

02 31 

02 32 

0233 

023". 

0235 
0236 

0237 

0238 

02<<0 
0241 

0242 

0249 

0244 

0245 

0246 
0247 
0248 

0249 
02 50 
0251 

0252 
02 53 
0254 

0255 
0256 
0257 

0258 
0259 
0260 

0261 

0262 

02b3 

0264 

1 I MZM 79]»C6-/ZI t-CI°Srl°2 ) 
».I    2,   8,12,   21    ■   ZZ181 >«IZZI771»IZZI76I»CB-ZZI75MS«1»2   ♦   ZZI71I» 

lt-ZZl76l°SB-ZZ(76I*CBI»21 

CERIVATIVE   FUNCTIONS   WR   10   0ISSIPAT1VE   ENERGY   UBAB3   PANT   0»E 

PCI    i,   2.12,   11 •   ZZ(71I"IZZI70I"S«°2-ZZI69I«C««2I 
P,(    3,   4,12,    II ■   ZZI71 IM-ZZI70I'SS>2   «   ZZI*9I»CS«2I 
HLM    3,    5.12,    II ■   ZZI71I»(ZZ170I"CB«2   •   ZZ(69I«SC2I 
P3I    3,   6,12,    II •    ZZI71l»IZZ(70l"l-ZZI7il«SB   •   Z2I73I»CBI*2   ♦   ZZI» 

l»i»i:Z(72l»C6   ♦ iZ173l"S8l'21 
Pbl    I,   8,12,    II ■   ZZI71l»IZZ(70l«l-ZZI»7l"S8-ZZ(66l>CII«2   ♦   2Zl*»l 

1MZZI67I*C8-ZZI66i°S8l*2l 

DERIVATIVE   FUNCTIONS   »/«   TO   01SSIPHTIKE   ENFRGT   U6A9.3  »»IT   T«0 

P0I    3,   2,12,   21 ■   ZZI74l>(ZZI7CI'S8°2-ZZI69l>C8»2l 
PDI    3,   4,12,   21 ■   ZZ174I»I-ZZI70I«S8»2   «   ZlI69I»CS*2I 
P0(    3,   5.12,   21 ■   ZZ(7*]«IZZ(70I»C«»2   ♦   2ZI6»I"S«»2> 
PCI    3,   6,12,   21 ■   ZZ(74>°IZZ(701»(-ZZ(72I»SB   •   ZZ(73I»CBI«2   ♦   ZZI4 

19)»IZZ(72I»C8   ♦ ZZI73I»S8l'2l 
P0(    3,    8,12,   21 ■   Z2l74IMZZ(70>"(-ZZI»7l>S«-ZZI»tl'C8l»2   ♦   ZZ(»9) 

l>(ZZ(67l»C8-ZZI6tl'S8l>2) 

DERIVATIVE   FUNCTIONS   V/R   ID   GENERALIZED   fOKCfS   >>»«T   Of   «ECTO» 

AB,88.C6 

PGI    1,    1,12,   II    ■   ZZISSI«C7   ♦   ZZI9XS7 
PCI 1, 6,12, II ' ZETABM-ZZI9I»C1I»S7 . ZZ(11I«C7I ♦ II6>ZZI91»S1 

11    ♦    (EB   *   011 I I»IZZ(9I«C11°C7   ♦   ZZ(11I»S7) 
POC 1, 7,12, II ■ Z=TAB«(-ZZI8SI«C7-ZZI9I>57I ♦ 1EB ♦ Olli)*l-ZIt» 

1SI»57 ♦ ZZ(9I»C7) 
PGI 1, 9,12, II ■ ZE1AB»I-ZZI90I«S7 • ZZI15I-C7I « XIB-IZZI13I«SIT 
1-S9»C10«C11I » I tS • 1)111 l°(ZZI90l«C7 • ZZ(15I'S7I 

PGI 1,10,12, II ■ ZETAB»(-ZZI*6I»S7 • C9«C10«S6"C7> ♦ B1B*I-C*«C10 
l=Sll»C6-C9»51g"Clll   ♦   (EB   «   C(lll'(ZZ(»6l«C7   ♦   C9>C10»S»»S7I 

PGI 1.11,12, II ■ -ZETAB=57»I-ZZ(12I»S11-C9>C10-C11I • IIB*ZZIB5I 
1.   C7ME6   •   Cll I I»I-ZZI12I»S11-C9"C10HIII 

PCI    1,    1,12,   21    ■   ZZIB7I«C7-CI0'S6«S7 
PCI 1. 6,12, 21 • ZEl»B"tC10»Cll«SB»S7-C10»C6»C7l-»lB»C10«Sll"S» • 

1      IE»   •   Oil I l«l-tlO°Cll»S6H7-C10'C6>57) 
PCI 1, 7.12, 21 ■ ZtTAE»l-ZZIB7l°C7 • C10»S»»S7I ♦ 1EB • Sill I•«-I 

1ZI87I'S7-CI0"S6"C7I 
PCI 1.10,12. 21 ■ 7E1AB«IS10>S6'C7-S7«(-C10-S11-SI0«CU»C6)I ♦ «IB 

1-IC10>C11-S10»S11K6) • IEB • 0(lll»(S10°S6>57 ♦ C7*I-C10*S1I-S10* 

1CU»C6II 
PCI 1,11,12, 21 ■ -ZET«»'ZZIB8I"S7 • XIE»ZZ<871 ♦ ZZ(»•I>C7'IEB ♦ 

ltd I I 
PC I    1,    1,12,    31    ■   ZZI90)»C7   •   22 C15)»ST 
PCI 1. 6,12. 31 ■ ZETAp.(ZZI14l°C7-ZZI15l»Cll»S7l • »IB*ZZI15I*SI1 

I    •    IE8   •   0(1 II'I2ZU4I"S7   •   III1SI *C11"C7I 
PCI 1. 7.12, 31 ■ ZEIAB'(-ZZI90)«C7-2ZII5I«S7I ♦ IEB > Ollll'1-ZZI 

1901*57   .   ZZU5I-C7I 

PCI 1, 9,12, 31 ■ ZETJB»(ZZ(I01«C7-S7MZZ(11I°C11 ♦ C»«C10»$llll ♦ 
1 XIB»IZZ(11M511-C9=C10»C11> • IEB • Jl 1 I 1 • 1ZZ 110 I »57 ♦ C7*IZZI1II 

1'C 11    •   C9°C10°5l1)I 
PGI 1.10.12, 31 ■ ZETAB°l-ZZIS9l'S7-S9niC>S6H7t ♦ XIB°IS9*C10*S1 

11»C6   ♦   59>SIC°C11>   •    (EB   »   0(1 11»IZZ1691=C7-59•C10»S6«S7I 
PCI 1,11,12, 31 ■ -ZEI»B«S7>l-ZZtl3l«Sll • S9»C10«C11I •• Xle«ZZIW 

1)   ♦   C 7»IEB   ♦   Olli I*I-ZZ<13)*S11   ♦   S9°C10»C11I 

:ERIVATIVE   FUNCTION  k/R  TC  GENERALIZED  FORCES  PART  OF  VECTO« 

PCI    l',    1,12,    II    ■   ZZ185I'C7   ♦   ZZ(91«S7 
PCI   2,    1,12,   21    ■   2ZI871»C7-CIG=S6"S7 
PCI   2,    1,12,   31    •   ZZ(90I°C7   .   ZZI15I>S7 

DERIVATIVE   FUNCTIONS   W/R   TO   GENERALIZED   FORCES        PART   Of   VECTOR 

AC.BCCC 

PCI    3,   1,12,   II    ■   ZZI65>»C7   •   ZZ(9I°S7 
PCI    3,   1.12,   21    ■   2Z(S7I«C7-C10»S6«S7 
PCI   3,    1,12,   31    ■   ZZI90I»C7   •   ZZ(151»57 

VECT.7R   BUFTA,   8ÜFTB,   BOFTC    IN   GENERALIZED   FORCES 

PGI   4,12,12,    II    ■   -8UFTMZZ(85]»C7   •   ZZI91-S7I 
PCI    4,12,12,   21    ■   -BGFI»UZ(87I«C7-C10»S6*57> 
PCI   4,12,12,   31    ■   -B0FI°U2I90IH7   »   ZZI15I»S7I 

VECTOR   ROFTA,   ROFTR,   ROFTC    IN   GENERALIZED   FORCES 

PGI   5,12,12,    II    •   R0FT*IZZI85I°C7   •   ZZ «91»571 
PGI    5,12,12,   21    ■   R0FTMZZ(87I»C7-C10»5t°57l 
PGI    5,12,12,   31    .   R0FTMZZI90I-C7   .   ZZI15I«571 

VECTUR   CUFTA.CCflB.CCFTC    IN   GI-NERALIZEO   FORCES 

PGI 6,12,12, II ■ CUf t'IZZU5l'C7 • ZZ (9 1 »571 
PGI 6,12,12, 21 = COFT- lit (ö7 I-C7-C10'S6°S7 I 
PG(    6,12,12,    31    '   COFT-illI90l»v7   ♦   ZZ(15)»s7l 

aELTi    IJ    IN   l>2   OF    POTENTIAL    ENERGY 

;,1( i, 1, 1, II , -XNI1,11-13 • ZZI63I • A»I1,1I*ZZI13I ♦ XNIlill* 

1ZZI1 31-XLI I ,1 I »S5C-C10 
Al    1,   1,    1,   21   ■   -XNI1.2I-A3   ♦   ZZI63I   •   X«l 1 ,21 «ZZ 113)   •»   »Nil,21» 

Ml I15I-XL I 1,2 )»59»C10 
-.Al I, 1, 1, 31 . -XM2.1I-A) ♦ ZZIi'3l-XLI2,l l'S9 = C10 • XNI2,1I'ZZ 

1(131    •   XM2.1 l»ZZI15l 
-A| |, i, 1, 41 . -XNI2.21-A3 • ZZI83I-XL(2,2I=59«C10 ♦ X«I2,2)»ZZ 

11131   •   XNI2.2MZZI15I 

DELTA    IJ   PRIME    IN   GENERALIZED   FORCFS 

DPI    1,    1,    1,    II    ■   -»1(1,11   '   CI3I-A1   •   ZZIB4I   ••   XHH,1I«ZZ(12)   •  • 
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02bfe 

0267 

0268 

0269 
02 70 

1\< 1 1 ) »i. 
. F ( 1 .    1 

1^(1 2 (*Z 

tP< 1 .    1 
1-12 1 1»Z 

i. PI 1 t    1 
1M2 2 J*Z 

zm 11(1,1 1«C9»C10 

RETUR* 
END 

,    1 ,    2 ) «    -XL ( 
Z(12 !    « XNI1.2 
,    1 ,    3) -    -XL I 
Mlfl    * X.M2.1 
,    1,    *.) -    -XL( 
ZI12I   * XN12.2 

)   ♦   OI31-»!   ♦   IH»U\ 
Z 1 9 > 
)   ♦   6I3J-A1 
Z(9> 
)   *   0131-A1   ♦   2Z.84I 
Z(9» 

XM1,2I*C9*C10   *   X 

ZZIB*)    •   XL(2,ll*Cf»C10   *   X 

UU.2I*C9*C10   ♦   * 

SUBROUTINE   SOLVE 

THIS   SUß63UTIhE   DECOUPLES   »HE   VECTOR   DIFFERENTIAL   EOUATICN 
*-QD'..»8    ÄNC    SLLVcS   FCR   THE    OCJ.I»    WHERE    1-1,2... .,11 
A   MODIFIED    SCUARE    ROOT   METHOD    IS   USED.      THIS   METHOD   TAKES   ADVANTAGE 
^f    THE    SYMMETRY   [. F    THE   MASS   MATRIX. 

CfOG2 
0003 
000*. 
0005 
OOOfe 
0007 
0008 
0009 
0010 
0011 
0012 
0013 
OOlfc 
0015 
0016 
0017 
0018 
0019 
0020 
0021 
0022 
0023 
002*. 
0025 
0026 
0027 
0026 
0029 
00 30 
0031 
00 32 
0033 
003<t 
0035 
0036 

0037 

0038 

0039 

00*0 

00*1 

DIHENSIDN   SI 10,11 I.XKUl) ,CI11 » 
CÜHH^N   /NAHE4/AI 11,11 l.FI HI 

C Of HUM   /^mvwailll.CDilll.MllI 
sii ,11 ■ Aii.n 
SI 1 ,2)    ■   Al 1 ,21 
111,31    •   til,3) 
ill.M    ■   All,4} 
Sll ,5)    -   «11,51 
SCI .fa 1   -   All,6) 
511,7)    ■   All,71 
511,91   •   All,II 
511,9)    ■   All,«) 
SII.10I    •   All,101 
ill ,111   ■   All,11) 
Cll 1    -   Sll,ll«>l-1    ) 
512,31    ■   >I2.3I-CI1)*SI1,2I'S<1,3> 
512,41    •   A<2,4)-c<ll'5U,2>>Stl,4l 
512,5)    ■   AI2,5)-Cll)>Sll,2>*St],5l 
5(2,61    ■   AI2,6l-r. tl 1*5(1,2)*Sf1,6] 
5(2,7)    •   AI2,7)-CI1)>SI1,7>»SI1,2I 
1(2.01    •   1I2,8)-CI1)*SI1,8I>SII,2I 
512,91    -   A 12 ,9)-C 11MSf 1,9>»SU,2I 
SI2,10>    .   M2,10)-CI1I»SI1,10I>S(1 ,2) 
SI2.11)   •    AI2,11)-C<1>*S<1,11)*S<1 ,21 
CI2I    ■    IAI2.2I-CI1 l>S(l,2l"2l««l- 1 
513.4)    ■   AI3,4)-C(2>*SI2.31*512.4) -CI1I*SII,SI*SI1 ,41 
513,5)   •   AI3,5)-C(2I*5I2,51*512,31 -(-11 1 »SI 1,31»St 1 .51 
513,61    ■   AI3,6)-CI2I*SI2,6>*S<2,3) -CI1)*SI1,3I*SU ,61 
SI3.7I    .   AI3,7I-C(2I*S(2,71*5(2,31 -CI1)*S(I.71*5(1 • 31 
5(3,8)    -   AI3.8 )-CI2)*SI2,81*5(2,31 -Cll 1*511,SI'SII .31 
513,91    '   Al3.91-cm "512,9)05(2,3) -U1I»S(I,9)»SI1 ,31 
5(3,10)    '   A 1 3, 101-512,101»C121*5(2 3>-C(l)*S(l,10l •511,31 
513,111    ■    A(3,11 1-512,111»C(2>*5(2 3»-C(ll*S(1,11 I ■511,31 
CI31    «    (Al 3,3J-CI2I*5I2,3)**2-C(1 1 5tl,3l**2)**l-l 1 
51*,,51    ■    »I4,5>-CI31*SI3,5)*5I3.41 C(2)*SI2,SI"SI2 41-CUI •Sll ,41» 

1511,51 
51*., 6)    •   AI4,4)-CI3l»SI3,fe)*SI3,4l CI2I*S12.6I'5(2 41-CIII •511 ,41» 

1511,61 
5(4,7)    .   AI4,7)-CI3)«S<3,71*5(3,4) C(2I>5(2,71*5(2 41-CI11 •5(1 71« 

1511,41 

514,?}    ■   Al 4,8l-Cl3)*SI3,81*5(3,41 CI2)*SI2,>I°S<2 41-CIII •Sll »1» 
1511 ,41 
514,91    .    A(4,9)-CI3)*S(3,91*5(3,4) CI2>*5(2,91*512 41-CUI •5(1 91» 

1511.4} 

5(4,101    ■   «(4,101-5(3,10I*C(3I*S(3 41-5(2,101°C12l*S12.41- cm •511 
1,10>*S'1,4> 
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00*.? 

0043 

0044 

00*5 

0046 

00^.7 

00".« 

00*9 

0050 

0051 

0052 

0053 

0054 

0055 

0056 

00 57 

0056 

0059 

0060 

0061 

0062 

00 72 
0073 
00 7*. 
00 75 
00 76 

00 77 

0078 

0079 

OO^O 

0035 
OOsfc 

0037 

OO-iB 

0089 

SI«,U I    ■   AI4,111-5(3,111*C131*513.41-5(2,11>*CI2>*5(2,41-C111«5II 

I .11 > ' S 11 . 4 1 
cm  . («(4,4>-ci3>'Si3,4i**2-c(2i*si2,4i**2-cii>*sii,4i««2i««i-i 

II 
5(3,61 ■ »15,61-C141*5(4,51*5(4,61-C(31*5(3.5 I»5(3.»I-C(2I«SI2,SI« 

1S12,6)-CI1l»ill .51*SU,6) 
S (5,11 • «(5,7)-C(4)*S(4,71*5(4,51-C(31*5(3.51*513.71-C121«5(2.SI« 

15(2,71-CI11*S(1,71*5(1.51 
5(5,31 - »l5,»l-C(4>*SI4,el*S(4,SI-C(3>*S13,5l*SI3,»l-C«2l«S<2,SI« 

15(2,81 -Cll >*S( 1 ,81*5(1 ,51 
SI5.9I ■ «(5,9I-CI4>*SI4,9I*SI4,5>-C(3I*SI3,5I*5(3,9I-CI2I«S(2,SI« 

1S12,91-C(11*5(1,9I«S(1,51 
515,101 ■ A(5,10I-C(4I=S(4,10>*S(4,5I-5(3,10I"CI3I*5(3,5I-S<2.10I« 

1CI2>=SI2,5)-U1I*SI1,101*5(1,51 
515,111 ■ 1(5,11 I-[I4I'5I4,11 I »SI*,51-S< 3.Ill«C<3 >«513,51-5(2,111« 

1CI21*S(2.5]-C111*511,111*5(1.51 
CIS)    ■    (A(5,51-C(4l*S(4,5l**2-C(3l«SI3.5l**2-::(2l»S(2.5l««2-Cm«S 

I II ,51**2l*=l-l    1 
516,71 . Alt, 7I-C(4>»5(4,71*514, 61-5(5,61*5(5, 71 «C151 -C 131 'il).»l' 

1513,71-C121*512,H*SI2,71-C(1I*SI1.71*5(1,»I 

S16,qI . AI6,BI-C(4I*S(4,8>*SI4,6I-5(5.6I*S(5.8I*C(5I-C(3)«SI3,»>« 

1513,81-C(21*5(2.6l«S(2,«l-C(ll«Sll.il«SII.»I 
516,91 ■ A(6,9>-CI4I*5(4,5>*5I4,6>-S(5,6>*S(S.»I«CISI-CI3I«SI3,»I« 

1513,91-C 121*512,61*512,91-CIII«SU,»I*'SI1.» I 
516,10) . AI6,10 1-C»4I*SI4,101»514.61-515.61*515,101*C151-SI3*101» 

1CI3]»SI3,61-5(2,10I"C12)*S(2,6I-C111*5(1.101*511,61 
516,111 ■ AI6.11)-C<4I»S(4,11I*S(4,61-5(5.61*5(5,III*C(SI-51«.Ill« 

1C(3>*513.61-5(2,11I"C(2I*SI2,6I-CI1I«SI1.111*511,61 
CI61 - (A(6,6)-C(4)*SI4,6>**2-C131*5(3,61**2-C121*512.6I««2-C(II«S 

1(1,61*«2-5<5.6>**2°C(5II**(-1    I 
5(7,81 - AI7,8I-CI4MSI4,11*5(4.81-515,71*5(5.» I *C 15 l-C (61 «S I»,• I« 

15(6,7)-C131*5(3,11*5(3,81-C 121*5(2,71*5(2.81-C111*511.71«Sll.il 
517,91 . «(7,9>-CI4>*S(4,71<S(4,9l-S(5,7l*S(5.9l*CI5l-C(tl«SU,»l« 

1S(6,7I-CI3>*5I3,71»S(3,9>-C(2>*S12.7>*SI2,9>-C11I*S11.7I«S(1.*>I 
517.101 ■ A(l,10l-C(4l*S(4,7l*5l4,l0)-S(5,7>*SI5,10l«C<5l-C(»l«S<i 

1,101*5(6,7>-S(3,10l*Cm»S(3,71-512.101 *C (21*512,71-C (II «ill,71 «SI 

II .101 
517,111 ■ «17,11l-C(41*5(4,7 I «514,111-515,71«5(5.11I«CI5I-CItl«S(» 

1,11 I »SI 6,7 I-SI3.11>*C131*5(3.71-5(2.11I*CI2I*S12,7I-C(1I«SI1,7I«S( 

11,111 
C(T1 . IA(7,71-C(4><5(4,71»«2-C161«516.71««2-C13 I«S13,71««2-C12 I«S 

1(2,7I««2-CI1I"5I1.7I««2-SI5,7I««2«CI5II««I-I    I 
513,9] ■ Ale,9I-C(4I*SI4,61*5(4,91-5(5,81*5(5,91«CI5)-C<7l«S(7,tl« 

15I7,9I-CI6)"5U,8I«SI6,9I-CI3I»5I3,8I«5(3.9I-CI2I«SI2.«I«SI2.»I-C( 

111*511.61*511,9) 
'18,10 1 " A(B,10I-C(4)*5I4,81*5(4,101-5(5,81*5(5,101«C(51-C(71«S17 

1,81*5(7,101-1161*516.81*516,101-513,101*C131*513.81-5(2,10 I«C(21•$ 

1(2.8I-C11I*5I1 ,8 1*51 1 ,10) 
518,111 ■ »(8,111-C(41*5(4,81«5(4,111-5(5,81*515,11l«CI5l-CI7l«S17 

1,»1*517,11 I-C16 I'516,8 I«5(6,11 1-513,11 I«CI 3 I«513.81-512.111«C(2l»S 

112.81-CI11*511 ,BI*5I1.111 
CIS] ■ I Al 8,6 I-C l4|.SI4,ei**2-C17l*SI7,»l««2-CI.I«S(t,ll««2-COI«S 
1I3,8I**2-CI2)*S(2.8I**2-CI1I*SI1,»I**2-SI5,»I**2*C(5II««(-1 I 

5(9,10) ■ AI9,101-C(4l*S(4,9>*S(4,10l-CI*.l*SI»,»l*Sli,10l-C<7l«JI7 
1,91* S (7,10I-K6I« 516,91*516,101-515,91*515,101 *C 151-5(3,101 «C (31 «J 

1U,91-5(2,10>*CI2I=SI2,91-C11I*S(1,91 "511,10 I 

',(9,111 ■ AH,111-'. 141*5(4,91*5(4,III-CI»l«Sli,»l«SH,lll-C 171 »SIT 
1,91*,(7,111-1(61*5(6,91*5(6,111-515,91*5(5.Ill*C(51-5(3.Ill«C131«J 
1 I 3,9 1-5(2,11 I=C12 1*5(2,9) -Cll 1*511.91*511,111 
CI9I • IM9,9l-C(4)*St4,9l»*2-C(8)*SI8,9)**2-C(7l*S(7,9l««2-CUl*J 

1 16,9>*»2-CO>»5l3,9l«*2-C (2>*S(2.9>*"2-C(1>*S(1.9I**2-S(S,»I««2«C( 

15)1**1-1    t 
.{10.111 * A(10,11 l-C(41*5(4,101*5(4,11l-C(81*5(8,101*5(8,UI-51», 

li;>"5(9,lll*C(9)-C(7l*S(7,10l»5(7,lll-CI6)*S(6.10l*5(6,lll-SI5,10> 
1*S(5,111-'CI5I-SI3,101*5(3.Ill *C (31-5(2.101-SI2.Ill "CI2I-C 111*5(1.1 

101»5(1,11) 
C(10I ■ IAI10,10)-C(4I»SI4,101**2-C(8I*5(B,10I**2-C(7I«S17,10I««2- 

1C(61'5(6,10)»»2-Clll*S(l,101**2-5(9.101**2»CI9I-SIS,101*«2«C(31-51 

13,101**2   C(3I-5(2,10)**2=C(21)«*(-1    I 
Cl HI • I Alll ,11 ]-C(4]*S(4,lll»*2-C(101*S(10.111**2-C(81«SH,lll«« 

12-CI 7 1*517,11)**«-C(6)*S(6,11 1**2-C111*5(1.11l**2-S19,lll««2«CI»l- 
15(5,111«*2*CI5>-SI3,111»*2*C(3I-5(2,11I**2*C(211••(-!    I 

XKI1 I     ■    fill 
XM2)    '   f (21-XKI 1 I *CI1 )*S(1,2I 
XK131    =   F(3I-XKI2 l*C(2)»S(2,3I-XKI11«C(11*5(1,31 
)(K(4I    .   F(41-XKI2I*CI2I*S(2,4)-XK13)*C131*5(3,4l-XK(ll*Cfll«5(1.4) 
AXIS) ■ FtSI-Ct4l=XM4l»SI4,5)-XK(2)*C(2)*S(2.5l-XKI3)«C(3l«S(3,5l 

1-XM 1 I *CI 1 1*SI 1 .51 
<«I61 ■ Fltl-C 14 1*XK(4l»SI4,6l-SI5,61«XK(5l*C(5l-XK(2l«CI2l«SI2,tl 

1-AM3I»C 131*513,6I-XK(1I*C(1I*S(1.61 
»111 . F( 1]-C(4]*XK(4I»S{4,7>-S(5,7I»XK(5I°C<5I-XK(H*C(»I«5I»,7I 

i-\M2)*Ct2)*S(2,7l-XKIj]*CI31»St3,7l-XK(l)»Cll)«S(1.7> 
x^s) = F131-C(41*XK(4I*S(4,81-515,8>»XM5I*C15)-XK(6»*C (61*516,81 

1-»K(7)*CI7)'SI7,tl-XRI2l»CI2)»S(2,8l-XK(3l«C(3)*S(3,8l-XI((ll«Clll« 

1.(1,3) 
»ID = F|9|-C(4I«XKI41«5(4,9I-XXI6)»C(6I*S(6,9I-XK(7I*CI7I«5I7.»I 

1-x* I-, )-c 18 )*WB,9)-XK(2I*C 121*5(2,91-XK(31*C(31*513,91-XKI 51*5(5.9 
1l*CI51-XKI1)=C(11*5(1,9) 
UU',1 = Fliri-C(4 1*XR(4 1*S(4,101-XK(6I*C(6)*5I6,10I-XK(71«C(7)«JI 

l/,ir)-XM8)*UB)*S(B,10l-XK I 9 1 *S 19,10 1 »C I 9 I -XK (2 I • 5 ( 2 .10 I *C (2 I-XK ( 
1'I*SI<,1C1*CI3I-XM5)»S(5,10)*CIS)-XK(1)*C(1I*S(1,10I 

äS(11i = Fllll-i(4)*XKI4)«S(4,ll1 -XKI 61»C16 I»516.111-XKI 71«C171«51 
1 7, !ll-XKIB)n (31*5(8,11 )-XK(91»5(9,11 )*C(9)-XK(101 «CHOI «5 HO,111- 
1>« 121 5U.11 I'Ctil-XK(31*5(3,11 l*C(3l-XK(51*515.11>«C(5>-XK(lI«CI1 
11-511,111 
.(111    .    XKU1 1 *C 111 1 
U10I    ■    -X(ll 1*CI10I*SI10,11 I   ♦   XK(10I«CI10I 
.151    .   -«Ill 1*5(9,11l"C(9l-X1101*S19,10)«CI9)   ♦   X«(91*C(9I 
.(->    *    -« I I 11 "(3) *5I 8,11 )-xllO)*C(8l*SI6,10)-X(9)»C(B)*5(8.9l   ♦   X 

i.iei'tiBl 
XI71 ■ -x(ll>»C<7J*SI7,lll-X(101*CI7l«SI7,10l-X(9l«CI7l»S(7,«l-X[i 

1 )*C(7I'5I7,B1    ♦   XK(7I*C(71 
Mt) ■ -x<ll]"Clt)»S(t,ll>-X(10>»C(6l*SI6,10l-«l9l*C(»l*S(6,»l-X(« 

1 l*CCl»SI6.e)-x(7l*C(6l*SI6,7l   «   IK(6I*((6I 
»15 1 ' -5l5,bl*X(6l*CI5l-SI5.7l«XI7l«CI5]-SIS,8)«Xiei*CI5l-Xlin«S 

115,11l*CI5>-x(10l*S(S,10l*C(5)-X(9l*S(5,9)*CI5l   ♦   XK(5I*C(51 
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oo«n 

0092 

0093 

0094 
0095 

z% 0001 

000* 
0003 
000* 
0005 
OOOfc 
1007 
0008 

0009 
0010 
0011 
0012 
001» 
001* 
0015 
0016 
0017 
ooie 
0019 
0020 
0021 
0022 
0023 
002* 
0025 
0026 
0027 
0020 
0029 
00 30 
0031 
00 32 
0033 
00 3*. 
0035 
0036 
0037 
0038 
0039 
00*0 
00*1 
00*2 
00*3 
00** 
00*5 
00*6 
00*7 

00*8 
00*9 
0050 
0051 
0052 

,,*)    -   -a*>«X(5|oS(*,5l-C<*}*X(ll>'5U,lll-Cl*i*XllO>-S(* 

1^UlIA-M5)«CI3l»SI3,5(-H*)*C(31»Sl3.*'l-lt(ni*Sl3,lll*C( 

1161-CI3>°SI3,fe)   *   KKI3I»CI3I 

1     !Ill.tlJ.-xllo!-5lf.lOCCI2l-»«»»»C«i>«Sl2.»l-XIB».CI2l. 

in|.C<2l'SI2.7l-X<H'CI2)«SI2,H   ♦   XM2XCI2I 
XIII        -XI 5 1 Klll»Sll,5l-XI4|.CIll»Sll.*l-«UI'Cm»Sll.3l- 

i(ii.:ili.sii.ii-im'C(ii»sii.7i-xui«ciii»5ii,n ♦ »um»' 

101-Ct« 
Sl*.*l   • 

31-11101 
SI3.7I-I 

Illll-S 
SI2.8I-X 

IIIKI 
Sll.»l-» 
cm 

RETURN 
END 

SUBHOUTINE   «UTT» 

IMiS SUBROUTINE INTEGRATE 
31FF-«fNT111 ECUATILiNS »H 
A   FOURTH   ORDER   RUNGE-KUTT»   METMOO   IS   USED. 

IM=   EL(WE>I   SECCNO   CiROE»   «ONLINE»« 

DlfF^fNUu'ECuiTlüIs   »H1CM   DESCKIBE   ThE   MOTION   DF   THE   H110A1. 

Ill,CDSAVEI11I.»Hill.»I 
KE.TIMEM.TIMEM2.TIHEHB 
Uli,03111).0DDI11I 

,LFT,CCF1,R0FT,F0FG 
EOFT.IAOFT.IGOFT 
BPTS.IRPTS.IGPTS   

IkChX11051 , »»CM» 1105 I.HOOXI 105 I.BODVI1051. 

MAVI105> 

DIMEKSION   US»V EI 
C'JMM'IN   /DATAWTI 
COMMJh   /OEKIVl/Q 
CLIMM11N   /DERIV9/B 
C3MH:N   /KUTTA2/1 
CCIMHüN   /KUTTA3/1 
C0MNL1N   /XREALI/B 

1    GANMAXUOSI ,GAM 

DO   5   1-1,11 
05AV6III-OI1I 

5   COSAVEI 1l-QDII I 
CALL   LINEARUIME 

CALl   L HIE*« 11 me 
[GOFT-l 
CALL   IUEXI0I1! 

CALL   »AUE 
CALL   SOLVE 
DO   1   l-l.ll 
«KIL ,1 l-OODIL )»T 
QIL 1 -OSAVE II 1    ♦ 

1 LDILI-OOSAVEIll 
TIME-TIME   ♦   TIME 
CALL   LINEARITIME 
CALL    LINEARITIME 
I0OFT.1 
CALL   LlNEAAlcnl 

CALL   NAHE 
CALL    SOLVE 
00   2   l-l.ll 
ARU,2l'00DILl»T 

2 ODIll-ODSAVEIll 
IGOFT-l 
CALL   LlNEARlim 

CALL   NAME 
CALL   SOLVE 
DO   3   L-l.ll 
AKIL,31-0DDUI»T 
ülLl'OSAVEILI   « 

3 ÜDUI-OOSAVEIll 
TIME'TIME   ♦   TIME 
CALL    LIHEAHITICE 
CALL    LINEAKIUME 
lGOFT-l 
CALL   L1MEARIQI7I 

CALL   NAME 
CALL    SOLVE 
ÖD   4   L-l.ll 

AK|L,<t J-0DDIL1»TIHEM 
Ull-OSAVEILI»TIMEMMOOSAVE(LI   •   IAMIL.1I    ♦   »KIL .21. 

«.   lOlll-ÜDSAVEIll   •   IAMl.ll   •   2.-1ARIL.2)   ♦   AML.3H 

RETURN 
END 

,»RCMX,B«CHY,S0FT,1BPTS,1B0FTI 

,RCD»,«0DV,«OFT.I!PTS,l«OF?l 

.GAMMA»,GAMMA»,FOFt,HPIS.ItOftI 

IMEM 
TIMEM2-00SAVEUI   •   T IHEHS-AMl, I > 
•   »Ml,11/2. 

,S«CI-K,eHCMV,BOFl.leHS,l»OFT> 
,«aDX,«00»,ROFT,IKPIS,l»OFTI 

,GAMMAI,GAMMAV,F0FG.IGPTS,1MFTI 

IMEM 
.   AML.21/2. 

,GAMMAX,GAMNAV.FOFG,IGPIS.1GOF1I 

IMEM 
TIHEK'ODSAVEILI   •   T IHEM2«AML ,31 

•   AMI,31 
hi 
,8«CHX,»RCHY,«0FT,1BPTS.U0FTI 

,«CDX,RO0»,ROFT,ll>PTS,l«aFTI 

,GAMMAX,GAMM»r,FOFG,lGPIS,IGOm 

AMI,311/4.1 
AMl.*ll/t. 
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0002 
0003 
000* 
0005 
0006 
0007 
000B 
0009 
0010 
0011 
0012 

0013 
0O14 
0015 
0016 
0017 
0011 
0019 
0020 

0022 
0023 
002<> 
0025 
0026 
0027 
0028 
0029 

0030 
0031 
0032 
003] 
003« 

0035 
0036 

0037 
0036 

0039 
0040 
OKI 
0042 
0043 
0044 
0045 
0046 
0047 
0046 

0049 
0050 
0051 
0052 
0053 

iUBRUUTINE NAHE 

THIS SUBROUTINE COMBINES THE DlFFERENT IAL EXPRESSIONS I* tME 
PROPER «IT SUO THAT It YIELDS THE COEFFICIENTS MATRIX 1 OF THE 
ACCELERATION TERNS *ND THE RIGHT HAND SIDES OF THE DIFFERENTIAL 
EQUATIONS. 

DIMENSION SUHHI5.3I 
DIHENSIUN PKEI5.11.12.3I 
COHHUN /DATA2/ XNN2 ,XhN3,C2.03,8ETAE.GK5T,ELAND,CU5 
CUHNuN /DATA3/8ETAT 
CUHHON /DERIV1/0I11>.QDI11I,QD0(11) 
CUHHUN /DERIV5/EI.E2,£3,FF1,FF2,FF3,D1.I:2,D3,XI1,ETA1,ZETAI 
CUHHI1N /CERIV6/Bl,e2,B3,BlBAR,XI,IETA 
CUMHÜN /DERIV7/PGIfc,12,12,3l 
CUHHON /0ERlve/XIB,EB,ZETAB,XIR,ER.ZET«R.XIC,EC,IETAC 
CUHHUN /DERIV9/6LFT,CUFT,ROFT,FOF0 
CUHHON /NAHEI/PTI8.1I,12.3I.PH(5,12,12,3I,PUI4,11,12,4I 

1 ,PDI3,11,12,41 
CUHHUN /NAHE2/1ECS.IHASS 
CUHHON /NAME3/XHASS15I 
COHHON   /NAHE4/AAAI11.11 I.RHSUll 
CUHHON   /NAHE5/XIXXI5I.XIVVI5).X1Z:IS),K1XYI5I , XI»Z151,XIXZ151 

. C0HM1N   /NAHE6/CRAViCBRCE,BETA 
CONN UN   /NAHE7/DAIl,l,l,4l,DP(ltIf1.4l 
CUHHON   /NAhEG/CCll.CC12.CC21.CC22 
CUHNUN   /NAHE9/H0CR1 

EVALUATE   PARTIAL   DERIVATIVES 

CALL   DERFUC 

DEFINE FIRST AND SECOND DERIVATIVE TERH5 FOR THE KINETIC ENEMY 
EXPRESSIONS FOR THE FIVE MASSES (NOT INCLUDING THE ANGULAR TERHSI 

DO 2 J-l.ll 
OU 2 K-1.12 
DU 2 L-1,3 
PKE(1,J,K,L)-PTII,J.K,L) • PTI2,J,K,LI 
PKEI2,J,K,L|.P1(1,J,K,LI • PTI3.J.K.LI 
PKE(3,J,K,ll-PKE(l,J,K,LI * PTI4,J,K,L> ♦ PTI5,J,K,ll 
»KE(4,J,K,LI-PKEI1,J,K,LI«PTI4,J,K,LI»PT16,J,K,LI»PT<7,.I.K,II 

2 PKF.15,J,K,LI-PKEII,J,K,LI«PT(4,J,K,LI*PT(6,.l,K,LI«PTt«,.I.K,ll 

DEFINE C0EFFIC1EMS NATRIX FOR ODD TERHS RESULTING FROH KINETIC 
ENERGY (DOES NOT INCLUDE THE ANGULAR TERHS) 
ONLY THE UPPER TRIANGULAR TERHS ARE DEFINED HERE 

DO 5 J-l.IEOS 
DO 5 K-J.1E0S 
SUH.O. 
DU 4 1-1.IHASS 
DO 4 L-1.3 

4 SUH.SUH • KHASS<ll*PKEtt.J,12,L)«PKEII,*,12,LI 
5 AAAIJ,K»«SUM 

INITIALISE EIGHT HAND SIDES TU ZERO 

DO 6 I-1.IE0S 
6 «HSU 1-0. 

KINETIC ENERGY EXPRESSIONS FUK TERH 3 (NUT INCLUDING ANGULAR TERHSI 

DO 8 I-1.1HASS 
DO B 1-1,3 
SUHMII.LI-O. 
DU 8 K-1.IE0S 
DO B J-l .IFOS 

8 SUHHH.LI-SUHHII.LI ♦ PKE( I ■ J.K,LI»001Jl»ODIKI 
DO 9 J-l.IEQS 
OU 9 1-1,1HAS> 
DO 9 L-l,3 

9 RHSIJI-RHSIJ> • XKASSIII«PKEU,J,12,LI»SUMHII ,LI 

DEFINE THE RF5T IF THE COEFFICIENTS HATRIX FOR ODD TERHS RESULTING 
FROH THE ANGULAR VELOCITIES IN THE KINETIC ENERGY EXPRESSIONS. 

DO 11 J-l.IEOS 
DO 11 K.J.IECS 
SUH-O. 
DD 10 I'l.IHASS 
SUH.SUH ♦ (0.5°X1XX(II»PHI1,12,J,II - XIXY 11 I"PHI 1,12 , J.2 11« 

1 PWI 1,12,K,II 
2 ♦ I0.5°X1YYI1lePVIl,12,J,2) - XIYZ11 I«PWII,12,J,311• 
3 PHI I,12,K,2I 
4 * (O.S°XIZZ(Il*PWI1,12,J,3I - XIXZI1I»PWII,12,J,1)1« 
5 PW(I,I2,K,3I 

10 SUH'SUH ♦ (0.5«XUXI 1 l°PW(l ,12,K,1 I - XIXY I 11 *PW( 1,12 ,K ,2 11 • 
1 PHI I,12,J.l ) 
2 ♦ (O.S°XIVVIl)°PWII,12,K,2> - X IYZI I)»PWI I,12 ,K,3 11« 
3 PW<I,12.J.2I 
4 • I0.5»XIZZ(1 l«PWII,12,K,3> - X IXZ11 I»PhI 1,12,K,111• 
5 PHI I,12,J,3) 

11 AAAIJ.KI-AAAIJ.KI * SUN 

UBTAIN ENTIRE CUEFF1C1 NT S HATRIX 

0056 
0057 
0058 50 

00   50   l'l, 11 
DU   50   J-l ,11 
AAAIJ, II-A4AI 1 ,JI 

C 
C 

RIGHT   HAND   SIDES 

0059 
00 60 
0061 

DU   13   J-1.1ECS 
SUH-O. 
DU   11   K-1.1ECS 
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DO*.; 
0063 

006« 
0069 
00 70 
0071 

007«. 
00 75 

00 76 
0077 

007« 
00 79 

0010 
DO öl 

0OÖ2 
0093 
00«'. 

0085 
00 36 

0087 
00«6 
0089 
0090 
0091 

0092 
0093 
009*. 
0095 

0096 
0097 
0098 
00^9 
0100 
0101 
0102 
0103 
0104 
0105 
0106 

OH 1 I I'l.lnASS 
SUM.SUH • I0.5«X1XX<| I'PUll,R.J.I) - X I XY ( I I «PH I I ,K , J .2 I I • 

1 PKII,12,I2,1I<0C1KI 
2 •   10.5'XIYYtl I»PWI1,H,J.2>   -   XIYZIII«PWII.R.J.3II» 
3 PHI I ,12,12,2M0CIKI 
4 •    ( l.5«XIZHI I'PUI! ,«,J,31   -   X1X2H MPWII ,K,J,1I >• 
5 Put 1,12,I2,3»»GC(KI 

SUM.SUH   •   (0.5»XIXXtl I»PW11,12 , J,1 )   -   X 1XYI11 -PHI 1,12 , J.2I I • 
1 PHI 1,K,12,1l°CDIKI 
2 •    I0.5»X|YYIIMPNCI,12,J,21   -   XIY2ll)*PWtl,12,J,3l>* 
3 PRII,K,12.?)»CD<H) 
6 ♦ 10.5'XIJIII l°PW(I,12,J,3) - XIXZIII»PWtI,12.J.l>l' 
5 PWII,K,12,31»C0IKI 
SUH.SUH • l0.5«XIXXII)>Py|l,K,12,l) - X1XYI11«PHI 1 .«.12,2 I)• 

1 PWI1,12,J.lI'COIKI 
2 • I0.S»X1YYI1l«PWII,R.12,2l - XIYZII I»PW(I,R,12,31)• 
3 P»tl,12,J,2l'CD(KI 
4 • (0.5«XI2ZII)«PWII,K,12,3I - X1XZII l»PW( 1 ,K ,12,111» 
5 PWI1,12,J,3I«CD(KI 
SUM.SUH • I0.5«XIXX(I)»PW(1,12,12,1I - XIXYII I«PHI 1,12,12,2 11« 

1 PWII.K.J.ll-tClkl 
2 • I0.5«X1YYI1)»PW(1,12,12,2> - XIY211l»PUI1,12,12.31>• 
3 PW(I,K,J,2I«CDIKI 
4 ♦ t0.5°XI2ZCll«PII(l,12,12.3) - XIXZI11 »PHI 1 ,12,12,111» 
5 PM(1,K,J,3I°CDIR) 

13 RHSIJI'RHSIJI • SUM 

TERMS FDR    MINUS PARTIAL K.E. «/P. TO THE GENERALIZED COOROIMTES 
IANGULAR TEARS ONLY). 

DU 493 J-l.IfOS 
SUH'O. 
DO 492 1-1,IB1SS 
SUM.SUH ♦ I0.5'XIXX(II«PW<I,J,12,U - X1XY11 I»Hi 11,J.12,211» 

1 PWI1,12,12,1) 
2 • (9.5«XIYYIII»PWII,J,12,2) - XIYZ 11 I'PUl 1 , J ,12,311 »Ml I ,12,12,21 
3 ♦ I0.WI2ZIIl»PWII,J,12,3I - XIXI111'PUI1,J.12,111»PHI 1,12,12,31 

492 SUH-SUH • 10 .5'X1XXI11'PR(1,12.12,1 I - XIXY11)»PM11,12,12,211» 
1 PW(1,J,12,1I 
2 ♦ I0.S'XIY»III«PI.II,12.I2,2>-XIYZ(II»P»II,12,12,3II»PIHI,J,12.2> 
3 . e).5»XIIZ(ll«PWIl,12.12,3l-XIXZIll»PWII,12.12.1ll»P».ll,J.12.3l 

493 RHSIJ>"RHS(Jl - SUM 

RIGHT HAND SIDES COHPIETE AT THIS POINT TO« K.E.(TR«NSl«TltJH «NO «OTATIONI 

RIGHT HAND SIDES DUE TO PLTENTUL ENERGY OF Ul 

DO   14   J«l,IEOS 
14 RHSIJI'RHSIJI   •   G8AY"(XHA5S(1I«PKEI1,J.12.3I   «   MUSSllI» 

1 PKEII,J,I2,3)    •   XMASSI3I»PKE(3,J,12.3I   •   XHASSI4 I«PRE 14,J.12,11   ♦ 
2 XHASSI5)°PKEI5,J,12,1)1 

C     RIGHT HAND SIOES DUE TO POTENTIAL ENERGY Of-VII 
C 

DO 15 J.1.IECS 
15 RHSIJ).RHSIJI*F<U(2,J,I2,1 HPU(2,J,12.2I»PU(2,J,12.3I»PUI2,J,12.*I 

C 
C     RIGHT HAND SIDES DUE TO PCTENTIAL ENERGY OF U3 
C 

DU 16 J'l.lECS 
16 RHSIJI'RHSIJI • PUI3.J.12.1) ♦ PUI3.J.12,21 

C     RIGHT HAND SICES DUE TO POTENTIAL ENERGY OF U4 
C 

DD 11 J'l.ItCS 
17 RHS(J).RHS(J) * PUI4,J,12,1) ♦ PUI4,J,12,2I 

C 
C RHS   ^Ut    TO   PU1ENTIAL   ENERGY   OF   U5 
C 

W'SINIOmi 
C7-CUSIQl7 I 1 
XLENGH   ■   D1«D1   •   IXNN2-ID2-02I«C7   -   103-03l»S7l»«2   ♦   IXNN3   ♦ 

1    (02-D2)°57   -   I03-D3I«C7)»*2 
XLENGH'SORTIXLENGHI 
TERM    ■   F0fGMX\K2»l-XNN3-l02-D2)»S7   «   <03-D3l»C7l   -   XNN3«(-X«N2 

1   »   |II2-D2I*C7   ♦   (Ü3-D3I°S7II/XLENGH 
CAHST.0I7)   -   ELARG 
OBETAE«&UFT»ZETAe 
IFIeatTAE    .GT.   BETAE)   BBETAE-BETAE 
IFI0:j(7(    ,LE.   0.)   BBETAE-O. 
RHSITI'RIISIl)   «BBETAE ♦  H00R1 «ICKST'tANST   ♦ 

1   ODI M^CUSl    -   1EFM1 

RHS   :>U:   TO   POTENTIAL   ENERGY   OF   U6 

BBETU=BUFTM~XII 
IFIA8SUSEIAT1    .GT.   8ETATI      BBETAT'BETAT 
IFIOillll)    .LE.   U.)   BBETAT.O. 
RHS(11 J.RHSIU1 ♦ BBETAT 

RIGHT HAND SIDES DUE TO D1SSIPAT1YE ENERGY OF UB««1 

SUHUO. 
SUH2^0. 
SUM3=0. 
SUH4.0. 
DU   ?2   J=4,10 
SU''1=5UM1   »   P0I1,J,12,1I»CDIJ> 
SUH2;SUH2   .   PDI1,J,12,2)»CD( Jl 
SUH3=SUM3   +   fCll,J,12,3I»CD(JI 

:2   SUH4.5UM4   ♦   Pill,J,12.4)°CD(Jl 
DU   21   K=4,10 

23   RHSIRI'RHSIRI   ♦   <CI1=5UM1«P0I1,K,12,1I   ♦   CC12»SU«»PD(1 ,K,12,21   ♦ 
1   CC21°SUH3°Pi;<l .K.12,3)   ♦   CC22*5UH4*PDI1,R,12,*I 
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C «lOHT HAND SIDES DUE 10 D1SSIPAIIVE ENERGY OF UBAR2 
C 

0107 SUHl-O. 
0108 5UH2-0. 
0109 CO 21 J-1.IECS 
0110 SUH1.SUM1 • PDI2.J.12.1 I»COIJl 
Olli 21 SUH2-SUH2 » P0I2,J,12,2I«C0IJI 
0112 DU 20 K-1.IECS 
0113 20   «HSIKI-RHSIKl   <   CBRCE-ISUP1-PDI2,11,12,11   •   SUM2-PDt2,K,12,2)I 

C 
C RIGHT   HAND   SIDES   CUE   TO   DISSIPATIVE   ENERGY   OF   UBAR3 
C 

Oil« SUHl-O. 
011S SUN2-0. 
out oo ia j'1,11 
0117 SUHl'SUHl ♦ PDI3,J,12,1I*CDIJI 
0118 18 SUK2-SUN2 » PDI3,J,12,2I'CDIJI 
0119 DO 19 K-1,11 
0120 19 KHSIKI-RHSIK) • EETA*IPDI3,K,12,1I-SUM1--2 » POI3 ,K,12,2)*SUH2**2) 

C 
C BRING ALL TERMS FRON LEFT SIDE OF EQUATIONS TO RIGHT HAND SIDE 
t 

0121 DO   24   1-1,11 
0122 2«   RHSIll.-RHSIM 

C 
C GENERALIZED FORCE DUE TO BREECH FORCE 
C 

0123 00 100 J-1,11 
0124 DO 100 L-1,3 
0125 100 PGtl,J,12,L>-PKE<l,J,12,ll*PTI4,J,12,L>«PTItj,J,12,LI*PGIl,J,12,ll 
0126 DO 102 J-1.IEQS 
0127 SUH-O. 
0128 DO 101 L'1,3 
0129 101 SUN-SDH ♦ PGI4.12,12 ,L I-PGI1 ,.I,12,L I 
0130 102 RHSIJI-RHSIJ) « SUN 

C 
C GENERALIZED FORCE DUE TO ROD PULL 
C 

0131 DO 103 L'1,3 
0132 103 PGI2,1,12,LI-PCI2,1,12,IMPKEI1,1,12,LI»PTI4,1,12,L|.PTI6,I,12,LI 
0133 SUH'O. 
0134 DU 104 L'1,3 
0135 104 SUH'SUN 4 PGI5,12,12,1I-PGI2,1,12,LI 
0136 RHSIll'RHSIll < SUN 
0137 RETURN 
0131 END 

0001 SUBROUTINE LINE ARl«,X,«,«V,N,lI 
0002 DIMENSION XI105 I,TI105 I 

C 
C     THIS SUBROUTINE OBTAINS VALUES BETWEEN ADJACENT ENTRIES BV LINEAR 
C     INTERPOLATION.  LAGRANGE'S INTERPOLATION FORMULA IS USED, 
C 

0003 IFII .IE. 011-1 
0004 2 IF(A-XIIII3,1,1 
0005 1 l-Kl 
0006 IFIM-113,3,2 
0007 3 I.1-1 
0008 VV-Y(l>-(A-X(I»lll/ml>-X(I«l>l»Y(l»ll-IA-X(III/IX(l»ll-XIIII 
0009 RETURN 
0010 END 
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0JÜ1 »LOCK    OAT* 
50C2 ^MMIJH   /DATA1/T1ME,T1MEH,TIHEH2,T1MEH6 
0003 U MHl.N   /DATA2/   ll.N2.XM>3,C2,ÜJ,e£Tl£,GKST.ElAK(,,CU5 
0004 CCHKUN   /ÜATA3/8ETAT 
0005 Cr»HUN   /DERIVl/gill),00(11),0D0I11I 
0006 CÜMMUN   /OERn2/*l,A2,A3,ASTAR,XKVl ,XKV2 
0007 CJKHON   /0e*lv3/AlSU«,A2SUB,AJSU(,Xk»l,im«J,»lBA« 
0008 ■ ' MMLIN   /DEMW4/XL I 2 ,2 ) ,XH (2 ,2 ) ,1M 2 .2 I ,XM2 ,2 I 
0009 CÜMMUN   /rS«H5/H,F2,F:3,FFl,FF2,FF3,OI,I.2,03,Xll,Eni,Z£TAl 
0010 a;MHON   /DEmb/31,B2,83.B18AR,xl,ZETA 
0011 tNHNIJN   /DEUv>/IIB,[B,UTlt<,XI«,ER.2ET*R,XIC,£C,ZEUC 
0012 C'HMIIH   /DEtl>9/t(.Fl,C0FT,RDFT,FI)FG 
0013 CJNHI1N   /NANE2/IEC5,IHASS 
0014 CLMHIJN   /NAME3/XKA5SI5) 

0015 CONMDN /NABE 1/IIXX15 I,»IV»(5),1111(51,«1XVISI.XIYZtSI.11XII SI 
0016 C0MH1JN   /NAHEt/CRAV,C8RCE,BET* 
0017 CUMMÜN   /NtH:l/r.Cll,CClZiCC21tCC22 
0011 CUMHON   /kUTTA2mDFT,lRUFT,IG0FT 

001« ^ATA   Oll).0121,013),Q(4),CI5),QI6),0171,0161,0191,01101,01 111 
1   /S3.675,0.0,0.0,0.0,-.1*,0.0,0,0,0.0,0.0,0.0,0.0/ 

0020 DATA OD/11«0.0/ 
0021 DATA Al,A2,A3,»STAR/0.0,19.6,-13.6,51.0/ 
0022 DATA AISU«,A25(J8,A3SUB/39.S,-12S.1,-7.1S/ 
0023 CATA XKK1 ,XKX2/100000.,100000./ 
0024 DATA A1BAR/-39.5/ 
0025 DATA XKI1 ,11 ,XKI1,21,XKI2 ,11,XKI2,21/4*100000./ 
0026 5ATA XI11,1),XL(1,2 I,XL 12,11,XL 12,21/53.0,53.0,-53.0,-53.0/ 
0027 DATA XMI1,11,x><1,2 I,XHI2,11,XK|2,2I/4».03,-99.97,41.03,-99,«7/ 
002* DATA XN(l.ll,XMl,2l,XN(2,ll,XM2,2l/-32.4,-32.*,-32.4,-32.»/ 
0029 DATA Bl ,62 ,S3,II(A«/39.5,-124.6,9.6,-39.5/ 
0030 DATA El,S2.E3/0.0,-84.6,2.0/ 
0031 DATA FF1,FF2,FF3/0.0,5.2,U.*5/ 
0032 OATA 01,02,03/0.0,27.375,47.»5/ 
0033 DATA XI1 ,ET»1,2£TAl/0.0,23.625,-ll.25/ 
0034 JATA XI.ZETA/O.O.l.B/ 
0035 OATA XKY1,X*Y2/2*100000./ 
0036 DATA I EOS,IHASS/11,5/ 
0037 DATA XHASS111,XMAS5I2I,XHASS(3 I,XKA5S(4>,XNASS151/88.601, 

1 4.663,20.207,10.868,36.301/ 
0038 DATA X IB,El,2!TAE70.0,-16.0,1.«/ 
0039 DATA XIR ,ER, ZETAR/-3.938 , -14.0,-14.312/ 
0040 DATA XU,EC,2£T1C/3.217,-14.0,-12.062/ 
0041 DATA B0FT,CGFT,RCFT/3«0.0/ 
0042 DATA XIXV/5*0.0/ 
0043 OATA XIYZ/5"0.0/ 
0044 DATA XIXZ/5*0.0/ 
0045 DATA   X IXX111 ,XIXXI 2),XIXX13),XIXXI4).XIXXI5I 

1   Z238342., 1502.6,6476.7,12953.,132124./ 
0046 DATA   X IYY 111 .XIYV I 2 I ,X IYV I 3) ,X 1VYI 41 , X IVVI 51 

1    Z93782.,6114.,3B66.,2279.8,673.6/ 
0047 DATA   XI2ZM > ,m/i?> ,XIZim,X12IU>.XU2(S! 

1    /260622.,1502.6,3886.,2279.8,132124./ 
0048 DATA   &RAV,C6«CE,PETA/386.,0.0,0.0/ 

0049 OATA   CCll,CC12,CC21,CC22/4»0.0/ 
0050 OATA   TIME,TIHEH/O.0,0.0005/ 
0051 OATA    I80FT,IRUFT,U0FT/1,1,1/ 

0052 DATA   XN»2,XNI.3,02 ,03 ,8E IAE ,CKST ,EL ANCCU5 
1   /73.0,-10.5,27.375,65.5,   100000.,3*0./ 

0053 DATA   8ETAT/0.Q/ 
0054 END 
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ET» 

o.ooos 
83.6747 
-1.3103 

-3173.066«. 

V 

-0.0004 
-1.4131 

-2814.7271 

X 

-0.0000 
0.0000 
0.0040 

Y 

-0.0000 
-0.0868 

-173.9220 

Z 

-0.1400 
-0.0015 
2.1001 

PHI 

-0.0000 
-0.0001 
-0.1507 

GAU 

0.0000 
0.0001 

-0.0376 

NU 

-0.0000 
-0.01J5 

-30.7734 

THET 

-0.0000 
0.0000 
0.0005 

P5I 

0.0000 
-0.0000 
-0.0000 

T1U 

-o.oooo 
0.0000 
0.0002 

0.0010 
83.6736 
-3.0575 

-3815.5720 

-0.0014 
-2.6090 

-2764.5732 

0.0000 
0.0000 
0.0031 

-0.0001 
-0.1744 

-176.7103 

-0.1400 
-0.0004 
2.3345 

-0.0000 
-0.0002 
-0.1157 

0.0000 
0.0001 
-0.0559 

-0.0000 
-0.0307 

-29.6741 

0.0000 
0.0000 
0.0004 

-0.0000 
-o.oooo 
-0.0000 

0.0000 
0.0000 
0.0001 

0.01)15 
83.6716 
-5.0484 

-4147.8633 

-0.0032 
-4.1709 

-2680.6804 

0.0000 
0.0000 
0.0013 

-0.0002 
-0.2637 

-180.2143 

-0.1400 
0.0008 
2.3917 

-0.0000 
-0.0002 
-0.0728 

0.0000 
0.0000 
-0.0765 

-0.0000 
-0.0451 

-27.8573 

0.0000 
o.oooo 
0.0002 

-0.0000 
-0.0000 
-0.0000 

0.0000 
0.0000 
0.0001 
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