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ABSTRACT

Few optimization methods exist for path planning of kinematically redundant
manipulators. Among these, a universal method is lacking that takes advantage of a
manipulator’s redundancy while satisfying possibly varying constraints and task
requirements. Full Space Parameterization (FSP) is 2 new method that generates the
entire solution space of underspecified systems of algebraic equations and then calculates
the unique solution satisfying specific constraints and optimization criteria. The FSP
method has been previously tested on several configurations of the redundant manipulator
HERMIES-III. This report deals with the extension of the FSP driver, Inverse
Kinematics On Redundant systems (IKOR), to include three-dimensional manipulation
systems, possibly incorporating a mobile platform, with and without orientation control.
The driver was also extended by integrating two optimized versions of the FSP solution
generator as well as the ability to easily port to any manipulator.

IKOR was first altered to include the ability to handle orientation control and to
integrate an optimized solution generator. The resulting system was tested on a
4 degrees-of-redundancy manipulator arm and was found to successfully perform
trajectories with least norm criteria while avoiding obstacles and joint limits. Next, the
system was adapted and tested on a manipulator arm placed on a mobile platform
yielding 7 degrees of redundancy. After successful testing on least norm trajectories while
avoiding obstacles and joint limits, IKORv1.0 was developed. The system was
successfully verified using comparisons with a current industry standard, the
Moore Penrose Pseudo-Inverse. Finally, IKORv2.0 was created, which includes both the
one shot and two step methods, manipulator portability, integration of a second optimized
solution generator, and finally a more robust and usable code design.




1. INTRODUCTION

A new method, Full Space Parameterization (FSP), was recently developed! for the
solution of underspecified systems of algebraic equations. This method was tested for
application to the joint velocity calculations of redundant manipulators with kinematic
and environmental constraints."> The overall development, enhancement, and testing
program for the FSP initially involved simulations in a UNIX workstation environment
using a preliminary version of the FSP code in the ANSI “C” programming language.
A two-dimensional (2-D), 4 degrees-of-freedom (DOF) planar manipulator, with
1 degree of redundancy (DOR), was used to test the new method. The results were
compared to those of the popular Least Norm optimization criterion (the Moore Penrose
Pseudo-Inverse). The comparison study proved that the new method matched the results
of the industry-accepted optimization criterion to within five significant digits, that is, to
within the expected truncation errors of the calculational code.

A workbench simulator was then developed,’ and the FSP method was tested using
a 7-DOF, three-dimensional (3-D) manipulator using orientation control. The algorithm
was again tested against the Pseudo-Inverse and again proved to equivalently match its
results. The versatility of the algorithm was also tested during this stage by including
joint limits in the manipulator kinematics.

Obstacle avoidance was then implemented on the algorithm and tested on a 2-D
manipulator with 2 DOR.* The algorithm was shown to avoid two obstacles while
maintaining a least norm movement. A revised code was then generated, including both
obstacle and joint limit avoidance, and was tested on a 2-D, 2-DOR system as well as on
a 3-D, 7-DOF system.?

As the DOR increased, so did the complexity of the algorithm. A revised and
enhanced code was thus generated that not only solved arbitrary DOF systems with
arbitrary DOR but also improved the solution generator both for speed and complications
based on ill-conditioned Jacobians.” An optimized solution generator was further
developed to produce FSP version 2.0.%

This report describes the incorporation of FSP version 2.0 in a user-friendly driver
that allows development, application, and/or testing of the FSP on a wide variety of
systems in various control configurations.







2. SYSTEMS OVERVIEW

As shown in Fig. 1, the Inverse Kinematics On Redundant systems (IKOR) driver
is the user’s interface to FSP. This section introduces the system using a bottom-up
approach. First, the need for inverse kinematics in the field of robotics is examined.
Next, the scope of possibilities for the FSP inverse kinematics system is addressed.
Finally, the IKOR driver is discussed as the user’s interface that updates, initializes, and
drives FSP and possibly other inverse kinematics routines.

Users

IKOR

Robot | Robot Joint Space
#1 #2

Task Space

Forward Kinematics Constraints
Jacobian Criteria

Inverse Kinematic
FSP or Pseudo Inverse

Fig. 1. System layers.

2.1. INVERSE KINEMATICS ON REDUNDANT SYSTEMS

A new interest in the field of robotics is concerned with the motion of redundant
manipulators. Whatever the robotic task being considered, the motion generated should
be smooth, follow criteria such as strength optimization or motion-specific minimization,
and be acceptable and adaptable to environmental hazards such as obstacles. Some of the
distinctive problems needing to be solved include inverse kinematics, motion planning,
obstacle avoidance, and grasping.’

A robot arm that has more joints than required to move an end-effector into any
configuration is considered to be a redundant manipulator. Throughout this study, M
represents the dimension of the joint space or the number of joints and N represents the
dimension of the task space that describes the required position and orientation of the
manipulator. For example, a 3-D, 7-DOF manipulator, for which both position and
orientation are controlled, has 1 DOR.




M=17: DOF
N =6: Position(x, y, and z) + Orientation (yaw, pitch, roll)
M-N=1: DOR

The analytical description of the forward kinematics problem maps the set of joint
angles, g, of the manipulator to a resulting end-effector position and orientation vector
X.

F):@->&) . (D

The function F is referred to as the forward kinematics function, and its determination is
primarily a geometry problem.

To initiate path planning however, the situation is reversed. Joint angles that
represent a specific position of the end-effector are desired. This mapping of angles given -
a specific position is referred to as inverse kinematics which deals primarily with the
inverse of the mapping function F described previously:

G):(X)->@) - )
The forward kinematics equation
X =F(g) (3)
can be differentiated to provide for changes in position:

= JENER . 8F
X =J(g)g with @:5; , (4)
S

where the matrix J is referred to as the Jacobian matrix. Equation (4) represents a
nonlinear relationship that is typically linearized over discrete time steps Az for controls:

AX =J, A7 . | (5)

At

Drift errors with this linearization are generally corrected with the introduction of a
feedback loop (see Sect.2.2). Assuming very small changes in position, the feedback
mechanism can provide for accurate motion. Because redundant systems have more joints
than requested elements in the task space, the solution involves the inversion of a
nonsquare, M X N, Jacobian.

There is no direct method for inverting a nonsquare matrix. However, the increase in
complexity is justified and desired since these systems allow for an infinite amount of
solutions to a given point in a trajectory path. Several methods, such as the
Pseudo-Inverse and Extended Jacobian have been developed to provide for particular




solutions of the inverse problem.>° Unfortunately, these methods generally fail to satisfy
those who implement real-time, sensor-based systems because only one solution is
readily found by each method. The Pseudo-Inverse method provides the solution that
involves only the least norm motion of the joints. This method cannot adhere to different
criteria such as strength optimization, or any additional constraints such as obstacles or
joint limits unless additional computationally intensive procedures are used to develop
homogeneous solutions. In these cases, however, the solution loses its initial criterion.
The extended Jacobian, which also finds only a particular solution, extends the Jacobian
into a square matrix by adding constraints that are computationally intensive as well as
difficult to implement in a dynamic environment. To take full advantage of redundant
systems, solutions corresponding to a wide variety of constraints and/or criteria should be
found readily and efficiently.

If the entire space of solutions could be captured for the inverse kinematics
problem, solutions corresponding to particular criteria and constraints could be generated
analytically. The FSP does just that.!"®

2.2. FULL SPACE PARAMETERIZATION

Instead of finding only a particular solution to the inverse kinematics problem, the
FSP method enables the entire space of solutions to be determined. FSP derives a
sufficient number of solution vectors, g;, from the Jacobian to fully parameterize the
entire solution space. Except for special cases,>® this sufficient number of linearly
independent vectors is M — N +1.! Equation (6) describes the entire solution space of
the unconstrained Eq. (5). '

M~N+1 M-=N+1
S,S={A§E%"ZA§= 2 L&, X tizl} . ©)
i=1

i=l

The vectors g, are found by blocking M — N columns from the Jacobian and inverting
the resulting square matrix. Although A — N +1 inversions must be made, the entire
solution space is found and parameterized. Consequently, analytical methods can be used
to determine the optimum solution with respect to possibly changing task criteria and
constraints.

An added benefit of FSP is its ability to readily find the entire solution space for
motions in the null space, that is, motions that change the arm configuration while keeping
the end-effector in the same place:

M-N+1 M=N +]
N,N =347eR™, AG= Y 1,8, 3 t,=0; . (7
i=1 i=]

As shown subsequently, the IKOR driver allows for the modular insertion of
optimization criteria such as least norm, minimum power, minimum torque or optimum




acceleration. Additionally, the ability to include obstacle avoidance, joint limits, and other
constraint modules is present.

2.3. IKOR DRIVER FOR THE FULL SPACE PARAMETERIZATION

IKOR consists of several stages and tests, as outlined in Fig. 2. The following is an
overview of the IKOR system. Specific details, data flows, and implementation notes can
be found in Appendix C, “System Data Management.”

The user begins by selecting a robot, platform, orientation control, and a trajectory.
IKOR then compiles the chosen manipulator into the system, initializes the manipulator,
and cycles through the trajectory one time step at a time.

Once IKOR reads a data file containing initial joint angles and a trajectory,
the requested change in x, y, z and if selected, yaw, pitch, and roll of the
end-effector, are calculated by taking the forward kinematics of the current joint angles
and subtracting the values from the next point in the trajectory. A Jacobian based
on the current configuration is calculated and this, along with AX in Eq.(5), is
sent to the FSP’s solution generator subroutine. The solution generator proceeds to
determine square submatrices from the Jacobian and produce the set of M- N +1
linearly independent solution vectors. The generator then returns an exit status, the
solution vectors, and any “beta vectors” due to constraints related to the rank lost
optimization process.’ | |

The code initiates either a one shot or two step method, based on user preference.
For the one shot method (see Sect. 4.2.3), the system determines at the beginning
of the time step if the current state of the robot is violating any constraints. If so,
“beta vectors” necessary to guide the parameterization are calculated."” The parametric
solutions are then calculated based on the given criterion and the beta vectors. The
change in  angles necessary to complete the motion are produced based on
the avoidance of constraints and the requested criterion. This flow is demonstrated m
Fig. 2.

However, the user may also choose a two step approach (see Sect. 4.1.2), in which a
motion based only on the given criterion is generated. In other words, no obstacle or joint
limit constraints are used to generate this motion. Then, still in the current time step,
constraints are checked and if any are violated, beta vectors are produced and a new
constrained parametric solution is found. However, this constraint avoidance is
performed in the null space [see Eq. (7)]. When added to the previously calculated
solution, a motion based on the avoidance of constraints and the requested criterion is -
performed. :

If there are remaining points in the trajectory, the system again calculates the change
in position by performing the forward kinematics of the new joint angles and subtracting
it from the next trajectory point. This is the feedback mechanism that provides for an
accurate motion, as mentioned previously.
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Fig. 2. System flowchart.
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3. SPECIAL SYSTEM REQUIREMENTS

Every system has special requirements that drive its development. Two such
requirements for IKOR involve performance and continuity. The first requirement,
performance, is necessary because FSP/IKOR’s future is in the real-time control-system
arena. The second special requirement, continuity, is based on the desire to keep the
system entropy low through intelligent design.

3.1. PERFORMANCE

IKOR has been demonstrated in a real-time environment on TELEGRIP, a
UNIX-based simulation software program (see Appendix B2, “Silicon Graphics
Station™). Real-time systems require the minimization of two timing mechanisms. These
mechanisms are maximum time and average time which are discussed on a time step basis
in the following.

Although neither mechanism should be overlooked, maximum time is the delimiter.
This timing mechanism involves the greatest amount of possible time consumed in a single
time step. For FSP/IKOR as well as many other systems, maintaining the minimization
of this time is a strict requirement. It has been shown that although almost a trillion (see
Sect. 4.1.1) possible solution combinations exist for a highly redundant manipulator, the
search can be considerably optimized.>® It must be assumed that the maximum number of
constraints has also occurred. However, the generation of beta vectors and the calculation
of the parametric solutions take a relatively constant amount of time and are
inconsequential relative to the solution generator’s time.> The solution generator process
uses most of its time inverting the M — N +1 square submatrices.

For a system such as this, the average time is most easily calculated empirically. By
taking many trajectory samples, the average time can be determined by dividing the total
time by the number of steps. The average time for FSP/IKOR must necessarily be
considerably less than the maximum time since it is rare for the system to go through all
solution combinations completely.

Therefore, to be seen as a viable real-time method, a constant mind-set must be
directed towards keeping maximum run time at a minimum. For the linear model and
average time mechanism, much work has already been done in both FSPv1.0° and
FSPv2.0% as well as IKORv1.0 and IKORv2.0. In-depth analysis and assembly code
appear to be the next increase in speed for the linear model. The paraliel model must not
be neglected as a viable model that may hold instrumental gains for both maximum and
average system times.

3.2. CONTINUITY

The IKOR/FSP systems-development teams have been varied. With several people
responsible for updating and modifying the system with little if any overlap, the potential




for the design to become less flexible, less adaptable, and more costly is high. Therefore,
it is necessary for modifiers of this system to project what the needs of the future will be
and design accordingly. Special attention should be paid to modular subsystem design.

Many studies have been made showing entropy of software systems over time.'
This environment provides no exception, and developers of this system will quickly
become aware of this fact. With the number of people who modify the code and their
difficult task of learning the entire system in a relatively little amount of time, thoughtful
design becomes increasingly more important. Therefore, a design view that focuses on the
continuity of the system is a special system requirement.
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4. MAJOR OBJECTIVES

Several points were the focus of the enhancements of IKORv1.0 and IKORv2.0.
These objectives materialized in modifications to both the FSP system and its driver. The
. details of the modifications are presented in the following.

4.1. IKORv1.0

IKOR began as a loose collection of procedures that solved for least norm motion on
a 2-D planar manipulator as well as the 3-D HERMIES-III CESARm manipulator. As
DORs increased however, it was necessary to implement a more integrated and modular
system. With the integration of the enhanced solution generator, IKOR matured into
IKORv1.0. This version consisted of numerous improvements over its predecessor.
IKORv1.0 included in one software package the capabilities for orientation control,
platform control, the preliminary ability to port to different manipulators, and increased
modularity. :

4.1.1. Integration of FSPv1.0 Solution Generator

The FSP method had been previously tested on a 2-D, 4-DOF planar manipulator,
with and without orientation control. This manipulator with orientation control had a
three element task space x, y, and pitch, yielding 4-3=1 DOR. Without orientation
control, the task space has two elements x and y, yielding 4—2=2 DOR. A 7-DOF, 3-D
robot was also tested with orientation control and a task space of six elements, y, x, z,
yaw, pitch, and roll, yielding 7—-6=1 DOR.

All three of these initial manipulator setups contained at most 2 DOR and a
relatively small number of possible inversions necessary to produce the solution vectors
that span the entire space. For example, the 2-D, 4-DOF case cited previously, without
orientation, would involve a maximum of C; =6 inversions and therefore six possible
solution vectors to choose three independent vectors (recall that the number of solution
vectors necessary are M~ N+1 or 4-2+1=3). This is a maximum of C36 =20
possible combinations. The 3-D, 7-DOF case was only slightly more computationally
difficult, with C] =7 possible inversions and C; =21 possible solution combinations.
It was foreseen that the CESARm manipulator on a platform and without orientation
control would be much more intensive. Such a manipulator has 10 DOF with 7 DOR and

would require a possible C1° =120 inversions which, with eight independent solution

vectors required, yields C ézo =840,261,910,994 possible solution combinations. It was

obvious that FSP would require a sophisticated optimization routine to quickly find one
in nearly a trillion combinations (it should be noted that many of these combinations
provide for an adequate solution space). FSPv1.0 represented the birth of the optimized
solution generator. '
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The upgrade to the solution generator included modifications to the code that
implemented the calculations of the analytical solutions. This upgrade was performed on
a previous system that worked with two solution vectors, the 3-D, 7-DOF with
orientation control and 1-DOR HERMIES system, see Appendix B3, “Modifications of
IKOR.”

The optimized FSPv1.0 was integrated into IKOR through a structural
reorganization. The system being upgraded computed the solution vectors before the
least norm motion (see Fig. 2). The conversion process consisted of replacing several
procedures with the single FSP subroutine function call as well as the conversion and
standardization of the function parameters.

Test trajectories were run on both the original and enhanced versions of the 3-D
system without orientation control code. The results from several tests showed complete
compatibility. Indeed, this was expected since the enhanced FSP code was
mathematically proven to be just as competent as the original code. The enhanced
solution generator code was implemented only to increase efficiency. The obstacle and
joint limit avoidance were still operating under the original FSP code.

The system was tested against the Pseudo-Inverse algorithm to compare the method
with an industry standard. Appendix Al (a—d) provides the results from four test
trajectories that compare FSP Least Norm vs Pseudo-Inverse. For each trajectory, four
configurations (3 10, 3x7, 6 x10, 6 x7) were tested. For the enhanced code
integration experiments, a 7-DOF, 3-D system with orientation control was used. These
data are labeled as 6 X 7 in the graphs. In each case, FSP and Pseudo-Inverse algorithms
agreed to within 1E-5 accuracy. Because the Pseudo-Inverse does not deal with
constraints, the test trajectories did not include any joint limit or obstacle avoidance, the
inclusion of which would inevitably alter the motion. However, timing tests were
conducted that did include obstacles to give a run time comparison of FSP’s strengths (see
Sect. 4.2.3).

4.1.2. Adaptation of FSPv1.0’s Analytical System

The experiments conducted to show FSP’s abilities included testing of the ability to
do both joint limit and obstacle avoidance while remaining true to a least norm criterion.
This was first accomplished using the two step method. During the first step, a least
norm motion was performed. During the second step, constraints were avoided by
moving the arm in the null space, thereby losing the least norm criteria. References 1 and
2 provide the analytical solutions for null space motion, including obstacle and joint limit
constraints. Essentially, a constrained optimization Lagrangian is constructed and
differentiated to obtain the optimal condition and to solve for the parameter vector z
with component ¢, ,i=1, M — N +1. The motion solution is then obtained as

_ M-N+1 _
Ag= ) g - ®

i=1
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For the first step, least norm motion without any constraints,' 7 reduces to

G'e

G e

’ . €)

t=

where ¢, =1, i=1, M~ N+1, and each element of the Grammian matrix G is a dot
product of the g vectors:

G; =48, &;) - ‘ (10)
To satisfy constraints in the null space (see Ref. 2), the following equation is used:
I=-uG -G Vg, 63}

where p and v’ and Lagrange multipliers, and the constraints due to either joint limits,
obstacles, or loss in rank (see Refs. 6 and 7 for loss in rank) are represented by the Bi
vectors.

For obstacle avoidance, the B vectors are calculated using the unit vector normal to

the obstacle, 7, and the distance, d, needing to be traveled by the point on the
manipulator (with Jacobian J*) closest to the obstacle,’ according to

3

B:ﬁk =Z

— 3
i=]

(Jy &)l d (12)
j=1

For joint limit avoidance, the B vector is given by

B.B.=g/d , - (13)

where d is the angle by which the specific joint exceeds its limit.

The obstacle avoidance, joint limit avoidance, and analytical solutions were
rewritten to facilitate the same DOR as the enhanced FSP code (i.e., up to computer
limitations). One problem encountered was the use of the matrix manipulation routines
created by Henry Dorum (see Appendix B3, “Modification of IKOR, Using MATRIX
Code.”) The subroutines are the backbone for most matrix manipulations throughout the
system. The incorrect use of these subroutines caused considerable memory leaks, which
in turn, resulted in inconsistent behaviors. Appendix B3 should be consulted for a full
description for the appropriate use of this code.

4.1.3. Orientation Control

The conversion from orientation control to no orientation control allowed for 3 more
DOR on the HERMIES system for a total of 4 DOR (4 DOF are theoretical since the roll
element of the Euler angles for the HERMIES arm has no bearing on the end-effector’s




x, ¥, z position. Therefore, there were only 3 effective DOR.) With orientation control,
the end-effector’s x, y, and z as well as final yaw, pitch, and roll are necessary to
determine a target position for the end-effector. In many instances however, it is not
necessary to have orientation control until the arm is considerably closer to the target.
Eliminating the yaw, pitch, and roll from the system’s operational space allows the
manipulator to be more agile and able to avoid obstacles or other constraints. It is also
possible to alter the software to include any one, two, or three of the Euler angles as
needed. For instance, if the manipulator was used to carry spillables, pitch and roll could
be constrained while the yaw could be free to change to avoid constraints.

Upon observation of the code, only two sections needed to be altered to convert the
position control from six elements (x, y, z, yaw, pitch, and roll) down to three elements
(x,y, and z). In the first section, the size of Ax was reduced. Next, the Jacobian was
altered to use only the necessary position elements.

In both cases, a conditional statement based upon the value of the task space, N,
was placed around the section of code in question. Calculation of Ax for the Euler angles
yaw, pitch, and roll were blocked. For the second case, to remove the bottom three rows,
a conditional statement was placed around the code in the subroutine that computed the
Jacobian. Global variables for M and N, corresponding to joint and operational space
respectively, are available throughout the code, permitting dynamic alteration. In
IKORv2.0, a new data structure was implemented to remove the necessity of the two
global variables.

Once complete, the new system was tested against the Pseudo-Inverse.
Appendix Al (a—d) includes results from four test trajectories that show nearly identical
behaviors.  Because previous experiments consistently demonstrated equivalent
compatibility with the Pseudo-Inverse, this was expected. For each trajectory, four
configurations (3 x 10, 3 x 7, 6 x7, and 6 X 10) were tested. For the data discussed in
this section, 7-DOF, 3-D systems without orientation control were used (these data are
labeled 3 X 7 in the graphs).

4.1.4. Platform Introduction and Obstacle Avoidance Update

In the search to further exploit the benefits of the FSP method, the manipulator was
placed upon a moving platform, producing a 10-DOF system. Using the appropriate
Jacobian and forward kinematics, and no orientation control, a 7-DOR mobile manipulator.
was enabled.” Also, a 4-DOR system was created by including orientation control and
platform mobility.

At this stage, conversion from orientation to no orientation control involved only
the manipulation of the global variable N that acknowledged either six or three elements in
the position vector. This system was tested against the Pseudo-Inverse.
Appendix Al (a—d) includes the results from these tests (see the data labeled 3 x 10
and 7, 6 x 10). Comparisons of the results showed that FSP and the Pseudo-Inverse
produced identical results.
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To detect intersection with obstacles, the forward kinematics subroutine must
provide beginning and ending points for each link. This was achieved by implementing
two drive routines that used the forward kinematics expressions. One driver allowed the
altering of the link lengths, while the other used the full link lengths. Also, the calculation
of obstacle constraints involved a reduced Jacobian based on the point of the
“intersection-terminated” manipulator arm. In a like manner, two Jacobian drivers were
also required. One allowed for dynamically alterable link lengths, while the other included
fixed, full link lengths. These revisions allowed the forward kinematics and Jacobian
subroutines to operate with differing link lengths. When porting the code to another
system, it is only necessary to swap out these subroutines, not the drivers (see
Sects. 4.1.5 and 4.2.4).

4.1.5. Preliminary Portability

Since all test systems to date involved the HERMIES-III manipulator arm as a
prototype, it was desirable to determine the software’s ability to port to other
manipulators. Therefore, IKOR was modified to allow for easier robot porting. To test
this portion of the code, the forward kinematics and Jacobian were derived for the
AIRARM, a manipulator under study in a current project at Oak Ridge National
Laboratory."! ‘

The conversion process involved liberating the dependencies of the routines for the
forward kinematics and the Jacobian calculations from the simulation system. The
HERMIES’ routines were separated, and the AIRARM’s routines were developed to
conform to the system. This involved the alteration of macros and other data variables
for the number of links, link lengths, and platform length and width values.

Because of the AIRARM’s prismatic joint, not available on the HERMIES
manipulator arm, additional consideration of optimization criteria had to be addressed.
The problem resulted from the fact that changes in angles and linear displacements are not
equivalent. To correct the problem, a new mechanism was introduced through Eq. (10).
Although not shown in Eq. (10), the formalism developed in Ref. 12 introduces a matrix
B, such that

G, =gB"Bg, . (14)
The solution involves using this B matrix as a normalizing diagonal matrix based on the
type of joint.'> For the kinematics developed for the AIRARM, rotational joint
displacements were in radians, while the prismatic displacements were in inches.
Therefore, the component in the matrix B used for the translational joint was .042, the
conversion factor between inches and meters. Components for the other rotational joints
were set to 1. Note that use of the B matrix can be further generalized to create an
interesting mechanism for real-time control of joint activity, allowing the relative control
of the contribution of any of the joints dynamically.
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4.1.6. IKORv1.0 Complete

With the addition of the preliminary ability to port-to other manipulators,
IKORv1.0 was complete. The integration of all four of the configurations for 3-D
manipulators was the only remaining issue. The goal was to dynamically allow or limit
the maneuverability of the mobile platform (alter M to provide either seven or ten
elements in the joint space) aside from the use of weights. Using the platform code as a
base, it was desirable to have the ability to disable the platform to achieve the original
7DOF. The change involved the implementation of conditional statements into the
subroutine that calculated the Jacobian matrix. In essence, when the joint space was
desired to be seven-dimensional, the last three columns of the Jacobian matrix were
dropped, thereby disallowing the joint changes associated with the platform control. This
dynamic ability to change from arm plus the platform to arm only is currently dependent
on the platform being the last three elements of the Jacobian. This is scheduled to be
changed to the first three elements for the next release of IKOR.

Because all the configurations discussed were now resident in one software package,
it was now feasible to make reliable time comparisons between different configurations as
well as optimization methods. Timing data can be found in Appendix A1. The graph in
Fig. 3 demonstrates the relative speeds of the FSP algorithm vs an optimized version of
the Pseudo-Inverse from Ref. 13. All joint and obstacle avoidance subroutines for FSP
were disabled.

FSP vs Pseudo Inverse

Relative Time Performance

3x10
3x7
6x7

Time
FSP/ Pscudo

6x10

Trajectory

Fig. 3. Time considerations.

Each of the three trajectories was tested using a different number of points. For
instance, the identical path of trajectory one was divided into 200 and 800 points,
respectively. Of particular interest is the surge of the 6 X 10 Jacobian during all the
trajectories, especially trajectory two. The cause of this trajectory’s high score has not
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yet been determined, although it is expected to be caused by a near singularity.
(A singularity occurs when a small motion of the end-effector calls for large changes in
joint angles.)

The problem with singularities is that once they are found it is usually too late. An
accepted solution that may be quite impossible to implement in real time is to avoid
trajectories where this might occur.’ By using a loop-back subsystem, FSP may be able
to dynamically deal with such a problem (i.e., when a singularity occurs, the arm can be
run backwards then moved forward again with a new constraint for the joint that
necessitated the greatest change).

4.2. IKORv2.0

As a further enhancement, the FSPv1.0’s solution generator was extended to handle
more special cases. These changes, along with the desire for more system features,
inspired further changes to the IKOR/FSP interface. The analytical system was updated
with the implementation of the owne shot method. IKOR was still implementing
the two step method of making the least norm motion and then using the null space to
avoid constraints. However, this method required two calculations of the entire solution
space vectors as well as two calculations of the parametric solutions whenever there were
any constraints to be avoided. It was therefore desired to increase efficiency by
having a method that performed the criteria and incorporated all constraints with the
one shot method. Additionally it was desired to have a robust method of porting
manipulators.

4.2.1. Integration of FSPv2.0 Solution Generator

Throughout the testing phase of IKORv1.0, several trajectories were found in which
there were not enough solution vectors found to completely span the solution space.
After the completion of IKORv1.0, an investigation was performed. Along with an
overhaul of the blocking pattern search, two special cases were uncovered.® The changes
brought about during the integration of FSPv2.0 were numerous. Compatibility with
FSPv1.0 was maintained throughout IKORv2.03. However, updating time and the
presence of FSPv2.0 prohibited further compatibility.

A new data structure was created to increase the ease of data flow and to better
understand the numerous amount of data elements involved in the system. This data
structure, detailed in Appendix C, is FSP_data. It is an instance of the structure Solutions
and maintains a conglomerate of information: joint and task space sizes, solution vectors;
current joint values, number of constraints, and beta vectors. Since the number of
solution vectors was no longer equal to M — N +1 because of the special cases, the macro
SPAN was redefined to be equlvalent to the number of solution vectors returned by the
solution generator.




4.2.2. Adaptation of FSPv2.0’s Analytical System

The introduction of FSP_data as well as the introduction of the structure Robot
described in Sect. 4.2.3 had a direct bearing on the analytical system. The adaptation also
entailed a restructuring of the solution generator, constraint, and analytical system
interfaces. This resolved the problems encountered in FSPv1.0 with the solution vectors
being sent to the analytical procedures in a broken down state that included flags, vectors,
and other variables relating to the optimization.

The data structures FSP_data and Robot were relatively straightforward adaptations
of the existing code. Aside from function prototypes and declarations as well as some
internal modifications, these structures mainly allowed for increased flexibility,
adaptability, and maintainability.

The solution generator’s interface was also adapted by introducing a routine to
rebuild the solution vectors. All reduced columns introduced a zero element in each
solution vector, while reduced rows generated a beta vector. Therefore, only the solution
vectors were returned as well as applicable betas (see Ref. 6). This provided an excellent
medium, and it corrected IKORv1.0’s inability to perform rank deficient cases.

4.2.3. FSPv2.0’s One Shot Analytical Solution Approeach

For the two step method, full space motion followed by null space constraint
avoidance constituted a seemingly wasteful process. One of FSP’s strengths is that it
takes nearly the same amount of time to calculate motion with or without constraints.
However, in the fwo step process when constraints were present, it took nearly twice as
long because solution vectors had to be generated again after the full space motion since
the arm was in a new position.

It was desirable to produce the one shot process. The key difference between the
implementation of the one shot and two step method is the difference between a full and
null space motion. In the analytical solution, this translates to only a slight difference
in calculating the Lagrange parameters (see Refs. 2 or 12). These were the FSP
modifications necessary to change the motion from null space to full space. IKOR, on the
other hand, needed a mechanism that allowed the selection of either method. The compile
macro, TWOSTEP, was introduced such that when the macro is defined, the old two step
method is used. Otherwise, and by default, the one shot method is used. Figure 4 shows
the time relationship of these two methods using the AIRARM manipulator. In
trajectory no. 1, IKOR is set to ignore all constraints. In trajectories no. 2 and no. 3,
IKOR is set to avoid obstacles and joint limits. While every step in trajectory no. 2
contains a constraint adjustment, trajectory no. 3 has constraints initiated for only 80% of
the steps. The one shot method dramatically defeats the two step method when obstacles
are encountered and otherwise produces equivalent timing results. This method is clearly
the most efficient method for the least norm criterion. Furthermore, it is obvious from
Fig. 4 that no additional time is required for the dynamic avoidance of constraints using
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the one shot code, as the comparison between trajectories no. 2 and no. 3 with obstacles,
and trajectory no. 1 without an obstacle, illustrates. Data collected for this test can be
found in Appendix A2.

40- Timing Comparisons
Pseudo Inverse vs. IKOR's Least Norm

35+
30

25 - Pseudo

msec/
step 20

1 step

#1 0 #3
Trajectories

Fig. 4. Constraint avoidance timing runs.

4.2.4. IKORv2.0’s Advanced Manipulator Portability

An inverse kinematics driver is incomplete without the ability to be used on many
different manipulators. It was therefore a high priority for IKORv2.0 to be ported easily
and effectively to other redundant manipulators. The first experiments conducted during
IKORvV1.0 proved that more thought was needed on the subject. For the completed
IKORv2.0 system, two subroutines and a data file were the selected method that
differentiated manipulators. The two subroutines were GET_JACOB() and
GET_ACTUAL_X(), which calculated the forward and inverse kinematics. The data file
was ROBOT.dat, which contains parameters such as link lengths.

A sample data file for the AIRARM (shown in Appendix D, “Code Listing,
Manipulator Porting Programs™) shows the fields, data, and a brief description of their
meaning.

The subroutines GET JACOB() and GET_ACTUAL_ X() for the AIRARM or the
HERMIES can also be found in Appendix D. These two procedures use different
variables for the link lengths. For GET_JACOBY(), the link lengths should be referenced
as LL[0]..LL[NL-1], where NL represents the number of links present in the
manipulator as found in the data file. However, GET ACTUAL X() must use
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LINKS[0]...LINKS[NL-1] for the link lengths. LINKS and NL can be found inside the
variable Robot. LL and Robot can currently be accessed globally.

GET_JACOB() performs the Jacobian calculation described in Egs. (3)~(5) of
Sect. 2.1. The subprocedure must receive two matrices: a declared Jacobian with N rows
and M columns (which is empty although not necessarily all zeros) and Qarray,
an M x1 matrix (which holds the current joint angles). The Jacobian must then be
calculated.

The variables declared in the beginning of the example files are merely to aid the
readability of the code. This Jacobian routine, as well as the forward kinematics routine
assumes the building point to be the origin. Next, based on the platform’s rotation, the
temporary Jacobian is then incorporated into the real Jacobian. Note that the change in
the x dimension is the first row of the Jacobian, change in the y dimension is the second
row, and change in the z dimension is the third row. In the HERMIES arm, the remaining
three rows represent the yaw, pitch, and roll of the orientation. The AIRARM’s
orientation elements have not yet been developed.

As a standard, the platform’s x, y, and rotation are declared as the last three
elements of the joint space of the forward kinematics (the last three columns). Therefore,
based on the value of the joint space, the platform can be removed by supplying an M of
the appropriate size. This mechanism is far from sophisticated, but does perform the
necessary job. _

The GET_ACTUAL_X() routine is based on transformation matrices. There are
several matrix declarations for the transformation matrices at the beginning of the
procedures in the example files. The initializations of A-E as well as XW-EW
are a spin-off of CheezyIGRIP? and are required.- CheezyIGRIP is a simulator that
has been developed concurrently with IKOR/FSP. A-E specify the length of the
respective link lengths as well as where the link-referencing letter is located on the arm
as displayed by the CheezyIGRIP simulator. Following this, the platform is built, and
then each link is added one after the other. Since XW-EW contain the x, y, and z
coordinates of each link, they are placed into x_of link that the system uses to determine
the end-effector’s position and the position of each link for the obstacle avoidance
routines.

4.2.5. Orientation Update

Certain trajectories using the platform for the HERMIES arm were not completing
properly when orientation control was being used. The Jacobian was the cause of this
error and the following demonstrates its proper development. The last three rows of the
Jacobian control the orientation of the manipulator. The method uses coordinate frame
transformations for each of the DOF. A series of Euler transformations are used (small
case “c” and “s” stand for cosine and sine, respectively). The matrices for the rotation
around x, y, and z are as follows:
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1 0 0 c6@ 0 s0 c@ —-s6 0
0 c6 —s0]|, 0 1 0|, and [s6@ 6 Of . (15)
0 s6 c6 ~-s6 0 6 0 0 1 '

For the HERMIES configuration without a platform, the first DOF is a rotation
around the positive z axis or [0,0,1]7. To get the z axis of our current coordinate axis to
point in the direction of the axis of rotation of joint 2, the coordinate frame must be
rotated 90° about the current x axis and around the z axis by gl, the value of the first
joint. The calculation with transformation matrices follows.

cl =s1 0111 0 O cl 0 sl
s c 0|0 0 -1|={sl 0 —=cl}| . (16) -
0 0 11101 © 01 0

Since the axis of rotation is pointed in the z direction of our new transformed
coordinate axis, the vector obtained is: [sl,— c1,0]. This matrix must then be rotated by
—90° around the x of the new coordinate frame and around the z axis by ¢2, the value of
the second joint. After making this computation, the result is a transformation to the last

coordinate frame. Therefore, to relate it to the original frame, it must be multiplied by the
previous transformation matrix.

2 -s2 0ii1 0 O c2 0 -s2
2 ¢2 0|0 0 1|={s2 0 2| , : a7
0 0 1]|]0 -1 0 0o -1 0O

and

cd 0 sliic2 0 -s52 cle2 sl 7 —cls2
s 0 —cli|s2 0 2 |=}{sl2 —-cl -sls2| . (18)
01 O 0 -1 0 52 0 2

Only the third column is of interest because the axis of rotation is pointing in the
direction of the transformed z axis [that is, (—cls2, — s1s2, c2)]. The next two DOF are
special in the sense that despite any change in either one’s value, there is no
corresponding change in the axis around which the other rotates. Thus, the values in the
transformation matrices for these two angles are equal. To get this similar axis we must

. rotate the current axis around the —x axis by 90° and the —z axis by g3, or the value of
the third joint. This computation follows. Notice that the result is multiplied by the
previous transformation to relate it back to the original coordinate axis.
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3 $3 0|1t 0 O 3 0 8
-3 3 00 0 1{={-s3 0 &3}| , (19)
0 0 1/j0 -1 0 0O -1 0

and

di2 s ~cd2|| 3 0 $B3}|dR23-s5183 ds2 d2s3+ 513
S12 —c =82 (|1-3 0 S3||s8A2AB+dASB 82 s2SB3-dd3| . (20)
2 0 2 1|l0 -1 0 233 -2 253 '

The desired vector is again in the third column of the transformation matrix. This
last example demonstrates the growing nature of these vectors. To obtain the remaining
two vectors, the remaining transformations must be derived so that the z axis is in the
direction of rotation. This must then be multiplied by the transformations made up to
this point. Doing this for the remaining three DOF, the final solution is as follows:

(—xx - 54— cls2¢4)cS — (xx - ¢4 — c15254)s5
(—yy-s4—5152c8)c5 - (yy- ¢4 — s1s2s4)s5 | (21)
(2c4A— zz- 54)c5 — (254 + zz- c4)sS

((—xx - s4— c152c4)s5 + (xx - ¢4 — cls2s4)c5)s6 + (clec2s3 + s1e3)ch
((—yy - s4—5152¢4)s5+ (yy - c4— sls2s4)s5)s6 — (clc3 - s1c2s3)c6 | , (22)
((2c4 — zz - s4)s5+ (c254 + zz - c4)c5)s6 + s253¢6

with

xx = cle2c3 — s1s53
wy =slc2c3+cls3 ¢ . . (23)
zz = §2¢3

When the HERMIES manipulator arm is used in conjunction with a platform, the
previous development must be modified. This modification is due to the three added
DOF. The first two DOF only change the position of the base of the arm and therefore
do not change the orientation of the end-effector. However, the rotation of the platform
effects orientation. Before rederiving the previous development, it is important to note
that this rotation is in the same axis as the first DOF. It may therefore be coupled with
the transformation for the first DOF g1 (i.e., around the z axis). A substitution can then
be affected into the instances of ¢l and s1. Additionally, the final three vectors must be
added on: [0,0,0] for the translation and [0,0,1] for the rotation.
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4.2.6. IKORv2.0 Complete

These modifications completed the IKORv2.0. There were many intermediate
versions created throughout IKORv2.0’s development. The version chart in
Appendix B3, “Modification of IKOR, Version List,” shows some of the contents and
compatibilities during these intermediate stages.







5. CONCLUSIONS

During the trials and tests presented throughout this paper, the new method for
IKOR is shown to be a successful and capable algorithm for autonomous redundant
manipulators. Not only does it allow for obstacle and joint limit avoidance, but it does so
at the relatively low time ratio of 2:1 compared to an optimized, nonconstrained
Pseudo-Inverse code. As discussed in Sect. 3.1, this average timing scale is shadowed by
the maximum time phenomenon that has yet to be fully determined. Both FSPv1.0 and
FSPv2.0 have begun to pave the way for reducing the maximum time.>®

The 3-D IKORv1.0 system was adapted to dynamically include both orientation
and nonorientation control, as well as platform and nonplatform mobility. This system
allowed for a solid testbed to compare the motions of different optimization criteria, as
well as for testing other popular industry methods. The software package was also
modified to allow for easier portability to other manipulators. Since the HERMIES
manipulator is a research manipulator only, it will become increasingly necessary to port
this algorithm to other manipulators. During this preliminary development, a joint
weighting scheme was introduced that provides a mechamsm to dynamically alter the
contribution of any joint in the desired motion.

Performance and portability are the earmarks of IKORv2.0. With the introduction
of the one shot method, both obstacle and joint limit avoidance can be accomplished in the
same amount of time as the least norm motion alone. It was then possible to show that
although it ran about twice longer than the Pseudo-Inverse, IKOR was able to treat
constraints such as obstacles and joint limits avoidance during that same amount of time.
Finally, with the introduction of the manipulator data file and streamlined subroutines, a
feasible system of porting was introduced. ‘
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APPENDIXES

Appendix A contains some of the data collected during the overall testing program.
Appendix Al (a—d) contains four trajectories on which FSP was tested against the
Pseudo-Inverse for each of the four HERMIES configurations (3 x 10, 3x 7, 6 X7, and
6 x 10). Appendix A2 contains information on how these timing studies were performed,
as well as the data taken from these studies.

Appendix B contains the User’s Guide. Beginning with push button directions on
the use of IKOR, followed by suggestions on maintaining documentation and by
comments on using some of the “sticky” aspects of the code effectively, this appendix
was designed to provide the user with key information about the design and use of the
system. Also included is a version chart and a compilation guide.

Appendix C contains the data flow diagrams and the data element dictionary for the
system. All major data flows are presented in the diagrams between four entities involved
with the system. These entities are the USER, DESIGN ENGINEERS, IKOR, and FSP.

Appendix D includes all of the code for the system, arranged in subcategories and
briefly discussed.
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Appendix A: Least Norm Compatibility and Efficiency Studies

This appendix contains the data and the data gathering techniques for the testing
program. Appendix Al discusses IKOR/FSP’s comparisons with the Pseudo-Inverse
code that can be found in Ref. 13. Test after test proved the compatibility and identical
results of the two methods, and three trajectories are presented and discussed in detail
here to illustrate this fact. Appendix A is organized as follows:

Appendix Al: Least Norm Compatibility ........cccecceveevenenccercruenscnrecceernenneneas A3
Graphical Data DISPIAY ....cccceeieviemrierieienieetece et see e seee e e ree s A3
Trajectory #1 3 x 10 ....... ctereratet e et e nteneesaesaranean e A6
Trajectory #1 3 X 7 ettt e Al0
TraJeCtOry #1 6 X 7T .ottt sttt ettt Al4
Trajectory #1 6 X 10 ..ottt ettt e Al8
Trajectory #2 3 X 10 .ottt A22
TIAJECIOTY #2 3 X 7 ettt eeete et e e tssaae s n e s s s e e e s eenaneais A26
TIAJECLOTY H#2 6 X 7 oottt e eeaere et esenesavesnanas s A30
Trajectory #2 6 X 10 oottt s A34
Trajectory #3 3 X T0 ettt e A38
TraJeCtory #3 3 X 7 e ettt et A42
TIAJECOTY #3 6 X 7 ettt e e n e e s s r b e s A46
Trajectory #3 6 X 10 ..ottt et e A50

Appendix A2: FSP vs. MP Pseudo Inverse Timing Data ........cccooceeeeencencnene A54
FSP vs. Pseudo Inverse: No Obstacle or Joint Limit Avoidance ............... A55
FSP vs. Pseudo Inverse: Obstacle and Joint Limit Avoidance ................... AS56

For sake of brevity, least norm is used here to denote the sum of the squares of the
requested change in joint values. First, a graphical representation of the least norm and
IKOR/FSP compatibility is presented. The first graph for each trajectory section is the
performance of IKOR/FSP, while the second graph is the performance of the Moore
Penrose Pseudo-Inverse. An interesting trend is shown by the use of orientation control.
In general, orientation control increases the least norm values. Also, without platform
capabilities, the joints are required to make larger motions. When coupled with
orientation control, these plots would not fit on the same scale and are therefore removed
from the graphical representation (e.g., for trajectory #2, 6 X 7 case, the maximum least
norm value is 1,472). It should be noted that these plots show identical behavior between
the Pseudo-Inverse and the FSP, and that the HERMIES arm behaves within its
parameters, without singularities for all trajectories and in all configurations.
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Next, the data gathered is presented for the trajectories. For each trajectory, four
configurations of the HERMIES arm were tested. Each configuration’s data set is
presented. For each time step, the step’s number, the least norm values for the joint
angles produced by FSP, the least norm values for the joint angles produced by the
Pseudo-Inverse, and their differences are presented respectively. At the end of each
configuration’s data, a summary is presented. The summary includes the largest and the
smallest least norm value found in the data set, the largest error between FSP and
- Pseudo-Inverse encountered in the data set, the sum of the differences and the percentage
of the error. Additionally, the time step number where each of these conditions were
found is shown.

Appendix A2 discusses IKOR/FSP’s timing runs comparisons with the
Pseudo-Inverse. Two studies were performed on each of three trajectories. Also included
in this section is the technique used to time the systems.
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Appendix Al: Least Norm Compatibility
Graphical Data Display
Trajectory #1

FSP Least Norm Motion

3x10
3x7
6x10
6x7

M-P Pseudo Inverse Least Nomm Motion

3x10
3x7
6x10
6x7

Fig. Al. Least Norm FSP vs. Pseudo Inverse Trajectory #1.
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Appendix Al: Least Norm Compatibility
Trajectory #2

FSP Least Norm Motion

Normal

Value 3x10

3x7

B oxi0

M-P Pseudo Inverse Least Norm Motion
2.5 -

Normal

Value 3x10
| X7
B oxo0

Fig. A2. Least Norm FSP vs - Pseudo Inverse Trajectory #2.
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Appendix Al: Least Norm Compatibility
Trajectory #3

FSP Least Norm Motion

2.2 -
2.0+
1.8
Normal 167 /
Value 1.4
1.2+
1.01

3x10
3x7

. 6x10

M-P Pseudo Inverse Least Norm Motion
224

20+
1.8

Normal 16 ]
Value 147

3x10
121 3x7
12 B oo
) 6
41
2

Fig. A3. Least Norm FSP vs. Pseudo Inverse Trajectory #3.
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Trajectory #1 3x10

1:1::::::: Norms for 3x10 Traj :#1 :7::::::3 -

—————————————— differences: ---cecmemmmenenaoao
STEP FSP Pseudo diff
# 14 0.055882 - 0.055882 = 0.000000
# 2% 0.0517%87 - 0.051797 = 0.000000
# 34 0.051686 - 0.051686 = 0.000000
# 4# 0.051375 - 0.051375 0.000000
# S# 0.051095 - 0.051095 = 0.000000
4 6% 0.050813 - 0.050813 0.000000
#  T# 0.050556 - 0.050556 = 0.000000
# 8# 0.050272 - 0.050272 0.000000
#  9# 0.050004 - 0.050004 0.000000
# 10# 0.049755 - 0.049755 0.000000
# 11% 0.049508 - 0.049508 = 0.000000
| # 124 0.049279 - 0.049279 = 0.000000
| # 134# 0.049021 - 0.049020 = 0.000001
# 14% 0.048790 - 0.048790 0.000000
# 15# 0.048556 - 0.048556 = 0.000000
# 16% 0.048342 - 0.048342 = 0.000000
# 17#% 0.048146 - 0.048145 = 0.000001
| # 18% 0.047914 - 0.047914 = 0.000000
| # 19% 0.047713 - 0.047713 = 0.000000
‘ # 20# 0.047508 - 0.047508 = 0.000000
# 21% 0.047306 - 0.047306 = 0.000000
| # 22# 0.047150 - 0.047150 = 0.000000
i # 23% 0.046945 - 0.046945 = 0.000000 “
# 244 0.046767 -~ 0.046767 = 0.000000
# 254 0.046595 -~ 0.046597 = -0.000002
# 26# 0.046443 - 0.046444 = ~-0.000001 -
# 274 0.046260 - 0.046260 = 0.000000
# 28# 0.046113 - 0.046114 -0.000001
# 29# 0.045958 - 0.045960 -0.000002
# 30# 0.045810 - 0.045811 -0.000001
# 31# 0.045693 - 0.045692 = 0.000001
# 32# 0.045537 - 0.045538 = -0.000001
# 33# 0.045402 - 0.045401 = 0.000001
# 34% 0.045285 - 0.045286 = -0.000001
# 35# 0.045159 - 0.045159 = 0.000000
# 36# 0.045069 - 0.045069 = 0.000000
# 374 0.044941 - 0.044940 = 0.000001
# 38% 0.044830 - 0.044834 = -0.000004
# 39# 0.044736 - 0.044736 = 0.000000
# 40# 0.044659 - 0.044658 = 0.000001
# 414 0.044556 -~ 0.044556 = 0.000000
# 42# 0.044470 - 0.044473 = -0.000003
# 43% 0.044393 - 0.044394 = -0.000001
# 444 0.044313 - 0.044315 = -0.000002
# 45# 0.044270 - 0.044269 = 0.000001
# 46# 0.044186 - 0.044190 = -0.000004
# 474 0.044135 - 0.044131 = 0.000004 =
B # 48 0.044078 - 0.044078 = 0.000000 '
# 49% 0.044025 - 0.044026 = -0.000001
# S50# 0.044001 - 0.044003 = -0.000002 .
# 51# 0.043951 - 0.043950 = 0.000001
# 524 0.043919 - 0.043919 = 0.000000
# 53# 0.043887 -~ 0.043892 = -0.000005
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54#
554
564
5S7#
584
594
60#
61#
62#
63#%
64 %
65#
66#
674
68#
69%
70#
T1¢
72#
73#
T4 #
75%#
76%
77%
78%#

80#
81#
824
834
84#
85#
86#
87#
88#
89#
90#
91#
92#
93#
94#
95#%
96#
97#
98#
994
#100#
#101$
#1024
#103 4§
#1044#
#1054%
#1064
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#113#%
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#1744 0.085026 - 0.085021 = 06.000005
#1754 0.085873 -~ 0.085878 = -0.000005
. #1764 0.086721 - 0.086719 = 0.000002
#1774 0.087580 - 0.087581 = -0.000001
#178% 0.088487 - 0.088484 = 0.000003
- #1794% 0.089334 - 0.089331 = 0.000003
#180#% 0.090222 - 0.090234 = -0.000012
#1814 0.091137 - 0.091138 = -0.000001
#182# 0.092089 -~ 0.092086 = 0.000003
#183# 0.092983 - 0.092988 = -0.000005
#184# 0.093922 - 0.093%27 = -0.00000S
#185# 0.094881 - 0.094881 = 0.000000
#186%# 0.095848 - 0.095849 = -0.000001
#187# 0.096872 - 0.096877 = -0.000005
#188# 0.097815 - 0.097815 = 0.000000
#189#%# 0.098826 - 0.098828 = -0.000002
#190# 0.099868 - 0.099858 = 0.000010
#191% 0.100883 - 0.100883 = 0.000000
#1924 0.1019%67 - 0.101968 = -0.000001
#1934# 0.102975 - 0.102973 = 0.000002
#194% 0.104054 - 0.104058 = -0.000004
#195# 0.105140 - 0.105137 = 0.000003

Largest : 0.105140 @ line #195#%
Smallest: 0.043827 @ line # 58#
Error : 0.000034 @ line #144#
Error Ratio: 0.05%
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Trajectory #1 3x7

t::rr:::: Norms for 3x7 Traj :#1 :::::::::

--------------- differences: e ek
STEP FSPp Pseudo diff -
# 1# 0.103820 - 0.103820 = 0.000000
# 2# 0.095774 - 0.095774 = 0.000000
# 3¢ 0.094632 - 0.094632 = 0.000000
# 4# 0.093265 - 0.093265 = 0.000000
| # S# 0.091931 - 0.091931 = 0.000000
| # 6% 0.090619 - 0.090619 = 0.000000
# 7% 0.089369 - 0.089369 = 0.000000
# 8# 0.088083 - 0.088083 = 0.000000
# 9% 0.086824 - 0.086824 = 0.000000
# 10#% 0.085673 - 0.085673 = 0.000000
| # 11# 0.084508 - 0.084508 = 0.000000
| # 12# 0.083390 - 0.083390 = 0.000000
| # 13# 0.082258 - 0.082258 = 0.000000
# 14% 0.081177 - 0.081177 = 0.000000
# 15# 0.080094 - 0.080094 = 0.000000
# 16# 0.079104 - 0.079104 = 0.000000
# 17# 0.078120 - 0.078116 = 0.000004
# 18# 0.077141 - 0.077145 = -0.000004
# 19% 0.076191 - 0.076189 = 0.000002
# 20# 0.075287 - 0.075286 = 0.000001
# 21# 0.074358 - 0.074361 = -0.000003
# 22# 0.073568 -~ 0.073565 = 0.000003 -
# 23# 0.072705 - 0.072708 = -0.000003
# 244% 0.071909 - 0.071%09 = 0.000000
# 25# 0.071129 -~ 0.071131 = -0.000002 ~
# 26%# 0.070402 - 0.070402 = 0.000000
# 274 0.069642 - 0.069640 = 0.000002
# 28# 0.068975 - 0.068972 = 0.000003
# 29# 0.068304 - 0.068303 = 0.000001
# 30# 0.067664 - 0.067669 = -0.000005
# 31# 0.067082 - 0.067083 = -0.000001
# 32# 0.066483 - 0.066481 = 0.000002
# 33# 0.065903 - 0.065902 = 0.000001
# 34# 0.065401 - 0.065399 = 0.000002
# 354 0.064890 - 0.064891 = -0.000001
# 36# 0.064448 - 0.064450 = -0.000002
# 37# 0.063986 - 0.063981 = 0.000005
# 38# 0.063545 - 0.063553 = -0.000008
# 39% 0.063177 - 0.063174 = 0.000003
# 40# 0.062827 - 0.062829 = -0.000002
# 41# 0.062480 - 0.062485 = -0.000005
# 42# 0.062176 - 0.062173 = 0.000003
# 43# 0.061898 - 0.061896 = 0.000002
# 44# 0.061625 - 0.061623 = 0.000002
# 45% 0.061441 - 0.061442 = -0.000001
# 46# 0.061230 - 0.061231 = -0.000001 -
- # 47# 0.061061 - 0.061061 = 0.000000
# 48# 0.060927 - 0.060922 = 0.000005
# 49% 0.060798 - 0.060799 = -0.000001 .
# 50# 0.060740 - 0.060742 = -0.000002
# S51# 0.060674 - 0.060676 = -0.000002
# 52# 0.060645 - 0.060645 = 0.000000

Al0




S3#
54%
554
S56#
574
58%
59#
60#
61#
62#
63#
64#
65#
66#
674
68#
69#
70#
71#
72#
734%
74#%
75#
76#
77#
78#
79%
80#
81§
82#
83#
84#
85#
86#
87#
88#
X°F
90#
91%
92#
93#
94#
95#
96#
g7#
98#
99#
#100#
#101#
#102#%
#103#
#1044
#105#
#106#
#107#
#108%
#1094
#110#
#1114
#112#

# AR Sk Ak A SR 3k e e Ak 3R 6 R dF 46 3 ok 3k ok 3k 3k b ok ok 3E 3 3E SR 3E 3E Sk S b 3 3 4k d4F o of e ok 3k 3k 3k oSk 3 3

0.060643
0.060659
0.060748
.060812
.060927
.061051
.061258
.061431
.061658
.061914
.062181
.062518

COO0000O00O0O0O0O0O0O000O0O0O0O00O00000O00O0OODODDOODOOODDODOOOODOO0OOODODOOOOOOO

.

062843

.063205
.063602
.064017
.064490
.064955
.065462
.065976
.066569
.067177
067772
.068429
.069081
.069822
.070555
.071300
.072097
.072893
.073779
.074637
.075555
.076444
.077424
.078440
.079426
.080477
.081533
.082665
.083772
.084918
.086076
.087310
.088598
.089816
.091110
.092388
.093763
.095171
.096568
.097976
.099377
.100904
.102438
.103979
.105462
.107089
.108721
.110339

All

QO O0O0O00O00D0DO0DOO0ODO0O0OD0DO0O0Q0O0D0DO00DO0O00O0DO0ODOO0OODIDOOO0OO0DODOCODO0DO0OO0OD0DO0OO0ODOD0DODOO0O0OO0OOOOO O

.060643
.060660
.060747
.060810
.0609528
.061054
.061257
.061431
.061659
.061914
.062179
.062518
.062842
.063209
.063601
.064016
.064491
.06495¢6
.0654¢64
.065980

.

066574

.067171
.067776
.068424
.069079
.069830
.070554
.071302
.0720098
.072886
.073777
.074643
.075554
.076440
.077430
.078436
.079427
.080475
.081536
.082663
.083769
.084923
.086076

.

087307

.088598

.

089815

091105

052385

.093764
.095171
.096565
.097970
.099383
.100909
.10242%
.103979
.105454
.107089
.108724
.110340

]

0.000000
-0.000001
0.000001
0.000002
-0.000001
-0.000003
0.000001
0.000000
-0.000001
.000000
.000002
.000000
.000001
.000004
.000001
.000001
-0.000001
-0.000001
-0.000002
-0.000004
-0.000005
0.000006
-0.000004
0.000005
0.000002
-0.000008
0.000001
-0.000002
-0.000001
0.000007
0.000002
-0.000006
0.000001
0.000004
-0.000006
0.000004
-0.000001
0.000002
-0.000003
0.000002
0.000003
-0.000005
0.000000
0.000003
0.000000
0.000001
0.000005
0.000003
-0.000001
0.000000
0.000003
0.000006
-0.000006
~-0.000005
0.000009
0.000000
0.000008
0.000000
-0.000003
-0.000001

OO0 000 O

o




#1134
#114#%
#1154
#116#
#117#
$118#
#119#
#120#
#1214
#122%
#123#
#124#
#125#
#126#
#127#%
#1284
#1294
#130%
#131#
#132#
#1334
#134 4%
#1354
#1364
#1374
#138#
#139%
#140#
#$#141%
#142%
#1434
#144#
#145#
#146#
#147#%
#1484
#1494
#150%
#151#
#152#
#1534
$154#%
#155#%
‘#156#
#157#
#158#
#159#
#1604
#161#%
#162#
#1634
Ble4#
#165#
#166#
#167#
#168#%
%#169#%
#170#
B171#
H1724

Q.
.113669

OO0 0O 00O ODOO0OO0OOD0DODDODODO0OO0OO0OODOO0OOD0DOOOODOODDOOLOOULOOOO0OO0ODOO0D0DOOO0OO0O0OO0O00DO0OOLCOO0OOOO OO

111985

115415

.117168
.118908

120700
122464

.124382

126238

.128110

129953
131938

.133895
.135974
.137888
.139858

141968

.144068
.146139
.148288
.150329
.152538
.154769
.15683819
.159083
.161419
.163643
.165966
.168218
.170482
.172917
.175262
.177590
.179984
.182316
.184803
.187344
.185698
.1%2095
.194642
.187130
.199692
.202243
.204624
.207274
.209824
.212445
.215022
.217558
.220191
.222876
.225456
.228008
.230742
.233482
.236123
.238749
.241339
.244172
.246826

Al2

OO0 OO OO OO0 O0OOLOLOOOCOO0OO0OO0OO0OO0OO0O0O0OODOO0OO0OO0ODO0O0O0O0O0O0OO0DO0COOOOO00DOOCODO0OO0OO0OO0DO0OO0OOOO

.111993
.113675
.115404

117168

.118916
.120685
.122468
.124386
.126245

128098

.129983
.131945
.133906

135960

.137886
.139873
.141960
.144070
.146139
.148291
.150333

152528

.154775
.156918
.159087
.161431
.163633
.165967
.168218
.170482
.172911
.175252
.177589%
.179980
.182323
.184813
.187343
.189687
.1%92099
.194627
.197126
.199707
.202241
.204630
.207262
.209818
.212449
.215003
.217563
.220205
.222878
.225459
.227%93
.230752
.233467
.236139
.238753
.241361
.244132
.246844

.000002
.000006

000011

.000000
.000007
.000015
.000004
.000004
.000007
.000011
.000000
.000007
.000011
.000014
.000002
.000015
.000008
.000002
.000000
.000003
.000004
.000011
.000006
.000001
.000004
.000012
.000010
.000001
.000000
.000000
.000006
.000010

000009

.000004
.000007
.000010
.000001
.000011
.000004
.000015
.000004
.000015
.000002
.000006
.000012
.000006
.000004
.000019
.000005
.000014
.000002
.000003
.000015

000010

.000015
.000016

000004

.000022
.000040
.000018




#173#
#174%
#175#
#176#
#177#
#178%
#179%
#180#
#181%
#182#%
#183#
#1844
#185#
#186#%
$187#
#188#%
#189#
#190#
#191#
#192#
#193#
$#194%
#195#

Largest
Smallest:

Error

Exrror Ratio:

OO O0O0CO0OO0COO0COO000O0O0O0 00000 C OO

0

.249688
.252190
.254985
.257748

260501

.263286
.265960
.268757
.271549
.274382
.277117
.2799%01
.282698
.285544
.28847¢0
.291097
.294056
.296980
.299781
.302739
.305482
.308482
.311383
0.311400 @ line #195#
0.060643 @ line # 53#
0.000040 @ line #171#
0.02%

Al3

©C OO0 00O0OO0O 0000000000 O0OOO O OOOo

.249671
.252201
.254987
.2857737
.260495
.263308
.265958
.268770
.271546
.274391
.277102
.279901
.282710
.285540
.288449
.291091
.294068
.296988
.2997176
.302734
.305471
.308458
.311400

0.000017
-0.000011
-0.000002

0.000011

0.000006
-0.000022

0.000002
-0.000013

0.000003
-0.000009

0.000015

0.000000
-0.000012

0.000004

0.000021

0.000006
-0.000012
~-0.000008

0.000005

0.000005

0.000011

0.000024
-0.000017




Trajectory #1 6x7

t333:::::: Norms for 6x7 Traj :#1 ::7::::::

--------------- differences: ---------covono-

STEP FSP Pseudo diff
# 1% 1.261517 - 1.261517 = 0.000000
# 24# 1.250471 - 1.250471 = 0.000000
# 3% 1.248612 - 1.248612 = 0.000000
# 4% 1.246483 - 1.246485 = -0.000002
4 ©S# 1.244665 - 1.244665 = 0.000000
# 6# 1.242662 - 1.242661 = 0.000001
# 7# 1.241042 - 1.241042 = 0.000000
# 8# 1.239136 - 1.239137 = -0.000001
# 9% 1.237312 - 1.237318 = -0.000006
# 10# 1.235632 - 1.235629 = 0.000003
# 11# 1.233860 - 1.233854 = 0.000006
# 12# 1.232387 - 1.232386 = 0.000001
# 13# 1.230658 - 1.230656 = 0.000002
# 14# 1.228998 - 1.228999 = -0.000001
# 15# 1.227426 - 1.227428 = -0.000002
# 16# 1.225846 - 1.225846 = 0.000000
# 17# 1.224560 - 1.224555 = 0.000005
# 18% 1.222945 - 1.222943 = 0.000002
# 19# 1.221471 - 1.221483 = -0.000012
4 20# 1.220035 - 1.220036 = -0.000001
# 21# 1.218404 - 1.218411 = -0.000007
# 22% 1.217328 - 1.217316 = 0.000012
# 23#% 1.215744 - 1.215746 = -0.000002
# 24% 1.214417 - 1.214418 = -0.000001
# 254 1.213068 - 1.213067 = 0.000001
# 26# 1.211734 - 1.211748 = -0.000014
# 27# 1.210342 - 1.210328 = 0.000014
# 28% 1.209080 - 1.209084 = -0.000004
# 294 1.207796 - 1.207782 = 0.000014
# 30#4 1.206442 - 1.206450 = -0.000008
# 31# 1..205179 - 1.205163 = 0.000016
# 32# 1.203914 - 1.203935 = -0.000021
# 33% 1.202485 - 1.202494 = -0.000009
# 34#% 1.201339 - 1.201344 = -0.000005
# 35% 1.200079 - 1.200054 = 0.000025
4 36# 1.198790 - 1.198803 = -0.000013
# 37# 1.197527 - 1.197526 = 0.000001
# 38# 1.196249 - 1.196243 = 0.000006
# 39# 1.194991 - 1.194992 = -0.000001
# 40% 1.193803 - 1.193811 = -0.000008
# 41# 1.192344 - 1.192347 = -0.000003
# 42% 1.191102 - 1.191109 = -0.000007
# 43# 1.189880 - 1.189869 = 0.000011
# 44§ 1.188550 - 1.188543 = 0.000007
# 45% 1.187281 - 1.187284 = -0.000003
# 46# 1.185983 - 1.185966 = 0.000017
# 474 1.184695 - 1.184691 = 0.000004
# 48% 1.183324 - 1.183334 = -0.000010
# 49% 1.181976 - 1.181980 = -0.000004
# S0# 1.180582 - 1.180578 = 0.000004
# 51# 1.179208 -~ 1.179190 = 0.000018
# 524 1.177896 - 1.177892 = 0.000004
# S53# 1.176436 - 1.176476 = -0.000040

Al4




54%
55§
S56#
57#
Sg#
59%
60#
61#
62%
63#
64 %
65#
66#
67#
68#
69#
704
714
72%
734
T44#
754
764
77#
78#
794
80#
81#
82#
83#
84#
85#
86#
87#
88#
89#
90#
914
92#
93 #
94#
9S5#
96
97#
98#
99#
#100#
#101#
#102#
#103#
#1044
#105%
#106#
#107#
#108#
#109#
#110#
#111#
#112#
#113#

Sk o4k 4 dF 3k 2F Sk 3k 3k 3k 4k o o ok of o e 3k 3k 3k 3k 3k Sk ko Sk db 3k ot 3k 3k ok ok 2k Ak 3k e ok ok b o3k ok 3E ok ok o 3k

T T R B N e S T e e R N N O TR S g

.175012
.173606
.172107
.170670
.169134

167719

.165965
.164456
.162850
.161212
.159726
.157798
.156178
.154472
.152565
.150928

148849

.147104
.145128
.143202
.141320
.139076
.137154
.1349857
.132928

.

.

130652
128238

.126111

.

.

123798
121523

.119014
.116458
.114007
.111498
.109036
.106217
.103457
.100789
.098130
. 095260
.092204
.089338
.086436
.083425
.080233
.077103
.073919
.070758
.067608
.064107
.060671
.0573659
.053874
.050451
.046771
.043056
.0395832
.035981
.032108
.028281

AlS

.174998
.173605
.192115
.170658
.169139
.167720
.165946
.164473
.162853
.161208
.159721
.157794
.156174
.154458
.152567
.150932
.148836
.147105
.145118
.143224
.141316
.139083
.137147
.134974
.132936
.130669
.128227
.126128
.123805
.121506
.119026
.116455
.114019
.111501
.109045
.106213
.103461
.100787
.098130
.095262
.082195
.089337
.086459
.083417
.080227
.077105
.073926
.070737
.067608
.064127
.060662
.057364
.053888
.050431
.046777
.043039
.03953¢6
1.035965
1.032098
1.028297

HFHEFRRPRREBRERRPRBPRBPHBRBEBHRHPRHBRRBEBRBRRRBHEHEBERBHERPRPBRERERPBRRPBPRRBRERBEBRERERRBRRERIRHRHR

n

0.

0.
0.

.000014
.000001
.000008
.000012
.000005
.000001
.000019

000017

.000003

000004

.000005

000004

.000004
.000014
.000002
.000004
.000013
.000001
.000010
.000022
.000004

000007

.000007

000017
000008
000017
000011

.000017

000007

.000017

000012

.000003

000012
000003

.0000029
.000004

000004
000002
000000
000002
000009
000001
000023

.000008

000006
000002
000007
000021
000000

.000020
.000008
.000005
.000014
.000020

000006

.000017
.000004
.000016
.000002
.000016




#114%
#1154%#
#116#
#117#
#118%
#119%
#120#
#1214
$122#
#123#
#124#
#125%
#126#
#127#
#128#
#129%
#130#
#131#
#132%
#133%#
#134%
#135%
#1368
#1374
#138#
#139%
#140%
#141%
#142%
#143#
#144%
#145#
#1l46#
#147#
#148%#%
#149#
#150#
#151#
#152%
#153#
#1544#
#155#
#156%
#1574
#158%
#1594
#160#
#161#
#162%
#1634
#164#
#1654#
#166#
#167#
#168%
#169%
#170#
#$#171#
#172#%
#1734

OO 0000000000000V O0O0OOOO0OO0O0O0CO0DO0OO000DO00COCO0000CO0O0CQO0O0OO0OO0DO00O0000O0OOCCOHRPMFIMMERHR

.024368
.020600
.016766
.012741
.008756
.004555
.000674
.996615
.992386
.988220
.983917
.978772
.975595
.971171
.966837
.962492
.958241
.953776
.949382
.944869
.940379
.936148
.8931509
.827033
.922514
.917924
.813665
.908012
.904425
.899905
.895509
.890930
.886497
.8818382
.877346
.873101
.868543
.864050
.859756
.855211
.850997
.846619
.842233
.838052
.833743
.829638
.825406
.821280

817235

.813155
.809253
.805275
.801420
.797675
.793868
.790178
.786552
.783021
.779499
.776147
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OO0 O0D0DO0OO0O0CO0OO0O0OO0ODO0OO0OD0DO000O0O0OOOOOOODOCO0OO00COODODO0OO0OOCODOOO0O0OCOO0O0OO0O0COHEMKEPRERPRR

.024356
.020595
.016776
.012750
.008744
.004537
.000662
.996588
.992392
.988240
.983909
.979781
.975605
.971182
.966823
.8962492
.958237
.953783
.949367
.944886
.940358
.936154
.931512
.927052
.922513
.917929
.913666
.80800s6
.904409
.899912
.8985529
.890886
.886509
.881886
.877393
.873084
.868548
.864040
.859760
.855215
.851010
.846613
.842236
.838013
.833766
.829640
.825406
.821305
.817217
.813185
.809266
.805252
.801424
.797669
.793861
.790195
.786543
.78301e6
.779529
.776134

[}

0.000012
0.000005
-0.000010
-0.000009
0.000012
0.000018
0.000012
0.000027
-0.000006
-0.000020
0.000008
-0.0000053
-0.000010
-0.000011
0.000014
0.000000
0.000004
-0.000007
0.000015
-0.000017
0.000020
-0.000006
-0.000003
-0.0000153
0.000001
-0.000005
-0.000001
0.000006
0.00001s6
-0.000007
-0.000020
0.000044
-0.000012
0.000006
-0.000047
0.000017
-0.000005
0.000010
-0.000004
~-0.000004
-0.000013
0.000006
=0.000003
0.000039
-0.000023
-0.000002
0.000000
-0.000025
0.000018
-0.000030
-0.000013
0.000023
-0.000004
0.000006
0.000007
-0.000017
0.000005%
0.000005
-0.000030
0.000013




#1744 0.772704 -~ 0.772706 = -0.000002

. #1754 0.769510 - 0.769538 = -0.000028
- #1764 0.766393 - 0.766393 = 0.000000
#1774 0.763240 - 0.763240 = 0.000000

#178#% 0.760216 - 0.760230 = -0.000014

- #1794 0.757309 - 0.757303 = 0.000006
#180#% 0.754458 - 0.754468 = -0.000010

#1814 0.751740 - 0.751750 = -0.000010

#182# 0.749203 - 0.749184 = 0.000013

#183# 0.746463 - 0.746477 = -0.000014

#184#% 0.744079 - 0.744070 = 0.000008

#185#% 0.741746 -~ 0.741752 = -0.000006

#186# 0.739481 - 0.739494 = -0.000013

#187# 0.737445 - 0.737449 = -0.000004

#188# 0.735180 - 0.735176 = 0.000014

#189# 0.733418 - 0.733416 = 0.000003

#190# 0.731639 - 0.731632 = 0.000007

#191# 0.729882 - 0.7298889 = -0.000007

#192# 0.728314 - 0.728324 = ~-0.000010

#193# 0.726819 - 0.726833 = -0.000014

#194# 0.725505 - 0.725507 = -0.000002

#195#% ' 0.724303 - 0.724310 = -0.000007

Largest : 1.261517 @ line # 1%
Smallest: 0.724303 @ line #195%
Error : 0.000047 @ line $#148%
Error Ratio: 0.01%
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Trajectory #1 6x10

:::r:::::: Norms for 6x10 Traj :#1 :v:::::::

--------------- differences: «----cccemccacon-
STEP FSP Pseudo diff
8 1# 1.173674 - 1.173673 = 0.000001
#  2# 1.173262 - 1.173262 = 0.000000
# 3% 1.171644 - 1.171646 = ~-0.000002
# 4% 1.169785 - 1.169785 = 0.000000
# S# 1.168145 - 1.168149 = -0.000004
# 6# 1.166319 - 1.166315 = 0.000004
# T# 1.164801 - 1.164797 = 0.000004
# 8% 1.162957 - 1.162964 = -0.000007
# 9% 1.161161 - 1.161166 = -0.000005
# 10#% 1.159399 -~ 1.159405 = -0.000006
# 11# 1.157501 - 1.157487 = 0.000014
, # 12# 1.155879 - 1.155876 = 0.000003
| # 13# 1.153952 - 1.153953 = -0.000001
| $ 14 1.152016 - 1.152014 = 0.000002
‘ # 154 1.150194 - 1.150199 = -0.000005
# 1le# 1.148208 - 1.148208 = 0.000003
# 17# 1.146492 - 1.146485 = 0.000007
# 18# 1.144433 - 1.144445 = -0.000012
# 19# 1.142482 - 1.142488 = - -0.000006
# 20# 1.140515 - 1.140509 = 0.000006
# 21# 1.138354 - 1.138357 = -0.000003
# 22# 1.136557 - 1.136542 = 0.000015
# 23# 1.134327 - 1.134340 = -0.000013 -
# 24# 1.132299 - 1.132308 = -0.000009
# 25# 1.130205 - 1.130199 = 0.000006
# 26# 1.128045 - 1.128024 = 0.000021 -
# 274 1.125880 - 1.125%02 = -0.000022
# 28#% 1.123718 - 1.123718 = 0.000000
# 294 1.121493 - 1.121489 = 0.000004
# 30# 1.119238 - 1.119246 = -0.000008
# 31# 1.116940 - 1.116934 = 0.000006
# 32# 1.114676 -~ 1.114675 = 0.000001
# 338 1.112260 - 1.112267 = -0.000007
# 34# 1.108951 - 1.109943 = 0.000008
# 354 1.107576 - 1.107589 = -0.000013
# 36# 1.105112 - 1.105112 = 0.000000
# 374 1.102691 - 1.102686 = 0.000005
# 38# 1.100189 - 1.100200 = -0.000011
# 39% 1.097680 - 1.097677 = 0.000003
# 40# 1.095206 - 1.095203 = 0.000003
# 41# 1.092444 - 1.092439 = 0.000005
# 42# 1.089842 - 1.089851 = ) -0.000009
# 43# 1.087258 - 1.087250 = 0.000008
# 44# 1.084571 -~ 1.084582 = -0.0000211
# 454 1.081824 - 1.081824 = 0.000000
# 46# 1.07%087 - 1.079100 = -0.000013
# 47# 1.076322 - 1.076319 = 0.000003 »
- # 48# 1.073476 - 1.073481 = -0.000005
# 49% 1.070645 - 1.070624 = 0.000021
# S0# 1.067688 - 1.067700 = -0.000012 .
# 514 1.064746 - 1.064744 = 0.000002
# 52% 1.061843 - 1.061841 = 0.000002
# S53#% 1.058825 - 1.058831 = -0.000006
Al8
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#1744 0.5915%82 - 0.591588 = 0.000004
#175# 0.588713 - 0.588706 = 0.000007

- #176c# 0.585863 -~ 0.585850 = 0.000013
#177%# 0.582971 -~ 0.583000 = -0.000029

- #178# 0.580124 - 0.580107 = 0.000017
B #179% 0.577412 - 0.577419 = -0.000007
#180# 0.574653 -~ 0.574680 = -0.000027
#181# 0.571973 - 0.571971 = 0.000002
#1824 0.569365 - 0.569363 = 0.000006
#183% 0.566601 - 0.566607 = -0.000006
#184#% 0.564130 - 0.564134 = -0.000004
#185# 0.561552 - 0.561549 = 0.000003
#186# 0.559%036 - 0.559047 = -0.000011
#187# 0.556619 - 0.556616 = 0.000003
#188# ©0.554056 - 0.554072 = -0.000016
#1894 0.551744 - 0.551736 = 0.000008
#190# 0.549419 - 0.549426 = -0.000007
#191#% 0.547046 - 0.547062 = -0.000016
#192% 0.544705 - 0.5446393 = 0.000012
#193# 0.542544 - 0.542527 = 0.000017
#1944# 0.540300 - 0.540320 = -0.000020
#1954 0.538145 - 0.538135 = 0.000010

Largest : 1.173674 @ line # 1#
Smallest: 0.538135 @ line #195#
Errorxr : 0.000029 @ line #177#
Error Ratio: 0.00%




Trajectory #2 3x10

t:ircr:: Norms for 3x10 Traj :#2 :3:::::::

-------------- differences: --=-ccmccmemonaoo

STEP FSP Pseudo diff
#  1# 0.199948 - 0.199948 0.000000
# 2% 0.190548 - 0.190548 = 0.000000
# 3% 0.189842 - 0.189841 = 0.000001
# 4% 0.188750 - 0.188752 -0.000002
# ©S# 0.187732 - 0.187732 = 0.000000
# 6# 0.1866%8 - 0.1866397 = 0.000001
# 74 0.185623 - 0.185622 = 0.000001
4 8% 0.184573 - 0.184575 = -0.000002
# o#f 0.183538 - 0.183535 = 0.000003
# 10# 0.182538 - 0.182536 = 0.000002
# 11# 0.181473 - 0.181475 = ~-0.000002
# 12% 0.180397 - 0.180395 = 0.000002
# 13#% 0.179400 - 0.179402 = ~-0.000002
# 144 0.178288 - 0.178287 = 0.000001
# 15# 0.177306 - 0.177302 = 0.000004
# 16% 0.176264 - 0.176266 = -0.000002
# 17%# 0.175184 - 0.175182 = 0.000002
# 18%# 0.174175 - 0.174175 = 0.000000
# 194% 0.173157 - 0.173160 = -0.000003
# 204 0.172060 - 0.172061 = -0.000001
# 21# 0.171019 - 0.17101% = 0.000000
# 224 0.165987 - 0.169986 = 0.000001
# 23# 0.168968 - 0.168965 = 0.000003
# 24% 0.167922 - 0.167924 = -0.000002
# 254# 0.166856 - 0.166856 = 0.000000
# 26#% 0.165852 - 0.165849 = 0.000003
# 274 0.164766 - 0.164762 = 0.000004
# 28# 0.163754 - 0.163805 = -0.000011
# 294 0.162739 - 0.162740 = -0.000001
# 30# 0.161677 - 0.161681 = -0.000004
# 31# 0.160678 - 0.160676 = 0.000002
# 32# 0.159638 - 0.159636 = 0.000002
# 33% 0.158579 - 0.158578 = 0.000001
# 34% 0.157557 - 0.157566 = ~-0.000009
# 35#% 0.156531 - 0.156527 = 0.000004
# 364# 0.155524 - 0.155527 = -0.000003
# 374# 0.154528 - 0.154527 = 0.000001
# 38% 0.153449 - 0.153456 = -0.000007
# 39# 0.152461 - 0.152454 = 0.000007
# 40#% 0.151391 - 0.151394 = -0.000003
# 41 0.150423 - 0.150422 = 0.000001
# 42 0.149409 - 0.149409 = 0.000000
# 43¢ 0.148370 - 0.148367 = 0.000003
# 444% 0.147385 - 0.147388 = -0.000003
# 45# 0.146376 -~ 0.146381 = -0.000005
# 46% 0.145346 - 0.145338 = 0.000008
# 47# 0.144373 - 0.144375 = -0.000002
# 48#% 0.143342 - 0.143338 = 0.000004
# 494 0.142369 - 0.142368 = 0.000001
4 50% 0.141372 - 0.141376 = -0.000004
# 51# 0.140354 - 0.140358 = -0.000004
# 52% 0.139393 - 0.139395 = -0.000002
# 53% 0.138391 - 0.138387 = 0.000004




S4#
55#
S6#
57#
58#
594
60#
61#
62#
63#
644
65#
66#
67#
68#
69#
70#
71#
72#
73#
74%
75%
76#
774
78#
79#
80#
81#
82#
83#
84#
85#
Be#
87#
88#
89#
90#
91#
92#
93¢
94#
95#
96#
97#
98#
9s#

EEE I I I i S L R L T T i R I T L T

+*
o)
o
o
3=

#101#

OO OO0 OO0OO0ODO0ODO0OO0O00DO000DO0DO0ODO0ODO0OO0CO0OO0OO0OO0OO0O0O0O0O0O0OO0ODO0OOO0ODOO0O00O0O00OUOOO0OOOOLOLOOOOOOOO

.137395
.136448
.135466
.134494
.133527
.132521
.131604
.130615

129696

.128739

127774

.126862

125922
124967

.124063
.123123
.122232-

121314

.120380

119516

.118616

117727

.116843

115948

.115085
.114233
.113350
.112520
.111657
.110852
.110002
.109144
.108358
.107531
.106742
.105943
.105136
.104368
.103615
.102816
.102075
.101309
.100583
.099842
.099109
.098413
.097687
.097021
.096314
.095622
.094957
.094306
.093641
.093013
.092366
.091762
.0911459
.090533
.089952
.089359

C O 000000 O0OODODOODODOOODOO0ODODODOO0OO0DO0O0O0DO0OO0O0DO0O0O0CO0O00DCO0OO0O0D0C0O000D00O0O0CODO0OO0DO0CO0COOOOO

.137399
.136443
.135460
.134500
.133527
.132522
.131602
.130618
.129693
.128739
.127777
.126861
.125923
.124969
.124063
.123120
.122236
.121319
.120373
.119516
.118617
.117730
.116843
.115948
.115085
.114232
.113356
.112516
.111660
.110851
.110004
.109143
.108356
.107533
.106742
.105942
.105137
.104367
.103615
.102813
.102079
.101307
.100587

099841

.099111
.098411
.097686
.097024
.096315%
.095620
.094958
.094307
.093637
.093015
.092364
.091764
.091147
.090529
.089956
.089358

-0.

-0.

-0.
0.

~-0.

-0.

-0.

-0.

000004

.000005
.000006

000006

.000000

000001
000002

.000003
.000003
.000000
.000003
.000001
.000001
.000002
.000000
.000003
.000004
.000005
.000007
.000000
.000001
.000003
.000000
.000000
.000000
.000001
.000006
.000004
.000003
.000001
.000002
.000001
.000002
.000002
.000000
.000001
.000001
.000001
.000000
.000003
.000004
.000002
.000004
.000001
.000002
.000002
.000001
.000003
.000001
.000002
.000001

000001

.000004

000002

.000002

000002

.000002
.000004

000004

.000001




#114%
#115#
#11l6#
#1178
#118¢%

#1194

#120%
#121#
#1224
#123#
#124%
#1254
#126#%
#1274%
#128%
#129%
#130#
#131#
#132#%
#1334
#134#%
#135#
#1364
#1374
#138#%
#1394
#140#
#1414
#1424
#1434
#144%
#1454
#146#
#147%
#148%
#149%
#150#%
#151#
#152#
#1534
#154#%
#1554
#156#
#1574
#158#
#1594
#160#%
#1614
#1624
#163#
#164#
#165%
#1664
#167#
#1684
#169%
#170#
#171#
#1724
#173#

0.
.088248
.087662
.087159
.086623
.086100
.085617

OO0 0000000000000 O00DO0D0ODODO0OO0O0O0OO0OO0OOCODO0O0O0OO0O0ODOOCOOOODOOOOLDOOODOOOODOLOOO

088798

085096

.084632
.084152
.083687
.083254
.082802
.082394
.081986
.081570
.081198
.080823
.080446
.080114
.079759
.079442
.079140
.078828
.078563
.078269
.078027
.077776
.077518
.077335
.077122
.076895
.076664
.076704
.076390
.076306
.076157
.076062
.075951
.075888
.075818

075740

.075731
.075702

075669

.075695
.075697
.075731
.075789
.075838
.075925
.076018
.076109
.076232
.076361

076522

.076691
.076848
.077058
.077248

A24

.088804
.088246
.087664
.087158
.086627

.085616
.085096
.084632
.084152
.083688
.083253
.082805
.082394
.081985
.0815683
.081201
.080822
.080443
.080113
.079761
.079438
.079144
.078826
.078565
.078269
.078025
.077778
.077519
.077326
077123
.076913
.076752
.076574
.076421
.076291
.076159
.076063
.075953
.075886
.075819
.075740
.075731
.075698
.075676
.075691
075699
.075735
075787
075835
.075929
.076017
.076106
.076231
.076353
0.076525
0.076687
0.076847
0.077060
0.077248

.

.

[ol=le oo =N-Nsl-Nolaol - Nl lolNe el Relle e e ol e NNl e N NeNe Mo le No e No oMo No e Mo lollis Mo lo ol el e No e e le o)

.086098

-0.000006
0.000002
-0.000002
0.000001
-0.000004
0.000002
.000001
.000000
.000000
.000000
.000001
.000001
.000003
.000000
.000001
.000001
.000003
.000001
.000003
.000001
.000002
.000004
.000004
.000002
.000002
0.000000
0.000002
-0.000002
-0.000001
0.000009
-0.000001
-0.000018
-0.000088
0.000130
-0.000031
0.000015
-0.000002
-0.000001
-0.000002
0.000002
-0.000001
0.000000
0.000000
0.000004
-0.000007
0.000004
-0.000002
-0.000004
0.000002
0.000003
-0.000004
0.000001
0.000003
0.000001
0.000002
0
0

OO0 OO0 O0OOO0OOO0O0O0

] ]
o O o

.000003
.000004
0.000001
-0.000002
0.000000




#174%
#175#
#176#
#1774
#178%
#179%
#180#
#181#
#182#
#1834%
#1844
#185#
#186#
#187#
#188#
#189#
#190#
#191#
#192#
#1934
#194#
#195#%
#1964
#197#
#198#
#1994#
#2004
#201#
#2024#
#203#
#204#
#205%
#206#
#207#
#208#
#209#
#210#
#211#
#212%
#213#
#214#
#215#
#216#%
#217¢#
#2184#%
#2194
#2204
#221#
#222#
#2234
#224#
#2258
#2264
#227%
#228%
#2294
#2308
#231#
#2324
#2334

OO O0OO0OO0OODODO0OO0O0OO0O0OO0O0OO0DODO0OO0OO0O0OO0DOOO0DOO0O0O0OQOO0CO0OO00OQCOO0OOCO0DO0O00DO0O0OQOOCOCO0O0O OO0

G.
0.
0.

0

077477
077720
077861

.078240
.078523
.078802

079116
079438
079790
080147

.080499

080902

.081268

081708
082138

.082565

083036
083512
083977
084481

.084992

085543
086083
086623

.087217
.087768
.088404
.089018
.089625
.090289
.0909850
.091591
.092308
.092992
.093724
.094453
.095174
.0985942
.096683
.097501
.098299
.099087
.099837
.100770
.101587
.102488
.103337
.104259
.105161
.106056
.107007
.107915
.108912
.109881
.110838
.111848
.112866
.113842
.114926
.115937

.077475
.077723
.077958
.078241
.078520
.078804
.079112
.079434
.079796

.080496
.080899
.081270
.081708
.082141
.082562
.083036
.083512
.083977
.084477
.084990
.085541
.086084
.086627
.087211
.087770
.088400
.089025
.089620
.090291
.090954
.091590
.092305
.092993
.093721
.094451
.095175
.095942
.096683
.097502
.098296
.099096
.099931
.100771
.101582
.102493
.103337
.104254
.105164
.106055
.107010
.107914
.108908
.109882
.110834
.111856
.112863
.113843
.114919
0.115938

OO0 000 O0CO OO0 O0OQOOQOOO0OO0OOO OO0 O0OO0O000DO00CO0O0O0D00CO00CO0O0CO0O0D0O0O0O0O00 VOO0 O00O0O0O0O00 00O

.080145 =

1

-0.

-0.
0.

-0.

0.

0.

.000002

000003

.000003

000001
000003

.000002
.000004
.000004

000006
000002
000003

.000003
.000002
.000000

000002
000003
000000
000000
000000

.000004
.000002
.000002

000001

.000004

000006

.000002

000004
000007
000005
000002

.000004
.000001
.000000
.000001
.000003
.000002
.000001
.000000
.000000
.000001
.000003
.000002
.000006
.000001
.000005
.000005
.000000

000005
000003

.000001
.000003
.000001
.000004
.000001
.000004
.000008
.000003
.000001
.000007
.000001




#2344# 0.117029 - 0.117022 = 0.000007
Largest : 0.199948 @ line # 1#

Smallest: 0.075669 @ line #158%

Error : 0.000130 @ line #147%

Error Ratio: 0.17%
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Trajectory #2 3x7

t:::::::: Norxrms for 3x7 Traj :#2 :::::::::

--------------- differences: ----cocmmmmaneana-
STEP FSP Pseudo diff
# 1# 1.116755 -~ 1.116756 = -0.000001
# 2# 1.031932 - 1.031932 = 0.000000
# 34 1.010608 - 1.010601 = 0.000007
# 4# 0.988565 - 0.988609 = -0.000044
# ©S#% 0.967882 - 0.967870 = 0.000012
$ 6% 0.947787 - 0.%847798 = -0.000011
# 74 0.928313 - 0.928315 = -0.000002
# 8# 0.909501 - 0.909898 = 0.000003
# S# 0.891997 - 0.891976 = 0.000021
# 10% 0.875113 - 0.875119 = -0.000006
# 11# 0.858444 - 0.858436 = 0.000008
# 12% 0.842311 - 0.842334 = -0.000023
# 134 0.827100 - 0.827081 = 0.000019
# 144 0.812012 - 0.812009 = 0.000003
# 15% 0.797875 - 0.797864 = 0.000011
# 16% 0.783992 - 0.783989 = 0.000003
# 174 0.770461 - 0.770449 = 0.000012
# 18# 0.757612 - 0.757631 = -0.000019
# 19# 0.745124 - 0.745134 =" -0.000010
# 204 0.732756 - 0.732721 = 0.000035
# 21% 0.720957 - 0.720976 = -0.000019
# 224 0.709497 - 0.709490 = 0.000007
- # 238 0.698481 - 0.698484 = -0.000003
# 24% 0.687711 - 0.687718 = -0.000007
# 25% 0.677123 - 0.677111 = 0.000012
- # 264 0.667030 - 0.667052 = -0.000022
# 27% 0.656987 - 0.656961 = 0.000026
# 28% 0.647663 - 0.647650 = 0.000013
# 29# 0.638152 - 0.638187 = -0.000035
# 30% 0.628923 - 0.628924 = -0.000001
# 31# 0.620190 - 0.620153 = 0.000037
# 32% 0.611510 - 0.611537 = -0.000027
# 33#% 0.602962 - 0.602964 = -0.000002
# 34% 0.594786 - 0.5%4785 = 0.000001
# 35§ 0.586734 - 0.586725 = 0.000009
# 36% 0.578972 - 0.578979 = -0.000007
# 374 0.571454 - 0.571454 = 0.000000
# 38# 0.563761 - 0.563780 = -0.000019
# 394 0.556587 - 0.556578 = 0.000009
# 40#% 0.549247 - 0.549244 = 0.000003
# 414 0.542442 - 0.542450 = -0.000008
# 42# 0.535602 - 0.535600 = 0.000002
# 43# 0.528819 - 0.528812 = 0.000007
# 44# 0.522346 - 0.522341 = 0.000005
# 45# 0.515940 - 0.515950 = -0.000010
# 46# 0.509608 - 0.509614 = -0.000006
. # 47% 0.503465 - 0.503466 = -0.000001
B} # 48# 0.487325 - 0.497322 = 0.000003
# 49#% 0.491475 - 0.491476 = -0.000001
. # SO# 0.485632 - 0.485639 = -0.000007
# S1# 0.479850 - 0.479839 = 0.000011
# 52# 0.474275 - 0.474281 = -0.000006
. % 53 0.468685 - 0.468682 = 0.000003




# S54#% 0.463232 - 0.463224 = 0.000008
# S55#% 0.457943 - 0.457950 = -0.000007
# 56# 0.452708 - 0.452714 = -0.000006 -
$ 574 0.447496 - 0.447494 = 0.000002
# 58# 0.442369 - 0.442362 = : 0.000007
# 59# 0.437189 - 0.437206 = -0.000017 -
# 60% 0.432366 - 0.432370 = -0.000004
# 61# 0.427405 - 0.427372 = 0.000033
# 62% 0.422608 - 0.422645 = -0.000037
# 63# 0.417849 - 0.417813 = 0.000036
# 64# 0.413070 - 0.413072 = -0.000002
# 65# 0.408480 - 0.408484 = -0.000004
# 668 0.403848 - 0.403840 = 0.000008
# 67# 0.39%207 - 0.399221 = -0.000014
# 68# 0.394778 - 0.394764 = 0.000014
# 69# 0.390245 - 0.390233 = . 0.000012
# 70# 0.385872 - 0.385883 = -0.000011
# 71# 0.381487 - 0.381489 = -0.000002
# 72# 0.377029 - 0.377039 = -0.000010
# 73# 0.372847 - 0.372847 = 0.000000
# 74# 0.368600 - 0.368605 = -0.000005
# 75# 0.364348 - 0.364343 = 0.000005
# 76# 0.360134 - 0.360140 = -0.000006
# 77# 0.355918 -~ 0.355912 = 0.000006
# 78% 0.351782 - 0.351787 = -0.000005
% 79% 0.347722 - 0.347728 = -0.000006
# 80# 0.343593 - 0.343595 = -0.000002
# 81# 0.339601 - 0.339608 = -0.000007
# 82#% 0.335516 - 0.335499 = 0.000017 .
# 83# 0.331665 - 0.331655 = 0.000010
# 84% 0.327608 - 0.327622 = -0.000014
# 85# 0.323588 - 0.323575 = 0.000013 .
# 86# 0.319775 - 0.319783 = -0.000008
# 87# 0.315852 - 0.315847 = 0.000005
# 88# 0.312072 - 0.312076 = -0.000004
# 89# 0.308260 - 0.308257 = 0.000003
# 90# 0.304432 - 0.304445 = -0.000013
# 91# 0.300733 - 0.300728 = 0.0000Q05
# 92¢ 0.297139 -~ 0.297133 = 0.000006
# 93# 0.293392 - 0.293394 = ~-0.000002
# 94# 0.289853 - 0.289856 = -0.000003
# o5# 0.286276 - 0.286268 = 0.000008
# 96# 0.282845 - 0.282848 = -0.000003
# 97# 0.279399 - 0.279394 = 0.000005
# 9o8# 0.276045 - 0.276057 = -0.000012
# 99# 0.272858 - 0.272855 = 0.000003
#100# 0.269630 - 0.269648 = -0.000018
#101% 0.266664 - 0.266650 = 0.000014
#102# 0.263634 - 0.263648 = -0.000014
#103# 0.260755 - 0.260747 = 0.000008
#104# 0.258027 - 0.258034 = -0.000007
#105# 0.255484 -~ 0.255485 = -0.000001
#106# 0.253011 - 0.253003 = 0.000008 .
#107# 0.250765 - 0.250772 = -0.000007

) #1084#% 0.248652 - 0.248643 = 0.000009
#1094 0.246789 - 0.246792 = -0.000003 .
#110# 0.245112 - 0.245110 = 0.000002
#1114 0.243607 - 0.243609 = -0.000002
$112# 0.242458 - 0.242456 = 0.000002
#113# 0.241468 - 0.241467 = 0.000001
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#114#
#115#
#116#
#1174
#118%
#1194%
#120#%
#121#
#1224
#1234
#1244
#125#%
#126#%
$127#
#128#
#129#
#130#
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#133#
#134#
#135#
#136#
#137#
#138#
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#1774
#178#
#179%
#180#%
#181#
#$182#
#183#
#184#
#185#
#186#
#187#
#188%
#189#
#190#
#191#
#1924
#193#
#194%
#195#
#196#
#1974#
#198#
#199#
#2004
#201#
#2024
#203#
#2044
#205%
#206#%
#2074
#208#
#2094
#2104
#2114
#2124
#2134
#214#
#215#
#2164
#217#
#218%#
#2194
#2204
#221#
#2224#
#223%
#224#%
#2254#
#226#
#227#
#228%
#2294#
#230#
#231#
#232#
#233#

o R R R R R R H R B R R RRREPB R RB R R R MR R R RS RHERRHRBRREBRRMERMEMERPBHRRRBRRRRRP B

.157128
.169811
.181376
.192515
.202232
.210762
.218929
.225617
.232179
.237380
.241735
.245972
.248906
.251807
.253852
.255070
.256399
.257032
.257027
.257057
.256454
.256188
.255226
.253920
.253082
.251392
.250401
.249016
.247197
.246241
.244808
.243203
.242435
.241055
.240415
.239707
.238845
.238709
.238310
.238775
.239169
.239435
.240778
.242009
.243197
.245578
.247481
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#2348 1.328463 - 1.328442
Largest : 1.328463 @ line #234%
Smallest: 0.240466 @ line #11l6# _
Errox : 0.000089 @ line #186#

Error Ratio: 0.01%
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Trajectory #2 6x7

1:3:::::: Norms for 6x7 Traj :#2 ::3::::::

--------------- differences: ---c-ccmemmmmnano o

STEP FSP Pseudo diff

# 1% 6.968414 - 6.968416 = -0.000002

¥ 2# 7.301880 - 7.301851 = 0.000029

# 34 7.267199 - 7.267307 = -0.000108

# 4% 7.222111 - 7.222023 = 0.000088

# 5§ 7.180116 - 7.180136 = -0.000020

# 6% 7.139550 - 7.139505 = 0.000045

# 7# 7.099812 - 7.099829 = -0.000017

# 8# 7.062784 - 7.062744 = 0.000040

# 9% 7.024738 - 7.024809 = -0.000071

# 10# 6.989432 - 6.989447 = -0.000015

# 11# 6.953091 - 6.953090 = 0.000001

# 12# 6.915750 - 6.915707 = 0.000043

# 13% 6.878975 - 6.879017 = -0.000042

# 14% 6.840050 - 6.840017 = 0.000033

# 15# 6.800510 - 6.800434 = 0.000076

# 16# 6.758464 - 6.758503 = -0.000039

# 17# 6.713617 - 6.713698 = -0.000081

# 18% 6.666522 - 6.666549 = -0.000027

# 19% 6.616502 -~ 6.616469 = 0.000033

# 20# 6.562092 - 6.561973 = 0.000119

# 21# 6.504717 - 6.504858 = -0.000141

# 22# 6.442350 - 6.442323 = 0.000027

# 23# 6.376733 - 6.376764 = -0.000031 -

# 24% 6.306626 -~ 6.306606 = 0.000020

# 25§ 6.231925 - 6.231905 = 0.000020

# 26# 6.154296 - 6.154402 = -0.000106 -

# 274 6.073364 - 6.073282 = 0.000082

# 28% 5.990965 - 5.991036 = -0.000071

# 29# 5.907078 - 5.906994 = 0.000084

# 30# 5.822075 - 5.822098 = -0.000023

# 31% 5.739517 - 5.739577 = ~-0.000060

# 32% 5.658823 - 5.658786 = 0.000037

# 33# 5.581147 - 5.581141 = 0.000006

# 34#% §.508755 - 5.508766 = -0.000011

# 35# 5.441461 - 5.441432 = 0.000029

# 36# 5.381123 - 5.381198 = -0.000075

# 37# 5.327163 - 5.327082 = 0.000081

# 38# 5.278909 - 5.278952 = -0.000043

# 39% 5.238621 - 5.238625 = -0.000004

# 40% 5.203704 - 5.203669 = 0.000035

# 41# 5.175705 - 5.17569%94 = 0.000011

# 42# 5.151696 - 5.151688 = 0.000008

# 43% 5.132035 - 5.132029 = 0.000006

# 44# 5.116533 - 5.116547 = -0.000014 L

# 45# 5.103150 - 5.103080 = 0.000070

# 46# 5.089862 - 5.089874 = -0.000012

# 4a7# 5.077944 - 5.077943 = 0.000001 -

# 48# 5.064287 - 5.064260 = 0.000027

# 49% 5.050127 - 5.050100 = 0.000027

# 50% 5.032274 - 5.032263 = 0.000011 -

# S1# 5.010634 - 5.010641 = -0.000007

4 S2# 4.986647 - 4.986612 = 0.000035

# 53# 4.958033 - 4.958008 = 0.000025
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S4#
55#%
S6#
57#
S8#
59#
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.923682
.886320
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.692906
.636984
.577634
.516873
.454250
.390407
.326261
.261776
.196611
.133138
.068854
.006319
.944283
.882966
.823383
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.707224
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.542863
.490866
.439770
.390394
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.249240
.204202
.161056
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.037031
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815441
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.716771
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.655015
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.568508
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.331125
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#1144
#1154
#11l6#
#117#
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#121#%
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#132%
#133#
#134#
#1354
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#137#
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#1454
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#156#
#157#
#158#
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.20335s8
.192027

181510

.172107
.164079

156984

.151351
.146831
.143369
.141605
.140959
.141577
.143766
.147307
.152398
.159053
.166973
.176993
.187919
.2009%4

215453

.231534

249741
269529

.290833

314465

.339718
.366856
.396048

426922

.460368
.495596
.533289
.573098
.615041
.660334
.707218
.756886
.810209
.866256
.825799%
.989113
.056500
.128820
.206744
.289545
.380877
.480385
.590543
.713624
.853278
.014617
.203823

A34

2.312100
2.293772
2.276016
2.258735
2.
.229496
.216105
.203334
.192006

B WWWW W W W W WDV DOMOMODONDNODNOMONMNNNODNNVMNONNDOODOMDDNNNDONDNDNDDN DN

.

244262

181510

.172149

.

164049

.156991
.151349
.146840
.143394
.141605
.140964
.141533
.143801
.147305
.152403
.159045
.167010
.176967

.

187889

.200988
.215446
.231570
.249726
.269512
.25%0930
.314453
.339802
.366819

.

396041

.426954
.4603590
.495632
.533273
.573144
.615009
.660303
.707252
.756905
.810211
.866152
.925848

.

989043

.056522

.

128861

.206781
.289551
.380826
.480381
.590542
.713585
.853352
.014600
.203851

-0.000015
0.000016
-0.000022
0.000021
-0.000001
0.000029
0.000007

-0.000036

0.000021
0.000000
-0.000042
0.000030
-0.000007
0.000002
-0.000009
-0.000025
0.000000
-0.000005
0.000044
-0.000035
0.000002
-0.000005
0.000014
-0.000037
0.000026
0.000030
.000006
.000007
.000036
.000015
.000017
.000003
.000012
.000084
.000037
.000007
.000032
.000018
.000036
.000016
.000046
.000032
.000031
-0.000034
-0.000019
-0.000002
0.000104
-0.000049
0.000070
-0.000022
-0.000041
-0.000037
-0.000006
0.000051
0.000004
0.000001
0.000039
-0.000074
0.000017
-0.000028
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#1744
#175#
#176#
#1774
#178#%
#179%
#180#
#181#
#182#
#183#
#184#
#185#
#186#
#187#
#188#%
#1894
#190#
#191#
#192#
#193#
#194#
#195%
#1964

#1974

$#198#
#1994
#200#
$#2014%
#202#
#2034
#2044
#205#%
#206#
#2074
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.430908
.713267
.069776
.540223
.183492
.106391
.496127
.717220
.518382
.580948
.015701
.915428
.036469
.466583
.560303
.660645
.611206
.489929
.641403
.408264
.886456

568371
940239

.057022
.864288
.761410
.401985
.556313
.084104

884241

.894434
.065619
.363224
.760885
.241501

788286
389639

.038072
.723260
.442240
.188755
.958773

750341

.559378
.383584
.221402
.071763
.931025
.7998909
.676946
.560748
.451454
.347633
.248859
.154617
.065038
.978469
.895885
.816682
.741375

O U

[44]

36
68

153.
388.
1001.
1471.
382.
194.
113.
.408279
.886360
.568657
.939949
.057114
.864223
.761532
.401993
.556107
.084389
.884226
.894449
.065678
.363171
.760659
.241610
.788197
.389783
.038127
.723241
.442255
.188712
.958816
.750464
.559294
.383564
.221494
.071697
.931022
.799897
.677041
.560696
.451405
.347651
.248859
.154593
.065052
.978459
.895859
.816736
.741409
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.430919
.713243
.069793

540285

.183490

106303

.496183
.717340
14.
21.

518511
580397
015671
915298
036804
464844
554199
660156
616699
490799
641830

"

-0.000011
0.000024
-0.000017
-0.000062
0.000002
0.000088
-0.000056
-0.000120
-0.000129
0.000551
0.000030
0.000130
-0.000335
0.001739
0.006104
0.000489
-0.005493
-0.000870
-0.000427
-0.000015
0.000096
-0.000286
0.000290
-0.000092
0.000065S
-0.000122
-0.000008
0.000206
-0.000285
0.000015
-0.000015
-0.000059
0.000053
0.000226
-0.000109
0.000089
-0.000144
-0.000055
0.000019
-0.000015
0.000043
-0.000043
-0.000123
0.000084
0.000020
-0.000092
0.000066
0.000003
0.000012
-0.000095
0.000052
0.000049
-0.000018
0.000000
0.000024
-0.000014
0.000010
0.000026
-0.000054
-0.000034




#234% 4.669307 - 4.669287 =
Largest : 1471.660645 @ line #189%
Smallest: 2.140959 @ line #1314 _

Error : 0.006104 @ line #188%

Error Ratio: 0.00%

A36
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Trajectory #2 6x10

ti::::::: Norms for 6x10 Traj ::#2 :::::::::

--------------- differences: ------------~----
STEP FSP Pseudo diff
# 1# 2.129827 - 2.129826 = 0.000001
# 2% 2.313666 -~ 2.313662 = 0.000004
# 3# 2.311746 - 2.311749 = -0.000003
# 4# 2.304901 - 2.304899 = 0.000002
# 5% 2.297971 - 2.297963 = 0.000008
# 6# 2.2%0728 - 2.290746 = -0.000018
# 7# 2.283192 - 2.283182 = 0.000010
# 8# 2.275615 - 2.275620 = ~-0.000005
# oH 2.267645 - 2.267610 = 0.000035
# 10# 2.259753 - 2.259764 = -0.000011
# 11% 2.251648 - 2.251640 = 0.000008
# 12% 2.243150 - 2.243155 = -0.000005
# 13% 2.234684 - 2.234684 = 0.000000
# 14# 2.225801 - 2,.225796 = 0.000005
# 15# 2.217033 - 2.217055 = -0.000022
# 1lé# 2.207985 - 2.2079%987 = -0.000002
# 174 2.198601 - 2.198583 = 0.000008
# 18%# 2.189192 - 2.189176 = 0.000016
# 19# 2.17%8678 - 2.179667 0.000011
# 208 2.169%12 - 2.169895 = 0.000017
# 21# 2.160027 - 2.160070 = -0.000043
# 22% 2.149%62 - 2.149948 = 0.000014
h # 23# 2.139878 - 2.139867 = 0.000011
# 24%# 2.129525 - 2.129537 = -0.000012
# 25# 2.1183%53 - 2.118953 = 0.000000
- # 264# 2.108312 - 2.108304 = 0.000008
# 27# 2.097510 - 2.097509 = 0.000001
# 28%# 2.086703 - 2.086712 = -0.000009
# 29# 2.075705 - 2.075696 = 0.000009
# 30# 2.064470 - 2.064446 = 0.000024
# 31# 2.053237 - 2.053290 -0.000053
# 32# 2.041876 - 2.041828 0.000048
# 33# 2.030180 - 2.030170 = 0.000010
# 34% 2.018471 - 2.018481 -0.000010
# 35% 2.006777 - 2.006769 0.000008
# 364 1.994960 - 1.994987 -0.000027
# 37# 1.982840 - 1.982847 = -0.000007
# 38# 1.970782 - 1.970722 = 0.000060
# 39# 1.958581 - 1.958604 = -0.000023
# 40# 1.946143 - 1.946107 = 0.000036
# 41# 1.933737 - 1.933746 = -0.000009
# 42# 1.921139 - 1.921148 = -0.000008
# 43# 1.9508532 - 1.908532 = 0.000000
# 444 1.895867 - 1.895849 = 0.000018
# 45# 1.882974 - 1.882931 = 0.000043
# 46# 1.869883 - 1.869874 = 0.000008
- # 47#% 1.857004 - 1.857036 = -0.000032
- # 48#% 1.843812 - 1.843835 = -0.000023
# 49% 1.830604 - 1.830624 = -0.000020
- # 50# 1.817379 - 1.817340 = 0.000039
# 514 1.803770 - 1.803770 = 0.000000
# 524 1.790436 - 1.790468 = -0.000032
# 53# 1.776760 - 1.776747 = 0.000013

A37




S4#%
S5#
56#
S57#
58#
594
60#
61#
62#
63#
64 #
65¢#
66#
67#
684
69#
70#
71#
724
73#
74%
754
76#
T7#
78%
794%#
80#
81#
82#
83#
Ba#
854
86#
87#
88#
89#
90#
91#
92#
93#
94#
95#
96#
974
98#
99%
#100#
#101#
#1024
#1034#
#104%
#1054#
#106#
#107#
#i08#
#109#
#$#110#
#111#
#112#%
#$113#
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.763159
.749440
.735507

721647

.707724

.

693389

.679464
.665097
.650868
.636475
.621879

607283

.592773
.577908
.563184
.548288
.533389
.518337
.503060
.487996
472673
.457250
.441872
.426414
.410845
.395229
.37%4290
.363740
.3478429
.331915
.315889
.299920
.283921
.267803
.251608
.235485

.219267

.203027
.186643
.170569
.154372

.

138170

.121924
.105819
.089742
.073771
.057679
.041929
.026247
.010644
.9595051
.97%8832
.964641
.949678
.934750
.920306
.905848
.891749
.877902
.864305
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1.763163
.749449
.735500
.721644

COOCO0OO0OOOOCOOHMHRHEEKEFHRERERERIRHEB[NHBR B[R Hf MR R R R RRBRRBRRERPBHE P REBR RS RBEPB B RRBRP B

707718

.693406
.679463
.665069
.650877
.636478
.621897
.607298
.5582784
.577893
.563164

548290

.533413
.518346
.5030586
.488021
.472636
.457290
.441906
.426415
.410833

395240

.379435
.363735
.347865
.331926
.315889
.289911
.283934
.267791
.251606
.235495
.219278
.203010
.186646
.170580
.154384
.138151
.121930
.105813
.089760
.073767
.057672
.041947
.026257
.010608
.995060
.979834
.964626
.949674
.934758
.920287
.905869
.891747
.877809
.8B64286

LI}
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~-0.000004
~-0.000009
0.000007
0.000003
0.000006
-0.000017
0.000001
0.000028
-0.000009
-0.000003
-0.000018
-0.000015
-0.000011
0.000015
0.000020
-0.000002
-0.000024
-0.0000609
0.000004
-0.000025
0.000037
0.000000
-0.000034
-0.000001
0.000012
-0.000011
-0.000015
0.000005
-0.000016
-0.000011
0.000000
0.000009
-0.000013
0.000012"°
0.000002
-0.000010
-0.000011
0.000017
-0.000003
-0.000011
-0.000012
0.000019
-0.000006
0.000006
-0.000018
0.000004
0.000007
-0.000018
-0.000010
0.000036
-0.000009
-0.000002
0.000015
0.000004
-0.000008
0.000019
-0.000021
0.000002
-0.000007
0.000019




$114#%
#115#
#11l6#
#$#117#
#118#
#119%
#120#
#121%#
#122%
#123#
#124 %
#125#
#126#
#127#
#128#
#1294#
#130#
#131#%
#$132#
#133#
#134#
#135#
#136#
#137#
#138#
#139#
#140%#
#141#
#142#
#143#
#144#
#145#
#146#
#1474
#148#
#1494#
#1S50#
#151#
#152%
#153#
#154#
#155#
#156#
#1574
#158#%
#1594#
#160#
#161#
#162#
#163#
#164#
#165#
#166#
#1674
#168%#
#169#
#170#
#171¢
#172%
#173#

0.850315
0.837843
0.825063
.812574
.800460
.788566
.777027
.765875
.755018
.744442
.734281
.724393
.714920
.705729
.696934
.688423
.680292
.672465
.665000
.657792
.651035
.644514
.638331
.632473
.626877
.621640
.616682
.611952
.607659
.603543
.599716
.596195
.592925
.589913
.587185
.584710
.582451
.580491
.578777
.577319
.576034
.575045
.574326
.573662
.573437
.573346
.573505
.573912
.574084
.57589831
.576264
.579286
.577061
.580761
.582576
.584682
.587135
589581
.592359
0.595390
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.850942
.837819
.825076
.812569
.800455
.788567
.777034
.765878
.755011
.744432
.734289
.724378
.714930
.705730
.696931
.688422
.680283
.672474
.665006
.657798
.651033
.644514
.638340
.632463
.626878
.621636
.616676
.611962
.607656
.603533
.5%9722
.596200
.592920
.5893812
.587199
.584705
.582438
.580505
.578788
.577290
.576045
.575084
.574261
.573732
.573405
.573350
.573512
.573871
.574472
.575296
.576310
.577551
.579020
.580722
.582639
.584738
.587067
.589619
.592352
.595336

-0.000027
0.000024
-0.000013
0.000005
0.000005
-0.000001
-0.000007
-0.000003
0.000007
0.000010
-0.000008
0.000015
-0.000010
-0.000001
0.000003
0.000001
0.000009
-0.000009
-0.000006
-0.000006
0.000002
0.000000
-0.000009
0.000010
-0.000001
0.000004
0.000006
-0.000010
0.000003
0.000010
-0.000006
-0.000005
0.000005
0.000001
-0.000014
0.000005
0.000013
-0.000014
-0.000011
0.000029
-0.000011
-0.000039
0.000065
-0.000070
0.000032
-0.000004
-0.000007
0.000041
-0.000388
0.000635
-0.000046
0.001735
-0.001959
0.000039
-0.,000063
-0.000056
0.000068
-0.000038
0.000007
0.000054



#174#%
#175#
$176#
#1774
#178#%
#179%
#180#
#1814
#182#
#183#
#1844
#185#%
#186%#
#1874
#188#
#189#
#1904%#
#1914
#192#
#193#%
#194#
#195%
#1964
#197#
#198#%
#1994#
#200#%
#201#%
#202#
#203#
#204#
#205#
#206#
#207#
#208#
#209#
#210%
#211%
#2124#
#213¢
#2144
#215#%#
#2164%
#217#
#2184#
#219%
#2204
#2214#
#222#
#2234
#2244%
#225#
#226#
#227#

#2284

#2294
#230#
#2314
#2324
#2334

MR RHARBRRPPEHPHHEOOOOODOOOOOO0O0O00000000000O0000O000000O0O0DDO0OODOO0ODO0DO0OODO0OOOO

.598479
.601891
.605510
.609267
.613301
.617577
.621949

626670

.631495
.636487

641846

.647291
.65304¢6
.658911
.665025
.671388

677896

.684560
.691587
.698758
.706139
.713680
.721465
.729482
.737660
.746016

754680

.763489
.772587

781737

.791173
.800840
.810661
.820660
.830971
.841395
.852086
.862985
.873974
.885208

896690

.908231
.920166
.932187
.944430
.956843
.969549
.982264

995273
008457

.021740

035362

.049106
.063032
.077159
.091489
.105871
.120498
.135252
.150268
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0
0
0
0
¢}
0
0
0
0
0
0
0
0
o]
0
0
0
0
0
0
0
0
o
0
0
0
0
0
0
0.
0
0
0
0
0
0
0
0
0
0
0
]
0
]
o
0
0
0
0
1
1
1
1
1
1
1
1
1
1

.598463
.601887
.605498
.609284
.613314
.617557
.621976
.626649
.631497
.636483
.641841
.647311
.653050
.658900
.665030
.671381
.677883
.684579
.691594
.698766

.706143

.713676
.721464
.729474
.737671
.746017
.754665
.763500
.772584
781749
.791183
.800837
.810678
.820663
.830967
.841416
.852085
.862976
.873988
.885227
.896672
.908251
.920160
.932188
.944452
.956850
.969558
.982260
.995287
.008476
.021751
.0353¢61
.049107
.063062
.Q771585
.091483
.105870
.120525
.135227
.150313

0.
0.
0.
-0.
-0.
0.
-0.
0.
-0.
0.
0.
-0

0.

000016
000004
000012
000017
000013
000020
000027
000021
000002
000004
000005

.000020
.000004
.000011
.000005
.000007
.000013
.000019
.000003
.000008
.000004

000004

.000001
.000008
.000011
.000001
.000015
.000011
.000003
.000012
.000010
.000003
.000017
.000003
.000004
.000021
.000001
.000008

000014
000019

.000018
.000020
.000006
.000002
.000022
.000007
.000009
.000004
.000014
.000018
.000011
.000001
.000001

000030

.000004
.000006
.000001
.000027
.000025
.000045




#234# 1.165468 - 1.165456 = 0.000012
Largest : 2.313666 @ line # 2§
. Smallest: 0.573346 @ line #159% -
Exror : 0.001959 @ line #1l66#
Error Ratio: 0.34%
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Norms for 3x10 Traj
differences:

FSP

.065670
.063128
.062826
.062535
.062239
.061945
.061634
.061308
.061045
.060747
.060458
.060173
.059873
.059606
.059325
.05%071
.058777
.058481
.058232

057968
057701

.057439
.057153
.056926
.056657
.05642¢6
.056160
.055886
.055660
.055412
.055169
.054932
.054678
.054450
.054224
.054003
.053760
.053513
.053308
.053086
.052851
.052646
.052404
.052211
.051992
.051784
.051571
.051370
.051162
.050961
.050759
.050542
.050361

Trajectory #3 3x10

Pseudo

A42
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0.

0
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065671
063128

.062825
.062535
.062239
.061946
.061633
.061308
.061044
.060749
.060458

060172

.059872
.059606
.059327
.059071
.058777
.058480
.058232
.057967
.057702
.057439
.057153
.056923
.056659
.056426
.056160
.055885
.055664
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#234#
#235#
#236#
#2374

#238#

#239%
#240#
#2418

Largest
Smallest:

Errorxr

Error Ratio:

O 0O o000

.081772
.083090
.084402
.085749
.087124
0.
0.
0.
0.0914%4 @ line #241%
0.041719 @ line #131#
0.000009 @ line #189%#
0.02%

088498
090002
091494

Ad6

.081778
.083095
.084406
.085748
.087131
0.088498
0.089997
0.091494

Q0O 0O OO0
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.000005
.000004
.000001
.000007
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Trajectory #3 3x7

ti1::::::: Norms for 3x7 Traj :#3 ::3::::c::

--------------- differences: ----=c-cceccrmann--
STEP FSP Pseudo diff
# 1# 0.208086 - 0.208087 = -0.000001
# 2# 0.193074 - 0.193074 = 0.000000
# 3% 0.191782 - 0.191783 = -0.000001
# 4% 0.189954 - 0.189953 = 0.000001
# 5% 0.188204 - 0.188204 = 0.000000
# 6# 0.186508 - 0.186507 = 0.000001
#  7# 0.184735 - 0.184735 = 0.000000
# 8% 0.182956 - 0.182956 = 0.000000
# 9% 0.181382 - 0.181382 = 0.000000
# 10# 0.179705 - 0.179706 = -0.000001
# 114 0.178108 - 0.178103 = 0.000005
# 12% 0.176519 - 0.176528 = -0.000009
# 13% 0.174930 - 0.174915 = 0.000015
# 14#% 0.173420 - 0.173435 = -0.000015
# 15#% 0.171898 - 0.171886 = 0.000012
# 16# 0.170505 - 0.170506 = -0.000001
# 17# 0.168924 - 0.168934 = -0.000010
# 18# 0.167454 - 0.167450 = 0.000004
# 194 0.166063 - 0.166051 = 0.000012
# 20% 0.164644 - 0.164658 = -0.000014
# 21# 0.163257 - 0.163254 = 0.000003
# 22# 0.161905 - 0.161904 = 0.000001
- # 234 0.160502 - 0.160502 = 0.000000
# 24# 0.159218 - 0.159216 = 0.000002
# 25# 0.157885 - 0.157871 = 0.000014
. # 26# 0.156680 - 0.156694 = -0.000014
# 274 0.155314 - 0.155317 = -0.000003
# 28#% 0.154010 - 0.154014 = -0.000004
# 29% 0.152819 - 0.152800 = 0.000019
# 30%# 0.151562 - 0.151558 = 0.000004
# 31# 0.150335 - 0.150351 = -0.000016
# 32# 0.149139 - 0.149132 = 0.000007
# 334 0.147918 - 0.147921 = -0.000003
# 344 0.146782 - 0.146774 = 0.000008
# 354 0.145607 - 0.145608 = -0.000001
# 36# 0.144520 - 0.144532 = -0.000012
# 37# 0.143329 - 0.143327 = 0.000002
# 38% 0.142173 - 0.142164 = 0.000009
# 39% 0.141079 - 0.141090 = -0.000011
# 40# 0.140010 - 0.140003 = 0.000007
# 414 0.1388%92 - 0.138892 = 0.000000
# 42# 0.137829 -~ 0.137828 = 0.000001
# 43# 0.136728 - 0.136699 = 0.000029
# 44# 0.135711 - 0.135717 = -0.000006
# 45# 0.134640 - 0.134654 = -0.000014
# 46#% 0.133645 -~ 0.133633 = 0.000012
- # 474 0.132615 - 0.1326289 = -0.000014
_ # 48# 0.131582 - 0.121589 = -0.000007
# 49% 0.130574 - 0.130575 = -0.000001
- # S50# 0.12959%92 - 0.129591 = 0.000001
# 51 0.128590 - 0.128591 = -0.000001
# S52# 0.127602 - 0.127602 = 0.000000
R # 53# 0.126648 - 0.126648 = 0.000000
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.121925
.121013
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.119185
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.117400
.116525
.115635
.114764
.113945
.113050
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.108842
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.08Q0077
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0000062

.000000

000002

.000001
.000001
.000001
.000002
.000000
.000002
.000004
.000001
.000002




#174#
#175#
#176#
#177#
#178%#
#1794
#180#
#181#%
#1824
#183#%
#184#
#185#
#186#
#187#
#188#
#189#
#190%
#1914
#192#
#193#
#194#
#195%
#196#%
#197#
#198%
#199#
#200#
#2014
#202#
#2034
#204#%
#205#
#206#
#207#
#2084#
#209#
#210#
#2114
#212#
#213%#
#214%
#2154
#216#
#217#
#218%
#219#
#220#
#221#
#2224
#223%
#224%
#225%
#226#
#2274
#2284
#2294
#230#
#2314
#2324%
#233#

OO0 0000000000000 OO0OO0COCO0O0O0OCO0DO0COO0O0OO0O0ODO0O00O0O0O0DO0DO0OO0DO0OO0LDO0DODDODO0OO0O0DLODOO0COOOOO

.076846
.077979
.079252
.080586
.081987
.083473
.085004
.086723
.088495
.090359
.092332
.094342
.096592
.098880
.101306
.103830
.106437
.109291
112221
.115300
.118517
.121797
.125370
.1238062
.1328789
.136886
.140938
.145396
.149933
.154655
.159568
.164560
.169969
.175480
.181206
.187026
.193274
.199682
.206310
.213135
.220088
.227512
.235078
.242868
.250905
.259022
.267654
.276409
.285423
.25%4658
.303955
.313783
.323709
.333840
.344104
.354541
.365241
.376126
.387147
.3%98272

AS0

0.076841
077877
.079258
.080585
.081986
.083472
.085008
.086722
.088491
.050359
.092330
.094344
.0965393
.098879
.101308
.103837
.106432
.109298
.112226
.115303

OO0 OO0 0000000000000 O0O0DO0DO0DODOOOODOO0DO0DCQCOO0O0DO0ODO0DO0O0O0OO0OOQO0OO0O0DO0DOOO0OOOOODO0OOOOOO0OOO

.

118511

.121793
.125371
.129051
.132880
.136886
.140933
.145397
.149931
.154657
.159563
.164569
.169961
.175480
.181213
.187021
.193277
.199665
.206314
.213126
.220085
.227510
.235082
.242844
.250917
.259021
.2676538
.276417
.285423
.284671
.303949
.313794
.323708
.333833
.344132
.354459
.365293
.376155
.387166
.398277

OO OO0 O00O0OO0COo

.000005
.000002
.000006
.000001
.000001
.000001
.000004
.000001
.000004

000000

.000002

000002

.000001
.000001
.000002
.000007
.000005

000007

.000005
.000003
.000006
.000004
.000001
.000011
.000001
.000000
.000005
.000001
.000002
.000002
.000005
.000009
.000008
.000000
.000007
.000005
.000003
.000017
.000004
.000009
.000004
.000002
.000004
.000024
.000012
.000001
.000005
.000008
.000000
.000013
.000006
.000011
.000003
.000007
.000028

000082

.000052
.000023
.000019
.000005




#234# 0.409314 - 0.409284 = 0.000030
#235# 0.420789 - 0.420789 = 0.000000
- #236# 0.432179 - 0.432196 = -0.000017
#237# 0.443611 - 0.443596 = 0.000015
#238#% 0.455079 - 0.455081 = -0.000002
s #239% 0.466200 - 0.466202 = ~0.000002
#240# 0.477829 - 0.477838 = -0.000009
#241# 0.489083 - 0.489081 = 0.0600002

Largest : 0.489083 @ line #$#241#%
Smallest: 0.065813 @ line #151#
Error : 0.000082 @ line #229#%
Error Ratio: 0.02% :

A5l




Trajectory #3 6x7

s:::::::: Norms for 6x7 Traj :#3 ::%::::::

--------------- differences: ----c--c---cmmoaa

STEP FSP Pseudo diff
#  1# 2.291624 -~ 2.291625 = -0.000001
# 2% 2.408646 - 2.408645 = 0.000001
# 3% 2.432993 - 2.432992 = 0.000001
# 44 2.426930 - 2.426929 = 0.000001
# S# 2.458176 - 2.458197 = -0.000021
# 6% 2.443710 - 2.443663 = 0.000047
# 78 2.475068 - 2.475076 = -0.000008
# 8% 2.459539 - 2.459572 = -0.000033
# 9% 2.490581 -~ 2.490572 = 0.000009
# 10# 2.475086 - 2.475075 = 0.000011
# 11# 2.505185 - 2.505196 = -0.000011
# 12#% 2.490247 - 2.490230 = 0.000017
# 13# 2.518939 - 2.518956 = -0.000017
# 14# 2.504544 - 2.504554 = -0.000010
# 15# 2.532308 - 2.532251 = 0.000057
# 16# 2.518891 - 2.518898 = -0.000007
# 17# 2.544936 - 2.544940 = -0.000004
# 18#% 2.532983 - 2.532964 = 0.000019
# 19# 2.557267 - 2.557274 = -0.000007
# 20# 2.547248 - 2.547253 = -0.000005
# 21# 2.569540 - 2.569533 = 0.000007
# 22# 2.561770 - 2.561748 = 0.000022
# 23# 2.569058 - 2.569096 = -0.000038
# 24# 2.594236 - 2.594233 = 0.000003
B 25% 2.584641 - 2.584613 = 0.000028
# 26# 2.592535 - 2.592569 = -0.000034
# 27# 2.600847 - 2.600736 = 0.000111
# 28# 2.622931 - 2.622991 = -0.000060
# 29# 2.618586 - 2.618588 = -0.000002
# 30#% 2.627621 - 2.627611 = 0.000010
# 314 2-.637450 - 2.637441 = 0.000009
# 32# 2.647831 - 2.647885 = -0.000054
# 33# 2.658650 - 2.658702 = -0.000052
# 34# 2.670434 - 2.670421 = 0.000013
# 35# 2.682659 - 2.682651 = 0.000008
# 36# 2.681394 - 2.681333 = 0.000061
# 37# 2.709841 - 2.709866 = -0.000025
# 38#% 2.710603 - 2.710574 = 0.000029
# 39% 2.741284 - 2.741289 = -0.000005
# 40# 2.739875 - 2.739843 = 0.000032
# 41# 2.777660 - 2.777697 = -0.000037
# 42# 2.774772 - 2.774768 = 0.000004
# 43# 2.806205 - 2.806229 = ~-0.000024
# 44# 2.829289 - 2.829261 = 0.000028
# 45§ 2.854568 - 2.854588 = -0.000020
# 46# 2.881619 -~ 2.881643 = -0.000024
# 47# 2.9115871 - 2.911528 = 0.000043
# 48# 2.944034 - 2.944031 = 0.000003
# 49%# 2.979962 - 2.979968 = -0.000006
# S50# 3.019297 - 3.019302 = -0.000005
# S51# 3.062697 - 3.062716 = ~-0.000019
# S52# 3.110402 - 3.110390 = 0.000012
# 53# 3.163171 - 3.163152 = 0.000019

AS2




76#
77%
78#
794
80#
81#
82#
83#
84#
85#
86#
874
88
89#
90#
91#
92#
93¢#
94#
95#
96#
97#
9g#
994
#100#
#101#
#1024
#103#

Sk 3k b 3 Ak b ok ok 3k o ok ok 3k otk 3k o 3R 3F 4k db e 3t ok 3k 4k 3k 3k 4k 3k 3 K 3k S3E ok Sk 4k g 3k b 3k 3 ok o ok o3

WO AU Ut b bbb WwWWWwWwwwww

N TUTO OO 3 3 W

.221042
.285645
.357116
.436488
.524397
.622574
.731936
.854088
.992369
.145334
.319675
.514539
.737188
.988215
.274117
.602203
.975360
.406528
.900389
.472895
.131830
.897085
.781750
.80371¢9
.976863
.316942
.824564
.492691
.297403
.175972

043806

.783745
.265064
.355431
.960964
.020885
.566666
.643639
.381241
.871433
.255779
.603230
.000753
.483776
.07794s8
.800875
.644335
.614658
.691275
.873972
.144074
.499043
.921186
.409916
.950144
.540135
.173304
.841489
.544358
.273881

WO JA N TV UL bbb D WwWwWwwwwwwww

PRERPRPPEFBEONNNMODOMNMNNNNONNNRNDRBRERR R R
WORNWUAODWOURNBUNIAANWNO®OMOAODWHEHOW

TN 9 ® W

.221039
.285696
.357143
.436524
.524364
.622572

731330

.854035
.992399
.145357
.319641
.514562
.737179
.988235
.274121
.602185
.975307
.406566
.900363
.472813
.131946
.897067
.781681
.803707
.976909
.316828
.824715
.492689
.297279

176165

.043598
.783285
.265007
.355942
.961008
.020624
.566925
.643101
.380665
.872675
.255302
.602938
.000641
.484272
.077764
.800875
.644363
.614706
.691195
.874155
.143955
.499056
.921305
.409798
.950323
.539948
.173414
.841393
.544303
.274012

#

[}

4

-0.
0.
0.
0.

0.
-0.
-0.

0.
-0.

0.

0.
-0.

0.

0.

0.
~-0.

0.

0
-0.
-0.

0.
-0.

0.
-0.
-0.

0.
-0.

0.
-0.

0.

0.
-0.

.000003
.000051
.000027
.000036
.000033
.000002
.000006
.000053
.000030
.000023
.000034

000023
000009

.000020

000004

.000018
.000053

000038

.000026

000082
000116
ooo001s8
000069
000012

.000040
.000114
.000151
.000002
.000124
.000183
.000208
.000460

000057
000511
000044
000261
000259
000538
000576
001242
000477
0002952
000112
000496
000184

.000000

000028
000048
000080
000183
000119
000013
000119
000118
000179
000187
000110
000096
000055
000131




#114#
#115#
#116#
#117#
#118%
$#119%
#1204
#1214
#1224
#1234%
#1244%
#125#
#126#
$#127#
#1284
#129#%
#1304
#131H
#132#
#133¢#
#134%
#135#
#1364
#137#
#138#%
#139#
#140#
#141#%
#142#
$143#
#1444
#145#
#146#
#147#
#148#%
#149%
#150#
#151#
#152#
#153#
#154#
#155#
#156#
#157#
#158#
#159#
#160#
#161#
#162#%
#163#
#164#
#165#
#166#
#167#
#168%
#169#
#170#
#1718
#172#
#$#173%

R HRPHMEHEHHERBRERRBOUONMNONNNNMNDNMNOMOUMDOMNONODOOMNNOUNDNMONNNNNNUONNNOODNONWWWWWWWWWWeS®S O]

.030035
.806790
.605691
.419624
.251779
.095506
.953461
.821476
.699841
.588265
.483358
.387301
.296914
.213376
.134793
.062460
.993166
.929263
.868860
.812593
.758812
.709209
.661329
.616737
.574832
.534770
.497109
.461054
.427463
.394880
.364668
.335230
.308069
.281274
.256664
.232646
.205706
.188285
.167405
.147999
.128961
.111172
.093921
.077674
.061839
.047099
.032530
.019048
.005810
.993450
.981632
.969869
.959134
.948490
.938603
.928935
.919808
.910922
.902617
.894440

A54

5.
4.
4.
.419644
.251801
.095528
.953540
.821250
.689881
.588261
.483414
.387300

MR R HEPRPBHEHB BMREBLONMDODODVOMMDNDMNDNNOODRODNDMODOMNMNNMOMENMONNNMNONDDODBODOMONNNDODODOWWWWWWWWWWPE &

030019
806813
605606

296830

.213396
.134840
.062437
.993163
.829302
.868703
.812607

758850

.709152
.661375

616831
574805

.534849
.497117
.461061
.427466
.3954880
.364714
.335220
.308071
.281304

256551

.232637
.209751
.188378
.167382
.148048
.128945
.111150
.093919
.077652
.061902
.047094
.032521
.019053
.005783
.993460
.981617
.969847
.959113
.948447
.938612
.928945
.919757
-910928
.902608
.894432

-0.

-0.

.000016
.000023
.000085
.000020
.000022
.000022
.000079
.000226
.000040
.000004
.000056
.000001
.000084
.000020
.000047
.000023
.000003

000035

.000157

000014
000038

.000057

000046

.000094
.000027
.000079
.000008
.000007
.000003
.000000
.000046
.000010
.000002
.000030
.000113
.000002

000045
000093

.000023
.000043
.000016
.000022
.000002
.000022
.000063
.000005
.000008
.000005

000017
000010
000015

.000022
.000021
.000043
.000009
.000010
.000051
.000006
.000008
.000008




#174#%
#175#
#176#
#1774#
#1784
#1794
#180#
#181%
#182#
#183#
#184#
#185#%
#186#
#187#
#188#%
#189#%
#190#
#191#
#192#
#193%
#194#
#195#
#196#
#197#
#198#
#1994%
#200#
#201#
#202#
#203¢#
#2048
#2054%
#206#
#2074
#208%
#209#%
#2104
#211#%
#212#
#2134
214 %
#215#
#216#
#2174
#218#
#2194¢
#220#
#2214
#2224
#223#
#2244
#2254%#
#226#
#227#
#2284
#229%
#230#
#231#
#232#%
#233#

FRHMRPBBRHHEBRRPRERRERSBBEBRREFRPRRERREPREPRRREABEBRBREBERBREBPERPBRERERHERRBRRREBRRPRREPBHBRRPBHERBHR

.886911
.879252
.872558
.865677
.859225
.853177
.847248
.841721
.836234
.831223
.826191
.821479
.817025
.812866
.808691
.804935
.801101
.797613
.794282
.7%0975
.787979
.784915
.782333
.779560

777132

.774587

772323

.770109
.768086
.766045
.764127
.762267
.760549
.758929
.757303
.755680
.754396
.752965
.751534
.750321
.748821
.747813
.746558
.745463
.744232
.742994
.742057
.741004
.739835
.738705
.737643
.736573
.735590
.734359
.733276
.731945
.730978
.728711
.728336
.727171

AS55

HEREBRRPRRRPBRRPRERRRPRRP RPBPB PBBRPRPRRBERBHRRERBRERBRBREB B B B B (R R R R R B R R R R R R

.886891
.879333
.B72532
.865658
.859237
.853195
.847228
.841705
.836238
.831195
.826169
.821530
.817019
.812874
.808689
.804935
.801076
.797613
.794297
.790944
.788015
.784899
.782318
.779569
L777121
.774551
.772391
.770105
.768084
.766042
.764141
.762253
.760552
.758916
.757333
.755717
.754390
.752939
.751582
.750337
.748802
.747844
.746521
.745464
.744202
.742984

742065
740999

.738911
.738708
.737636
.736577
.735582
.734368
.733292
.731918
.73087%
.729704
.728365
.727137

L}

.000020
.000081
.000026
.00001°
.000012
.000018
.000020
.000016
.000004
.000028
.000022
.000051
.000006
.000008
.000002
.000000
.000025
.000000
.000005
.000031
.000036
.000016
.000015
.000009
.000011
.000036
.000068
.000004
.000002
.000003
.000014
.000014
.000003

000013

.000030
.000037

000006

.000026

000058

.000016
.000019
.000031
.000037
.000001
.000030
.000010
.000008
.000005
.000024
.000003
.000007
.000004
.000008
.000009
.000016
.000027
.000001
.000007
.000029
.000034




#234%
#235#%
#236#
#2374
#238%
#2394
#2404
#2414%
Largest

Error Ratio:

1.
.724382
.722760
.7212587
.719649
.717784
.716188
1.
27.020885 @ line # 89%#
Smallest: 1.714383 @ line #241%
Error : 0.001242 @ line # 93#
0.01%

H R R RR R

725473

714383

A56

1.725500
1.724342
1.722769
1.721292
1.719635
1.717805
1.716151
1.714417

-0.000027
0.000040
-0.000009
-0.000035
0.000014
-0.000021
0.000037
-0.000034




Trajectory #3 6x10

12t Norms for 6x10 Traj :#3 :T:::::i::

--------------- differences: --~-cecwmmeacao oo
STEP FSP Pseudo diff
# 14 1.441534 - 1.441534 = 0.000000
# 2% 1.451998 - 1.451993 = 0.000005
# 3§ 1.454581 - 1.454586 = -0.000005
# 44 1.457944 - 1.457947 = -0.000003
# ©5S# 1.461165 - 1.461154 = 0.000011
# o6# 1.464417 - 1.464420 = -0.000003
# 74 1.467579 - 1.467582 = , -0.000003
# B8# 1.470697 - 1.470697 = 0.000000
# 9o# 1.473962 - 1.473947 = 0.000015
# 10% 1.477141 - 1.477148 = -0.000007
# 11#% 1.480242 - 1.480240 = 0.000002
# 12% 1.483488 - 1.483494 = -0.000006
# 134 1.486409 - 1.486409 = 0.000000
# 14# 1.489666 - 1.489661 = 0.000005
# 15% 1.482777 - 1.492768 = 0.000009
# 16# 1.495882 - 1.495902 = -0.000020
# 174 1.499009 - 1.499001 = 0.000008
# 18# 1.501921 - 1.501913 = 0.000008
# 19# 1.505161 - 1.505172 = -0.000011
# 20# 1.508178 - 1.508174 = 0.000004
# 21# 1.511289 - 1.511300 = -0.000011
# 22# 1.514275 -~ 1.514281 = -0.000006
* # 23# 1.517329 - 1.517316 = 0.000013
# 244 1.520397 -~ 1.520412 = -0.000015
# 254 1.523460 - 1.523455 = 0.000005
- # 26# 1.526491 - 1.526501 = -0.000010
# 274 1.529475 - 1.529462 = 0.000013
# 28% 1.532456 - 1.532475 = -0.000019
# 294 1.535569 - 1.535557 = 0.000012
# 30# 1.538575 - 1.538571 = 0.000004
# 31#% 1.541533 - 1.541535 = -0.000002
# 32% 1.544549 - 1.544549 = 0.000000
# 33#% 1.547433 - 1.547443 = -0.000010
# 34% 1.550535 - 1.550533 = 0.000002
# 35% 1.553473 - 1.553471 = 0.000002
# 36#% 1.556501 - 1.556497 = 0.000004
# 37# 1.561652 -~ 1.561641 = 0.000011
# 38#% 1.559%839 - 1.559955 = -0.000016
# 39% 1.566869 - 1.566871 = -0.000002
# 40# 1.566799 - 1.566791 = 0.000008
# 41# 1.572090 - 1.572098 = -0.000008
# 42# 1.574738 - 1.574730 = 0.000008
# 43 1.577242 - 1.577242 = 0.000000
# 44# 1.579909 - 1.579904 = 0.000005
# 45% 1.582505 - 1.582505 = 0.000000
# 46# 1.585125 - 1.585125 = 0.000000
- # 474 1.587602 - 1.587601 = 0.000001
- # 48# 1.590207 - 1.5%90202 = 0.000005
# 49% 1.596902 - 1.596905 = -0.000003
. # S0# 1.595351 - 1.595355 = -0.000004
# S51# 1.602183 - 1.602187 = -0.000004
# S52# 1.602812 - 1.602798 = 0.000014
# S53# 1.605920 - 1.605922 = -0.000002

A57




544
55#
564
57§
sS8#
59#
604
614
62#
63#%#
64 %
654§
66§
67#
68#
69#
704
71#
72#%
T3#%#
T4#
75#
76#
774
78#
794
80#
814
82#
83#
84#
85#
86#
B7#
88#
89#
90#
914
92#
93 4%
94#
95#
96#
97#
98#
99#%
#100#
#101#
#102#
#103%
#104#
#105#
#106#
#107#
#108¢#
#109#
#110#
#111#
#112%#
#113#

f e R I R SR e R R T R I i i R R R R A R

1
1
1
1
1

H R HRHBRPRRERRMEREBHERBRHEHERBERRBEBPRPREREBRRBRERPRPBRRBREPBERBRPEPREBREHRRRPR R

1
1
1

.608695
.611499
.614352
.616992
.619873
.622607
.625399
.628068
.630804
.633473
.636197
.638798
.641489
.643959
.646640
.649269
.651774
.654354
.656713
.659323
.661760
.664382
.666602
.668929
.671333
.673765
.675975
.678241
.680467
.682701
.684941
.687069
.689241
.691182
.693395
.695391
.697476
.699396
.701312
.703256
.705231
.707015
.708948
.710610
.712451
.714278
.715942
.717607
.719322
.721046
.722633
.724283
.725743
.727426
.728954
.730506
.732059
.733414
.735074
.736594
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.608687
.611519
.614351
.616996
.619885
.6225895
.625403
.628086
.630790
.633478
.636196
.638792
.641483
.643965
.646654
649256
.651786
.654339
.656719
.659325
.661752
.664367
.666603
.668941
.671315
.673779
.675969
.678242
.680442
.682699
.684962
.687041
.689243
.691186
.693390
.695410
.697476
.699389
701292
.703278
.705223
.7070159
.708946
.710613
.71245¢6
.714287
.715934
.7175892
. 719333
.721040
.722622
.724275
.725714
.727460
.728949
.730482
.732066
733441
.735057
1.736583
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0.000008
-0.000020
0.000001
-0.000004
-0.000012
0.000012
-0.000004
-0.000018
0.000014
-0.000005
0.000001
0.000006
0.000006
-0.000006
-0.000014
0.000013
-0.000012
0.000015
-0.000006
-0.000002
0.000008
0.000015
-0.000001
-0.000012
0.000018
-0.000014
0.000006
-0.000001
0.000025
0.000002
-0.000021
0.000028
-0.000002
-0.000004
0.000005
-0.000019
0.000000
0.000007
0.000020
-0.000022
0.000008
-0.000004
0.000002
-0.000003
-0.000005
-0.000009
0.000008
0.000015
-0.000011
0.000006
0.000011
0.000008
0.000029
-0.000034
0.000005
0.000024
-0.000007
~0.000027
0.000017
0.000011




#1144%
#115#%
#116#
#1174
#118#%
#119%
#120#
#1214
#1224
#1234
#124#%
#125#
#126%#
$#127#
#128%#
#129%
#130#
#131%
#132#
#1334
#134#
#135#
#136#
#$137#
#138#
#1394
#140#
#141%
#1424#
#143#
#144 %
#1454%#
#146#
#147#
#148#
#149%
#1504
#1514%
#1524
#1534
#154#
$155#%
#156#
#157#
#158#%
#159#
#160#
#161#
#1624
#1634
#164#
#165#%#
#1664
#167#
#1l68#
#169#
#170#
#171#
#172#¢
#$173#

.738053
.739462
.740853
.742429
.742238
.747218
.745886
.747768
.749723
.751622
.753513
.755426
.755346
.759418
.757296
.761122
.762519
.764157
.766034
.767855
.769675
.771617
.773362
.775542
.777659
.779735
.781979
.784066
.786643
.788995
.791562
.794124
.756747
.799604
.802525
.805442
.808531
.811570
.814982
.818483
.821909
.825428
.829368
.833221
.837216
.841322
.845343
.849955
.854460
.859156
.863901
.868427
.873587
.878743
.883880
.889216
.894433
1.900042
1.905732
1.911313
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.738044
.739487
.740882
.742406
.742265
.747231
.745901
.747730
.749735
.751616
.753493
.755423
.755360
.759446
.757256

761122

.762547
.764175
.766031
.767884
.769650
.771609
.773355
.775529
.777632
.779738
.781972
.784086
.786633
.788995
.791582
.794131

796715
799579

.802531

805433

.808526
.811573
.815003
.818451
.821902

825441

.829334
.833218

837206
841310

.845348
.849910
.854478
.859112
.863923
.868442
.873590
.878750
.883891
.889197
.894407
.900075
.805747
.911328

"

"

"
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0.
0.

-0.

-0

-0.

-0.

0.

.000009
.000025
.000029
.000023
.000027
.000013
.000015
.000038
.000012
.000006
.000020
.000003
.000014
.000028
.000040
.000000
.000028
.000018
.000003
.000029
.000025
.000008

000007
000013

.000027

000003

.000007
.000020
.000010
.000000

000020
000007

.000032

000025

.000006
.000009
.000005
.000003
.000021
.000032

000000

.000013

000034

.000003
.000010
.000012
.000005
.000045
.000018
.000044
.000022
.000015
.000003
.000007
.000011
.0000189
.000026
.000033
.000015
.000015




#1748
#1754
#1764
#177#
#178#%
#179#
#180#
#181#
#182#
#183#%
#184#
#1854
#186#
#187#
#188#%
#189%
#190#
#191#
#192#
#193%
#194#
#195#%
#196%#
#197#
#198#
#199#
#2004
#2014
#202%
#203#
#204%

#2054 -

#206#
#207#
#208#
#2094%
#210#%
#2114
#2124
#213#
#214%
#2154%
#216#
#2174
#218#
#219#
#220#
#221%
#2224%
#2234
#224#%
#225#
#226#
#2274
#228#
#2294
#2304%
#231#
#2324
#2334
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.917087
.922574
.928661
.934542
.940348
.946320
.951838
.957963

963660

.963398
.975006
.980145
.985787
.990993
.996001
.000767
.005057
.009641
.01374¢6
.017552
.020953
.023771
.026855
.029262
.031235
.032908
.033801
.034849
.035373
.035269
.034869
.033651
.032700
.031036
.028843
.026144
.023439
.020277
.01e571
.012762
.007993
.003675
.998760
.993490
.988066
.981932
.976339
.970074
.963635
.9571459
.950048
.943461
.936346
.929277
.922020
.914261
.807317
.89952¢6
.892145
.884350
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1.917107
1.922570
1.928684
.934545
.940345
.946319
.951821
.957965
.963638
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.026830
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.031224
.032903
.033805
.034859
.035357
.035310
.034866
.033640
.032697
.031068
.028843
.026125
.023471
.020234
.016532
.012715
.008054
.003642
.998763
.993480
.988039
.981928
.976300
.970083
.963660
.957105
.950043
.943435
.936385
.929284
.922013
.914291
.907235
.899566
.892082
.884418
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.000020
.000004
.000023
.000003
.000003
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000017
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000022
000007
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000017
000052

.000048
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.000006
.000030
.000012
.000003
.000010
.000006
.000012
.000025
.000020
.000011
.000005
.000004
.000010
.000016
.000041
.000003
.000011
.000003
.000032
.000000
.000019
.000032
.000043
.0000382
.000047
.000061
.000033
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.000010
.000027
.000004
.000039
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.000025
.000044
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.000026
.000039
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.000030
.000082
.000040
.000063
.000068
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#241#
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@ line #202#
@ line #
@ line #230%

e e

.876537
.869040
.861358
.853618
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.000050
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Appendix A2: FSP vs. MP Pseudo Inverse Timing Data

The output is recorded from the UNIX shell function time. Each row contains real
time (wall time), user time (time of the process), and system time (time the system used).
Each time is in seconds. Each Jacobian has two rows of times associated with them. The
first row is FSP, while the second row is MP Pseudo Inverse. The data in Figure Three
was constructed by dividing the user time of the FSP by the user time of the Pseudo
Inverse. One obvious question to be answered is why the FSP took longer than the 1.7
average for the 6x10 cases.

The data can be constructed as follows by using IKOR's command line interface'.
Be sure to comment the macro DEBUG in general.h. This is necessary because FSP
prints out a lot more diagnostic information than is only needed during debugging.

€X.

% time IKOR N M <fastest FSP is type 4> <x
% time IKOR 3 7 4 <x

Output is printed in terminal window. The above command would run FSP on a 3x7 with
obstacle and joint limit avoidance bypassed (type 4). Input from a file called x is also
used, this file contains answers to questions that are normally input interactively.

The data gathered for the two timing experiments presented in section 3.16 and
3.23 comprises the remainder of Appendix A2. First the timing results gathered from
FSP vs. Pseudo Inverse without obstacle and joint limit avoidance are presented. Lastly,
the timing results gathered from FSP one and two step methods vs. Pseudo Inverse with
obstacle and joint limit avoidance are presented.

105 complete description of the IKOR driver is found by entering the program name with a -help
parameter.
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FSP vs. Pseudo Inverse: No obstacle or Joint Limit Avoidance

- tiziziiirzziz: Traj :#la :::izsiresrcoscscie:
3x10 2.4 real 2.4 user 0.1 sys
1.8 real 1.4 user 0.0 sys
- 3x7 1.7 real 1.5 user 0.1 sys
1.1 real 0.9 user 0.0 sys
6x7 2.1 real 2.0 user 0.0 sys
1.3 real 1.1 user 0.0 sys
6x10 4.5 real 4.0 user 0.0 sys
1.8 real 1.6 user 0.1 sys
trrrzrzzrzir:: Traj #1b :::zzrrrrrzzrzroc
3x10 20.7 real 20.4 user 0.1 sys
12.2 real 11.9 user 0.1 sys
3x7 14.2 real 13.1 user 0.1 sys
8.2 real 8.0 user 0.1 sys
6x7 18.1 real 18.4 user 0.0 sys
10.2 real 9.9 user 0.1 sys
6x10 42.7 real 42.2 user 0.1 sys
15.8 real 15.5 user 0.1 sys
t1rsrzzrzzzi:: Traj #2a :1:::rzrirririziza:
3x1i0 1.7 real 1.6 user 0.0 sys
1.1 real 0.9 user 0.0 sys
3x7 1.2 real 1.4 user 0.0 sys
0.9 real 0.8 user 0.0 sys
6x7 1.5 real 1.4 user 0.0 sys
~ 1.0 real 0.8 user 0.0 sys
6x10 4.1 real 3.5 user 0.0 sys
1.4 real 1.1 user 0.1 sys
- trrrzzirzcsr:: Traj #2b ::rirrrrrrzziiroc:
3x10 14.8 real 14.6 user 0.1 sys
8.8 real 8.5 user 0.1 sys
3x7 8.7 real 9.7 user 0.0 sys
5.9 real 5.7 user 0.1 sys
6x7 12.8 real 12.5 user 0.0 sys
7.3 real 7.0 user 0.1 sys
6x10 30.9 real 38.8 user 0.1 sys
11.1 real 10.8 user 0.1 sys
trisrrrzzrsrz:: Traj :#3a :trrrrrssriszrocics
3x10 1.4 real 1.2 user 0.0 sys
0.9 real 0.7 user 0.0 sys
3Ix7 1.0 real 0.7 user 0.0 sys
0.7 real 0.5 user 0.0 sys
6x7 1.3 real 1.0 user 0.0 sys
0.9 real 0.6 user 0.0 sys
6x10 2.5 real 2.3 user 0.0 sys
1.1 real 0.9 user 0.0 sys
tirrrrrrrszzrs: Traj :#3b :rcecrcirrrireroec:
- 3x10 5.4 real 5.5 user 0.0 sys
- 3.3 real 3.1 user 0.0 sys
3x7 3.8 real 3.4 user 0.0 sys
~ 2.3 real 2.0 user 0.1 sys
6x7 4.7 real 4.9 user 0.1 sys
2.8 real 2.6 user 0.0 sys
6x10 11.3 real 10.9 user 0.1 sys




4.1 real 3.9 user 0.0 sys
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FSP vs. Pseudo Inverse: Obstacle and Joint Limit Avoidance

- trrrizrizzeir:: Traj :#1 srzrcziroizioosrooc:
Pseudo 9.9 real 10.0 user 0.0 sys
FSP-1s 19.6 real 19.7 user 0.1 sys

- FSP-2s 19.8 real 19.9 user 0.0 sys
rrrrzzrzsrzrer: Traj :#3 :::rizrcziriziicocec:
Pseudo 9.9 real 10.0 user 0.0 sys
FSP-1s 19.6 real 19.7 user 0.0 sys
FSP-2s 35.9 real 36.0 user 0.1 sys
trzrizzzzzsrzz: Traj «#3 :s:srorsrcsirzssizee:
Pseudo 9.9 real 10.0 user 0.0 sys
FSP-1s 19.6 real 19.7 user 0.0 sys
FSP-2s 30.8 real 30.9 user 0.1 sys

A65




Appendix B : User's Guide

This is the user's guide. Its purpose is to instruct and enable the user on how to
specify trajectories and otherwise execute IKOR/FSP. IKOR is currently implemented
on a SPARC station platform as well as Silicon Graphics.

Appendix B1: SPARC station ............ccoiiiiiiiiieiiininin... B2
Directory Structure v2.0 .................... e, B2
Graphical System Driver ....... ...ttt B3
CheezyIGRIP: SPARCstation Simulator ......... e, B7

Appendix B2: Silicon Graphics Station ..............c.coooialln. Bi2

Appendix B3: Modification of IKOR ..................... ... ... B15
Documentation ..............c.iiiiiiiiiiiiiiie i B15
Using MATRIX Code ........ccoviiiiiieiiiiiiiiiaeaanns B16
Compiling Files and Procedures .....................coo..t. B18

Compilingthe System .......... ..., B18
Understanding MACROS ...t B19
New Manipulators ....................... eviiieeee..... B20
Backing Up and Restoring Systems ....................... B22
Version List ... .. i e B24

The SPARC Station platform contains the full and latest version of IKOR/FSP as
well as a graphical driver, and the manipulator simulator, CheezyIGRIP. Appendix Bl
should show the USER how to create trajectories, find solutions for them, and display
them in a simulator.

The SG platform contains an LLTI interface to TELEGRIP® as well as a joystick
interface. The version of IKOR on this system is limited to the AIRARM manipulator
and platform control is not enabled. A brief discussion on the execution of the system as
well as information on how to port to the SG platform sums up Appendix B2.

Appendix B3 is a consortium of tips, tricks, and guides that may help keep the hair
on the modifier's head. A brief discussion on how the data was gathered for this paper as
well as understanding and using the documentation standard, kicks off this portion of the
Appendix. Since memory leaks were found that resulted from the matrix code, a brief
section describing its correct usage is given. Perhaps the most useful portion of the
entire paper for a new system's analyst is given next. Compiling Files and Procedures
takes the analyst through the compilation process, changing manipulators, and
understanding the MACROS. Finally a Versions List is given which attempts to show
the progression of the system so that an administrator can quickly locate the beginnings
of a design.
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Appendix B1: SPARC station

The SPARC station system has two complementary software packages for the
IKOR/FSP system. One is a driver that allows users to access all the parameters of
IKOR, while the other is a three dimensional graphical simulator.

Directory Structure v2.0

General knowledge of the filesystem is required for use outside of the GUI. The
following displays the structure of the system as well as a brief explanation of each part.
At the top level, all but one of the directories are for running the system. The other
directory, COMPILE, contains everything that is needed to compile the system.

.alias : Contains some helpful aliases and paths for the system
AIRARM : Next Generation Munitions Handler  NGHM)
COMPILE : all compilation is here. current compiler (gcc)

driver : xtpanel scripts for SPARCstation GUI

HERMIES : Hostile Environment Remote Manipulator ...
ONETIME : Solution Generator tester

ikor : SPARCstation GUI executable

README  : A brief description of the file system

TWOD: <not yet implemented>

General Information for AIRARM and HERMIES directories:

Each directory has executables. One for the simulator CheezylGRIP, and one for
the Inverse Kinematics on Redundant Systems (IKOR) program. Additionally there is a
run-time file called ROBOT.dat. If these data files get corrupt they can also be found in
COMPILE/MANIPULATORS/<ROBOT>/. Joint limits can be changed in this file as
well as the general kinematics. Each of theses directories have the following
fundamental files:

CheezyAngles -> From IKOR, the joint values for each
time step enabling the completion of
the requested motion.

CheezyIGRIP -> The simulator. Takes command line
parameters similar to IKOR's.

EulerAngles -> This file is provided by CheezyIGRIP
to describe a motion of the manipulator-
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. IKOR uses this file in con-
junction with TrajectoryPts to des-
cribe a motion.

-

i IKOR -> The Inverse Kinematics program. Type
IKOR -help to get a listing of the
command-line options.

ROBOT.dat -> Manipulator Descriptor file read during
run-time. Allows kinematic alteration

as well as joint limit alterations.

> This file is provided by CheezyIGRIP
to describe a motion of the manipul-
ator. IKOR uses this file in con-
junction with EulerAngles to describe
a motion.

TrajectoryPts

data -> If IKOR or CheezyIGRIP is giving a 'd'
option, this file will be generated.

> contains data on current obstacles in
the system. Can be altered in a text
editor or during run time with a 'c'
option.

- sphere_data

"Graphical System Driver

The driver is located in the directory: /rpsd/uf/project/pine/IKOR/v2.0/driver. Thev
file is called IKOR driver.xtp. It must be executed with xtpanel located in:
/rpsd/uf/project/pine/bin/X11. Once this is in your path, the following brings the system
up:

%xtpanel < IKOR driver.xtp > IKOR_data

Upon successful execution, the user will see the diagram in Figure Bla. The top row
consists of four buttons: QUIT, HELP, ABOUT, and GO. Quit exits the driver, while
HELP does its best to explain what the USER's choices are as well as assist in
explaining the entire system. ABOUT pops up a window that contains the names and
email addresses of many who have worked on the system, from when it was an infant
until now.




Helcone to RPSD IKOR systens

Select Task Space for Manipultor J

{3 Dinensional

Figure Bla: First Screen of SPARC driver

The GO button executes IKOR based on the USER's selections. If there is a
current trajectory, IKOR will apply the selected constraints to that trajectory and then
run the simulator. By choosing < load file > inside of the simulator window and then
typing an x in the load window, the solution to the trajectory will be loaded. Then by
pressing < simulate >, the user can view the chosen manipulator executing the motion.
CheezyIGRIP is discussed following the graphical driver's description. Feel free to skip
ahead if you are tinkering inside of the simulator.

The first major choice the USER possesses is whether to run the two or three
dimensional system and whether or not orientation control is desired. If the two
dimensional system is chosen along with the desired orientation control, pressing GO
will run these choices. However, if the three dimensional system is chosen, more
options are available. These are shown in Figure B1b below.
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Select Task Space for Hanipultor

[2 Dinensional |

|Force Torque Joint Linits
Honlolononic

Figure B1b: Three Dimensional System Choices
The- USER's first option is the manipulator. Currently two manipulators are
known to the system; see Appendix B3 to learn how to integrate more. Simply click the
name HERMIES to change manipulators; see Figure Blc. Upon clicking on the name, a
small menu appears. Use the mouse to select the desired manipulator. In a similar
manner, the user can choose either to integrate a platform or not.

Now its time to choose a criterion, however only the Least Norm is currently
implemented. Finally, the USER can choose the type of constraints that will be placed
on the system. Although Obstacle Avoidance is the default, it is also possible to include
Joint Limit Avoidance, only one of these, or none. By de-selecting Obstacle Avoidance
in the Figure below, there will be no constraints are selected and therefore only the
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criteria will be adhered to. Once all options are selected, select the GO button. The
current trajectory will be constrained and the solution will be calculated for the current
criteria. The USER may then view the motion within the simulator.

Joint Limits

HonHolononic

Figure Blc: Choosing A Manipulator -

By choosing GO again, another instance will begin with the same configurations.
By altering the options and choosing GO, another trajectory will be calculated using the
new options.
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CheezyIGRIP: SPARCstation Simulator

CheezyIGRIP is the simulator for the SPARC station IKOR/FSP platform. It has
been co-developed with IKOR, but contains many incompatibilities. First an overview,
and then a discussion on how it can become more integrated is presented. This simulator
was first developed by Derek Carlson to simulate the seven degrees of freedom
HERMIES manipulator. Kristi Morgansen was able to add a platform since FSPv1.0
could handle more degrees of redundancy. Allow for different manipulators, patch up
memory leaks and remove orientation control, and the current version of the new
simulator appears. Both changes by Kristi and I added more power to the simulator and
at the same time reduced backwards compatibility.

Once the simulator has started, the screen, as shown in Figure B1d, will be placed
on the screen. The middle of the screen that contains a picture of the chosen manipulator
along with a coordinate axis and obstacles, will be referred to as the WORLD. There are
four information control windows in each corner of the simulator.

The window in the top left hand side of the simulator has many options, some that
have grown out of use with time and others that are used readily. Using the tracers are
an effective way of showing the motion of the platform in papers and slides. The
program can be exited in four ways: one from this window, another by pressing the
space bar while inside of the WORLD, yet another by pressing the mouse inside the top
bar of the program, and finally by using <CTRL-C> inside of the c-shell that spawned
the program. Using the top bar creates a display interrupt error, and pressing the
spacebar accidentally can create a loss of speech etiquette.

The window in the top right hand side of the simulator shows details such as
current position and orientation of the end effector. This window allows the user to reset
the world orientation, useful when the axes have twisted into an unrecognizable position
due to a currently unlocated bug. The world's coordinate axis can be changed by
pressing the right mouse button and then moving the mouse inside of the WORLD.

The window in the bottom right hand side of the simulator allows the user to
change the joint values for the manipulator. There are three ways of choosing the
motion. One way is selecting the joint with the left mouse button, then by pressing the
left button within the WORLD while moving the mouse up and down. That joint's value
will increase or decrease accordingly. Another way is to select the joint with the mouse
and then hit any key while inside the joint window. This will prompt the USER for a
joint value. Finally by selecting the joint and then pressing the right button while still
inside the joint window, that joint will move in minute positive increments (.025 feet or
degrees) for every click of the right button.
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[l
JOINT ANGLES
JOINT LIMITS
GENERAL INFO
SIMULATE
TRACERS OFF

QUIT PROGRAM

L FO
HAND COORDINATES
X=(2,087) ¥Y={(-0,000} 2={(0,065)
HAND ORIENTATION
2={0,0} Y "={0,0) X" "={0,0)
{RESET> WORLD ORIENTATION
2=(30,0) Y "={(20,0) X" "=(0,0)

RESET WINDOW
SET MARK
GRAPH NORM

M STHULATE MEHU
LOAD FILE
SIMULATE
CREATE FILE

B J0IMT AMNGLES
Joint®1:-30,00
Joint 2:135,00
Joint 3:12,00
Joint
Joint
Joint
Joint

00 ~J O (71
Lo
L

*é b A+ 4

Filename: Mo File

Joint

HOME

Figuré B1d: CheezyIGRIP Simulator
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Finally the bottom left menu, the simulate menu, demonstrates the real power of
the system. Here we can <Load > or < Simulate > solutions to a trajectory, or < Create
> a new trajectory. The bottom of this menu shows details about the loaded file, if any.

i SIMULATE MEHU
% LOAD FILE
41 SIMULATE
4 CREATE FILE
B SIMULATING

SLART s SHERT ST T =

§Simulating Ht. Foint 1

{ Filename; CheezyAngles
d # Points: 137

S P o D

Figure Ble: After pressing SIMULATE

To load a file of solutions produced by IKOR/FSP simply click on the < Load File
> button. A window will pop up prompting for the file's name. Entering < x > and then
< Return > at this time will prompt the system to load the file CheezyAngles, the default
file name produced by IKOR. However, other files can also be entered. Enter the path
and the filename of the solutions file and then press < Return >. The name of the file
and the number of points in that file will be displayed in the bottom portion of the
window.

To simulate a loaded file, simply press the left mouse button while over the word
< Simulate >. From here, the bottom portion of the simulate menu displays information
that allows for a step wise movement through the solutions, see Figure Ble. Holding the
left mouse button down while over any part of the Simulate Menu and meanwhile
sliding the mouse up or down allows for an accelerated view of the trajectory. Press <
Quit > when finished viewing the trajectory.

|

LOAD FILE -
SIMULATE CRERTE FILE

CREATE FILE] Current Position Inc : 0,0100
Current Orientation Inc: 1,0000
FSP & Joint Limits <-USIHG
PSEUDD INYERSE

FSP & QObstacles

FSP = JL = OR

Filename: No File

# Points: O

Figure B1f: Creating a trajectory

Finally, CheezyIGRIP enables the user to create straight line trajectories. By
pressing < Create > with the mouse button, a window pops up as shown in Figure B1f.
First choose one of the four methods by selecting it with the mouse button (The word
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and arrow : <-USING will appear next to the selected constraints). Then press <
CREATE FILE >. The two constants named position and orientation determine the size
of the increments from one position to in the trajectory to the next.

Now the system prompts for a beginning and ending point for the trajectory.
Using the method described above, move the manipulator's joints until the end effector
is in the desired orientation and position; remember that IKOR/FSP uses the initial joint
values as the initial condition to the differential equation. Once the starting position is
found, select < Begin >. Now select the end position and orientation of the manipulator.
The configuration of the manipulator is of no consequence to the IKOR/FSP system.
Only its position is of any use unless orientation control is selected. Now the simulator
calculates a trajectory file and runs IKOR.

CheezyIlGRIP has the following command line options:

CheezyIGRIP s 565 720 o p 4 homer

The 's' and 'p' options allow the user to specify the size of the simulator window as well
as its position on the screen. The 'd’ options tell the system to use another machine to
display the window. Note that no orientation control is the default. Orientation control
is enabled by the 'o' option. It says make the size of the task space equal to 6. For
orientation control, this must be equal to six so that the simulator will produce a Euler
Angle Trajectory as well. The only way to make CheezyIGRIP generate orientation or
non-orientation control is by sending the 'o' option. Additionally if a platform was
constructed for the manipulator and its use is desired, a 'p' must be given as a parameter.

There are further incompatibilities between this simulator and IKOR. Using
CheezyIGRIP by itself does not allow the USER to remove the activity of the platform
or orientation control dynamically. To do this, the user must either use the driver or use
IKOR's command line options. For instance, if a trajectory was created and a
comparison was desired between the platform and arm versus just the arm, the following
series of commands are necessary. This example assumes the trajectory is in the file
TrajectoryPts and was made for the HERMIES arm and IKOR must have been made for
the HERMIES arm:

% IKOR t0 p

% cp CheezyAngles Soln with platform

% IKOR tO

% cp CheezyAngles Soln without_ platform

CheezyIGRIP is capable of displaying both motions as long as the USER simply types
in the name of the files. Recall that IKOR takes the task space, joint space, and method
as command line options. A task space of three means no orientation control, while six
means orientation control. If a trajectory was made using CheezyIGRIP without
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orientation control (that is, -n3 as a parameter), then sending a six to IKOR means
nothing because the file EulerAngles will contain all zeros. On the other hand, if "o’ was
given to CheezyIGRIP, then either a three or a six will work with IKOR.

Getting back to the platform/ no platform example above, the last three joint
values in the kinematics routine are specified to be the platform, therefore using a 'm7'
will tell IKOR to disregard the platform, and a 'm10' will tell IKOR to use it. The option
'p' is recommended however.
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Appendix B2: Silicon Graphics Station

A Silicon Graphics Station is designed for high speed video and multimedia power
house. It is an ideal architecture for software packages such as TELEGRIP, which is
capable of real-time animation and simulation.

To run this simulator with the IKOR controller, find a silicon graphics machine
with the two sticks, two buttons, and one pot joy stick box. It is possible to move this
box to other machines, see the systems administrator. Log into an account and run
TELEGRIP (at RPSD, this is usually done by entering tg, tg2, or tg3 in one of the shell
tools). Next, in another shell tool change directory:

% cd /rpsd/u4/people/hacker/Robots/TESTBED
Now run the program < joy >. Joy has one command line argument that defaults to 2010
if no argument is given. This argument represents the port number and must be greater

than 2000.

First the manipulator must be loaded into the workcell. Go to the TELEGRIP
program window and select Layout from the Main Menu (see Figure B2a).

=] VEiEGAP ;
(Y CAD. [hevice Mavout Tichion BoProg: g Fhraw. Baim: o1

Figure B2a: TELEGRIP's Main Menu Workeell| 1¥O
Tag Path
Once the Layout option is selected two submenus are FNREEICIRe L
shown on the right side of the window. In the top right BRYZitealNRENze]
submenu, choose Workceell. Figure B2b should now be seen RalUlSRACGSEcIN
on the right side of the software's window. Choose Retrieve HEEICEEEICUES
Workcell. A box will pop up with selections, choose: MIECISIHNRESISEINE
hacker/HACKER1ib/WORKCELLS.  Another box will BISSIGSEENEIEC
pop up, this time choose: AIRARM. After a few moments, Delete | Clone |
the AIRARM should be displayed inside the Workcell. If the BRSGE |Coorsys |

AIRARM is not displayed or the options stated above do not Attach | De’_aCh
Change Device

i the administrator.
exist, see the a Color | Display :

Figure B2b: Layout/Workcell Menu
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thing to do is to hook it up to IKOR. By choosing < Sys >
from the main menu, as shown in Figure B2a, the menus
shown in Figure B2c should appear. If different, then choose
the < File > submenu from the upper right hand corner of the
window. At the bottom the Figure B2c, the LLTI menu can be
seen. Simply press the add button.

A pop up box should appear as shown in Figure B2d.
The first field should read port. If it does not, click on the
word until port appears, or simply type the word port. The
port address is the same address that joy takes as a command
line argument. Enter the argument given to the joy program or
the value 2010 if no argument was given. All TeleGRIP LLTI
ports must be greater than 2000.

Next, hit < done > in the upper right hand portion of the Nl
pop up box. The pop up will disappear and the AIRARM will =&

be under joystick control.

Once the AIRARM is loaded into the workcell, the next ,_i:‘ o

World | File |
Lights | Graphs
- -File System
Select | Print
Edit | Copy
Rename | Delete
Make Dir Make Lib
UNIX Shell
Notepad Oif

Syntax Help
Put Workcell
Screen Copy

Capture Image

Geomeliry CSut
Add  Remove |

Figure B2c¢: System/ File Menu

Port [ save

Ednt

2010. Save Positions

localhost

Display | Modes | Help

Figure B2d: Connecting to the LLTI Interface

| Restore Positions ;

E xit

Once the LLTI connection has been established, the TELEGRIP mouse and
keyboard interface will slow dramatically. If camera angles, lighting, or world
orientation needs to be changed, the USER must take an extra amount of time.
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The joystick is relatively simple to use. It has two sticks, two buttons, and one
pot. Joystick one will either control the end effector's orientation or the platform motion
dependent on the position of switch one. Joystick two always controls the position of
the arm. In fact, joystick 2 is the controlling inputs into the IKOR system since the
mathematics of the orientation control for the AIRARM have yet to be developed.

Switch 1 =

pot
Switch 2
@ Joystick2
Joystick 1

Figure B2e: Joystick Configuration

The control of the platform is somewhat awkward since its rotation is based on the world
coordinated axis and not its own. The following chart summarizes how the joystick is
interfaced with the AIRARM manipulator.

Device Button #1 Value
Joystick #1 on Controls yaw, pitch, roll of EE
off Controls x, y, and theta of platform
Joystick #2 Controls x, y, and z of the EE
pan ‘ Controls pitch of EE
Button #2 Shuts down the joy program

That about does it, have fun.
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Appendix B3: Modification of IKOR

Documentation

Because of the special continuity requirement discussed in §2.2. A lot of work
was put into documenting, and drafting system information. Appendix C shows the flow
of information in the system, however once this general outline is understood it becomes
necessary to venture within the software itself. It is therefore important to able to find
detailed information within the code as to what the subprocedures accomplish, their
inputs and outputs, and a modification list.

The coded included in the paper in Appendix D contains such documentation. It is
important when developing new code or modifying the existing code to describe
variables, procedures, as well as what is being accomplished.

PROCEDURES:

For procedures, each procedure should have a header like the one shown below.
The header should contain the procedure's name, a brief description, inputs, outputs.
There should also be a section discussing when the procedure was modified and what
was done during the modification.

/

name :
description:

outputs:

*

|

I

|

| inputs:
|

|

| Modifier Date Description
I .

VARIABLES:

Each variable should contain a brief description of its use when it is declared or
passed into a function as shown below:

int dog, /* 4leged mammal created to lick toes. */
cat, /* 4leged mammal created tobe indignant.*/
rat; /* 4leged mammal created tobechasedbycat*/

These sometimes seem self-evident in coding, but they can become very helpful after a
couple weeks pass and we completely forget what a cat or a dog is.




Appendix B3: Modification of IKOR
Using MATRIX Code

Throughout the code, matrix routines created by Ole Dorum are called. The
structure Matrix consists of two integers and a row pointer that points to columns:

int N; /* Number of Elements in a row */

int M; /* Number of Elements in a column */
float **p; /* Pointer to Pointer */

When using any of these routines, a pointer of type MATRIX must be declared. In
previous versions of the code, it used to be necessary to have the word struct in front of
all MATRIX declarations:

MATRIX *mymatrix; /* Allocates 2 bytes of memory */

In order to use this matrix, memory must be allocated for the structure. Ole
Dorum allowed two mechanisms by which this can be accomplished. The memory leaks
found in the code are reflective to the misuse of the two techniques. The first, more
traditional mechanism is that of a mat malloc function. When the function
mat_malloc(int N, int M) is called, memory is allocated for the two integers as well as
the pointer to a pointer (p). Next a row pointer is allocated to be of size MAX(N, M).
Mr. Dorum used the MAX function to facilitate one of his transpose matrix subroutines.
Finally each row pointer is allocated space for a column vectors of size M that will hold
all of the data for the matrix. Finally, the matrix pointer in the original structure is
assigned to the pointer that points to the row of pointers.

To undo this, a call to mat_free() is necessary. Without freeing the matrix, every
time the function is called, more memory is allocated and the previous memory is lost.
As long as mat_free() is used, correct use of the first mechanism is guaranteed.

However, another mechanism exists that provides for more complexity. In this
mechanism, some of the functions call mat_malloc() for you. These functions are
recognized by the presence of a 2 in their names (see examples below). Therefore, if the
matrix is mat_malloc’ed by the programmer and one of these functions is called, a
memory leak results since the initial mat malloc() can never be undone until the
program stops execution. This is shown in the example one below. Even though these
functions call mat_malloc() for you, they DO NOT mat_free() them for you. Therefore
if a variable has already been allocated and a function with a '2' is called, a memory leak
necessarily results.
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ex: 1

MATRIX *mymatrix, /* Pointer to mymatrix */
*X, /* Pointer to matrix x */
*y; /* Pointer to matrix vy * /

mymatrix = mat_malloc (3,4); /* Allocate mem for matrix */

x = mat_malloc (4,3); /* Allocate memory for x */

y = mat_tra2 (mymatrix) ; /* v is the transpos matrix */
/* vy is allocated by this */
/* function*/

mat_tra(x, mymatrix) ~ /* OK too, both already */
/* allocated */ ‘

x = mat_tra2 (mymatrix) /* BAD, x is alloc'ed twice */

mat_ free (x);
mat_ free(y);
mat_free (mymatrix) ; /* Don't forget, free matrix*/

Also be aware of this situation:
ex: 2
MATRIX *x, *y; *z;

z = mat_malloc (30, 45);

<<<< insert any code that fills matrix z >>>>

x = mat_tra2(z); /* OK, x unallocated previously */
y = mat_cp2 (z); /* OK, y unallocated previously */
y = mat_cp2 (x,z); /* BAD, allocates y twice */

One way to detect these leaks is with the UNIX shell command:

ex: 3
% ps -aux | grep <program>

If this is run several times during the execution, and the memory usage is growing
rapidly, there is a memory leak.
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Appendix B3: Modification of IKOR
Compiling Files and Procedures

This appendix details how to compile the software, how to add files and procedures, and
how to add new manipulators. The system currently uses gcc (that is, the gnu 'c’
compiler). Assuming that the compiler is in the systems analyst's path (that's you), the
following should work.

Compiling the System

To compile a manipulator, go to the make directory, COMPILE/make (see the beginning
of this Appendix for a description of the file system.) Each manipulator is compiled
differently:

HERMIES : make TOP=$ (HOME) ROBOT=HERMIES
AIRARM : make TOP=$ (HOME) ROBOT=AIRARM
TWOD : make TOP=$ (HOME) ROBOT=TWOD
ONETIME : <see below>

The makefile actually assumes that TOP=$(HOME), however if the location of the
directory kinematics is not ~/$(HOME)/kinematics then this can be overridden.
Additionally if Robots is not the directory off of kinematics, it can be overridden by the
variable VER. For instance, if the manipulator i needed to compile was the AIRARM
and the system was located in /rpsd/ul/hacker/kinematcs/IKORv2.0, then the following
flags would enable make to compile the manipulator:

make TOP=/rpsd/ul/hacker VER=IKORv2.0 ROBOT=AIRARM

" The makefile assumes that Jacob_$(ROBOT).c is located in :

~$ (HOME) /kinematics/Robots/COMIPLE/MANIPULATORS/$ (ROBOT) /Jacob_$ (ROBOT) . ¢
Make then makes the executables for IKOR and CheezylGRIP and places them in:

~$ (HOME) /kinematics/Robots/$ (ROBOT) /IKOR
~% (HOME) /kinematics/Robots/$ (ROBOT) /CheezyIGRIP

To make the ONETIME version of IKOR, which is used for testing the solution
generator on problematic jacobians. The macro in general.h, called FSP_DEBUG, must
be uncommented. The resulting IKOR executable must then be moved to
IKOR_ONETIME, so that the link from the ONETIME subdirectory can be resolved.
The TWOD is not complete, it will not compile properly, nor is it supposed too... yet.
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Understanding MACROS

There are several macros that guide compilation. These macros are important‘to
get the desired executable. They can be found in general.h and are shown below. They
can also be given at the command line for the gcc compiler using -D (this is not

advisable).
MACRO Value Description
DEBUG defined The file < data > will be produced and will

contain run time data of the system. This
data both long and detailed yields almost
200 lines of output STEP. The system is
very slow when this is activated.
undefined The file < data > will not be produce.

DEBUG_OUT defined The user will receives the minimal output to
<stderr> (usually the screen) as to what
step the system is currently executing and
what constraints are being avoided

undefined The minimal output to the screen will not be
produced.

FSP_DEBUG defined When FSPv1.0 was first designed it was
desired to execute only one user-defined
Jacobian. When defined, the Jacobian
found in FSP_data will be used by the
system. The size N and M must be given
on IKOR's command line. ,

One limitation is that N and M must be
within the limits of  the manipulator.
Therefore, choose the HERMIES system
to use the most M's (1- 10).
undefined The system will get the Jacobian from the
GET JACOB() = subroutine for the
specified manipulator.

TWOSTEP defined As discussed in §3.2.3, when defined the
system will find the full space motion in
one step and avoid constraints in the null
space. '

undefined The system will avoid constraints as well as
perform the motion at the same time.

As can be seen, numerous possibilities based on these combinations are feasible, not all
: of the combinations necessarily make sense together.
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New Manipulators
Preparing the command line Executables

New manipulators should be installed in the following way. First make a directory
parallel with the IKOR, HERMIES, and AIRARM directories. This is demonstrated in
figure B3a; the new manipulator will be referred to as NEWARM. Any reference to the
word NEWARM below, should be replaced with then desired name. Assuming that the
system is in the pine/IKOR subdirectory, directory can be created by using the following
command (The '$' is the system prompt):

$ mkdir NEWARM
$ mkdir COMPILE/MANIPULATORS/NEWARM

pine/Robots

1
I I I I

COMPILE| |HERMIES AIRARM NEWARM

Figure B3f: System Directory Structure

Once the directory is made, copy the robot specifications file into the directory and
name it ROBOT.dat. Also copy the file that contains the robot's Forward Kinematic and
Jacobian subroutines into the COMPILE/MANIPULATORS/NEWARM directory and
name it Jacob NEWARM.c:

$ cp NEWARM datafile
/pine/Robots/NEWARM/ROBOT.dat

$cp NEWARM_Kinematicsfile
COMPILE/MANIPULATORS/NEWARM/Jacob_ NEWARM.c

Now by executing make, as described above, the system should be ready to
execute. Simply change directories to the newarm directory and run IKOR or
CheezyIGRIP. If the manipulator is not working correctly, the kinematics or the data
file could have some trouble. If this occurs, give ikor the 'd' option. If the error was
caused by a segmentation fault or bus error, try uncommenting the line 'data = stderr;' in
the file IKOR driver.c'.

" If there are more than five links, CheezyIGRIP may have trouble displaying the manipulator.
However, IKOR should work.
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Updating the Graphical Driver

The graphical driver consists of two files. One is a script file and the other is a 'c’
program called go.c. The script file writes a data file which go.c interprets. When a new
manipulator, constraint, or criteria is introduced, both the script file and go.c must be
altered.

To alter the script file, bring it into an editor. Do a search on either AIRARM or
HERMIES. Copy the block of code for either existing manipulator and rename all
occurrences of the existing manipulator to the new manipulator's name. Also be sure
that a unique identifier is printed to the output file.

The changes to go.c are minimal as well. Create a macro at the beginning of the
file for the unique arm identifier. Add a branching routine based on the new
manipulator. Copy the system call from one of the other manipulators and change that
manipulator's name to the newarm's name.




Backing Up and Restoring Systems

These directions should enable you to do everything I have done as far as backing up
and restoring projects. The target for backups are floppy disks, while the target for
restoring is a directory structure beneath the current directory.

TO RESTORE TO RESTORE TO RESTORE TO RESTORE TO RESTORE

1. insert the disk into the diskdrive /* Easy enough */

2. at the prompt type:

sudo mount /pcfs /* PC file system *x /
ls /pcfs /* get listing * /
cp /pcfs/<name> ~/ /* copy file -> homex*/ -
uncompress ~/<filename>.tar.Z /* uncompress*/
tar xvpf <filename>.tar /* unpack * /
3. sudo umount /pcfs /* unmount pcfs * /
4. eject /* get disk out * /

A few notes: uncompress will remove the .Z extension. Tar will unpack all the files into
a directory named appropriately after the tar file.
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TO BACKUP TO BACKUP TO BACKUP TO BACKUP TO BACKUP TO BA

Backing up is very similar, in this example AIRARM system is being backed up.

1. insert the disk into the diskdrive /* Easy enough */

2. at the prompt type:

sudo mount /pcfs /* PC file system x /

ls -1 /* output listed below */
total 2839 '
drwxr-xXxr-x 4 hacker 512 Feb 16 15:03 ./
drwxr-xr-x 12 hacker 1536 Feb 16 13:14 ../
drwxr-Xr-x 2 hacker 2048 Jan 3 10:01 AIRARM/

drwxr-xXxr-x 2 hacker 2048 Feb

3. first pack up all directories with tar:

tar cvpf AIRARM.tar AIRARM /*

1ls -1 /*
total 2839

7 15

:20 HERMIES/

destinatn file */
output listed */

drwxr-xr-x 4 hacker 512 Feb 16 15:03 ./
drwxr-xXxr-X 12 hacker 1536 Feb 16 13:14 ../
drwxr-xr-x 2 hacker 2048 Jan 3 10:01 AIRARM/
drwxr-xXr-x 2 hacker 145430 Feb 7 15:33 AIRARM.tar
drwxr-xxr-x 2 hacker 2048 Feb 7 15:20 HERMIES/
compress AIRARM.tar /* Now compress it*/
1s -1 /* output listed =*/
total 2839
drwxr-xr-x 4 hacker 512 Feb 16 15:03 ./
drwxr-xr-x 12 hacker 1536 Feb 16 13:14 /

drwxr-xr-x 2 hacker 2048 Jan 3 10:01 AIRARM/
drwxr-Xr-Xx 2 hacker75430 Feb 7 15:33 AIRARM.tar.Z
drwxr-xr-x 2 hacker 2048 Feb 7 15:20 HERMIES/

mv AIRARM.tar.Z /pcfs /* move to disk */
sudo umount /pcfs /* unmount pcfs * /
eject /* get disk back. * /

Compressed files on a SPARC station usually have either '.Z' or '.gz' as an extension.

'.Z' is for compress/uncompress and '.gZ' is for gnuzip.




Appendix B3: Modification of IKOR

Version List

Many versions of the system are currently available. Each version has different
capabilities and scope. Figure B3g shows time chart of each version's development.
Following this is a description of each version.

2dw
L
2dwo
l
3dw 3d_plat
L [
IKORv1.01 IKORv1.0 IKORv1.1
L N
IKORv1.02
|| TKORv2.01
| TKORv2.02 _l IKORv2.0
| [TIKORv2.03 _I

Figure B3g: Development of IKOR over time.

There is a good chance that there were versions before '2dw'. However, this is a
reasonable place to begin since I have been unable to locate any software prior to this
version. Each of these versions have been backed up and stored in the archive directory
under IKOR. See Appendix B3 backup and restore for information on expanding these
systems.
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System Name Originator

. 2dw Boozer, Tulloch

Lupo

2dwo _ Tulloch
3dw Carlson
3d_plat Morgansen
IKORv1.01 Hacker

- IKORv1.02 Hacker

. IKORvV1.0 Hacker
IKORvl.1 Hacker
IKORv2.01 Fries
IKORv2.02 Hacker

) IKORv2.03 Hacker

i IKORv2.0 Hacker

Description

A two dimensional, four joint manipulator with
orientation control. Able to avoid obstacles and
joint limits while producing a least norm motion.
Obstacles included spheres and polygons.
Trajectories included arcs and straight lines.

Same as 2dw, but orientation control was
removed.

A three dimensional, seven joint manipulator with
orientation control. Able to avoid obstacles and
joint limits while producing a least norm motion.
Only sphere obstacles implemented and
trajectories were circular or straight line
trajectories. '

Same as 3dw but implemented with a platform
as well as the enhanced version of FSP,
FSPv1.0. However, obstacle or joint limit
avoidance were not available.

Same as 3dw but with enhanced version of FSP,
FSPv1.0.

Same as IKORv1.01 but orientation was
removed.

Same as 3d_plat, but orientation control was
allowed to be turned on and off as well as the
platform. Preliminary portability was established.
Also both joint limit and obstacle avoidance were
made available.

Same basic backbone of IKORv1.0, except this
version is a real-time system and implemented
on the AIRARM. Also only joint limit avoidance
was available, and platform control is based on
joystick control and not inverse kinematics.

Same as IKORv1.0, except this version includes
basic version of FSPv2.0.

Same as IKORv1.0, except the portability
problems were solved.

Same as IKORV1.0, except the analytical
structure was changed to include the one-shot
method. :

This incorporates IKORv2.01, v2.02, and v2.03.
Contains the full FSPv2.0 enhanced code as well
as full documentation




Appendix C: System Data Management

The data flow diagrams show the basic flow of data among four entries: USER,
IKOR, FSP, Simulators, and the Manipulator Design Engineers. This Appendix includes
data flow diagrams that explain the inner workings of IKORv2.0 as well as a data element

dictionary:

Appendix C1: Data Flow Diagrams and Descriptions ......... e G2

Context Data Flow Diagrams ..........cccovererervcncensncnerercecensnanns C3

Level 1 Data Flow Diagrams .........coocvcevveeeniicennincecesencseeneneene C5

Level 2 Data Flow Diagrams ........cccocvvevemrnneceninnnscssseesennnnns Cc7

Appendix C2: Data Element Dictionary ........ccccoeeeerecieveeceennnnee. C12

PIOCESSES ..ottt seesesenes s se e sasassesssnssenn C13

Data FIOWS ...coociierieecrrenteresreet e stese s seesssassncensascnnanns C25

i Data STOreS ..ot sees e sr et n e sne s assssseen C34
Data StrUCLUIES .........icecrererceere ettt neaas C36

‘ Data EIemMents ...t eees e C39

The data flow diagrams are intended to give the modifier of the system a general idea of
the data flows and processes involved. A Data Element Dictionary is necessary to
decrease the learning curve of the system. It is the responsibility of the modifiers to
expand and update this dictionary.




Appendix C1: Data Flow Diagrams and Descriptions

This part of Appendix C describes the entire system from its boundary perspective down
into its primary and secondary levels. The explosions of each successive level are intended
to aid the next system's analyst in determining the structure and composition of the system.
The data flow diagrams in this appendix contain four basic symbols as shown in figure
o) R

Entity

Process

Data Flow

EI: Data Store

Figure c1 The four basic symbols used in Appendix C1 Data Flow Diagrams

Entities are sources of data such as type of manipulator or manipulator specifications.
The rounded square is representative of a process that transforms or changes data. The
data flow is representative of data that flows from one process, data store, or entity to
another. The destination of the data is shown by the arrow. Data flows may carry several
data elements as well as structures. The last symbol in this figure is the Data Store. The
Data store is an open ended rectangle that is representative of physical storage such as a
disk.

Detailed information on all Data Stores, Processes, Data Elements, and Flows can be
found in Appendix C2, the data element dictionary.

12 Data Flow Diagrams are modeled after C. Gane and T. Sarson, Structured Systems Analysis and
Design Tools and Techniques (Englewood Cliffs, NJ: Prentice-Hall, Inc., 1979)
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Context Data Flow Diagrams

Figure Cla is the Context Level Diagram of the system. It shows the boundaries of
the system. The system is broken into four major subprocesses: 1 IKOR, 2 FSP, 3
Simulators, and 4 Kinematics Production. Each of these processes is described in detail
below. The entity USER is anyone who operates the system, whether a system's analyst or
laymen, the goal was to make the interface to IKOR relatively simple (see Appendix B1 for
push-button instructions on how to run the system). The USER is responsible for
supplying the type of manipulator to use with the system, what constraints they wish to
have FSP adhere to, as well as the size of the joint and task space for the manipulator.
Also the USER can choose what kind of criteria to use such as Least Norm or strength
optimization. In return for the USER's efforts in determining controlling parameters,
IKOR can provide either detailed or simple output dependent on the compiling options
chosen. Also the USER will have access to the data store Joint Values, which they can
then feed into a simulator and witness IKORv2.0's true glory.

If it is desired to integrate another manipulator, the entity Design Engineers must
provide pertinent information about specifications such as number of links, link lengths,
type of joints and their limits, as well as the type and size of a platform if desirable. In
return for the designer's efforts, IKOR will solve and trajectories for the new manipulator
(see §3.2.4 for manipulator construction and porting and Appendix B3).

Two processes, 3-Simulators and 4-Kinematics Production, are not exploded past the
context level diagram. The subprocess, 3-Simulators, allows the USER to view output of
IKOR/FSP on a device that resembles the manipulator either as a stick figure or realistic
3D imaging. There are two simulators that are currently used with the system. The first
simulator is CheezyIGRIP; this simulator has been developed in parallel with IKOR/FSP.
In this case, all parameters given by the USER in the context diagram are now provided by
the simulator. However, CheezyIGRIP can not access all the powers of IKOR/FSP.
Another Simulator, TeleGRIP/IGRIP® developed by DENEB®, can also be used. This
simulator has compatibility with PRO-E a computer aided drafting package. This allows
the Design Engineers to view a realistic 3D image of the manipulator being designed. It is
also possible to run the IKOR/FSP system from this simulator. However, they are not fully
integrated at this time. For more information on this simulator, see Appendix B1l: SG
system. Whichever simulator is chosen, it must be able.to provide the initial angles,
trajectory, and number of points to the data store, D1-Trajectories. In return, it must be
able to accept the new joint values that IKOR/FSP provides.

The other process not exploded is 4-Kinematics Production. This process is
responsible for creating forward kinematics and jacobian routines the manipulator. There
are strict guidelines for this subroutine creation. Also 4-Kinematics Production is
responsible for converting the Design Engineers Manipulator Specifications to a Robot
data file that can be understood by IKOR. There are fairly strict guidelines for this also. -
Finally, this process is responsible for writing a small script executable that will copy these
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files into the system files and compile the system. This is described in process 1.1 System
Compilation.

Figure Cla: Context Data Flow Diagram
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Level 1 Data Flow Diagrams

IKOR : see Figure C1b: Level 1 Data Flow Diagram

IKOR compiles, executes, and drives FSP. Based on information provided by the
user (type of manipulator desired, size of joint and task space, and method), IKOR will
compile .itself during 1.1-System Compilation with procedures created by 4-Kinematics
Production. Next IKOR initializes the manipulator with the data store D3-ROBOT .dat, as
well as several global and local variables during 1.2-System Execution and Initialization.
Finally the system begins 1.3-Feedback loop where IKOR determines the change in end
effector motion (dx) based on a forward kinematics routine and a simulator defined
trajectory. IKOR also creates the jacobian for the time step and passes these as well as the
user defined method to 2-FSP. A more detailed description of this subprocess can be
found in the Level 2 Data Flow Diagrams. However, first a general discussion of FSP is in
order.

FSP : see Figure Clc: Level 1 Data Flow Diagram

The process 2-FSP has three well-defined subprocesses. The subprocess
2.1-Solution Generator has been optimized by both K. Morgansen (FSPv1.0) and G. Fries
(FSPv2.0). More information on this subprocess should be attained from either of the
aforementioned TMs. Its primary responsibility is to produce enough solution vectors to
span the entire space of solutions. It consists of special case detection, blocking, and
collecting solution vectors. The subprocess, 2.2-Initialize Criteria and Calculate Betas for
Constraints, is exploded further in the Level 2 Diagrams. This subprocess is responsible
for applying USER requested constraints, initializing the criteria, such as Least Norm, and
calling the most efficient Analytical Solution process. Finally, dependent on whether
constraints were discovered, the proper subprocess 2.3-Find Analytical Solution and
Calculate dq will be called. Although only one process is necessary, two or more are
desired to decrease average time step run-time. The inner workings of this process can be
found in Pin's paper [1]. This process uses all acquired betas to calculate a specific
solution dq to achieve the requested motion, dx. B and H are determined by the criteria
chosen. Currently only the Least Norm Criterion is implemented.
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Figure C1b: Level 1 Data Flow Diagram
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Figure Clc: Level 1 data Flow Diagram
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Level 2 Data Flow Diagrams

1.0 IKOR: Level 2 Diagrams

The following three level 2 Data Flow Diagrams are the explosion of the Level 1 IKOR
system. They include the following elements:

1.1.0 System Compilation
1.2.0 System Execution and Initialization
1.3.0 Feedback Loop

Each diagram also has a brief text based description.

1.1.0 System Compilation

System Compilation is required when the USER desires to change manipulators.
Otherwise, this stage is bypassed. Once the USER chooses a different manipulator, a
routine is called that transfers the source file that contains the forward kinematics and
jacobian into the system, process 1.1.1. Two makefiles are then called which compile and
link the new source code into the system: Finally, the executable is loaded into memory
with the USER's options; this is subprocess 1.1.2. '

Figure C1d: Level 2 Data Flow Diagram
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1.2.0 System Execution and Initialization

Once the system is compiled and loaded, it assigns the USER's requested task and
-joint space values to the system's joint and task space values, process 1.2.1. Next, local
variables and global variables are initialized. Local variable initializations include the
systems initial angles, the reading of the Trajectory file, and the reading of the obstacle file.
Many of the global variables are matrixes used by CheezyIGRIP to draw the manipulators;
they were included to maintain compatibility. Additionally, these values will become
useful in the future when the platform or the end effector will be made to avoid obstacles.
Currently neither of these are used by IKOR/FSP. The process Kinematics Production
must use these matrixes if CheezylGRIP compatibility is desired. This is process 1.2.2.
Finally the data file specific to the manipulator must by read in from data store D3-Robot
Data. The system uses the data flow Robot, initialized by process 1.2.3 for the joint limit,
obstacle avoidance, forward kinematics, and jacobian subprocedures (see 1.3.0 Feedback
Loop for more details). 1.2.0 completes by sending the data flows Robot and FSP_data, to
1.3.0 Feedback Loop.

Figure Cle: Level 2 Data Flow Diagram
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1.3.0 Feedback Loop

This process is responsible for most of the workings of the entire system. First the
1.3.1-Forward Kinematics routine is called using the values in Qarray contained within
data flow FSP_data and the length of the links (LINKS is contained within the data flow
Robot). This determines the end effector's position that is then subtracted from the desired
end effector position contained in data flow XTraj, process 1.3.2. The 1.3.4-Get Jacobian
subprocess is also called, which computes the derivative of the forward kinematics based
on the current position. The Jacobian, represented by the data flow Jacob, desired
positional change, data flow dx, and FSP_data are all sent to 2-FSP, which returns the
change in joint values to 1.3.3-Combine dq and Current Angles. These values are written
to the Data Store Joint Values.

Figure C1f: Level 2 Data Flow Diagram
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2.0 FSP Level 2 Diagrams

The Level 1 Data Flow Diagram for FSP contains three subprocesses:

2.1.0 Solution Generator
2.2.0 Initialize Criteria and Calculate Betas
2.3.0 Find Analytical Solution and Calculate dq

However, both 2.1.0 and 2.3.0 are described in detail in three technical memorandums. For
2.1.0, see G. Fries and K. Morgansen. For 2.3.0, see F.G. Pin. Subprocess 2.2.0 is
described below.

2.2.0 Initialize Criteria and Calculate Betas

After solution vectors are generated and 2.2.1 initializes the criteria, the system runs
the chooser. Based on the value of method, the chooser calls the appropriate constraint
detection routines and if violated, calls the necessary procedures to produce the beta
vectors. Both the solution vectors and Betas are sent on to 2.3 Find Analytical Solutions
and Calculate dq.

Figure Clg: Level 2 Data Flow Diagram
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Appendix C2: Data Element Dictionary

The Data Element Dictionary should be maintained to ease the learning curve of modifiers
of the system. It is the responsibility of the modifier to expand and update this dictionary.
The dictionary is divided into five sub categories.

Processes

Data Flows
Data Stores
Data Structures
Data Elements

Each data element type has a separate form. Each form provides the name, a short
description, and a symbol relating what data element type it belongs. Additionally, the
forms also contain information pertinent to that data type.

Processes contain inputs, a description of the process, and its outputs.

Data Flows on the other hand, contain the source and destination of the
data flows as well as any structures that flow with it. Volume is also
included to demonstrate the frequency of this transfer.

The Data Stores form includes the contents of the store as well as the
Data Flows that flow into and out of the store.

Data Structures contain an additional description field that describes the
data elements contained in the structure. Additionally, there is a field
for related Data Flows and Volume.

Finally Data Elements contain an alias field that shows other names
used in the system to represent this element. The type of element,
length, range, and discrete values is also included.
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Appendix C2: Data Element Dictionary

. Processes -

( IKOR_driver

Description Drives entire sytem, branches to Initializations,
and performs feedback loop.
Inputs Description of Process utputs
Calls Solutions_init() for FSP_data
N Calls Init_Globals() FSP_data
M Feedback Loop: dq
method GET_ACTUAL_X() dx
Finds dx Jacob
GET_JACOBIAN() method
Calculate dq w/ CALC_PSEUDO() Joint_Values
or FSP() '
Add dq to Qarray
end

[ CALC_PSEUDO

Description Given a Jacobian and dx, calculates necessary
change in Joint Values by a call to mat_pseudoinv.

Inputs Description of Process utputs
Jacob Pads Jacobian with zeros to make it a dq
dx square matrix

Calls mat_pseudoinv()

Calculates dq = Jacobian_inverse*dx

Returns dq
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K FSP

DCSCI'ipﬁOIl Calculates changes in joint values necessary to

acomplish desired dx. Calls constraint avoidance and criteria.

findt_with_Betas_Holonomic
findt_without_Betas Holonomic

Inputs Description of Process utputs
FSP_data Call Solution_generator() dq

Jacob Call Criteria.. Least_Norm()

dx Dependent on Method

method Detect Constraint obstructions

position Calculate Betas

Robot Find analytical solutions:

( OPEN_FILES

Description Opens most system files, initializes Qarray and

Initializes XTraj to Trajectory
Initializes Number of Points

Cl4

XTraj and Number Of Points.
Inputs Description of Process utputs
Trajectory Request Name for data store: Joint_Values Qarray
Joint_Values Opens data, Joint_Values, Trajectory XTraj

Initailizes Qarray to Initial Angles Number of Points




[ Init Globals -

Description Initializes Global Variables associated with the

CheezyIGRIP simulator. Also initializes Robot

(see GET_JACOBIAN_ALTERED)

Inputs Description of Process utputs
| Calls init ARM(Q Robot
Allocates memory for Transformation
matrixes
Initializes matrixes that describe the
end ef_fector, and platform.
/ GET JACOBIAN \
Description Calls GET_JACOB with the full
manipulator link lengths.
Inputs Description of Process Outputs
LINKS Initializes link length variable LL used|
NL by GET_JACOB() to be equal to
Qarray the original manipulator lengths.
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= y

Descr iption Calculates transformation matrix for given three
rotations and three translations, rZ rY rX tX tY tZ

Inputs Description of Process utputs
rot: Z Calculates Transformation Matrix Transformed Matrix
Y
X
trans: X
Y
z
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fExtractRPYZ — ‘ \

. Description Extracts Euler Angles from input matrix which is

the homogenous transfrom matrix from base to end effector

Inputs Description of Process utputs
Transformation Extracts Euler Angles Euler angles
Matrix

f Solutions_init

Description Initializes data structure Solutions

A

Inputs Description of Process utputs

M Allocates memory for FSP_data FSP_data

N Initializes FSP_data's M = Mred = M
FSP_data's N=Nred=N

Initializes cn (# of constraints) to ZERO

N




f Solutions_free -

Description Frees all memory associated with FSP_data

Inputs Description of Process utputs

FSP_data Calls free()

Calls mat_free()

\_ -
fspheres \

Description opens reads and writes to datafile

spheres.

Inputs Description of Process utputs

\

Reads user input and writes
datafile for obstacle info

or

Reads datafile for obstacle info

ns (number of spheres)
sphere_data

/
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ffmat . pr/fmat _prf E \

Description Prints matrix description, contents,
and size to requested data file

Inputs Description of Process utputs
File Pointer | Writes description and size of File Pointer contains
description matrix to data file matrix information.
matrix Writes contents of matrix with

four or eight decimal places

(pr or prf respectively)

\_ _
( e O

Description Prints the norm of the change in angles to

the requested file.
Inputs Description of Process Outputs
File Pointer | Calculates norm = sum of the squares | Qutput file contains
dq of each element. the value of dq for
the current time step.
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//avoid_limits - \ ’

Description Joint limit detection routine and calls
find jl betas if outside of range.

Inputs Description of Process utputs

Qarray Determines if current value in Qarray betas for each joint value

Robot is outside of operating parameters in excess of limit.
determined by Angles Max and Min
Limits.

If outside, calculates beta values by a call.
find_ji_betas()

\_ _/
ﬁvoid_obstacles \

Description Drives routine that checks for intersection
with obstacles, also calculates corresponing betas if needed.

-

Inputs Description of Process utputs
FSP_data Cycles through each link and calls betas for collided link
position find_intersection_sphere()

sphere_data If intersection occurs, betas are

Robot calculated: find obs_beta()

\_ Y,
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. f find intersection_sphere - \

Description Determines if a given link has intersected any known

spheres. If so, returns information necessary to calculate betas,

Inputs Description of Process utputs

link Determines if link, or elbow intersects delta(distance link

sphere_data with a given sphere. needs to move)
newl(point on link of

farthest intrusion)
normal(vector from
object center and

\ | point newl on link) j
f Least Norm | \

Description Initializes B, H for Least Norm
Criteria

Inputs Description of Process utputs

B is the zero vector
H is the zero matrix

anilive

\_ /
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{/Build_GrammianZ -

\

Description Allocates, and builds grammian.

.

Inputs Description of Process utputs
FSP_data Multiplies solution vectors (FSP_data) by Allocated Grammian Matri
B the joint's weighting factors (Robot)
Robot Multiplies this matrix by B
Performs component wise multiplication:
Gij = solution[i] <dot> solution{j]
ﬁank_lost_betas \
Description Called During the rebuild of the
solution vectors before exiting Solution_generator().
Inputs Description of Process Outputs
FSP_data Generates Beta Constrain for Rank Loss Betas (FSP_data)
Jacob Increments cn. cn (FSP_data)
dx
RowElim
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: f find_jI_beta :

. Description Finds beta due to a joint being a radian
distance beyond its limit.
Inputs Description of Process utputs
distance Creates Beta equal to the column identified Beta (FSP_data)
link identifier by link divided by the distance needed cn (FSP_data)
to be moved.
Increments cn (number of constraints)

-
f find_obs beta

Description Determines Beta vector based on information

N\

provided by find_intersection().

Inputs Description of Process utputs
newl (ptonlink |  Calls GET_JACOBIAN_ALTERED() FSP data's
of deepest inter based on a newl terminated manipulator. B;tas
section) Calculates Alphasfi,j]= sum of dot products cn
delta (distance to of Jacob and solution vector
move) Calculates Beta = Alpha * normal
normal(obs cntr increments cn (number of constraints)
to pt newl)

\_ /
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f findt with Betas Holonomic() - \

Description Calculates dq based on t's calculated for a robot

on a holonomic platform and where some constraint was encountered.

Inputs Description of Process utputs
B Calculates constants a, b, ¢, d, A, | dq

H mu, and nu.

Betas Calculates t's

m

Solution Vectors Calculates dq

' / findt_without Betas_Holonomic \

Description Finds t's and then dg's for a Holonomic

platform or arm only when no constraints were encountered.

Inputs Description of Process utputs
Betas Quicker calculation of dg's when dq

cn no constraints are encountered

Solutions see findt_with Betas_Holonomic()

B ' for more details.

H .

. 1 Y
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Appendix C2: Data Element Dictionary
Data Flows

fRun—Time Data Output #\

Description This flow can produce either simple or detailed informatio
of the system dependent if the macro DEBUG is defined (see general.h)

Source —_— Destination
Almost Every Process USER or data file
Data Structure Traveling with the Flow Volume
simple: Time step, and constraint avoidance simple: 3/STEP
detailed: Matrixes, system variable values.
detailed: 100*STEP

- /

——

f Criteria _"\

Description Determines if Least Norm or other criteria will be

used, currently only Least Norm is available

Source —_— Destination

USER 2.2.1FSP
Data Structure Traveling with the Flow Volume
Criteria, and integer One/STEP

\_ ' Y
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[/Manipulator

Description Determines what manipulator is to be used with the

—_—

system, if it changes then 1.1 System Compilation must be performed.

USER

Source —_— >

Destination

1.1 System Compilation
1.2 System Initialization

Data Structure Tfaveling with the Flow

Manipulator, an integer

Volume

Once/Execution

K

_/

——

( =m

—

Description User requested task and joint space sizes,

USER

Source —_—

Destination

1.2 System Initialization

Data Structure Traveling with the Flow

M, an integer
N, an integer

Volume

Once/Execution

\_

/
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fMethod —»\

Description Allows user to choose obstacle avoidance, joint limit
avoidance, or any constraint.

Source —_— Destination
USER 2.2.2 FSP Chooser
Data Structure Traveling with the Flow Volume

method, an integer Once/Execution

\_ _/

———

f FSP_data, Jacob, dx #\

Description System information: contains many goodies such as betas
current joint values, size of FSP reduced matrix...
Source —_— Destination
1 IKOR 2 FSP
2 FSP 1 IKOR
Data Structure Traveling with the Flow Volume
Structure: FSP_data 2 to 4/STEP
Matrix: Jacob
Matrix: dx

N /
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€

—

Déscription Change in Angles necessary to effect the motion

Matrix: dq

requested by dx.
Source  —r Destination
1 FSP 2 IKOR
Data Structure Traveling with the Flow Volume
Once/Step

\_

_/

——

fDestination Position

—

Description Contains the entire trajectory, aliases include XTraj.

Source - >
3 Simulators

Destination

D1 Trajectories

integer: Number Of Points

D1 Trajectories 1 IKOR
Data Structure Traveling with the Flow Volume
Data File: TrajectoryPts, and Euler Angles Once/Execution

\_

_/
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flnitial Angles

—_—

Description Contains the starting angles for all joint values (i.e. the

initial condition for the differentail equation).

Source Destination
3 Simulators D1 Trajectories
D1 Trajectories 1 IKOR
Data Structure Traveling with the Flow Volume
Array: Qarray Once/Execution

\

—

—

f Joint Values

Description The values of the Joint for the time step. This is an

addition of the previous time steps angles plus dq.

Source —_— Destination
1 IKOR D2 Joint Values
D2 Joint Values 3 Simulators
Data Structure Traveling with the Flow Volume
Data File: Joint Values Once/STEP
or
Once/Execution

.

_/
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manipulator Specs -——Q

Description Data given to the Kinematics Production about a given
Manipulator
Source —_— Destination
Design Engineers 4 Kinematics Production
4 Kinematics Production D3 Robot data & 1 IKOR
Data Structure Traveling with the Flow Volume
Data File : ROBOT.dat Once/Execution

\ _/
/fKinematics Routines —’:

Description Procedures for GET_JACOB() and GET_ACTUAL_X()
the forward kinematics and jacobian calculation subroutines.
Source _— Destination
4 Kinematics Production D4 Kinematics Data
D4 Kinematics Data 1.1 System Compilation
| Data Structure Traveling with the Flow Volume
Data File: Jacob ROBOT.c Once/Execution
if change of
manipulator

\_ )
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Description Define type of criteria.

Source —_— Destination
2.2 Initialize Criteria 2.3 Find Analytical Soultions
Data Structure Traveling with the Flow Volume
Reference Vector: B
Weighting Matrix: H Once/Step

\— /

— —

Description Vectors which enable generated change in angles to avoi
constraints.

Source — Destination
2.2 Calculate Betas for Constraints 2.3 Find Analytical Solutions

Data Structure Traveling with the Flow Volume

Structure Solutions: FSP_data see FSP_data
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==

\ :

Description Holds entire trajectory given by the data store.

Source —_— Destination

1.2 System Execution & Init 1.3.2 Calculate dx
Data Structure Traveling with the Flow Volume
Double Array: XTraj Once/Step

_/

f Solution Vectors

Description Vectors that span the space given by dx

—_—

Structure Solutions: FSP_data

Source R Destination
2.1 Solution Generator 2.2.3-5 Beta Calculations
2.3 Find Analytical Solutions
Data Structure Traveling with the Flow Volume
see FSP_data

N

_/

Cc32




f Robot ' _"\

Description Detailed information about the current manipulator.

Source —_— Destination
1.2 System Execution & Init 1.3 Feedback Loop
2 FSP
Data Structure Traveling with the Flow Volume
Structure Manipulator_struct: Robot 2/Step
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Appendix C2: Data Element Dictionary

Data Stores

fDl Trajectories I I

Description Contains information relative to the

path planning of the current trajectory.

Contents
Number of Points
Trajectory (X,Y,Z, yaw, pitch, roll)

Data F IoWs In Data Flows Out

3 Simulators 1.2 System Initialization

\_

P et

KDZ Joint Values

Description Contains the result of IKOR/FSP.
Namely, the joint values for each time step that accomplish the trajectory.

Contents
A Value in radians or meters of each joint for each step.

Data Flows In Data Flows Out

1.3 IKOR's Feedback Loop 3 Simulators

\_

_/
™~
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fD3 Robot Data . I I

Description Conains necessary specifications of

the current manipulator.

Contents
File ROBOT.dat, # link_s, limits, home, link lengths, platform info.

Data Flows In Data Flows Out

4 Kinematics Production 1.2 IKOR System Initialization

\

/

—

fm Kinematics Data I

Description Holds the subprocedures for the

calculation of the forward kinematic and jacobian

Contents

"C" Procedures: GET_JACOB()
GET ACTUAL_X(

Data Flows In Data Flows Out

4 Kinematics Production 1.1 IKOR's System Compilation

\

/

-
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Appendix C2: Data Element Dictionary

Data Structures

—

Short Description For each joint, max & min limit, home, translational/rotational

,‘\

Description Related Flows

Robot

Prism If =, then translational else rotational Angles

Max limit Maximum joint value in degrees

Min _limit Minimum joint value in degrees

Home Initial Position of Manipulator

Volume

One instance:
Substructure of
Manipulator_struct

L

_/

fPlatform

=)

Short Description Contains Platform Information
Description Related Flows

Active if ==Y, then platform exists Robot
Holonomic  if =Y, then Holonomic PLAT
Length Length of platform
Width Width of platform
Thick Thickness of platform Volume
Z_off Offset of first joint from plat One Instance:
L_off Offset of arm from plat cntr substructure of
ANG off  Angle offset of first joint Manipulator_struct
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/Maniplﬂator_struct )

o

Short Description Contains all manipulator Information

Description

NA

NL
Angles
PLAT
Weights
LINKS

Number of Angles in Manipulator
Number of Links in Manipulator
Contains Pointer ANGLES[NA]
Contains Pointer to Platform
Activity of Joints
Values of each link

Related Flows
Robot

Volume

One Instance

[ MATRIX

Short Description See matrix.c, matrix.h

SO

Description

P
TOWS

cols

double pointer to data
Number of Rows in MATRIX
Number of Columns in MATRIX

Related Flows

All MATRIXS
Jacob, dx, dq,
x_of link ...

Volume

hundreds of
instances
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/ Solutions - @

Short Description Holds a congloumarate of data used by FSP

Description Related Flows
FSP_dat
M User requested Joint Space Size —can
N User requested Task Space Size

Mred  FSP reduces Jacobian Joint Space
Nred FSP reduces Jacobian Task Space

cn Contains number of constraints Volume

g Contains solution vectors Altered in
Qarray  Contains current Joint values Every Time
betall Contains all Betas for time step .Step
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Appendix C2: Data Element Dictionary
- Data Elements

Short Description Tells system if joint is prismatic or rotational
Aliases (Contexts) Robot->Angles[i].Prism

Alphabet@c RS If Discrete
Alphanumeric ___ Value Meaning
Numeric ___
Y Translational/Prismatic
If Continuous: y
Length Any Other ' Rotational
Range

) f Max Limit O\

Short Description The Maximum_Limit (includes Buffer zone)
Aliases (Contexts) Robot->Angles[i].Max_Limit

Alphabetic __ If Discrete
Alphanumeric Value Meaning
Numeric X

If Continuous:

Length: dependent

Range: -inf to inf

" \_ —/
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[ Min_Limit

Short Description Contains the Minimum Limit for desired Joint

=)

Aliases (Contexts) Robot->Angles[i].Min_Limit

Alphabetic ___
Alphanumeric __
Numeric X

Value

If Discrete

Meaning

If Continuous:
Length: dependent

Range: -inf to inf

\-

/
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fActive

=)

Short Description Determines if Platform is Active

Aliases (Contexts) Robot->PLAT.Active

Alphabetic

X

Alphanumeric __
Numeric

Length

Range

If Continuous:

If Discrete
Value Meaning
Y Platform is present
y
Any other value No Platform present

\_

_/

molonomic

=)

Short Description Determines if given platform is Holonomic

Aliases (Contexts) Robot->PLAT.Holonomic

Alphabetic

Numeric

X

Alphanumeric

Length

Range

If Continuous:

If Discrete
Value Meaning
Y Platform is Holonomic
y
Any Other Value Patform is Non-
Holonomic

\_

/
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Short Description  Length of Platform
Aliases (Contexts) Robot->PLAT.Length

Alphabetic If Discrete
Alphanumeric Value Meaning
Numeric X

If Continuous:

Length meters

Range 0 to size

\_ . )
(= =

Short Description Width.of Platform
Aliases (Contexts) Robot->PLAT.Width

Alphabetic ___ If Discrete
Alphanumeric Value Meaning
Numeric >

If Continuous:
Length meters

Range 0 to size

N Y,
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Short Description  Thickness of Platform
Aliases (Contexts) Robot->PLAT.Thick

Alphabetic ___ If Discrete
Alphanumeric __ Value Meaning
Numeric X

If Continuous:
Length meters

N Y
f Z OFF 0\

Short Description Distance of first link from Manipulator
Aliases (Contexts) Robot->PLAT.Z OFF

Alphabetiq _ If Discrete
Alphanumeric ___ Value Meaning
Numeric

| >

If Continuous: |
Length meters

Range 0 to size

AN _/
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Short Description Offset of arm from platform center along its Length
Aliases (Contexts) Robot->PLAT.L_OFF

i Alphabetic ___ If Discrete

Alphanumeric Value Meaning

Numeric X

If Continuous:

Length meters

\_ T /
f ANG _OFF | 0\

Short Description Angle offset of first joint from platform
Aliases (Contexts) Robot->PLAT.ANG_OFF

Alphabetic __ If Discrete

Alphanumeric ___ Value Meaning

Numeric X

If Continuous:

Length radians

Range -infto inf

\_ —
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Short Description Size of Joint Space
Aliases (Contexts) M, FSP Data->M, FSP_data->Mred

Alphabetic ___ If Discrete
Alphanumeric Value Meaning
Numeric X
—— : 0-NL Can be modified real-
ontinuous: time to allow for dyn-
amic removal of the
Length platform, if the plat-
Range form is th.e last th1:ee
elements in Jacobian.

\_ /
(T =2

Short Description SiZe of Task Space
Aliases (Contexts) Nred, FSP_data->N, FSP_data->Nred
Alphabetic __ If Discrete
Alphanumeric __ Value Meaning
Numeric _)_(_
1-3 XY.Z
If Continuous:
L h Orientation Control
engt 4-6 Yaw, Pitch,Roll
Range C.an be remov«i:d real
time by reducing N
to 3

AN _/
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Short Description Contains number of constraints currently active
Aliases (Contexts) FSP_data->cn
Alphabetic ___ If Discrete
Alphanumeric __ Value Meaning
Numeric X_
1 One constraint
If Continuous: 2 Two constraints
3 Three constraints
Length
Range . _
M-N+constant Up to degrees of Redundancy
= =R
Short Description Contains all solution vectors for the system
Aliases (Contexts) FSP_data->g
Alphabetic __ If Discrete
Alphanumeric __ Value Meaning
Numeric X _
If Continuous:

Length: -inf to inf

Range : -infto inf

\_

C46




== — o

Short Description  Contains current values of all joints
Aliases (Contexts) FSP_data->Qarray

Alphabetic ___ If Discrete
Alphanumeric Value Meaning
Numeric X

If Continuous:

Length radians

Range Max_Limit to
Min Limit

\ — Y,
— —

Short Description ~ Contains all Betas currently active
Aliases (Contexts) FSP_data->Betas

Alphabetic ___ If Discrete
Alphanumeric __ Value Meaning
Numeric X

If Continuous:

Length cn X span

. Range _infto inf

\\ /
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| fPoorMansFile

=R

Short Description Global Variable, name of Joint_Values data store

Aliases (Contexts) CheezyFile

Alphabetic
Alphanumeric
Numeric

X

If Discrete

Value

Meaning

If Continuous:

Length

Range

Name of the system

file that CheezyFile

points to.

\_

_/

fMethod

=N

Short Description Array of descriptions that decribe data element method.
Aliases (Contexts)
Alphabetic ___ If Discrete
Alphanumeric X Value Meaning
Numeric __ method has this value:
: FSP & Joint Limits 0
If Continuous: PSEUDO INVERSE 1
FSP & Obstacles 2
Length FSP & JL & OA 3
Range FSP only 4

\_
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Short Description User's option of which constraints are to be used.
Aliases (Contexts)
Alphabetic __ If Discrete
Alphanumeric Value Meaning
Numeric X
If Continuous: 0 FSP LN with JL
1 PSEUDO INVERSE
Length 2 FSP LN with OA
3 FSPINw/JL & OA
Range 4 FSP LN only

\_ /
== =2

Short Description ~ Character string that contains system file name.
“Aliases (Contexts)
Alphabetic ___ If Discrete
Alphanumeric X Value Meaning
Numeric '
Robot.dat This file is opened and
TF Continuous: read when initializing
manipulator.
Length
3 Range

\_ * /
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Short Description Contains lengths to be used in GET_JACOB()
Aliases (Contexts)

Alphabetic ___ If Discrete
Alphanumeric Value Meaning
Numeric

jal

If Continuous:

Length meter

Range 0 to real
length

_/
== =)

Short Description ~ Contains number of points in current trajectory
Aliases (Contexts)

Alphabetic __ If Discrete
Alphanumeric Value Meaning
Numeric X
-infto 0 No Trajectory
If Continuous: 1 to MAX_PTS Number in Trajectory
Length >MAX PTS MAX_PTS in Trajectory
Range .

N _
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Short Description Describes Termination Status
Aliases (Contexts)
Alphabetic __ If Discrete
Alphanumeric __ Value Meaning
Numeric X
0 OK, continue to next
If Continuous: time step
-1 Exit, Partial Trajectory
Length
2 Exit, File Trouble
| Range

\__ /

—

€= =)

Short Description Holds Trajectory found in Trajectory data store
Aliases (Contexts)

Alphabetic __ If Discrete
Alphanumeric ___ | Value Meaning
Numeric X :

If Continuous:
Length meters/

radians
Range -infto inf

AN /
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f spheredata

=X

Short Description 4x4 matrix containing position(x,y,z) and radius

Aliases (Contexts)

Alphabetic
Alphanumeric __
Numeric X

Value

If Discrete
Meaning

If Continuous:

Length meters

Range radius>0

\_

_/

(=

=)

Short Description ~ Number of Spheres
Aliases (Contexts)
Alphabetic __ If Discrete
Alphanumeric __ Value Meaning
Numeric
0 No spheres
If Continuous:
1-4 One to Four Spheres
Length
>4 Four Spheres
Range

\_

/
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. Short Description ~ Holds Jacobian Matrix size NxM
Aliases (Contexts) InFSP, it is called Matrix A
Alphabetic If Discrete
Alphanumeric Value Meaning
Numeric X
Rows 0-2 X,Y,Z positional
If Continuous: control
Rows 3-5 Orienataion Control
Length radian*meterg part of Jacobian
o Last 3 columns If platform specified,
Range -infto inf these columns are
interpreted as X,Y,Angle

\_ _/
(= =

Short Description - Holds desired Change in Position
Aliases (Contexts) In FSP, refered to as Matrix b
Alphabetic __ If Discrete
Alphanumeric ___ Value Meaning
Numeric X
— | | Elements:
If Continuous: 0-2 Change in X,Y.Z
Length meters/radians
3-5 Changes in Yaw,
i Range -infto inf Pitch, Roll.

\_ ' /
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Short Description

Holds Change in Angles

=X

Aliases (Contexts)

Alphabetic
Alphanumeric
Numeric

| >|

If Continuous:
Length radians

Range -infto inf

Value

If Discrete

Meaning

\_

/

.,

g

Short Description

Holds position of begining and ending of all links.

=R

Aliases (Contexts)

Position

Alphabetic ___
Alphanumeric ___
Numeric X

If Continuous:
Length meters

Range -infto inf

Value

If Discrete

Meaning

\_
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fFSP_data

—

=

Short Description Solution Type, holds pertinent FSP information

Aliases (Contexts)

Numeric

Alphabetic
Alphanumeric X _

If Continuous:

Length

Range

If Discrete
Value Meaning
cn <0.M-N-+constant> | number of constraints
Betall Beta vectors for all cn
g Solution Vectors
Qarray Current Position of all
Joint Values

\_
é
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Appendix D : Code Listing

This appendix is subdivided into three sections. Each section involves different
. aspects of the software. Additionally, each section includes a breakdown of all the files
present within the section as well as a brief description of its contents. At the beginning
of each and every file listed inside a section is a header. If the listed file is a 'c' program,
then the header will also include the names of all procedures listed in the file.

IKORPrograms ...........ccoiiiiiiiiaiiiiienennannnn. PR D3
13 127X D) ) 1 D4
GENERAL.H ...ttt ii e ieinenaen, D4
HEADERSH ... D5
STRUCTURES.H ...ttt D6
GLOBALS H ... e D7
COREFILES ... ittt a e D7
SHORT.C ...t D7
IKOR DRIVER.C ...t D8
MANIPULATORS.C ...t ieeeeeeeas D14
UTILITIES . et aeeeens D15
USEFUL UTILS.C ... it D15
MATRIX.H .o e D18
MATRIX.C e e e et et D18
NRUTIL.C .o e D28
FSPPrograms ..........ouoiiiieiiiiiiiiiiiiiiniiniineineennnns D31
FOP . C o e e e D32
CRITERIA.C .. i et D42
CONSTRAINTS.C ..ottt D42
ANALYTICAL.C .. it iaeeens D46
Manipulator Porting Programs ............ ... oo i, D52
JACOB _ROBOT.C ..ot D53
JACOB HERMIES.C ... . i D53
JACOB_AIRARM.C ... ... it D56
i ROBOT. DAT i et et e aens D59
ROBOT HERMIES.DAT ........ciiiiiiiiiiiieanennnen D59
) ROBOT AIRARMDAT ....eoneinianeaaee i, D60
JACOB _UTILS.C .t eeieeee e D61




The first section 1s IKOR Programs. The first file listed is general.h. This file
must be included in every 'c¢' file. It in turn, includes headers.h and structures.h.
headers.h includes every function in the entire system as well as what 'c' file they belong
to. This file can help the analyst find a procedure easily. The last header file displayed is
Globals.h. This file contains the declaration of all global variables, and is included only
once from IKOR.c. This section closes by listing the c files that comprise of IKOR.

The second section is FSP Programs. This section includes FSP.c that contains
the solution generator, criteria.c that includes optimization criteria (only Least Norm
currently), constraints.c that determines if a requested configuration is illegal, and lastly,
analytical.c that moves the manipulator to a legitimate location.

The last section is Manipulator Programs. This section includes two example
files for both the Kinematics file and the manipulator data file. Note that while both
kinematics files include platform control, currently only the HERMIES' system contains a
jacobian that provides for orientation control. Each example file is listed under the
system's filename headings (that is when compiled, the example file Jacob HERMIES.c
must take the name of the system file Jacob_ROBOT.c).
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- IKOR Programs

The following files are listed in this section. Header files are listed first, then the 'c'
files and finally utility programs. Although the files located in the section relating to
Manipulator Programs are an integral part to IKOR, they have been separated for the
mere purpose of readability and locatability.

HEADERS:
general.h Macros for debugging and a plethora of system information.
headers.h Contains headers for all functions.
structures.h Holds all major data structures, FSP_data & Robot.
Globals.h Most of the system's global variables.

CORE FILES:
short.c Driver Routine for IKOR, provides command line operation.
IKOR.c Main loop that calls FSP, obstacles, etc.. for every time step.

Manipulators.c ~ Reads manipulator datafile.

UTILITES:
useful UTILS.c  Numerous oddball procedures, get spheres and more.
matrix.h Matrix Routines description headers.
matrix.c Matrix functions, pseudoinverse, svdcmp.

nrutil.c Numerical Recipes in C' base routines.
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FSP Programs

The following files are listed in this section. Note that the file FSP.c is not the
entire FSP system, it is only the solution generator. The other files include the necessary
information to parameterize the solutions according to constraints and criteria.

FSP.c FSP, ReduceA among many: does all blocking and inverting.
criteria.c Optimization Criteria: Currently only the Least Norm
constraints.c Finds objects in path, joints beyond limits.

analytical.c Calculates Betas, Grammian, and parameters t/'s.
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Manipulator Porting Programs

The example files in this section are listed corresponding to the names of their
system file counterparts:

Jacob ROBOT.c Code for Forward Kinematics and Jacobian.
Jacob_ HERMIES.c Jacob_ROBOT.c for HERMIES arm.
Jacob_AIRARM.c Jacob_ROBOT.c for AIRARM arm.
ROBOT.dat Manipulator specifications
ROBOT_HERMES.dat Manipulator Specs for HERMIES arm.
ROBOT_AIRARM.dat Manipulator Specs for AIRARM arm.
Jacob_UTILS.c Drivers for Jacob_ROBOT.c and other utilities

D52




£sd

{904 [T]TI-22 = XX
2

({€0x [P1TTT-90#ES4 [E] ' TU-2Z%€0-) T8+ (€8x [F] TT~904E0x [E] TI+Z2Z4E8-) xZO+TD)
= [2] [0)d<-dtueup

L((MMrTO- (E04 [V]TI+905E8 % (€] TT+324€0)428-) »T2) = [T] (0] d<-druewp

L (M8~ (€0

PITTI+904 €84 [E] TT+B24ED) xZ0) + TS - ( [0} TT+ES S [F) TT-9D4 €D [E] TT+Z24E6-) 4 T0)
= [0] [0] d<-dyuewp

{904 [Z] TT+98x (SOxPO+G8498-) 5 [E]'TT = 22
P(T)TI-08% [Z]TT4985 (SO PE+GE4TO) » [E]TT = MM

[xxnnrnsxnnrrexxnrrxsT MOH NUITHODUL TUNIODIUOx*s»vvsxyvrrvxnrssss/

f(TOx

[0} TT-TAKx [T) TT+TXR [¥] TT+ (PO TXX+ S TAA-) » [2)TT) +EA¥ ETO+TA TTO+TAXTZD
= WY X

(T8« [0) 1T+ ALy [T1TTH

KX [F]TI+ (P04 XX+9S AA-) 4 [C]TT) +EAXETQHEAXTTO+TAXTID = WNY_X

{ (A40_ONY * INTd<-30qOY) 802, d40_T INTd<-30q0d, = LIASIJ0_A
“Ammowz¢.a¢qu-uonomvcﬂm.mmoa.9¢qu-uonom-nammhmox

{EONTIR-E6xTZ2 = E£ZD !pO+TAA-poxTx%- = TTD !PBxTAA-PO4IXX = TZD
LED4TB+EB4ZZ = €1ID {poxKA-pEexx- = ZID 1 o8, RA-50XX = TTD
{{E1TI490 =  €a {[€1TI.%22 = ZA el TIxEAL = TQ

! 1968458 = P22 f90460 = ghX
fEDRT2ZHESATR = TXX L0518 = 122 fzey18 = TAA
{EBxTS~ED0x2Z2 = XX !1ZOxTO = 22 fzesTo = AL

[rxxxxrxrrrerrrpxivsny SQIOOD HWYUA HSYE YOIVINAINVW NI svxsrxsrrxxsrs/
[exsxxxx JOLDIIAT ANZ JO NOILISOd X ANY X dOd SOILVWANIY UUYMYOL »+/

f({o] [6)d<-Aexxed)sop = 010! ({0] [6)d<-Aexxed)urs = 018
! ] [91d<-Aexxeld)son = £o! ([0] [9)d<-Aexaedd)urs = L8
gld<-Aexxed)soo = 92! ({0] [§] d<-Aexaed)uts = 98
jd<-Aexaed)son = 2! ([0] [¥])d<-Aexaed)urs = g&
1d<-Aexaed)soo = po! ([0] [£)d<-Aexaed)urs = ps

{10
f(ro] [

(o] [¥

{([o] [e

mMmowmm_mA->mgumovmou go! ([0] [g]d<-Aeaxed)urs = ¢8
f(fo} [t

t([ol [o

] d<-Aexaed) soo zo! ([0] [T} d<-Aexxel)uts - [4]

! ]d<-Aeaxed) soo ! ([0]) [0)d<-Aexxed)uts = T8
e Sttt aet --x/
/x (wexboxd TeUTHTIO ayl WOXF SOTIEWSUTY »/
/x* paenzojy 8yl burisn punoy axom sjuswsdeTdsTp 8sayl) - SPACOD x/

/x @oseq zojerndiuew 9Y3 UT 10309339 pue syl jo suoiiTsod A pue X 4/
/x 93 Se [IoM se sMox om3 Teutbixo oyl Bursn u9lITIMSI U9d( saey x/
/» SMOI PUODSS pue ASITI SIFIUD wus *XTE MOX FO UWNTOR YIuely oyl x/
/* Ut 8uo e §T uorjzejox wxojyjetd eyz o3 Hurpuodsexion Jusucdwod i/
/x oyl ‘utd 54 YITM punoj aq ued Eonuumwa 8yl JO I93u90 Y3l Jo «/
/» uotTjejox pue ‘Juswederdstp A ‘juswedeldsip X 03 Burpuodsaxiod i/
/+TqoDer 9yl 7O SUWNTOD 99IYl [EeUuoTITPPe Syl I0J SUOTIRTNOTED ayl x/

\* h *\

/suetqooel 6BTI0 3O 23T SMOX JO sjusuodwod ;\NAb~mv00Aamslmenmﬁ:mEb

/#»8px000 wxojgyerd ut Eu0uumwm */ _
/% 30 I3uo woxy druew jo aseq Jo jususdeTdsIp «/ 1198440 X

/»8p10oon wxogaetd utr wrozyerd «/ _
/* 30 xaud wozxz druew jo sseq JO JuswsdeldsIp X x/ ‘ILISAI0 X

/» 8paocod wxozjerd ur «/ -
/+ 203eTndiuew jo 8seq woij HI JO JuawooeTdsTp £ »/ ‘WaY X
/» spxood wxogjerd ut »/ _
/+ xojeindiuew jo a9seq woxy FI JO JuawaeTdS TP X &/ ‘WIY X
'€20'2TDTED
"ETD'TIDTID
‘td ‘zg ‘14
'ekR ' pzz ' 122 ' TAA ' TXX
‘mpm 'zz AR ax
‘pTR'Lo'9n'go‘po’en’Zo 10 ,
10T8‘LE’98/'GE'pE €8 B ' TF 9TQNOP
fdruenpy meamw

(Aexreds XIUIYW ‘Cx XTYIYW) GODYL 1aD PIOA

/*
pepNToUL Wrozjerd S6/€
| pe3esad $6/2T aoxoRy o
:SUOTABDTFTPON 193eq s gI0U3NY

uetqooep 3yl suaniay :sindino
[#]1 T~ [0)TT pue Aexxed Terartur :sandur

_ (9pTINnH sxasn Ayl
pue Jep SYIWJAH LOGOY 998) STTJ ejep e _Ojutr
*+q09 syabusTT NUTT Se yYons SJuelsUOd SHuelyd ‘T
[¥177 - (0]l se palaqeT aq PINOYs SIUIT SYL 1
| :pToy but
-MOTTOF 9y Butunsse sTyl ysitdwooor o°'gIILln qooer
Uy SuoTIoUNg ‘UOTIDISASJUT FJo jurod Ay 3e pL
-andwod 9q 3SNU UBTqodeL SY3 ‘SDUBRPTOAY 9TORISqO I0J

*§93eUTpPICOD Iseq AxeuoTiels

ay3 ur jJurodiajusd S3T B I03093FS pus SY3y jo

S9T3TO0ToA TRUOTIRTSURI] URTSIIIRD BY) O3 WIYSaD

3O SOTITOOTOA JUTOL USBASS SYF SwIOFsULIY UDTUM
xTajew uerqooel sy3z sajndwod 9TTF STYL _suoridiansop
gO0¥L IHD :suweu

*/

/x SI9Y30 TTE® YUFT O3 OTTJ ISpesH +/ W4° TeIsUSB, BpNTOUTH

/* - _
DTIRWSUTY pARMIOL X TYOLOV_LED
DTIRWBUTY pIeMIod JO dATIeATIRA : H2OOYL LIAD
1 §3anpadoxgd

(Jep’ SAINYEH LOHOY °"®°F) aweu swes 3yl
3o xojerndruey Syl I0F X TYNIOY LAD Pue €0OYL LAD IO
suoTsxaa afqriedwoo uTEjUOD JSNW STTIF STUL uoTxdTIossp

o' SEIWIAH qoden  :aweN wexboxg

+/
o' SHIWAEH g0DYL
R Tal=o2: O (sYo) 7o




- ¢ »
124!

fED % TO » I6 + €8 &« IO = RK } o(L<w) 3T
€8 4+ TS - €0 5 TO 4 IO = XX

1010« 9] [T] d<-druewp+01ss [9) 0] d<-dTuewp = [9] [T]d<-p

‘{27 = [y]{s]d <- p 0104 [5] (1] d<-drueup+ots« (] (0]d<-dTuewe = (g} [t1d<-p

! = [#]) [¥]d <- 0 010 [¥) [T] d<-drurup+0Tss [¥] [0} d<-druenp = [p] [T}d<-0

ixx = [%] [g]d <- D 1010 [€] [T]d<-drueup+0t1ss [€] [0]d<-dTueup = [¢] [T]d<-D

‘zz = [g] [§]d <- p {010« [2] [T] d<-drueup+0Ts« [2] [0]d<-dTuewp = [g] [T]d<-p

1RR = [€] [9p]d <- p {010« [T] [1] d<-dueup+otss [T) [o] d<-dTuewp = [T] [t]d<-p

xx = [g] [¢]d <~ p 1010 [0] {1} d<-dTuewp+0Ts [0] [0] d<-dTuewp = [o] [T)}d<-p

‘€8 yx T8 = 2% JRretanrrennnnsxnnrrssrenynrnl MOY MONywrsnmssrsrrxrxsrrxsvsrxrssrnrsn/

€D 4 IO - €8 4 2D & T8 = AL _ _ _ ~ {

€D » TS + €8 5 TO & IO = XX {010« (1LESII0 A+HWIY A) -0T8x (LESIJO X+HWIY X)- = (6] [0)d<-p

fogaz = (s8] {o}d<-p

fzo = (2] [5}4 <- ¢ fo90°1T = [L] [0]d<-p

‘g8 x 18- = [2] [p]d <- 0 (L<W) 3T
iz« TO- = [Z][€]4 <- 0

togaz = [1] [S]d <- p 10T8x (9] [T}d<-druewp-0Tox [9) {0]d<-drueup = [9] [0}d<-p

10~ = [T][P]d <- p to1sx [§) [T] d<-dTuewp-otox (5} [0] d<-dTueup = [5] [o}d<-p

‘18 = [T} [€]d <- p 10784 [v] [1] d<-druewe-0104 [#] [0] d<-dTueup = [p] [0]d<-p

fgeg 1 = [0} [5]d <- p 1018« [£) [1]d<-druewp-0To4 [€] [0] d<-drueuwp = [¢] [0]d<-p

‘ogaz = [0] [r]d <- p 1018« [z] [T)d<-druewp-0104 [2] [0}d<-dTuewp = {z] [0]d<-p

. ‘ougz = o) {¢}d <- p 1018« (1] [T} d<-drurewp-01o {1} {0] d<-dyueup = (1} {0}d<-p

P L R L L L L L LTy g S T T T 1 V4 {0ts« [0] [T] d<-dTuewp-0To« [0] [0] d<-dTuewp = [g] [0]d<-p

/% OVW-~-16/TZ/TT PO3EP --~WNYSHD I03F SUOTESAAAD 4/ JrevxsrnsnrrrrrrnsrnxrrrsT MOU NUIHOOUL MANxx»xxsxrxxxsvxysxrprsrss/
/% POATISp YSTYm UOTSSIS ewlsoew e ‘,moTqooef, 3nojurxd Auw 998 «/
I» TLPS-vpsdd g «/

/+ xIpusddy -e97 pue ‘zotrezuod ‘ng Aq SOUSBTITTS3UI pue UCTSTIA «/
/% ‘BUlsueg ‘TOIJUOD-SOTIONOY YOOQIXe] 9Y] UT DPOSSNOSTP poylaW /
/#943 Bursn pautwasldp eae uerqoneL Syl JO SMOX IBAY] ISMOT YL =/

\t*#**t**t***#4*&**&#***t**kkt*#***&****t*****###t********##**i\

}

/% WO330q &
3yl 3e SMOX £ axe axsyl IT ATUO 93INoexXT 4/ (9 == N) 3T
[xsnnrrnxorrnxvrsrrrerrrrrnrsSMOY € WOLLOHwwrsrwrvsssyvnsrrerynrnrrrs/

‘oudz = HmuhmumA-m

‘oudg = (8) [2]d<-pC

fogaz = [.] [e]d<-p

} ey 37

foudz = Hmuﬂmuwﬂ-w
({9

*Amu*vm+mm*¢ov*Hmuqu*mo+ﬁmm*mm*Hm_qq,Awu*Amm*vm-mo*¢av*Hmuqﬂvwmmwmwmw
= S < -

! (RRxg0xg8-22420) = [¥p] [2]d<-D

{90« [2]111-22 = 22

! [T TT+B8x [2] TT-mm = AA

C{({T)TT+MR) » €02 28-22420) = [£] [2]d<-p

{ (€8x [P TT-904€04 [€] TI+2Zx€8-) 28 = [c] [g]d<-L

! (x2S - (€04 [P] TT+902 €S [€] TT+224E0) x22) = [T] [2] d<-pO

1902 [Z]TTI+98 % (SO PO+584¥8-) x [€]TT = 22

‘fouaz = [0] [g)d<-p

\*;******t**********:#kt«****#****m SOM******&****#*********;*******A
1018+ (1ESJI0 A+WUY A) ~0TOx (LASAI0 X+WU¥ X) = (6] [T]d<-p

0%0°T = [8] [T]d<-p

‘ogaz = [L} {1]d<-p

{9} [T)d<-dTuewp
!((22x€8-9
Sx€0% [E]TI-) #TO- ((SOxPE+GE4PD) 904 [€] T T428- (985 €8x [E] TT-Z24ED) xZ0) »1F)
= [g] [T]d<-dTuewp

{904 (SE4¥8-90490) + (€117 = 22

‘oydz =

{ (ARy €82 TO+ ((S6#F6-50x0) x 98« [€] TT428-LAxE0420) xT6) = ([¥] [T]d<-dueup
{ (222 ES ¥ TO+ (XN ZE-ZZxED4T0) #T6) = [€] [T]d<-duewp

{984 [2)T11-RA = 22

1984 (SOxBS+58290) » [€]1TT- = KA

((€35 [F]TT-90486x [E] TT-XXED-) x T2~ (€8x [P]TT-904 €04 [E] TTHXKEB~) »ZOTF)
= [z} [r}d<-diueup

C((([TITI+2ZZ) »TO+ (€05 [F) TTH9DxE6x [€) TIH+XK4ED) £ 28-) +18)

= [1] [T)d<-dTuewp

L((I0)TI+ES K [F]) TT-904E

Ox [E]TTHXX4E6~) 4 TE+ (( [T)TI4ZZ) 428+ (£04 [F] TT+IO»ES» [E] TTHXX2ED) 422} #TO)
= [0} [T)d<-dTueuwp

{90y [2) TT+9S 4 (SO PO+SE4PE-) » [€]TT = XX

[rxrxrrxrerrrvrrrrrrrrsrrsl MOY NUIHOOUL TUNIDIUOx##sxsxxrrsxsxnsnnn/

[9] [0] d<-dTuewp
{ (XX EB-9
Sx€0x [E]TTI-) T8+ ((SOxPE+GELFO) x90x [E) TT#TB- (985 €6« [€] TT-XX4ED) #ZQ) #TD)
= [s] [0}d<-dTuewp

1904 (S84 P5-G04P0) » [€]TT = XX

! (AKX ES ¥ TS - (XX 28 -KA£0xTD) #TP) = [p] [0] d<-dTuemp
{{ZZAESATS- ( (P2x [T)TTHXX) »TE-ZZ4E04T0) £TR) = [£] (0] d<-drueup
98y [2]1T-AK = 22

! (98550 xPE+96xG8 D) x [€]TT- = AL

‘ogaz =




ssd

/+ dwexy p utol

03 3ITYS +/ (00’0’ [0] [e1d<-Aexxed’'g/1d'0) z1Ieb = 9491
{0’ [T]SANIT<-30q0d ‘0’ [0] [Z]) d<-Aexxed+Z/I1d'0'C/Id~) 2LI=b

= velL

/+ duwexz g jurol 03 AITYS +/
_ /% T JUTT

JO pua 83edOT x/ _ { (g 'suwexgijuazand) ginw_jew = Mg

! (owexgdwal) d9a3 Jeuw ! (Gov] ‘awexgdual,) ZTnw jew = aweIJIUSIIND

(0’ [0]SANT'I<-30qoy ‘0’ [0] [T)d<~Aeaxel ‘0 ’'C/1d) 21396 = dovlL

/» @weag z juf 03 AITYS »/

¥
! (¢'swexgduag) zTnw Jew = Bm\
! (auexgjusaan)) 9913 jeu
{1 (0404 'suexgijuaxan)) ZThw jew = suwexgdusy,
‘{(0’0‘0‘{0] (0]d<-Aeaxed’'z/1d-'1d-) 2136 = 0doJ,
/+ dwexy T qutof o3 3ITYS »/

/x I3drueu

T JUTT 3O pud 93207 «/

jo sseq ay3l 93e20L x/ ! (Y’ suexgiusaIand) ZTNw_jeu = Ma

! (swexgduay) @9x3 jew { (gax3’auergdws]) zTnw jew = swexJjusiand
{340 Z°I¥1d<-30q0d‘0‘'0'0‘0°0)2L39b = XL

- {(x'owexgdws]) gTnu_jew = MX
Nﬁmsmu&ucwnusovmwuu W ! (XL SWRILIUSIIND) ZTNW Jew = awexgduag,

_ {0’ (340 ONY'IV'1d<-304OY) 80D Id0 1°IVId<-30q0d

‘(430 ONY° IVId<~-230q0Y) UTSxJI0 1" IVId<~30qoy-‘0'0’0)zLaob
= XaL
/+ druew 3o ®seq Jo aTp ©3 ajusd wrogzjerd Inoqe 301 i/

(vd 'swexgiuazan)) ZTnu_Jew=vMd
(€d ‘swexgjuaxand) gTnW_Jew=eMd -
{zd 'suwexdjuazan)) zTnw jew=zmd

L qetd
! (Td ‘suwexgiuazan)) zInuw Jew=tMd

- v o

SU3} JO SIBUIOD INOF BY) 93eD0T £/

(YD 'D0L) ZINW Jewl = BueIIIUDIAND
/»3x3u0 37d
anoge 938301 &/ mAo.ozo\o\o~%o_%mumA->mu“movmauwm = dOL
(0" [0) [8)d<~Aexxed’ [0] [L)d<-Aexxedy’0’0’0)CLI0b = DOoL
/+x x3ud 21d A'x z 27T4S £/
{

! (Ma) 9933 _Jew
! (Ma)sox3_3euw
! (MD)®9a3_qeuw
! (Mg@) @213 _3eu
! (My) @9a3_Jeu
¢ (M) @2a3_Jew
! (MX) @933 jeu

}

(swty 38213 3ou) 3T

f0°t=[0] [€]d<-X !f0°0=[0] [2)d<-X
/% s8Txe K
f0°1=[0) {€]d<-¥ f0°0=[0] [2)d<-¥

f0°1=[0) [€]d<-T ¢ [¥]SANIT<-30q0u=[0]) [0)d<-a
f0°t=[0} [€)d<-a ¢ [€]SANIT<-30q0¥=[0] (T1d<-a

TeOOT UO uMIp 398330 aseq druew 4/

fort=[0] [€]d<-~D ! [Z]SANIT<-30qou=(0] [T])d<-D
fo-t=[0] [€)d<~g ¢ [T)SMNIT<-30q0u=[0] [1]d<-4
fo-t=[0] [€)d<-¥ ! [0]SMNIT<-30qou={0] [T]d<-¥
/» S89Xe A Te2OT U0 umeap a1e p-T SHUTT »/
/* awell JI03D9I3IS PUS 03 4/ ! LIAL#
/» swexy L JUTof 03 »/ ‘ ddaLa
7% swexy 9 jutof 03 x/ f DADLx
/» swexa] § JuTol 03 &/ ! dgDLs
/% swexy ¥ Jurol 03 «/ ! dddle«
/* swexy ¢ jurol 03 «/ ! YgLx
/% sweiy g uaﬁom 03 / ! d0YLx
7 awexg T autol 03 «/ ! 0dOL~
/* aojerndiuew Jo oseq O3 pa3j3elod WOIF x/ ! ddLe
! gXIs
/+ druew 3o sgedq 03 I9JUSD WOAF WXOFSURIY «/ LD ¢ A S
/+ jetd x3jun 3noge ‘jox o3 wiogierd jo x23u9vd WOXF */ Y ¥OLa
/+ wrozjerd Jo 193usd 03 pTIOM WOXIF 5/ Y DOLx
‘awerdauaxIn) ' swelgdwoss XIULYN
/+ 8x93unop dooy 4/ fowrl 3saty jou ‘L’'T Juy v
/ (MUTT FO Xx XIYIUW ‘Aexxedy XIVIVKW)X TYALOV 13D vﬂow
L afnddediaia i addde ettt ettt dedindiedadadiedadid *
s 2
* *
/» *103083F9 pus 8yl jo gafbuy xoInd ,,X',X’'Z SYl pue 4/
/#Z'K'X 9ya Ten3aodex ur suaniax 3T (Aexxed ut) sSTOUY JUTOL URATD «/
/% X 396 03 SOTIBWSUTY pPILMIOd */
F e e e %/
/+ DTYDIODUL uoijouny jo pug «/ {
! (druewp)dox3z 3ew
{
{
1090'T = [6}[5)d <~ p ‘fowdZ = [6] [¥]d <- o0 ‘owdaz = [6] [€]d <- [
‘oumz = [8}[s]ld <- p ‘fowdaz = [8] [#]d <- 0 ‘owdz = (8] [e}d <- p
‘oudz = [L]1[s]d <- p foudEZ = (L) [v)d <- 0 ‘owagz = waﬁmum <- p
(L<W) 3T
90
+ £8 4 TS +
98 «
($0 » (VD % 22 + ¥5 4 TO) + S6 x (V5 x 22 - ¥O x ¢o)) = [9](s]d <- p
168 4 (PO x 2ZZ + 8 5 TO) - SO 4 (V8 » 22 - p0 » TO) = [§] [5]ld <- p
€D 4 28 = 22
!‘go
*» (€8 » ZTO » TS - €0 x TD) =~
98 x (S0
» (V8 x 22 - %0 4 KA) + G858 x (P2 & 2Z - $8 » KK-)) = [9][p]d <- p
68 & (P8 x 22 - ¥0 x AK) - 60 & (¥0 x 22 - %8 4 AK-) = [§)[#])d <- p
: lze 4 T8 = 22
{90
*x (€9 & TS - €8 & O % TO~) -
98 » (G0
» (VB x 2Z - ¥D & XX) + 68 » (P x 2Z - $8 5 ¥X-)) = [9](€]d <- P
.mm
% (P8 » 2Z - D 5 XX) - GD & (VD » 22 - P8 5 XX-) = [g][€]d <~ p
1268 x TID = 2Z
[ ] iy Yy




9¢d
/+8px00d wxozjeid ut wiozield 4/
30 xa2jusd woxg druew jo oseq Fo JuswadefdsTp X x/ LASAI0 X /%
/+ §pa0od wzojjeld UT x/
druew 3o 9se( WOIF X0ID9IFD pud Jo JuawsdeTdsTp L «/ 'WaY A /»
/+ &paoon waogietd ut «/
dyuew jo oseq woxy I03093F9 pus JO JUSWEOETdSTIP X £/ WY X /x
‘TMUTT ‘012 ‘oT® manswv
*
auty x04 wxe Teurbrao proy o3 sydqetaea Axexodwel i/ fueulfy XITUIVW
‘8019z YITM SmMOX uotjejuatao ped o3 pesn i/ LS umw /+ X TNOIOY 18D «/ *
(Kexxedy XIYLYW ‘qooefsy XIYLYW)4ODYL 1D PTOA £10) [Fl1d<-ME = [T][5]d<-YUTT_jo_X {
/n maoumﬂ“mAlzo = mﬂ“m¢“mA-x=ﬂﬁlu01x
‘{0 <-MD = g€]d<-Jutri_3jo_Xx
popnIour wiogjetd S6/¢€ «moWHM_QA-zm = Hﬁ__NHmA-xaﬁaluo:x
| pojeax) ¥6/21 xoMoey 10} [T)1d<-M¥ = [T] [T)d<-juTri_jo_x
EUOFAEDTITPON 1938( 1SI0YINY £10] [T1d<-m¥ = [T) [0}d<-yuTT 3O "X
}
uerqoder syl suanieay :sindano ! 0=
[#]T1-[0)1T pue Aexxed Tef3TUI :83ndut (++3 FEXT F0=7) 03

! - (spTnp sa88Q) BT
pue 1ep WIVIIV L0g0d 298) OTT3I ejlep B ojuf
* 309 sy3zbuse] JUTT §€ YOns sjuelsuod abuey) g
[$1717 - [0}7T1 se pafdqer ¥ pinoys sNUTT SYL "L
| ipToy but
-moTT03F oyl Butwnsse syl ystrdwoooe o°SIILO qooep
uf SuoT3louUNg UOTIVISISJUT Jo jurod ayjy je pa
-3ndwos 8q 3ISNW UBTJODEL S} 'SOUBPTOAY 9TDEISH0 I04

*g93euUTpIOOD 3seq AxeuoTiels
9yl utr jurodasqlusd S3T 3B I103093FF2 pud a8yl Jo
S9T3TOOTSA TeuoTjeTSURX] ueTsajIe) 9yl 03 WIAVIIV ALY
JO §9T3TOo0TOA juTol USA®Ss Byl swroFsueay YoTym
xtajew uerqooel oyl sajnduwod oTTF STUL _:uotridraosep
2 (020) 4R AC (3] fJweu

x/

/+ SI9Y30 TTe UTT O3 STTd ISPESH »/ WU TRx2USB, SpPNTOUTH

/% _ _
DTIBWSUTY pAeMIOg X TYOLOVY_LED
DTIBWOUTY DPALAIOI JO SATIRATISQ : 400%L 139
1 saanpsdoId

(0P WYVYIY 1090y ‘©°T) oSweu swes oyl
3o xojerndruey ay3z I03F X TYALOY LAD Pue HOOVL LAD 3O
suorsxas 9Tqriedwod urejucd jsnw 91T STUL :uotadiaosep

O WYHIY qooep :aweN wexboxd

*/
O HAYAIY dOOYL

{4+3WTY 38ITI_30U
! (sweaddwal) @913F_3ew
{ (BWRIJIUSIAND) 99XF Jew

¢ (g ‘ewexgduat) zTnW Jew =  MEF

L(UTT 30 X 'aWexdijusxind) zAduinexIxs
{(11al ‘swexidwel) ZTnuw jew = sweIdiusxand

{(0‘0’'0'0'z/1d4'0) 21396 = JLIAL
! (pa’swexgdwsr) ZTNU_Jew = M
! (eg‘owexgduwal) ZTnU_JeW = €MH
. ! (zd 'owexgdusy) ZTnw jew = wzmm
_ ¥ 3d
ayy go saud Butmeap ¥ syl 83es0T «/ { (13 ‘euwexgdweg)gTnw jew = TMI

{ (awexdjuaxind) 99xzy jJeu

. {1 (d0ay, ‘swergiusIxny) gnu jew = swexgdway,
£(0’ {€] SANITI<-30q0y ‘0’ [0] [9] d<-Aeaxed‘Id~'C/Id-)TLIeb = doal,
/+ Pwex3y G4 03 IITYS «/

_ /#
PAUTT JO PUS 93ED0T «/ ! (a’sweagiuaxan)) gTnw_Jew = Ma
! (owexydwsl) oox3 geuw ! (D301 oweagdwel) ZTnu Jew = dSwexJIusIand

! (awexq3usaInd) 9913 ew
{ (d9D1 ' PWeXJIUSBIAND) ZTNW Jew = swexgdwag,
{(0’'0'0’ [0] {s)d<-Aexxed+1d-'2/1d-'2/Id)2l3eb = odDIL

/+ dWxz 9 Jul 03 IFTYS /
£{0’ (2] SANIT<-30q0u ‘0’ [0] [p] d<-Aexxed’'0’0)zi39b = ddolL
/+ dwexy g jurol ol IFTUS «/

, _ /*
€ JUIl JO pus 93ed0] x/ (D 'awexgausIAn)) ZThW_Jew = MD
{ (owexgdus],) @ax3_aew ! (249l ‘swexgdwsl) zTnu_jew = SWeIJIUSIIND
! (Buexdauaxang) saxgy jew ! (Yl ’'swergiusiin)d) zinu jew = swexgdwal




/+ Jutof puooss 03 umnwu wox3 wiojsuery i/

LSd

\**«##*****t****#*****#**t*;*t***ﬁm MOUns%araxnsnnsnss
{0TSx (LASAI0 A+WAY X) -0TOx (LASAIO X+WIY X) =

fgap‘1 =

fogaz =

Y r I Iy

(L] [T] d<-qooep A
[9] {T]d<-qooep
{s) [T]d<-gooep

} (s < W 31

(o) A Y
/% utol 18373 03 oseq druew woxJ WIOISURIF 4/ ! 0dOL«
Y gXls
/» druew jo sseq 03 I2jusd WOAF WAOIJSURX] x/ ‘ XdLx
/+« wxozield Jo a93usd Jnoqe UOT3IEBIOT WIAOISURIAY 4/ L o % Y
/+ wrozlerd Jo a93usd 03 UTHTIO WOxF wrOsURAY 4/ L To ) A9
‘auergduaiy ‘SweIIIUSBIINDy XTAIYNW
— — 077 auy
fo=awTy 3ISATI Jou JuT dIJels )
(UTT 3O X+ XIUIVW ‘Aexzeds XIUIVW)X MTUALDY 1ED PTOA
/x
pspnioul wxojletd S6/¢
| pojeax) ¥6/21 a9yoey O
: SUOTIEDTITPON i93ed i sxoyany

(3{uTT 3O X) soedsg ut JUTT Ax94@ JO UOTATEOG :s3ndano
steqotbh Auew 2 ‘[¥]°TI- [0]'TT pue Aexaed Teratur :sandut

“TIT#4 2anjngy sy3 UT INg 'UOTIBWIOIUT STY3 JO TP
satnbax 994 j0u s9op YONI SOTqeTaRA TEQOIH 9yl TI®E
sny3 ‘zojerndiuew ayj jo uorjejussaidsx teorydexab
£37 2anBTIUO0D 03 97T 1YY £pesi osTe JIvIdzeeyd

cI03083I9
! pus 9yl jo saTbuy xamndg ,,X',X1'Z @yl pue Z'X’'x
9yl JUTT JO X uT suanjax AT (Aexaed ur) satbuy

JUTOL UIATD X 396 03 soTIewWSULY premiod Incoﬂuwﬂuumwv

X THALDY 13D sweu

+/

/+ OTYDEODYL UOTIOUNT JO DU «/ {
H ACQEHJ 9943 Jeun

} (9==n) 3T
/x ‘podotsasp
394 jou yae °‘souHZ Y3Tm ped pejsenbaa TOajzUOD UOCTIRLIUSTIAO II »/

v} [T} d<-qooep
€] [t]d<-qooep
2] [t]) d<-qooep
1) [T] d<-qooep
0] [t} d<-qgooep

rrxxxrxrrrrrin/

10104 [¥] [T] A<-uewr+0T84 [#] [0) d<-uewp
{0104 [£] [T] d<-uewp+0TSx [€] (0] d<-uewp
{0104 [2] [1] d<-uewp+0184 [2] [0] d<-uewp
{0104 {1] [T} d<-wewp+0T8« [T] (0] d<-ueup
{01« [0) [T} d<-uewp+0T8« [0] (0] d<-uewp

wsnnen

Jrsrvrsnrensnnrsrnrnrnnrxnsnsl MOU MONysxssrrrrrrrrrss A
10TOx (LESII0 A+HWNY X) ~0TS« (IASAIO X+WHY X)- = [L] [0}d<-qodep
‘ogaz = (9] [0)d<-qonep
fo90'1T = [§] [0]d<-qodep

} (5 < W 3T

¥] [0) d<-qopep
€] [0] d<~-qooep
0] d<-qooep

{otex [p] [T] d<-urup-0TO« [¥) [0) d<-urup
‘otsx[€] [T] d<-uewp-01ox [£] [0] d<-uewp
{0184 [2] [T] d<-uewp-0T24 {2) [0] d<-uewp
fotss 1] (1] d<-uewp-010x [T] [0] d<-ueUL 1] [0] d<-qooep
10184 {0] [T] d<-ueuwp-0Tox [0] (0] d<-uewp 0} [0] d<-qopep
[exvvrrvrrvrveververrvrvxT MOY NUIHOOUL BmZ;**3;;********#*#******\

e
™~
—

£(10] [v)d<-Aexaep)soo » [¥]71-= [¥] [T]d<-uewp

‘o0 = [g] [T)d<~-urup

o = {2} [T)d<-ugmp

fo = [T] [T]d<-uewp

{0 = [0] [T)d<-uewp

[ RN AR RPN RRRERRT

MOY NUYIGODVL TUNIOTUOF ¥y ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ xR ¥ XX RAF¥1%%]

£ ([0] [¥)d<-Aexxed)urs « [v]TI-= [¥] [0]d<-uewp

: f0 = {g] [0]d<-uewp

f(10) [T}d<-Aexxed + [0] [0]d<-Aexxed)uts = (2] [o] d<-uewp

{{[o] [t)d<-Kexxed + [0] [0]d<-AexxeQd)soo s THUTT= {T] [0]d<-uewp
£({0] [T1d<-Kexxed + [0] [0]d<-Aexxed)E0D + THUTT

+ ([0] [0]d<-Kexaed)soox (0)TT = [0] [0] A<-uewp
[ovnnrssvrrrrsnrrrerrraxrnsnl
MOY NUYIGOOVL TUNIDIUO++#r¥vrvsrrrsrrrsxexrrnnrnx/

‘({o] [¥]d<-Kexxed)urs & [¥]TI-= WY X

“A»ougvu <-Aexaed)s004 [] TT+ (€111
+ ([0} [T)d<-Aexxed+ [0] [0) d<-AeXIED) UTS4 THUTT _
- + ([0} ([0}d<-Aeaxed) utss[0]TT = WHY_X
{ (JAO_ONV * L¥'1d<-30q0Y) 0D, JJO_1T° IWId<-30qod = LASII0_X
{ (440 ONV " IVTd<-20qON) UTS+J40 7' IV¥1d<-30qoy~- = IASAIO X

‘ogaz = [L] [z] d<-qooep {
‘oaz = [9] [z] d<-qooep
‘ogaz = ([s) [2] d<-qooer
} (s < W 3%
‘g = [v) [g)d<-qooep
‘o = [g£) [g]d<-qopep
! ([0} [T)d<-Aexxed + [0] [0])d<-Aexaed)sod = [z] [z]d<-qooep
f(fo] {1)d<-Kexxed + [0} [0]d<-Kexaed)utrs » THUTI- = [T] {Z]d<-qooep
f(lo) [t1d<-Aexxed + [o0] [0]d<-Aexxed)urs « TINUTT
- ([0] [0]d<-Aexxed)uts » [0]T1I- = [0] [g]d<-qoder

([0} [g)d<-Aexxe]) + [T]TT = THUTT

/+ uetqooel
Teutbtao Jo 7 pue T smox Jo sjudwod 4/ (g ‘Z)201[EW jew =uewp
(10} [L)1d<-Reaxed)sod = 010! ([0} [L)d<-Aexied)uts = 01§

/+8px002 wiozieid ut wxogzerd a/

/%

30 x93uen woxg druew jo aseq Jo juswaderdsTp A »/ {IESAH0 X




2 « » * ¢ -
8sd
| _ /%
T JUTT JO PuUa 83ed0L x/ ! (¢ 'awexgdual) zTnw_jew = MY
| ! (owexgiudaan))9axg jew ! (0dol'swerdiusiind) zinu jew = swexgdwal,
| f(0‘0’'0’[0) [0)d<-Aexxed+g/1d 0 0)TLA9b = 0doL
/+ swexz T jutol 03 3ITYS «/
/*SQ¥00D” ATHOM LED ANFx/{ /
—_ ¥
I druew Jo sseq 9yl 23ed0Tx/! (¥ dSwerdjusiind)zinu_jew = Md
‘o) [¥)d<-m3 = (1] {S]d<-juTry_jo_x ! (owexgdwag,)@exy Jel ! (4] ‘cwexddwal) zTnu jew = SWRIJIULIAND
‘1o) [r]d<-ma = [T] [#]d<-3uTf_jFo_ X { (430 Z'INTd<-3oqo¥‘0‘0‘0‘0’0)2LIeb = gXL
{10] [F)d<-MD = [T] [€}d<-uTl_3JO_X _
£[0] {¥]d<-Mg = [T] [2]d<-jurIl_JO_X _ (X ‘owexgdusg) gToW_jew = MX
o) [r]1d<-Mmy = [1] [T]d<-jqUTT_jo_% ! (AWRIIIUDIAND) 99XF JBW ! (XYL 'SWeIIjusxan)d)zTnu jew = _  awexgdwsj,
‘(o] {T1d<-Myu = [T] [0o]d<-3uTl 3O X v (0’ (440 DNV’ LY¥'Id<-30qOY) 8004440 T°IVId<-30oqoy
(++1 fe€>T {p=T) 203 ‘(330 DNV IYTId <~ 230G08)UTS x40 71" IN¥I1d<-30q0u-‘0‘00) 21306 = XdaL

= _ /+ druew o sseq 3o ITp 03 asjuan wxozierd noqe 30% x/
{440WTY ISIATI_J0U

«Avauaasuavmm»ulumE Avm~mEmN&uﬂwuuaovNH:EHumEuvZQ

! (|uwexgjusdxan)d) saxi ew { (£d ‘swexg3uaIan)) gTnu_Jjew=emMd
N ! (zd 'swexgiuaiInd) ZTNW_Jew=ZMd
{(d ‘sweagauaxand) zThw jew = M3 ! (14 'swexgiuazan)) gTnw Jew=TMd
o /» wrozaerd sya Jo sIBUAOD ANOF Y3 93BDOT «/
I{UTT Jo x ‘euwexgdudl) ziaduyioeryxy _
{(LILAL suexdjusxan)) zInw jew = swexgdwag, (DL D0L) ZTNW Jew = duwelJIudIIND
i {(0‘0'0'0°2/1d'0) 28396 = L1aL {{0'0‘0'0'0'g/1a+ (0] [L}d<-AexxeDd)zL3sb = UDL
_ /x33u2 374 _anodqe sjejox i/
{(PHoWRIJIUDSIIND) ZTNW_Jew = pMA 1(0’[0] [9)d<-Kexaed’ [0] [s]d<-Aexaed'0’0'0) 21396 = 201
! (ed ‘swezgausxan)) zTnu_jew = M3 /+ I3UD 3Td A'X T 3ITYS &/
! (z® 'oweIIIUBIIND) ZTNW_Jew = ZMH
! {1" 'swexqijuaxan)) zTnw jew = TME — {
/* 0308339 pus a3 Jo sjutod HBuTmeIp aANOF SY3 93eO0T 4/ ! (Md)@9IF_Jew
_ - ! (MQ)®913_aew
! (owexgdws,L) 991F Jew ! (doay ‘owergdwal) ZInwW jew = SWEXIIUBIIND ! (MD)e9a3_3ew
Y0’ [¥] SANT'I<-30q0¥‘'0°0'1Id~-‘2/1Id~) L3966 = doal ! (mg)@913_jew
/x SWeI3 HE 03 3ITUS x/ ! (M) @2x3_qeu
— ! (My)o3x3_j3ewm
! (swexgiuaxan)d)esaz ew { (MX)90x3 Jewm
{ (DdDL dwexgjausaan)) ZInw jew = owexadway _ - }
(0’ [E]SANTI<-FOqOU’0’'2/Id- [0] [P]d<-Aeaaed’z/1d-'z/Id)2Ll3Ieb =" DdDI (ewT3 38aT3 30U}, IT
/» Swexz § 3utrol o3 ITUS «/
- fo-1=[0] [€)1d<-X ‘0°'0=[0] [2]d<-X
_ ! (@‘swexdzuaaan)) znu_jew = Ma /x 8TXE K
! (swexgdwol) 9033 jeu ! (gdgl ‘owezgdwog) ZTNW jew = SWRIJIUSIIND TePOT UC umap 3Ieszjo aseq druew x/ {0°T=[0) [€]1d<-¥ f0°0=[0] [2]d<-¥
f(0’[0) [g]d<-Aexxed’o’ [0] [£)d<-AvIIe]'(0’0) 21306 = :GEAR

/+ SWelIF % 3JUTOL O3 IITUS +/ fo'1=[0] [€)d<-E ! [¥)SANIT<-30qOY=[0] [0]d<-H
to-t=[0] [€]d<-g ! [€]SANIT<-r0q0¥=[0] [T]d<-q

/% ¥ YUTT JO pus 83ed0T »/ (D 'oweagdwar) zTnw Jeu = MD fo-g={0) [€]d<-D ! [0} [2)d<-KexxeD=[0] [T]d<-D
{ (BWEIIIUBIAIND) 222F JBW ! (YEL'SWeXJiusian)) zInu jew = swexgdwe], fo'1=f{o) {e}d<-g ! [1}sSuNITI<-30qO¥={0] [T)}d<-%
to°1=[0] [€]d<-¥w ! [0]SMNIT<-3joqou=[0] [T]d<-¥
£(0' [0} [z]d<-Araxed+ [T] SANIT<-30qOY‘0‘0‘0'0) 2LIeb = valL /+ 85%Xe A TeooT uo umelip axe y-I SYUT] *m
/+ suexy ¢ qutol o3 3IITYS «/ !z2/1d - ([0] [0)d<-Aexxed+ (0] [T]d<-Aexaed) = [o0] [¢]d<-Aeixe
_ /* T UTT /+ 20UdI9JOX EH TRUOTIUSAUOD O3 WIOISURIYF £/ ! LIdL+
3O pud 23BDOT &/ _ { (g'2wexdlusxan)d) Z[nu_jew = Me /» 3utol yjuoass 03 YIXTE WOAF wiojsuerl s/ f@oaLe
! (owexgdway)saxgy jew ! (doYL ‘swexgdwal) ZzTnw jJew = SWRIIJUSIAND /x 3utol YIXTs 03 UIITI WOAJ WIOFSUBRIY +/ ! DdDL«
(0’ [0]SANTT<-30q08 ‘0’ [0] [T} d<-Kexxed-‘1a’0)TLi®b = dovy /# 3utol U3JTI 03 YIANOJ WoIy wxojsuedl x/ ' JEdL#
/» 2wexy g jul 03 AITUS «/ /» JuTtol yianogz 03 pATYY WOxI wIioFsueay x/ ! ddadlx
/% 3utol paTy3 03 PUODSS WOXT WIOISURAY 4/ ' ydlL«




65d

O SHINMEH qooep
yied pue SwWeusTTd i

P Ly Lt LT T T T T T LTy Y Ty w ey e e
» *
* "OTTF STY] JO SUOTSISA QHQHuMQ »
¥ -WOD B3EBID 03 MOY U0 Tehuew 5,195 8Y3 98§ .>Hw>ﬂaommmmh M
» mmhﬂﬁ&WOHQ OTIJRWSUTY paemiod pue ‘ueTqooer) X TNALOY 139D «
» PU®B dODVYL 1D JO SUOTSISBA OHQﬂUGQEOU utejuod jsnu 2aTt3 STUL  «»
* ! ¥
» *

Ixansnrsrnsnprssvniny OTTA OTICWAUTY ANI srwvssrsrrvsrrrnssrrrersssxn/

0°0 _ 9" _ € _
398330 ONY ‘998330 1 ‘388330 2 |
~C _€ |
YOTUL 3IeTd 'YIPTM 3eTd 'yzbuay 3eid i

X
dwIogietd e ssp

\k**t*¥#*********#******##*****#*###**********##*¥¥¥¥¥¥¥¥¥¥¥¥¥¥*¥

* *
* *Azessenau aae UTT 38ITI dY3 jo soaxabop ur ‘oTbue 385330 4
* a3 pue ~Euoﬁmam JO I93U8D woxl wxe Jo yijbusl ur 3I9EIJO &
x ‘wrogjeld woxy wIe JOo Z UT 3883JJ0 'SSauddIYL ‘YIPTM ‘yabusy 4
* ‘jou 10 wrojyjerd 8y3 96N 03 I9YISYM SWTI-Te8I SUTWIASISP &
s UED I3SN 8yl 3Byl OF UTeyd 2fjewsutry ay3 uo sorbue j3sey ayl &
» se wxogjerd ayjy aaey 03 3I89q ST 3I ‘POSN 9 JOU TITM IO «
+ 30U §90P 3T JT N, ‘wiogjerd e sey xojerndruew ayj IT X, «
¥ »*
srnnnnrrrarrnnnnrornnrsrsiys WNIOIIVTd sxvvrnrrnsvrrsrvrprrrnvrnrry/
[ 0°T N 00€-~ 00¢

0 0°T N 09¢€- 09¢

0 0°T N 00¢g- 00t

0 0°'T N 09¢- 09¢

06 0°T N 09¢€- . - 09€

[s] 0T N 09¢€- 09¢

0 0°T N 09€- 03¢

0 0T N 09€~ 09¢€

081 0°'T N 09¢€- 09¢€

0 0T N 09¢- 09¢

swoy  3JybToM ‘oTyRews Tad fTWTT UTW TUTT Xey i

0T
sa1buy JOo JaqunN i

Y YT T L Y F R R R R P PP P g g e Y Y L T

*
‘a1bue x0 utof ayjy

*
¥ *
* JO UOTIEBNOT TETITUT 9yl ST awoy ‘ArTeutrd - (ybreom Tewxou «
¥ 9Y3 ST auo) suo 03 [enbs I0 uryl §59T pue OIS9Z URY] I93v3IB «
¥ onyea ® €T qubraM "3q TTTM Jutol ayj sATloe Moy 87 JUBTOM  «
* ‘o13ewstad T sueaw , X, STTyYm ofrewstad jou suesw N, «
* cTeuoIjelox X0 (DTJRUSTIJ) Teuorjersuex) axe Asyl Joylaym
% ' (8991bSp uT) S3ITWIT 9aT30adsex 9Tyl pue soThuy JO AsqunN
» »*
KRR RRFERI R RN RN i x kR nxnnn BOTOUT muwwmmnnsmmvrnnnvarsrrprnrnnrsn/
620°0
EVE" O
805°0
S€9°0
96€°0

syabuet UIT |

S
S3UTT FO ISqUNN i
J AR AT RRR LR AR LR R R IRE R R LI RN PR R RN IR RN R RERERE RN RRRE N ALK RA
* *
* *10309339 pue 03 ISeq WOIJ IJPAO UT puL SASIBW UT 3G &
» 3snuw syabusy sYlIBbUIT 9AFIOAdE0T ASTYI pue SHUTT JO AIqUNN «
» »*
wxxnrrrxrerrvrnernrnrrrnrryr SNUTT sxvsvrrvrrrrsnrrrrrvrsvyrvrssss/

IVd  SHIWYEH LOod0d
I¥a* 10804




09a

NoTYL 3eTd ‘yIpTM 3TTd ‘yybusT Jelq |

A
(wiogieTd © °8n |

\##*#¥¥¥¥¥¥¥#¥¥¥¥¥¥¢¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥#*#######*#i*#**##*
* ¥
¥ *Axesgoosu axe JUIT ISITI 8ya 3o ssaabep ur ‘sybue 398330 «
* sy3 pue ‘mxozjetd FO XS3ued WOAF wie JO YIbueT ur j3esIo
x ‘'wrozield woxgy wIe JO Z UT 3983F0 ‘SSouNOTUL ‘UYIPTM ‘Yyibus
¥ *qou x0 wxozjeTd 9yl ISN 03 AVYISUM SWTI-TLIT SUTWIDILP
¥ UeD I8SN 8yl jeyl OF UTeYD OTJLWsSuTy ayj uo safbue 3sef 8Y3
* se wiogjeid oyl aaey 03 383¢ ST I °'pPosN 3 30U TTTM IO &
* jou §30p 3T 3T N, ‘wuxogaeid e sey zojeyndtuew oyl IT XK., =
* »
* *

RAnRappRrxxrnsxrrnyirrrnry WIOHIUTI srxrarxnsnrrssrrssnnsrensxrny/

0000C- 00002
06¢- 0S¢
08¢~ 0ST

06- 06
Q9g- o9t
0- ve
0T+ 09T
3 2 34

o
OCOOCOCOOT

HF*HFL*P“ﬁﬁ
BE AR R

SWOH
‘qubTem ‘DTaeWSTAG ‘3TWTT UTW fITWTT XeW i

8
soTbuy o IdqUNN i

\**##**1&***%***##****i*t*t**#***#t***«i**#****t**********#******
¥ ¥
‘arbue xo jurof 8yl «

JO UOTIEDOT TeTATUT 8yl sT awoy ‘ArTeutrd ° (Iybtem Tewiou .
ay3 st auo) auo 03 Tenbs I0 ueyl S58T pue o019z ueyy xsjeaab 4
anfea & ST auybBtrem ‘99 TTTM jutol ayj aatioe moy sT JybTaM  «
‘pT3ewstad g1 suesuw ,x, oTTIUm otiewstad jou suesw N, »
*TeUOTIR3OX X0 (DTIBWSTAJ) TeUOTIE[SsURI] 81e A9yl JISUIIYM &

‘ (§eaxbep UT) SITWIT PAT30odsoX I9TY) pue SOBUY FO ZPqUNN &
*
.c.

* k ¥k x X X k k &

EARREREREERINA R AR e nrnrnnry SOTDUY wxnxmurrrmrrsrvvmpnrmnsrnnsrs/

-

o WNWNIV qooer 8%02°0
yied pue SWEUSTTH i wmww.w

9TLE" T
9609°0
syabueT YUIT |

S
i

\i**#**i#iii**&#*#*ii*i**i*##*it******iii**ii#ii*i#iii&***i**i***
* *
» *9TTF STY3 JO Suorsaaa orqraed «
» -WOD ©302ID O3 MOY UO Tenuew g,Iss) 8Yy3 293 ‘ATesrirosdssa
¥ saanpepoxd STIBWSUTY pIremxod pue ‘UBTqoRerL) X IYNIOY 13D  «
s+ Pu®R gODVUL 13D JO suorsisa sTqriedwon uUTR]UOD JISNW STIF STUL «+ SJUTT FO ASqUNN
M * \*****#**«&*&****&***#**i#&#&**#*#*#*********#**t*******#t**k**#*

* *

* * ¥ *I0309339 pus 03 9se( WOIJ IOPAO UT PUE BIIJBW UT 9 «

0°0 T 0 + 3snu syjbusy syjzbueT dATIOSAEDA ADTYJ pue SJUIT JO XSqUNN 4

298330 DNY ‘388330 1 ‘398330 2 i * *

AARRFEFLRRRRRARR R pprnpnny SHUTT **#********#******t#**«*MW*&#*\

[4 € b LYd - WIYAIY L0o90yd

[axnnvrnnnsrsnrrrans 9TTd DTICWOUTY ANT wunmsr st nsrsssrnpnsbnnmnnnn/




19d

LIt d <- = Tdwe
/+ ©oTBue Burpesy 1o mek ./ txl [r] “owmn M 3mm uexl z'A’x pue jox z‘A’'x  :sandut
TIVWS > ((090°Z / 1d) - uyoa1d)sqe3) uv *(pXp 9ae TTR) XTIjeul UoTjeIsuel] suo
/» oTBue opnitaze o yo3zrd 5/ ! (Tdwol ‘zdwe3a) zueae = SUuHM pue gsoTxjew uorjejox djexedss deayl zo uotrjeorrdy
110) {2]d <- L- =zdwea ~-31nw Y3 woxJ Swoo suotjenbs SUTMOTTIOZ 92Ul ‘UOTI
£(I0] [T14d <~ Lx{0) [T])d <- T + [0)(0)d <- I ~ [0O] [0 <- I)3xbs=tdwej -eTSURT) STXE Z ‘UCTIRISURR] STXE ‘uorajeTsueal
10 = TT0x ‘0 = yoard ‘0 = Mek gIXe X ‘uofjelox sTXe X ‘uorjzejox stxe A ‘uorjejol
rgdwey ‘zdwey ‘Tdwe3 efqnop STXe z :A9PIO SU} UT POISIUS saojLoweded ' SUOTY
o } -gTgURI)} 921Y) pue SUOCTIR3IOT xeThbue 99IY3 USATH
(UTT 30 X XTUIVH ‘I »  XIWIVW) ZAJNIORIIXE PIOA ¥ X103 XTA3ew UOTILWIOFEURIY DILTNOTRD iuotadraosap
zZ1396 raueu
\a. _  _ *\
NUTT 3O X mau pajexodioot 56/¢ I9yoey O —
pejuswaTdwy ey umoyuUN { !(Aexaed ‘gooepr) gORYL 1dD }
: SUOTICOTITPON is3ed s gxoyany (Aexxedx XIAIVH ‘qO0eLs XIVIVH) QIYALIV NVYILODYL LdD PTOA
gaThue zeTng suiniay :s3andano { !(Aexzed ‘qooep) dOOYL 13D
XTijew uoTjewroysuexy pue uotjrsod :sandur {(FISANTT<-3090d = [TITT (++T {IN<-30QOY>T 0=T) 107
‘T qut
(686T "PpP° puz)wyitxobie &,6tead ‘£ HLursn XTajeuw — }
UOT3e30x Teuoboylzxo wolj serbue meA pue ‘yo3td (Aexxeds XIYIWW ‘qodepfs XIWIVW) NYIHOOUL LED PTOA
‘1102 §30RI13IX® -9s0dInNd *I03093F3J° PUS O3 aseq WOoXF
XTI3ew wiojsueil snouabowoy syl 308IJd UT ST YD TUM /*
XTIJRU D WO S9TBUY IaTNF 3IDBIIX2 03 MON :uoTjdiaossp PoIeIIY ¥6/01 asyoey o
_ ZAd¥30eIIXE : sweu : BUOTIEDTITPON t93eq s gaoyany
*/ uetqoder syl suanizasy :sandyno
{(v171- (0171 pue Aexxed Teratur :s3ndut
/v 21396 &/ | _ (8pTho saesq ayl
(1) uingax pue 3ep WAYIIVY LOdOY 998) STTJ ejep ¥ _0jut
*+309 syabuaT NUTT Se Yons sjuelzsuod abueyd ¢
‘1 ={g] (g1d<-1 [¥]171 - (0]711 §€ PIT3QRT 9q PINOYS SJUTT SUL T
fz3 =[] [z]d<-] :PToy but
1Ay =(¢] (T]d<-I -moTTO3 9y3 Surunsse sTYly ysyrdwodde o°gIILO qooep
) £x3 ={¢] [0]d<-T ur suoilIoUng  ‘uoTIPesAL]UT Jo jutod 8yl e po
, 10 0=(zg) [(£)d<-1L 10°0=[1) [€]d<-1 fo°0 ={o] [¢]d<-1 -andwon aq 3snw uetqooer, Yl ‘IVUEPTOAY 2TORISYO X04
!Boxqo=[z] [z]d<-1 {Bsxqo=[1) (2] d<-1 ‘ge- =[0] [g]d<-1,
{Pesed-Boyqssee=[z] [T} d<-L ‘XTXJRW (QTXE) IO ‘(LXE) © I0 ‘(QTX9) IO ‘(LX9) e ST
!Bbosed+beyqsses= (1) (T}d<-3 Iqoses ={o] {1]d<-1 uetqooe{ oyl UsYJ_‘€ IO 9 == HOV4S N T _:uoTadraosep
{Bsyra+bBosqseo=[2] {0]d<-1 QANILTY NYIHODY, 13D/ NYIHOOYL 1D  :sweu
!{Boyes-besqssed=[T] [0}d<- {qosed ={0] [0]d<-] x/
/» S3URISUO) DTIABUID 4/ WY Teasusb, spniout#
{(ox)son = B0 ! (dX)soD = g0 ! (YZ)FOD = ed /*
{(oX)uts = Bs ! (dA)UTS = s ! (YZ)UTS = es : Nwmmuvmmn-xm
§ - ¢I_3®
{(p'p)00TTEW FRW=] : QAYILTY NYIFOUL LAD
: NYI"ODYL 1AD
‘Lx XIUIYW : §aaInpanoxg
6o 'qo 'eo ‘Bs ‘qs ‘es ITAnoO
w ‘gaTbuy xeoTng
(23 a1qnop ‘A3 aTqnop ‘x3 arqnop JO uoTIDRIIXS |YJ pue S8XTIjeuwl UOTjeWIOFSURI]F {YI
‘Hx aTqnop'dx aTqnop ‘vz aTqnop) zli9bs XTUIVKW 03 Spod se TToM ge gODVL LED X0F I9ATId  uotadianssp
/* -
peoajeaxd m.w\m. usoyun P'STILN dodep toweN weaboxgd
SUOTACDTITPOW r93ed tsaoyany /
£
XTI3eW uoTIewIOISURLL SY} suanisy :sandano ) ©°$1TILN =ODYL




/% ZTAAYILRAIXT 4/ {

{17101 = [g] [IN<-30q0u]d <- UTI_JO_X (§ < STOO<-YUTT_3JO_X) 3T
fyoatd = [p] (IN<-30q0¥]d <- NUTI_JO_ X (y < STOO<-XUTT_JO_X) 3T
‘mehk = [g] [IN<-30qo¥]d <- UTT JO X (£ < STOO<-YUTT JO X) JIT
/» a1bue ueq a0 TTOX «/ ! (Tdweoy ‘zdwej)zuejze = T1oa {
fgdwey / fz) fz}d <- 5 = 1AWy
fgdway / [T] (2]d <- 1 = zdwe)y
/+» @1bue Burpesy 10 mel x/ ! (tdwey ‘gdws3l)gueje = meA
fgdwsy / o] [0]d <- 1 = tdwel
fgdwey / [0] [T]d <- 4 = zdwsj
f{yogtd)ysoop = gdusy
mmﬁw
/* ofbue jueq 1o TTox x/ ! (1dwey ‘zdwej)gueje- = TTOX
‘1] [0)d <- I = zdwejy
01} [11d <- 1 = Tdwey
/» @Tbue Burpesy 10 med x/ ‘ogaz = mek )
(ITYWS > ((020°Z / Id) + yoatd)sqe3z) 3IT wmaw
/* aTbue sueq x0 TTOX »/ ! (Tdwoy ‘gdwaj) zueje = TTOX

f{1] [0]d <- 1 = zdwel




O 0NN B W=

10
11-15
16
17
18
19
20

46-50.
51-55.
56.

57.
58.
59.

60-61.

ORNL/TM-13096

INTERNAL DISTRIBUTION
. G. A. Armstrong 21. C.E. Oliver
. J.E. Baker 22. H. S. Payne
. E. C. Bradley 23-27. F. G. Pin
. B.L. Burks 28. A. H. Primm
. J. B. Chesser 29. B. S. Richardson
. J. V. Draper 30-34. S.L. Schrock
. V. B. Graves 35. K. U. Vandergriff
. D. C. Haley 36. V.K. Varma
. W. R. Hamel 37. B.S. Weil
> J. H. Hannah 38. H.R. Yook
. J.N. Herndon 39-40. Laboratory Records
. J. F. Jansen 41. Laboratory Records ORNL-RC
. S. M. Killough 42. RPSD Publications Office
. R. L. Kress 43. ORNL Patent Section
. C. T. Kring 44. Central Research Library
. M. W. Noakes 45. Document Reference Section

EXTERNAL DISTRIBUTION

Gregory A. Fries, 1205 N. Belgrade Rd., Silver Spring, MD 20902
Charles J. Hacker, 5973 Poplar Pike Extended #5, Memphis, TN 38119
S. R. Martin, Jr., Acting Program Manager, Fusion and Nuclear Technology

Branch, Energy Programs Division, Department of Energy, X-10 Site, P.O. Box
2008, Oak Ridge, TN 37831-6269

Kristi Morgansen, 25 Parker St., Arlington, MA 02174
Faithlyn Tulloch, Escondido Village, Apt. 89C, Stanford, CA 94305

Office of Assistant Manager for Energy Research and Development, Oak Ridge
Operations Office, Department of Energy, P.O. Box 2008, Oak Ridge,
TN 37831-6269

Office of Scientific and Technical Information, P.O. Box 62, Oak Ridge,
TN 37831




