APPENDIX A

LIE BRACKET PROPERTIES

This appendix contains proofs to verify that a Lie bracket is a vector field and
partially constructs the geometric interpretation of a Lie bracket presented in Sec-

tion 3.2.

A.1 Derivation of the Lie Bracket

A Lie bracket is a vector field if it is linear over the reals and satisfies the
derivation property.
A.1.1 Linearity over the Reals

Given X, : C)° = R, f, g € C}° and «, § € R the Lie bracket is linear if

(X, Yy (af + Bg) = olX, YI,(f) + BIX, Y],(9).

(X, Y]y (af +89) = Xp (Y (af +59)) =Y, (X (af + Bg))
= Xp (aY(f) +6Y(9)) = Y, (aX(f) + 5X(g))
= aX, (Y(f)) = a¥, (X(f)) + 5X, (Y(9)) — 8Y, (X(9))
= a[X, (Y(f)) =Y, (X)) + 81X, (Y(9) = Y, (X(9))]

= ofX, Y],(f) +B[X, Y],(9). |
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A.1.2 Derivation Property

(X, Y](fg) = X, (Y(f9) =Y, (X(f9))
= X, (Y(Ng+fY(9) = Yo (X(f)g + [X(9))
= X, (Y(f)g) + X, (fY(9)) = Y, (X(f)g) = Y5 (fX(9))
= X, (Y(f) 9 + V() Xp(9) + Xp(£)Y5(9) + X, (Y(9)) fo

=Y, (X() 90 = Xp(F)Yp(9) = Yo () X(9) = Yo (X(9)) fy

+Xp(N)Yp(9) = Xp(F)Yn(9) + X5 (9)Y,(f) — Xp(9)Yp(f)

= [XJ Y]pfgp+[X7 Y]pgfp .
A.1.3 Geometric Interpretation

Based on the nomenclature shown in Figure 3.1 it is desired to estimate a solution
to ¢ = agi(q) + bga(q). The solution is estimated at small time €, i.e., the state of
the system is given at ¢ = € using a Taylor series expansion about time 0 with a = 1,

b =0 and ¢(0) = g,. The initial expansion is

o) = ql0) +d(0)(e —0) + Z(0)(e ~ 0 + O()

1,.
= ¢ +€g1(q)+ 562(](0) + O(e%).

Since

i(0) = 0(0) = on(q,) = L) D)),

the state at time € is approximately

1 5091(qo
G = q(€) = ¢o + €g1(qo) + 562%(1)91(%) +0O(e).
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Next, the solution is expanded about ¢ = € for the solution at 2e. This expansion

18

q(2¢) = q(e) +4(e)(2e —€) + %ij(e)(Ze — )2+ 0()
1,0

= g +ega(qe) + 5628_(]92((]6)92((]6) +O(e%).
Substituting for ¢. gives
1 ,091(q
029 = aut eon(an) + 57880, (0) + emlan + eon(a)
+ 2 g amla) + O
5 3q92 40)92\4o .

The last two terms reduce since the approximation is second order, and any substi-
tutions beyond €? in the €gs term and beyond e in the last term yield a third-order
term in e. Hence, up to second order, ¢2(q.) =~ ¢, + €91(¢,) and ¢2(qc) ~ g2(g,) with
the remaining terms going to O(€?).

At this point it is necessary to additionally expand g¢5(g.) about g, giving
0
92(qe) ~ 92(q0) + a_q(h(QO)(QG — Qo)

0
~ g2(q0) + a—qu(qo)(qO + €91(90) — o)

)
~ 92(qo) + ea—qu(qo)gl (9o)-

The state at time 2¢ is estimated as

o= 000 = 10+ € 0) + ) + 5 (o )

b 2 (a)en(on) + 2ara)n(00)) + O

It remains to expand this solution for an approximation at 3¢ and then that

solution to obtain the final estimate at 4e.
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A.2 Lie Bracket Properties

The two most important properties of Lie brackets in regards to this work are
skew symmetry and the Jacobi identity because vector fields that are dependent
through skew symmetry or the Jacobi identity must be eliminated from the Phillip
Hall basis. The Phillip Hall basis construction presented in Section 3.2 does this
“automatically”. Skew symmetry is easy to show using local coordinates; however,
the Jacobi identity is more amenable to a global proof. Only a proof of skew
symmetry is given. The proof is constructive.

skew symmetry: [f, g] = —[g, f]

From the definition of a Lie bracket

0 0

_(of g
—‘(% ‘%f)
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APPENDIX B

THE UNABRIDGED KINEMATIC CAR

This appendix provides additional information associated with the car parking

example presented in Section 4.1.1.

B.1 Annihilating Constraint Equations

For each case, it is necessary to check w - f Z 0. For the first case,

cos 6
wy - f = [sin(@ + ¢) —cos(0 + ¢) —lcose 0] sin ¢
tan ¢/l
0
. . y B . ) [ cos ¢sin ¢
= (sin# cos ¢ + cosfsin @) cos§ — (cos b cos ¢ — sin @ sin @) sin  — “eosol
0

= cos® fsin ¢ + sin? O sin ¢ — sin ¢
= (cos? @ + sin? #) sin ¢ — sin ¢
= 0.

For the second case,

cos
sin ¢
tan ¢/1
0

wy - f = (sinf —cosf 00)

= sinf cos§ — cos @ sin O

= 0.
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For the third case,

wy - g = [sin(6 + ¢) — cos(0 + ¢) —lcos¢p 0

_ o O O

Finally,

wy - f = (sind —cosf 00)

_ o O O

B.2 Rank of the Distribution

Checking the dependency of the vector fields shows

cosf sinf tan¢/l 0 cosf sinf tan¢/l 0

0 0 0 1 0 0 0 1
—1 R5:—2tan¢ IR3+R5 —1
0 0 lcos2 ¢ 0 0 0 m 0
—siné 0 —sinf 0
Teo?g Tcorg O 0 Teo?g Teorg 0 0
0 0 2520 0 0 0 0

Therefore, g5 = f(g3) and either one can be eliminated.

173



APPENDIX C

ROBOT CODE

This Appendix contains the C-code used to perform the robot motion and ma-

nipulation tasks based on the logic presented in Chapter 5. A description of the

eleven programs is given below.

main.c — This is the main program to perform robot functions. The options are
move a robot in a circle trajectory, move a robot point-to-point, and perform
manipulation. It queries the user for appropriate information based on each
selection, and calls the necessary functions to perform the desired task.

move_options.c — This program is called from main.c, and contains functions
to generate a set of desired trajectories based on the user option for the robot
tasks. The configuration list is stored in a file for use in determining the
inverse kinematics.

move_pt2pt.c — This program is called from move_options to generate the
desired trajectory to move a robot from point to point.

move_circle.c — This program is called from move_options to generate the
desired trajectory to move a robot in a circle.

inverse_kinematics.c — This program reads a file containing desired robot con-
figurations and determines the joint angles required to achieve them. It writes
two files, final_angles.dat which contains the set of calculated joint angles,
and prcounts.dat which contains a set of relative encoder counts to achieve
the calculated angles. If a manipulation is being performed, it writes four such
files, one for each robot. The latter is used by move_robot to write position
commands to the boards. It also returns a pointer to the last set of calculated
joint angles.

matrix.c — This program contains several functions to perform vector and
matrix operations mostly needed to determine the inverse kinematics.

move_robot.c — This program reads the datafiles containing encoder counts,
parses them for each robot and sends the commands to the appropriate motion
control boards.
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acquire_object.c — This program is called by main.c to acquire an object.
It generates an identical, initial point-to-point movement for each robot and
then uses information from the forces sensors to determine the next position
movement for each robot.

talk2matlab.c — This program stores information in matlab_info.dat for use
with Matlab® to determine the joint trajectories for closed loop, reconfigurable
manipulation.

slip.c — This program is called from talk2matlab.c to check the slip condition
after a finger reconfiguration.

fuzzy _ctlr.c — This program is called from slip.c and from acquire _object.c.
It contains the code to implement the fuzzy controller which outputs position
commands based on the finger’s current position and on the value of a finger’s
sensor readings.

In addition, there is code defining a set of functions to access the motion control

boards. These can be found in [76]. The complete code is listed below. At the

cost of readability, the size of the text has been decreased to reduce the number of

pages.

C.1 File main.c

/*

PR IR

Written by: Neil Petroff
Program: main.c

Date Written: 22 OCT 2005

Last Date Modified: 14 JUL 2006
Written for: research

PR

This is the main program to perform robot functions. The options are

move a robot in a circle trajectory, move a robot point-to-point, and

perform manipulation. It queries the user for appropriate information
based on each selection, and calls the necessary functions to perform

the desired task.

sk kkkkkokkkkkkkkkkkkkxx  REVISION LOG

10/22/05: The flow of my multi-file program didn’t seem very smooth.
So, this is my first attempt at reorganizing it.

11/07/05:
11/10/05:
readings.

Incorporated code to move all the robots.
Added code to have 3 robots touch object based on sensor
Currently, Robot #2 has a joint problem, so I haven’t

been using it.

11/11/05:

Added code to remove appended datafiles with each new run.

Added code to remove temporary data files. Added code to store the
last x-position for each robot when it’s acquiring the object so, if
there’s a sensor glitch, and a robot thinks it’s touching the object
when it isn’t, and starts moving again, it will continue from it’s
last position rather than a "global" last position. Added function
acquire_object which is called after manipulation choice to "find"
the object and lift it prior to the motion planning.

04/15/06:

Added task type 3 to move a robot using an existing

datafile containing relative counts. This is done to implement robot
simulations in which the joint angles are determined from the contact
constraint equation. Eventually should be capable of reading a file
for each robot.

04/17/06:
robot.
07/10/06:

Task type 3 currently assumes a datafile exists for each

Added fuzzy controller for finger position control to
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adjust grasp strength.
07/13/06: Began adding code to perform fixed point rotation.

*/
/* Include Files */

#include <stdio.h>

#include <stdlib.h>
#include <ctype.h>

#include <math.h>

#include <time.h>

#include "puma.h"

#include "move_options.h"
#include "inverse_kinematics.h"
#include "move_robot.h"
#include "dmclinux.h"
#include "acquire_object.h"
#include "fuzzy_ctlr.h"
#include "talk2matlab.h"

/* Main Function */

int main()

{
int i, type, robot_num, object;
int board_num;
int cube_side;
float xo[] = {0,0,0}, xf[]1 = {0,0,0%};
float x_ctr, y_ctr, z_ctr;
float radius, ro = 0;
double rotation_axis[3] = {0,0,0};
float rotation_amt = 0;
long int final_counts[6] = {0,0,0,0,0,0};
long int jtcts[6] = {0,0,0,0,0,0};
char file_name[20];
/* delete appended datafiles for a new run */
for (i = 1; i <= 4; i++)

{
sprintf(file_name,"Tdes%d.dat", i);
remove (file_name) ;
sprintf(file_name,"final_anglesd.dat", i);
remove (file_name) ;
sprintf(file_name, "robot}d_pos.dat", i);
remove (file_name) ;

s
iopl(3);
Clear(1);
Clear(2);
Clear(3);

for (board_num = 1; board_num <= 3; board_num++)
Write("DR -2;", board_num);

/* Get task */

printf("\nNeil’s Robot Controller\n");
printf("Compiled on %s at %s\n",__DATE TIME__);
printf("\nWhat type of movement would you like to peform?\n");
printf("0: circle, 1: point-to-point, 2: manipulation, \

3: from file ... ");
scanf ("%d",&type) ;

s ——

if (type == 0 || type == 1 || type == 3)

printf("\nEnter robot number (1-4) you would like to \
use ... ");

scanf ("%d",&robot_num) ;

if (robot_num != 1 && robot_num != 2 && robot_num != 3 \
&% robot_num != 4)

{
printf("\nNot a valid selection.\n");
exit (EXIT_FAILURE) ;

}

}
if (type == 0)

{

printf("\nAt the zero configuration, the finger\n");

printf("is located at %.2f, %.2f, %.2f",12+15, 13-11, \
lo-14);

printf("\nEnter the location of the circle’s center \

x, y, 2) ... ")
scanf ("%f %f Yf",&x_ctr, &y_ctr, &z_ctr);
printf("\nEnter the radius of the circle (in.) ... ");

scanf ("%f", &radius);
move_circle(x_ctr, y_ctr, z_ctr, radius);

inverse_kinematics(robot_num, type, jtcts);

176



move_robot (robot_num, final_counts);
else if (type == 1)

printf("\nAt the zero configuration, the finger\n");

printf("is located at %.2f, %.2f, %.2f",12+15, 13-11, \
1lo-14);

printf("\nEnter the coordinates of the starting point \
x, y, 2) ... ")

scanf ("%f %f %4f", &xo[0], &xol1], &xo[2]);

printf("\nEnter the coordinates of the end point \
x, y, 2) ... ")

scanf ("%f %f %f", &xf[0], &xfl[1], &xf[2]);

move_pt2pt (xo0,xf) ;

inverse_kinematics(robot_num, type, jtcts);
move_robot (robot_num, final_counts);

}
else if (type == 3)
{
move_robot (robot_num, final_counts);
}
else if (type == 2)
{
printf("\nPlease select object type.\n");
printf("0: ball, 1: egg, 2: cube ... ");
scanf ("}d",&object) ;
if (object == 1)
{
printf("\nNot yet available.\n");
exit (EXIT_FAILURE) ;
¥
else if (object == 0 || object == 2)
{
if (object == 0)
ro = 4.25;
else
{
printf("\nPlease select an orientation\n");
printf("1: plane, 2: edge ... ");
scanf ("%d",&cube_side) ;
if (cube_side == 1)
ro = 2.875;
else if (cube_side == 2)
ro = 4.066;
else
{
printf("\nInvalid Selection.\n");
exit (EXIT_FAILURE) ;
¥
¥

printf("\nPlease select rotation axis.\n");
printf (" (A rotation about the z-axis is \
0, 0, 1)) ... "™);
scanf ("%41f %1f %1f",&rotation_axis[0],\
&rotation_axis[1],&rotation_axis[2]);
printf("\nPlease select rotation amount \n");
printf("in degrees ... ");
scanf ("%f", &rotation_amt);

}
else
{
printf("\nInvalid Selection.\n");
exit (EXIT_FAILURE);
s
acquire_object(object, type);
talk2matlab(ro, rotation_axis, rotation_amt, type, object);
¥
else
{
printf("\nNot a valid selection.\n");
exit (EXIT_FAILURE);
}

if (type == 2)
remove ("Tdes.dat") ;

if (type == 0 || type == 1)

{
for (i = 1; i <= 4; i++)
{
sprintf(file_name, "robotld_cts.dat", i);
remove (file_name) ;
s
¥
sleep(10);
printf ("Returning to zero position ...");
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Write("PRA=-1000;",3);
Write("PRC=-1000; H
Write("PRE=-1000;
Write("PRG=-1000;
Write("BG;",3);

printf("...");
sleep(1);

Write("PA 0,0,0,0,0,0
Write("PA 0,0,0,0,0,0,
Write("PA 0,0,0,0,0,0

printf("...");
sleep(1);

for (board_num = 1; board_num <= 3; board_num++)
Write("DR 0;", board_num);
printf("...");

printf(" done.\n\n");

return O;

C.2 File move_options.c

/*

* Written by: Neil Petroff

* Program: move_options.c

* Date Written: 22 OCT 2005

* Last Date Modifiesd: 11 NOV 2005
* Written for: research

* K X X X

This sub-program is called from main, and contains functions to

generate a set of desired trajectories based on the user option

for the robot tasks. The configuration list is stored in a file
for use in determining the inverse kinematics.

sokkokokokokokkkkkkokokokkkkkkk  REVISION LOG
10/22/05: I’ve combined the 3 movement options into this 1 file.
11/11/05: Added code in manipulate() to write both permanent and
temporary datafiles depending on the motion requested. Tdesl-4.dat
stores the complete set of desired configurations for each robot
during a mainpulation task. Tdes.dat is the temporary file read by
inverse_kinematics() to calculate the required joint angles. Tdes.dat
is later deleted by the main program.

*/

/* Include Files */

#include <stdio.h>
#include <math.h>
#include "move_options.h"

/* move a robot in a straight line between 2 points */

void move_pt2pt(float *xo,float *xf)
{
float pos_vector[4] = {0,0,0,1};
int num_pts;
float rotation_matrix[4][3] = {{1,0,0},{0,1,0},{0,0,1},{0,0,0}};
int i, j, k;

FILE *ofp;

num_pts = sqrt ((xf[0]-x0[0])*(xf[0]1-x0[0]) + (xf[1]-xo[1]1)* \
(xf[1]-x0[1]) + (xf[2]-xo[2])*(xf[2]-x0[2])) + 1;

ofp = fopen("Tdes.dat","w");

if (num_pts == 0)
{
for (j = 0; j < 3; j++)
pos_vector[jl = xol[jl;
for (k = 0; k < 4; k++)
fprintf (ofp, "%E\t%E\t%f\t%f\n" ,rotation_matrix [k] [0],\
rotation_matrix[k] [1],rotation_matrix[k][2], pos_vector[kl);

}

else
{

for (i = 1; i <= num_pts; i++)
{

for (j = 0; j < 3; j++)
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{

pos_vector[j1 = xo[j]l + (i/((float) \
num_pts))*(xf[j1 - xo[j1);
}

for (k = 0; k < 4; k++)
fprintf (ofp, "AE\t%E\t%E\t%f\n",\
rotation_matrix[k] [0],rotation_matrix[k] [1],rotation_matrix[k][2], pos_vector([k]);
}
s
fclose(ofp);
s

void move_circle(float xctr, float yctr, float zctr, float radius)
{
float step = 0.1;
float theta;
float z = 9.4;
float pos_vector[4] = {0,0,z,1};
float rotation_matrix[4][3] = {{1,0,0},{0,1,0},{0,0,1},{0,0,0}};
int i;

FILE *ofp;

ofp = fopen("Tdes.dat","w");
for (theta = 0; theta <= 2*M_PI; theta += step)

pos_vector[0] = radius * cos(theta) + xctr;
pos_vector[1] = radius * sin(theta) + yctr;

for (i = 0; i < 4; i++)
fprintf (ofp, "%E\t%E\t%f\t%f\n" ,rotation_matrix[i] [0],\
rotation_matrix[i] [1],rotation_matrix[i][2], pos_vector[il);
}

fclose(ofp);

void manipulate(float *xo,float *xf, double **rotation_matrix, int \
robot_num)
{
float pos_vector[4] = {0,0,0,1};
int num_pts;
//float rotation_matrix[4][3] = {{1,0,0},{0,1,0},{0,0,1},{0,0,0}};
int i, j, k;

FILE *ofp, *ofptemp;

num_pts = sqrt ((xf[0]-x0[0])*(xf[0]-x0[0]) + (xf[1]-xo[1]1)*\
(xf[1]-x0[1]) + (xf[2]-x0[2])*(xf[2]-x0[2])) + 1;

ofptemp = fopen("Tdes.dat","w");

if (robot_num == 1)
ofp = fopen("Tdesl.dat","a");
else if (robot_num == 2)
ofp = fopen("Tdes2.dat","a");
else if (robot_num == 3)
ofp = fopen("Tdes3.dat","a");
else

ofp = fopen("Tdes4.dat","a");

if (num_pts == 0)
{
for (j = 0; j < 3; j++)
pos_vector[jl = xol[jl;
for (k = 0; k < 4; k++)
{
fprintf (ofp, "hE\t%E\t%E\t%f\n",\
rotation_matrix[k] [0],rotation_matrix[k] [1],rotation_matrix[k][2], \
pos_vector[k]);
fprintf (ofptemp, "hE\t%E\t%E\t%E\n",\
rotation_matrix[k] [0],rotation_matrix[k][1],rotation_matrix[k][2], \
pos_vector[k]);

}

else
{

for (i = 1; i <= num_pts; i++)
{

for (j = 0; j < 35 j++)
pos_vector[jl = xo[j] + (i/((float) num_pts))*\
(x£f[j] - xo[jl);

for (k = 0; k < 3; k++)
{
fprintf (ofp, "%1E\t%1£\t%1£\t%f\n",\
rotation_matrix[k] [0],rotation_matrix[k] [1],rotation_matrix[k][2],\
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pos_vector[k]);
fprintf (ofptemp, "%1f\t%41£\t41f\t%f\n",\
rotation_matrix[k] [0],rotation_matrix[k][1],rotation_matrix[k][2], \
pos_vector[k]);
}
fprintf (ofp, "%1£\t%1f\t%1£\t%f\n",0.0,0.0,0.0,\
pos_vector [k]);
fprintf (ofptemp, "%1f\t%41f\t%41f\t%f\n",\

0.0,0.0,0.0, pos_vector[k]);
s
s
fclose(ofp);
fclose(ofptemp);
}

C.3 File move_pt2pt.c

/*

Written by: Neil Petroff
Program: move_pt2pt.c

Date Written: 22 JUL 2005

Last Date Modified: 22 JUL 2005
Written for: research

PR
* K X X X

This program generates a set of robot configurations to move the end-
effector in a straight line.

sokkokokkskoskokkokkkkkokkkkkkx  REVISION LOG

***kkx Variable Definitions *x¥** */
/* Include Files */

#include <stdio.h>

#include <math.h>

#include "move_pt2pt.h"
//#include "inverse_kinematics.h"
//#include "matrix.h"

void move_pt2pt(float *xo,float *xf)
{
float pos_vector[4] = {0,0,0,1};
int num_pts;
float rotation_matrix[4]([3] = {{1,0,0},{0,1,03},{0,0,1},{0,0,0}};
int i, j, k;

FILE *ofp;

num_pts = sqrt ((xf[0]-x0[0])*(xf[0]-x0[0]) + (xf[1]-xo[1]1)*\
(xf[1]-x0[1]) + (xf[2]-x0[2])*(xf[2]-x0[2]));

ofp = fopen("Tdes.dat","w");

if (num_pts == 0)
{
for (j = 0; j < 3; j++)
pos_vector[j] = xo[j];
for (k = 0; k < 4; k++)
fprintf (ofp, "%E\t%f\t%f\t%f\n" ,rotation_matrix [k] [0],\
rotation_matrix[k] [1],rotation_matrix[k] [2], pos_vector[k]);

s
else
{
for (i = 1; i <= num_pts; i++)
{
for (j = 0; j < 3; j++)
{

pos_vector[j1 = xo[j]l + (i/((float) \
num_pts))*(xf [j1 - xo[j1);
}
for (k = 0; k < 4; k++)
fprintf (ofp, "4AE\t%E\t4E\t%f\n",\
rotation_matrix[k] [0],rotation_matrix[k][1],rotation_matrix[k][2], \
pos_vector[k]l);
}
}
fclose(ofp);
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void get_object(float *xo,float *xf)
{
float pos_vector[4] = {0,0,0,1};
int num_pts;
float rotation_matrix[4][3] =
double final_angles[6] = {0,0,
int i, j, k;

0,

FILE *ofp;

//gst = (double *x) malloc((unsigned) 4*sizeof(doublex));

num_pts = sqrt((xf[0]-x0[0])*(xf[0]-x0[0]) + (xf[1]-xo[1])*\

(xf[1]-x0[1]) + (xf[2]-xo[2])*(xf[2]-x0[2]));
ofp = fopen("Tdes.dat","w");

if (num_pts == 0)
{
for (j = 0; j < 3; j++)
pos_vector[j] = xo[j];
for (k = 0; k < 4; k++)
fprintf (ofp, "%E\t%f\t%f\t%f\n" ,rotation_matrix[k] [0],\
rotation_matrix[k] [1],rotation_matrix[k] [2], pos_vector[k]);

s
else
{
for (i = 1; i <= num_pts; i++)
{
for (j = 0; j < 3; j++)
{

pos_vector[jl = xo[j] + (i/((float) \
num_pts))*(xf[j] - xo[j1);
}

for (k = 0; k < 4; k++)
fprintf (ofp, "AE\t%E\thE\t%E\n",\

{{1,0,0},{0,1,0},{0,0,1},{0,0,0}};
0,0,0,0};

rotation_matrix[k] [0],rotation_matrix[k][1],rotation_matrix[k][2], \

pos_vector [k]);
}
}

fclose(ofp);

inverse_kinematics(final_angles);

printf("\n");

for (i = 0; i < 6; i++)
printf(".2%1f\t",final_angles[il);

printf("\n");

//gst = forward_kinematics(final_angles, gst);

C.4 File move_circle.c

/*
* Written by: Neil Petroff *
* Program: circle_traj.c *
* Date Written: 30 MAR 2004 *
* Last Date Modified: 02 FEB 2005 *
* Written for: research *
*/

/* Include Files */

#include <math.h>
#include <stdio.h>
#include "move_circle.h"

void move_circle(float xctr, float yctr, float zctr, float radius)

{
float theta, beta;
float z = 9.4;
//float y_center = -5.5, z_center = 9.4,
float pos_vector[4] = {0,0,z,1};

float rotation_matrix[4][3] = {{1,0,0},{0,1,0},{0,0,1},{0,0,0}};

int i;

FILE *ofp;
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ofp = fopen("Tdes.dat","w");
//beta = M_P1/2; //atan(17.05/17);
for (theta = 0; theta <= 2%M_PI; theta += STEP)

//pos_vector[1] = radius * cos(theta-beta) + y_center;
//pos_vector[2] = radius * sin(theta-beta) + z_center;

pos_vector[0] = radius * cos(theta) + xctr;
pos_vector[1] = radius * sin(theta) + yctr;

for (i = 0; i < 4; i++)
fprintf (ofp, "%E\t%E\t%f\t%f\n" ,rotation_matrix[i] [0],\
rotation_matrix[i] [1],rotation_matrix[i][2], pos_vector[il);
}

fclose(ofp);

C.5 File inverse_kinematics.c

/*

Written by: Neil Petroff
Program: inverse_kinematics.c
Date Written: 09 JUN 2004

Last Date Modified: 01 AUG 2006
Written for: research

EEE R
* Ok X X X

This program reads a file containing desired robot configurations and
determines the joint angles required to achieve them. It writes two
files, final_angles.dat which contains the set of calculated joint
angles, and prcounts.dat which contains a set of relative encoder
counts to achieve the calculated angles. The latter is used by
move_robot to write pr commands to the boards. It also returns a
pointer to the last set of calcuated joint angles.

sokkokokokokkkkkkkokokokkkkkkk  REVISION LOG
02/02/05: The wrist orientation (thetad and 6) can’t be determined if
thetab is zero. These were determined by equating matrix elements
instead of using the subproblem method because the original zero
configuration chosen wasn’t conducive to subproblems,i.e., axes 4 and

6 can’t line up.

02/28/05: Changed the zero configuration so axes 4 and 6 are no longer
in line. Redid calculations for theta4, 5, and 6. Also placed tool
frame at wrist, which eliminates 15 (for now).

03/08/05: Followed MLS’s method using subproblems, resulting in new
solutions for theta2 and thetal. Used subproblem 1 to determine thetal
but not how they describe in the book, i.e. exp~-zl(thetal)g=c. Instead,
used exp~zl(thetal)p=q, where p now includes twist about theta2.
03/09/05: Everything looks good except for theta6. Rechecking wrist
solutions. Test at zero configuration gives -0.05, 0.17, 0, 0.05, -0.17,
and 57.3 degrees for thetal-theta6, respectively. Obviously, theta6
isn’t right! Forgot to take acos of stuff for theta6. Looks good now.
Didn’t work on the actual robot. I thought it was because gst(0) was
off a sign for y. Should be 13-11 not 11-13 on the actual robot. But
this really messed things up! Theta3 is 0, but everything else seems
off by 90 degrees.

03/10/05: Fixed error in theta3 equation. Theta3 is the only one that
is correct!

07/22/05: backup latest stand-alone version of inverse_kinematics.c.
Now editing this one to work in move_robot.c.

09/28/05: Redid entire inverse kinematics using suproblems. Feel

good about thetal, theta2, and theta3. Has been implemented in Matlab.
10/04/05: Replacing inverse kinematics with suproblem approach.
10/05/05: Did subproblem approach first in Matlab, then algebraically
in Mathematica. I’m using the Mathematica solutions in here so I don’t
have to write a bunch of functions to do matrix manipulation. But I
guess I will eventually anyway to compute the forward kinematics. The
subproblem approach gave better position results than what I first had;
the orientation results are the same.

10/19/05: The explicit solutions for the wrist angles were very long,
so I’m writing functions to perform the calculations, basically
converting my Matlab code to C.

10/24/05: Added code to read the current robot position prior to
calculating the invere kinematics. Otherwise, while acquiring the
object, the relative counts will be wrong since the program will think
the robot started from its zero configuration. This is only true
before the first move.

11/11/05: Added code to store both temporary and permanent datafiles.
The temporary ones are used in the motion planning as the robots are
required to do additional movements. These are later deleted by the
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main program, but the permanent files store the calculated joint angles
for each set of movements for each robot.

11/29/05: Changed code so that thetab = 0 if we are doing robot
number 2. This is because joint 5 is not working so well on robot 2.
Also, set theta6 = 0 for all robots since rotation in this direction
breaks the nonholonomic constraint requirement. Also, that shear can
damage the sensors.

04/26/06: Added finger length variable 15 so the location of the tool
frame can be moved. It appears in the calculation for igsto.

07/11/06: Added 15 in puma.h. It is the distance from the wrist,

the intersection of joints 4, 5, and 6, to the end of the finger.
Turned theta6 "on"

07/14/06: moved definitions for gs and omegas out of puma.h and

into here since I couldn’t figure a way to #define an array. This
fixed the problem with things being previously defined. And I can

now use the 1’s for the finger position instead of hard coding it.
07/22/06: Added corrections to thetab and theta6 due to mechanical
coupling of the wrist.

07/23/06: The wrist angles were determined incorrectly. It only
cropped up when I tried to achieve a rotation matrix other than
identity. Made corrections.

07/25/06: changed order of wrist joint corrections so that theta6 is
corrected prior to theta5. This changes theta6 based on the
calculated theta5 instead of thetab5’s corrected value.

07/26/06: Still making corrections to the wrist angle calculations.

I think it’s finally correct now. Corrections complete for the

inverse kinematics. I’m going to archive this, and start making
changes to bring the desired fingertip configurations, which are stored
in Tdes, back to the wrist. It appears the inverse kinematics only
works with the desired tool frame at the wrist. Once the orientation
is far enough from identity, the ball is dropped because the error

at the fingertip. There was an error in the calculation for theta3.
Making corrections to this, and it now appears the inverse kinematics
WILL work with an arbitrary end-effector frame!

07/27/06: Took correction out of theta6 so it is always zero when
performing inverse kinematics. This prevents the finger from

twisting on the ball while checking the slip condition. Hopefully,
this saves some wear on the sensors and prevents the finger from
twisting on its frame. The latter could affect the newly added
corrections to the sensor locations which are affected by the finger
orientation.

07/31/06: Fixed another error in the calculation for theta4, had the
indices switched in calculation for u = c - Pw.

08/01/06: Changed theta 6 so that its value equals its previous value.
This is to prevent the finger from twisting on the ball while regripping.
Originally I had set theta 6 = 0, but this only worked during the object
acquisition phase since theta 6 started at zero. After finger
reconfiguration, however, this is no longer the case.

**%**k Variable Definitions *kxx* */
/* Include Files */

#include <stdlib.h>

#include <unistd.h>

#include <math.h>

#include "inverse_kinematics.h"
#include "matrix.h"

#include "puma.h"

#include "dmclinux.h"

#include "fuzzy_ctlr.h"

#define NAN 2147483648UL
#define DOF 6

void inverse_kinematics(int robot_num, int type, long int *jtcts)
{

char file_name[20];

long int encoder[256];

long int robot_enc[6]1={0,0,0,0,0,0};

int board_num, start = 0, which;

double theta3 = 0.0, th4[2] = {0,0}, th5[2]

double thetal = 0.0, theta2 = 0.0, thetad =
theta6é = 0.0;

double x, y, num, num2, den;

long int counts[6], prev_counts[6] = {0,0,0,0,0,0}, new_cts[6] \
= {0,0,0,0,0,0};

double gstd[4]1[4] = {{0,0,0,0}}, **g2;

double uproj[3] = {0,0,0}, vproj[3] = {0,0,03};

double mag_uproj = 0, mag_vproj = 0;

double cross[3] = {0,0,0}, delta = 0;

double igsto[4][4] = {{1,0,0,-(12+15)},{0,1,0,11-13},\
{0,0,1,14-10},{0,0,0,1}};

double z[3] = {0,0,0}, alpha = 0, beta = 0, gamma[2] = {0,0};

double ul4] = {0,0,0,0}, c[31[2] = {{0,0}};

double v[4] = {0,0,0,0};

double **dummy1;

double **dummy?2;

double **dummy3, **dummy4, **dummy5, **prod;

double mexpl[4][4] = {{0,0,0,0}};

{0,0}, cosphi;
0,

0.0, thetas = 0.0, \
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double mexp2[4][4] = {{0,0,0,0}}, g2c[4]1[4] =

double mexp3[4][4] = {{0,0,0,0}}, mexp4[4][4]
mexp5[4][4] = {{0,0,0,0}};

double omegall[3] = {0,0,1}, omega2[3] =

0,0,0}};

{{o,
= {{0,0,0,0}}, \

{0,1,0}, omega3[3] = \

{0,-1,0};
double omega4[3] = {0,0,1}, omega5[3] = {0,1,0}, omega6[3] = \
{-1,0,0};

double w4xw5[3] = {-1,0,0};

double q1[3] = {0,0,0}, q2[3] = {0,0,10}, q3[3] = {12, 0, lol}, \
Pw[3] = {12, 13-11, lo-14};

double g4[3] = {12, 13-11, 0}, g5[3] = {12, 0, lo-14}, zero[3] = \
{0,0,0};

double g6[3] = {0, 13-11, lo-14};

int i, j = 0, k = 0, joint = O, end_of_file, f = 1, n;

FILE *ifp, *ofp, *ofpl[4];

g2 = (double **) malloc((unsigned) 4*sizeof (doublex));

dummyl = (double **) malloc((unsigned) 4*sizeof(doublex));
dummy2 = (double **) malloc((unsigned) 4*sizeof (doublex));
dummy3 = (double **) malloc((unsigned) 4*sizeof(doublex));
dummy4 = (double **) malloc((unsigned) 4*sizeof(doublex));
dummy5 = (double **) malloc((unsigned) 4*sizeof (doublex));
prod = (double **) malloc((unsigned) 4*sizeof (double*));
for(i = 0; i < 4; i++)

{
g2[il=(double *) malloc((unsigned) 4*sizeof (double));
dummy1 [i]=(double *) malloc((unsigned) 4*sizeof(double));
dummy2[i]=(double *) malloc((unsigned) 4*sizeof(double));
dummy3 [i]=(double *) malloc((unsigned) 4*sizeof(double));
dummy4 [i]=(double *) malloc((unsigned) 4*sizeof(double));
dummy5 [i]=(double *) malloc((unsigned) 4*sizeof(double));
prod[i]=(double *) malloc((unsigned) 4*sizeof(double));

}
// num_elements = num_cols*(sizeof (matl)/sizeof (mat1[0]));
//sleep(1);
if (robot_num == 1)

start = 12;
else if (robot_num == 2)

start = 26;
else if (robot_num == 3)

start = 40;
else

start = 54;
for (board_num = 1; board_num <= 3; board_num++)

{
if (board_num == 1)

joint = 0;
else

if (board_num == 2)
joint = 1;

else
joint = 2;
ReturnEncoder (encoder,board_num) ;
for (k = 0; k < 2; k++)

{
robot_enc[joint] = encoder[start+7+*k];
joint += 3;

s

s

for (i = 0; i < 6; i++)
prev_counts[i] = robot_enc[il;

sprintf(file_name,"final_angles’d.dat",robot_num) ;
ofp = fopen(file_name,"a");

sprintf (file_name, "robot%d_cts.dat",robot_num) ;
ofp1[0] = fopen(file_name,"w");

ifp = fopen(INPUT_FILE,"r");

if (type == 0 || type == 1)

{

for (i = 0; i < 4; i++)
{

if (i+1 != robot_num)
{

sprintf (file_name,\
"robot%d_cts.dat",i+1);

ofp1[f] = fopen(file_name,"w");

f +=1;

ey

if (ifp == NULL)
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printf("Can’t open %s\n",INPUT_FILE);
exit (EXIT_FAILURE) ;

}

while ((end_of_file = getc(ifp)) != EOF)
{

ungetc(end_of _file,ifp);

delta = 0;

mag_uproj = 0;

mag_vproj = 0;

/* Read the desired configuration. */

for(i = 0; i < 4; i++)
fscanf (ifp,"%1£%1£%1£%1f" ,&gstd [i] [0],&gstd[i] [1],\
&gstd[i] [2],&gstd[i]1[3]);

/* Solve for theta3 */

num2 = -2xgstd[0] [3]1*15%gstd[0] [0] + 15%15*gstd[0] [0]1*\
gstd[01[0] - 2*gstd[1] [31*15xgstd[1][0] + 15x15%gstd[1] [0]* \
gstd[11[0] - 2#gstd[2] [3]*16xgstd[2] [0] + 2x15*lo*gstd[2] [0] + 15% \
16xgstd[2] [0]*gstd[2] [0];

num = gstd[0] [3]*gstd[0] [3] + gstd[1][3]*gstd[1]1[3] + \
gstd[2] [3]*gstd[2] [3] + loxlo - 11%11 -12%12 - 13%13 - 14%14 + \
2*%11x13 - 2*xgstd[2] [3]1*1lo + num2;

den = 2.0%12%14;

theta3 = asin(num/den);

/* Solve for theta2 */
//num = lo*lo + 11¥11 + 12%12 + 13%13 + 14%14 - \
2%11%13 + 2x12x14*sin(theta3) - gstd[0] [3]1*gstd[0][3] - \
gstd[1] [38]*gstd[1][3] - gstd[2] [38]*gstd[2][3];
num = lo*lo + 11*11 + 12412 + 13%13 + 14*14 - 2%11%13 + \
2+12%14*sin(thetad) - pow(gstd[0][3] - gstd[0][01%15,2) - \
pow(gstd[1]1[3] - gstd[1][0]1*15,2) - pow(gstd[2][3] - gstd[2] [0]%15,2);
den = 2 * lo * sqrt(l4xcos(theta3)*l4*cos(theta3) + \
(12 + 14*sin(theta3))*(12 + 14*sin(theta3)));
cosphi = num/den;

x = lo * 14 * cos(theta3);
y = lo * (12 + 14*sin(theta3d));
theta2 = atan2(y,x) - acos(cosphi);

/* Solve for thetal */

//x = gstd[11[3]1*(13 - 11) + gstd[0] [3]1*(12*cos(theta2) \
- l4xsin(theta2-theta3));

//y = gstd[0][3]1*(11 - 13) + gstd[1] [3]1*(12*cos(theta2) \
- l4xsin(theta2-theta3));

x = (gstd[11[3] - gstd[1][01*15)*(13 - 11) + (gstd[01[3] \
- gstd[0] [0]*15)*(12*cos(theta2) - l4*sin(theta2-theta3));

y = (gstd[01[3] - gstd[0][0]*156)*(11 - 13) + \
12*cos(theta2)*(gstd[1] [3] - gstd[1][0]*15) - l4*sin(theta2- \
theta3)*(gstd[1] [3] - gstd[1][0]*15);

thetal = atan2(y,x);

/* Solve for the wrist angles, theta 5 first */

dummyl = matrix_exponential (omegal, ql, -thetal, dummyl);
dummy2 = matrix_exponential (omega2, q2, -theta2, dummy2);
dummy3 = matrix_exponential (omega3, q3, -theta3, dummy3);

for (i = 0; i < 4; i++)

{
for (j = 0; j < 4; j++)
{
mexpl[il [j1 = dummy1[il[j]1;
mexp2[i] [j1 = dummy2[il[j]1;
mexp3[i] [j1 = dummy3[il[j];
}
}

g2 = matrix_product(5, 4, g2, mexp3, mexp2, mexpl, \
gstd, igsto);

for (i = 0; i < 3; i++)
ulil = g6[i] - Pwlil;

get_delta(g2, g6, Pw, v);

alpha = dotprod(omegad, v, 3);

beta = dotprod(omegab5, u, 3);

gamma[0] = sqrt(dotprod(u, u, 3) - alpha*alpha - \
betaxbeta) ;

gamma[1] = -gamma[0];

for (i = 0; i < 2; i++)
{

for (j = 0; j < 3; j++)
{

z[j] = alphaxomegad[j] + beta*omegab[j]l \
+ gamma[i]*w4xw5[j];
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c[3j1lil = z[3] + Pwljl;

(R

projection(u, omega5, uproj);

for (i = 0; i < 2; i++)

{
for (j = 0; j < 3; j++)

v[jl = c[31[i]l - Pw(jl;
projection(v, omegab, vproj);
y=0;
x = dotprod(uproj, vproj, 3);
cross_product (uproj, vproj, cross);
y = dotprod(omegab, cross, 3);

th5[i] = atan2(y,x);

if (fabs(th5[0]) < fabs(th5[1]))
which = 0;

else
which = 1;

theta5 = th5[which];

/* Solve for thetad */
get_delta(g2, 96, Pw, v);
projection(v, omega4, vproj);

for (i = 0; i < 2; i++)

{
for (j = 0; j < 3; j++)

uljl = c[j10i] - Pwljl;
projection(u, omega4, uproj);
y =0;
x = dotprod(uproj, vproj, 3);
cross_product (uproj, vproj, cross);
y = dotprod(omega4, cross, 3);

th4[i] = atan2(y, x);
}

if (fabs(th4[0]) < fabs(th4[1]))
which = 03

else

which = 1;

theta4 = th4[which];

/* Solve for theta6 */
theta6 = prev_counts[5]/RAD2COUNT6;

/* apply correction to theta6 */

theta6 = theta6 - c46*thetad - cbb6xthetab;
/* apply correction to thetab x/

thetab = thetab - c4bxthetad;

if ((long int) thetal == NAN || (long int) theta2
NAN || (long int) theta3 == NAN || (long int) theta4 == NAN || \
(long int) theta5 == NAN || (long int) theta6 == NAN)
{

printf("\nFailure during inverse kinematics. \
Configuration can not be acheived.\n\n");

exit (EXIT_FAILURE);
¥

counts[0] = thetal*RAD2COUNT1;
counts[1] = theta2*RAD2COUNT2;
counts[2] = theta3*RAD2COUNT3;
counts[3] = theta4*RAD2COUNT4;
counts[4] = theta5*RAD2COUNTS;
counts[5] = prev_counts[5]; //theta6*RAD2COUNT6;

for (i = 0; i < 6; i++)
new_cts[i] = counts[i] - prev_counts([il;

//printf ("%41f %41f %1f %1f %.21f %.21f\n",thetal,theta2,\
theta3,theta4,theta5,theta6) ;

//printf ("%.21£\t%.21£\t%. 21£\t%. 21£\t%. 21£\t%.21f\n",\
thetal*R2D,theta2+R2D,theta3*R2D,thetad4*R2D,theta5*R2D,theta6*R2D) ;
fprintf (ofp,"%.21£\t%. 21£\t%. 21£\t%.21£\t%.21£\t%.21f\n",\
thetal*R2D,theta2*R2D,theta3*R2D,thetad*R2D,theta5*R2D, theta6*R2D) ;

fprintf (ofp1[0],"%1d\t%1d\t%1d\t%1d\t%1d\t%1d\n",\

new_cts[0] ,new_cts[1] ,new_cts[2] ,new_cts[3],new_cts[4] ,new_cts[5]);
if (type == 0 || type == 1)
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for (i = 1; i < 4; i++)
fprintf (ofp1[i],"0\t0\t0O\t0O\t0\t0\n");
}

for (i = 0; i < 6; i++)
prev_counts[i] = counts[il;

/*

final_angles[0] = thetal;
final_angles[1] = theta2;
final_angles[2] = theta3;
final_angles[3] = theta4;
final_angles[4] = thetab;
final_angles[5] = theta6;
*/

fclose(ifp);

fclose(ofp);

if (type == 2)

n = fclose(ofp1[0]);
if (n == EOF)

sprintf(file_name, "robotd_cts.dat",robot_num) ;
printf ("\nProblem closing file %s\n", file_name);
exit (EXIT_FAILURE);
s
s
else
for (i = 0; i < f; i++)
{
n = fclose(ofpl[il);
if (n == EOF)
{
sprintf (file_name, "robot)d_cts.dat",i+1);
printf("\nProblem closing file %s\n", \
file_name);
}
}

C.6 File matrix.c

#include "matrix.h"
#include <stdarg.h>
#include <math.h>
#include <stdlib.h>
#include <stdio.h>

/* take the vector omega and return the skew symmetric matrix
smmat */

void skewsm(const double *omega, double *smmat)

{
*smmat = 0.0;
*(smmat + 1) = -omegal[2];
*(smmat + 2) = omegal[1];
*(smmat + 3) = omegal[2];
*(smmat + 4) = 0.0;
*(smmat + 5) = -omegal0];
*(smmat + 6) = -omegal[1];
*(smmat + 7) = omegal0];
*(smmat + 8) = 0.0;

}

/* return the scalar product of two vectors */

double dotprod(const double *vectorl, const double *vector2, const \

int size)
{
int i;
double result = 0.0;
for (i = 0; i < size; i++)
result += vectori[il*vector2[il;
return result;

}

/* return the cross product of two vectors */

void cross_product(const double *vectorl, const double *vector2,

double *result)

{
result [0] = vectori[i]l*vector2[2] - vectori[2]*vector2[1];
result[1] = vectori[2]*vector2[0] - vectori[0]*vector2[2];

\
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result[2] = vector1[0]*vector2[1] - vectori[i1]*vector2[0];

double** matrix_product(int n, int r, double **c, ...)

{

va_list ap;

int i, j, m, s, a;

double sum = 0.0;

double *matl, *mat2;

matl = malloc(r*r * sizeof (double));
mat2 = malloc(r*r * sizeof (double));

for (i = 0; i < r; i++)

for (j = 0; j < r; j++)

clil[3] = 0.0;

va_start(ap, c);
matl = va_arg(ap, double*);

for (m = 1; m < n; m++)

s = 0;
mat2 = va_arg(ap, doublex);

for (a = 0; a < r; at+)
for (i = 0; i < r; i++)

sum = 0.0;
for (j = 0; j < r; j++)

sum += *(matl + r*a + j) * x(mat2 + \

r*j + i);
//sum += matl[r*a+j] * mat2[rxj+il;
clal[i] = sum;
}
}
for (i = 0; i < r; i++)
{
for (j =0; j < r; j++)
{
*(matl + s) = clil[j];
s += 1;
s
s
¥
va_end(ap) ;
return c;
}
double** matrix_exponential(double *w, double *q, double th, double \
**kresult)
{
int i, j;

P

£

int eye3[3][3] = {{1,0,0},{0,1,0},{0,0,1}};
double smmat[3][3] = {{0,0,0},{0,0,0},{0,0,0}};
double temp[3]1[3] = {{0,0,0}};

double **prod;

double v[3] = {0,0,0};

double v1i[3] = {0,0,0};

double wt[3]1[3] = {{0,0,0},{0,0,0},{0,0,0}};
double omg_exp[3]1[3] = {{0,0,03},{0,0,0},{0,0,0}};

prod = (double **) malloc((unsigned) 3*sizeof(doublex));
for(i = 0; i < 3; i++) {

rod[i] =(double *) malloc((unsigned) 3*sizeof(double));
}

for (i = 0; i < 4; i++)
or (j = 0; j < 4; j++)
result[il[j] = 0.0;
for (i = 0; i < 3; i++)
or (j =0; j <3; j+H)
wt[1] [§] = wlil*w[j];

cross_product(q, w, v);
cross_product(w, v, vi);

skewsm(w, smmat[0]);

for (i = 0; i < 3; i++)
for (j = 0; j < 3; j++)

temp[i] [j] = smmat[i][j];

prod = matrix_product(2, 3, prod, temp, temp);
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for (1 = 0; i < 3;

i++)

for (j =05 j < 3; j++)

omg_exp[il [j] =

+ (prod[i][j] * (1 - cos(th)));

result[i] [j] =

s

for (i = 0; i < 3;
{

for (j =0; j < 3;
{

omg_exp[il [j1;

it+)

j++)

eye3[il[j] + smmat[i][j] * sin(th) \

result[i][3] += (eye3[il[j] - omg_expl[il[jl) * \
vi[j] + wt[il [j1*v[jl*th;

}

/%
[0; 0; 015 011 */

for (i =0; i < 3;
result[3][i] = 0.0;

result[3][3] =

return result;

s
void get_delta(double **g2, double *qa, double *gb, double *p)
{
int i, j;
double sum;
double qc[4] = {qal0],qal1],qal2],1};
double qd[4] = {qb[0], gb[1], gb[2], 1};
for (i = 0; i < 4; i++)
{
sum = O;
for (j = 05 j < 4; j++)
sum += g2[i][j] *qc[jl;
pli]l = sum - qd[il;
}
s

1.0;

i++)

H

for a revolute joint, e(zhat*th) = [ e~ (whatxth) \

void projection(double *v, double *w, double *p)

int i, j;
double sum;

double wt[3]1[3] = {{0,0,0},{0,0,0},{0,0,0}};

for (i = 0; i < 3;
for (j = 0; j < 3; j++)
wt[i]1[§] = wlil*w[j
for (i = 0; i < 3;
{
sum = 0;
for (j =0; j < 3;
sum += wt[i][j] *v[jl;
plil = v[i] - sum;
s
s

double#** forward_kinematics(double *qs, double *omegas, double \

i++)

1;

i++)

j++)

*ths, double *gsto, double **gst)

{

int i, j;

double **mexpl, **mexp2, **mexp3, **mexp4, **mexp5, **mexp6;

double mexp11[4][4] = {{0,0,0,0}}, mexp22[4][4] = {{0,0,0,0}}, \

mexp33[4][4] = {{0,0,0,

0}};

double mexp44[4][4] = {{0,0,0,0}}, mexp55[4][4] = {{0,0,0,0}}, \

0}};

malloc((unsigned)
malloc((unsigned)
malloc((unsigned)
malloc((unsigned)
malloc((unsigned)
malloc((unsigned)

it+)

mexp66[4] [4] = {{0,0,0,
mexpl = (double *x)
mexp2 = (double *x)
mexp3 = (double *x)
mexp4d = (double *x)
mexp5 = (double *x)
mexp6 = (double *x)
for (i = 0; i < 4;

for (j =05 j < 4; j++)
gst[i]1[j] = 0.0;
for(i = 0; i < 4; i++)

{

4*sizeof (doublex)) ;
4*sizeof (doublex)) ;
4*sizeof (doublex)) ;
4*sizeof (doublex)) ;
4*sizeof (doublex)) ;
4*sizeof (doublex)) ;

189



mexpl[i]=(double
mexp2[i]=(double
mexp3[i]=(double
mexp4 [i]=(double
mexp5 [i]=(double

*) malloc((unsigned)
*) malloc((unsigned)
*) malloc((unsigned)
*) malloc((unsigned)
*) malloc((unsigned)

4+sizeof (double));
4*sizeof (double)) ;
4*sizeof (double)) ;
4xsizeof (double)) ;
4xsizeof (double));

mexp6 [i]=(double *) malloc((unsigned) 4*sizeof (double));

}
mexpl = matrix_exponential(%omegas[0], &gs[0], ths[0], mexp1);
mexp2 = matrix_exponential (%omegas[3], &qs[3], ths[1], mexp2);
mexp3 = matrix_exponential (%omegas[6], &qs[6], ths[2], mexp3);
mexp4 = matrix_exponential (%omegas[9], &qs[9], ths[3], mexp4);
mexp5 = matrix_exponential (%omegas[12], &qs[12], ths[4], mexp5);
mexp6 = matrix_exponential (¥omegas[15], &qs[15], ths[5], mexp6);
for (i = 0; i < 4; i++)

{
for (j = 0; j < 4; j++)

{
mexp11[il [j] = mexp1[il[j];
mexp22[il [j1 = mexp2[il[j];
mexp33[i] [j1 = mexp3[il[j];
mexp44[i] [j1 = mexp4[il[j]l;
mexp55[i] [j1 = mexp5[il[j]1;
mexp66 [1] [j1 = mexp6[il[j1;

}

s

gst = matrix_product(7, 4, gst, mexpll, mexp22, mexp33, mexpd4, \
mexp55, mexp66, &gsto[0]);

return gst;

C.7 File move_robot.c

/*

Written by: Neil Petroff
Program: move_robot.c

Date Written: 18 JUL 2005

Last Date Modified: 30 JUL 2006
Written for: research

PR R
* K X X X

This program queries the user for the type of robot motion to perform.
It calls the appropriate functions to determine the subsequent encoder
counts to perform the motion. It reads this file and writes it to the
boards.

*xkkkkkkkkkkkkkkkkkkkx  REVISION LOG
7/18/05: This is a copy of circle2.c. Which would write the board
information after reading and parsing prcounts.dat. To generate a
robot motion currently takes 3 runs - 1 to determine the trajectory
which generates the desired robot configuration at each point
(Tdes.dat), 1 to peform the inversed kinematics which generates the
desired encoder counts (prcounts.dat), then finally circle2. I want
this all to be done in one run. Which would ultimately include
manipulation choices.

7/26/05: Cleaned up code to read each line of prcounts.dat.
10/23/05: This used to be the main program to query the user for a
robot motion, determine the inverse kinematics, and send commands to
the control boards. I’ve redone the program flow so that, now, this
is a sub-program called by main to only send commands to the boards.
11/04/05: This program now needs to read four input files, one for
each robot, and combine each line. Right now, however, the lines
aren’t being read correctly.

11/07/05: This is working now. It reads 4 seperate encoder files,
parses them, and writes them to the boards to move each robot.
11/11/05: Added code to write all files for the encoder counts for
manipulation or only 1 for specific robot if simple move is selected.
Added timestamp to the datafiles.

11/29/05: Added robot 2 to the mix.

04/156/06: Added code to remove temporary robot_cts.dat datafiles if
one of the datafiles cannot be read. Otherwise, we are left with
empty files.

07/30/06: Changed the way the encoder counts are stored and printed
to a file. Just put them all in a matrix instead of having 4 arrays.
They didn’t appear to be printing properly the first way. And I
know the new way works because I wrote and tested it just recently
in slip.c.

skxxk  Variable Definitions skskskx
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NUMBRDS - number of motion control boards (3). Each board is capable

of controlling 8 axes. Board 1 controls joints 1 and 4 on each of
the 4 robots, board 2 controls joints 2 and 5, and board 3
controls joints 3 and 6.

NUMJOINTS - number of joints controlled by each board (8)

CYCLES - number of times to move each joint

response - response buffer from the boards after interrogation, a

string

joints - string containing the axes definitions for each joint. A

and B refer to robot 1, C and D to robot 2, etc.

commands - string containing the a 2-letter, executable instruction for
a board.

move_amt - a string that sets the encoder counts for a position command.

brd_cmd - a string containing a board command, e.g. PRA=2000 means set

the position relative to 2000 encoder counts on joint A. Depending on

the board, this would be joint 1, 2, or 3 on robot 1. The command is

built through combinations of commands, joints, and move_amt.

Currently, only position commands are done

i,j - loop counters

board_num - loop counter to loop through each board, set by NUMBRDS

which_joint - loop counter to loop through each joint, set by

NUMJOINTS

/* Include Files */

#include <stdio.h>
#include <stdlib.h>
#include <ctype.h>
#include <time.h>
#include "dmclinux.h"
#include "move_robot.h"
#include "puma.h"

#define NUMBRDS 3
#define NUMJOINTS 8

/* Function Prototypes */

void TellPosition(const char *, const char *);

void PositionAbsolute(const long int *, const long int *, const long \
int *, const long int *, const int, char *) ;

/* Main Function */

void move_robot(int robot_num, long int *final_counts)
{
char brd_cmd[20], file_name[20];
int brd_cmds = 0;
long int move_amt;
long int roboti[] = {0,0,0,0,0
long int robot2[] = {0,0,0,0,0
long int robot3[] = {0,0,0,0,0,
0,0,0
M_ROBI

50,

i3
}.
};
long int robot4[] = {0,0, };
long int robot_enc_cts[NUM_ROBOTS
long int encoder[256];
int i = 0, counter, j = 0, k, m, board_num, joint = 0, ch;
int ready;
long int sum[] = {0,0,0,0,0,0};
FILE *ifp[4], *ofpp, *ofpl[4l;

50,

1061 = {0,0,0,0,0,0}};

Q-
—

time_t start_time = time(NULL);

for (i = 0; i < 4; i++)
sprintf (file_name, "robot)d_cts.dat",i+1);
ifp[i] = fopen(file_name,"r");

if (ifp[i] == NULL)

printf("Can’t open %s\n",file_name);
for (i = 1; i <= 4; i++)

sprintf(file_name, "robot)d_cts.dat", i);
remove (file_name) ;

exit (EXIT_FAILURE) ;

//#if O

for (j = 0; j <= sizeof(brd_cmd); j++) /* initialize brd_cmd \
array */
brd_cmd[j] = °\0’;

//for (board_num = 1; board_num <= NUMBRDS; board_num++)
//Write("SH;" ,board_num) ;
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if (robot_num == 5) /* there are only 4 robots, a 5 indicates
manipulation in which all robots are used */

{
for (i = 0; i < 4; i++)
{
sprintf (file_name, "robotd_pos.dat", i+1);
ofp[i] = fopen(file_name,"a");
}
s
else
{
sprintf (file_name, "robotd_pos.dat", robot_num);
ofpp = fopen(file_name,"w");
¥
i=0;
for (board_num = 1; board_num <= 3; board_num++)
{
ReturnEncoder (encoder,board_num) ;
for (m = 0; m < 4; m++)
{
if (board_num == 1)
joint = 0;
else
if (board_num == 2)
joint = 1;
else
joint = 2;
for (k = 0; k < 2; k++)
{
robot_enc_cts[m] [joint] = encoder[12+7*il;
i+=1;
joint += 3;
}
}
i=0;
}
if (robot_num == 5)
{

fprintf (ofp[0],"%g\t%1d\t%1d\t%1d\t%1d\t%1d\t%1d\n",\
difftime(time (NULL) ,,start_time), robot_enc_cts[0][0],\
robot_enc_cts[0] [1],robot_enc_cts[0] [2],robot_enc_cts[0][3],\
robot_enc_cts[0] [4] ,robot_enc_cts[0][5]1);

fprintf (ofp[1],"%g\t%1d\t%1d\t%1d\t%1d\t%1d\t%1ld\n",\
difftime(time (NULL),start_time), robot_enc_cts[1][0],\
robot_enc_cts[1] [1],robot_enc_cts[1] [2],robot_enc_cts[1][3],\
robot_enc_cts[1] [4],robot_enc_cts[1]1[5]);

fprintf (ofp[2],"%g\t%41d\t%41d\t%41d\t%1d\t%1d\t%1d\n",\
difftime(time (NULL),,start_time), robot_enc_cts[2][0],\
robot_enc_cts[2] [1],robot_enc_cts[2] [2],,robot_enc_cts[2] [3],\
robot_enc_cts[2] [4],robot_enc_cts[2][5]);

fprintf (ofp[3], "%g\t%1d\t%1d\t%1d\t%1d\t%1d\t%1ld\n",\

difftime(time(NULL),start_time), robot_enc_cts[3][0],\
robot_enc_cts[3] [1],robot_enc_cts[3] [2],robot_enc_cts[3]1[3],\
robot_enc_cts[3] [4],robot_enc_cts[3][51);
}

else if (robot_num ==
fprintf (ofpp, "%g\t%1d\t%1d\t%1d\t%1d\t%1d\t%1d\n" ,\
difftime(time (NULL) ,,start_time), robot_enc_cts[0][0],\
robot_enc_cts[0] [1],robot_enc_cts[0] [2],robot_enc_cts[0][3],\
robot_enc_cts[0] [4] ,robot_enc_cts[0][5]1);

else if (robot_num == 2)
{

fprintf (ofpp, "%g\t%1d\t%1d\t%1d\t%1d\t%1d\t%1d\n" ,\
difftime(time (NULL),start_time), robot_enc_cts[1][0],\
robot_enc_cts[1] [1],robot_enc_cts[1] [2],,robot_enc_cts[1] [3],\
robot_enc_cts[1] [4],robot_enc_cts[1]1[5]);
¥

else if (robot_num ==
fprintf (ofpp, "%g\t%1d\t%1d\t%1d\t%1d\t%1d\t%1d\n" ,\
difftime(time (NULL) ,,start_time), robot_enc_cts[2][0],\
robot_enc_cts[2] [1],robot_enc_cts[2] [2],robot_enc_cts[2]1[3],\
robot_enc_cts[2] [4],robot_enc_cts[2][5]);

else if (robot_num == 4)
fprintf (ofpp, "%g\t%1d\t%1d\t%1d\t%1d\t%1d\t%1d\n" ,\
difftime(time (NULL) ,start_time), robot_enc_cts[3][0],\
robot_enc_cts[3][1],robot_enc_cts[3] [2],robot_enc_cts[3][3],\
robot_enc_cts[3] [4],,robot_enc_cts[3][5]);

/* enter contour mode */
for (j = 1; j <= NUMBRDS; j++)

Write("CM ABCDEFGH;",j);
Write("DT 8;",j);

/* Input file contains rows of, ultimately, 24 encoder counts
for a desired trajectory. Currently, there are only six,
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corresponding to the first robot. Board 1 controls joints 1,4; board
2 controls joints 2,5; board 3 controls joints 3,6. */

while ((ch = getc(ifp[0])) != EOF)

ungetc(ch, ifp[0]);
for (i = 0; i < 4; i++)
{
/* read until a line of data. The first 6
entries belong to robot 1, the next 6 to robot 2, and so on. */

counter = 0;
while ((ch = getc(ifp[il)) != ’\n’)

ungetc(ch, ifpl[il);
fscanf (ifp[i],"%1d",&move_amt) ;
//printf ("\n%1d\t%d\t%d\t%d" ,move_amt,j,\
counter,ch);
if (1 == 0)
{
robotl[counter] = move_amt;
//printf ("robot1[%d] = %1d\t",\
counter,move_amt) ;
}
else if (i == 1)
{
robot2[counter] = move_amt;
//printf ("robot2[%d] = %1d\t",\
counter,move_amt) ;
s
else if (i == 2)
robot3[counter] = move_amt;
else
robot4[counter] = move_amt;
sum[i] += move_amt;
counter += 1;

(R

//#if 0

/* write the Command Data to each board. Board 1 gets
robot [0], robot[3] (joints 1 and 4), board 2 gets robot[1], robot[4]
(joints 2 and 5), and Board 3 gets robot[2], robot[5] (joints 3 and 6)
for each robot. */

for (board_num = 1; board_num <= NUMBRDS; board_num++)
{

/* the function name is a remnant from when I
was trying to use PA commands instead of CD. */

PositionAbsolute(robotl, robot2, robot3, robot4, \
board_num, brd_cmd);

//printf ("\nJs",brd_cmd) ;

//#if 0

/* keep writing to the board until it’s ready to receive
another command. I don’t remember exactly why I do this. I think the
computer would write too fast to the board and some of the data would
be missed, I guess if both the holding and processing buffers were full.
Therefore, the desired trajectory would not be followed and the
C-program would end well before the robot motion was finished. */

ready = Write(brd_cmd,board_num);

while (ready)
ready = Write(brd_cmd,board_num);

s
brd_cmds += 1;
printf("%d\n",brd_cmds) ;
i=0;
for (board_num = 1; board_num <= 3; board_num++)
{
ReturnEncoder (encoder,board_num) ;
for (m = 0; m < 4; m++)
{
if (board_num == 1)
joint = 0;
else
if (board_num == 2)
joint = 1;
else
joint = 2;
for (k = 0; k < 2; k++)
{
robot_enc_cts[m] [joint] = encoder[12+7*il;
i+=1;
joint += 3;
}
}

i=0;
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if (robot_num == 5) /* write data for all the robots */
{

fprintf (ofp[0],"%.4gg\t%1d\t%1d\t%1d\t%1d\t%1d\t%1d\n",\
difftime(time (NULL),start_time), robot_enc_cts[0][0],\
robot_enc_cts[0] [1],robot_enc_cts[0] [2],robot_enc_cts[0][3],\
robot_enc_cts[0] [4] ,robot_enc_cts[0][5]1);

fprintf (ofp[1],"%g\t%1d\t%1d\t%1d\t%1d\t%1d\t%1ld\n",\
difftime(time (NULL),start_time), robot_enc_cts[1][0],\
robot_enc_cts[1] [1],robot_enc_cts[1] [2],robot_enc_cts[1][3],\
robot_enc_cts[1] [4],robot_enc_cts[1]1[5]);

fprintf (ofp[2],"%g\t%41d\t%41d\t%41d\t%1d\t%1d\t%1d\n",\
difftime(time (NULL),,start_time), robot_enc_cts[2][0],\
robot_enc_cts[2] [1],robot_enc_cts[2] [2],robot_enc_cts[2] [3],\
robot_enc_cts[2] [4] ,robot_enc_cts[2][5]);

fprintf (ofp[3],"%g\t%1d\t%1d\t%1d\t%1d\t%1d\t%1ld\n",\
difftime(time(NULL),start_time), robot_enc_cts[3][0],\
robot_enc_cts[3] [1],robot_enc_cts[3] [2],robot_enc_cts[3][3],\
robot_enc_cts[3] [4],robot_enc_cts[3][51);
}

else if (robot_num ==
fprintf (ofpp,"%.4g\t%1d\t%1d\t%1d\t%1d\t%1d\t%1d\n",\
difftime(time (NULL) ,,start_time), robot_enc_cts[0][0],\
robot_enc_cts[0] [1],robot_enc_cts[0] [2],robot_enc_cts[0][3],\
robot_enc_cts[0] [4] ,robot_enc_cts[0][5]1);

else if (robot_num == 2)
fprintf (ofpp, "%g\t%1d\t%1d\t%1d\t%1d\t%1d\t%1d\n" ,\
difftime(time (NULL),start_time), robot_enc_cts[1][0],\
robot_enc_cts[1] [1],robot_enc_cts[1] [2],,robot_enc_cts[1] [3],\
robot_enc_cts[1] [4],robot_enc_cts[1]1[5]);

else if (robot_num == 3)
fprintf (ofpp, "%g\t%1d\t%1d\t%1d\t%1d\t%1d\t%1d\n" ,\
difftime(time (NULL) ,,start_time), robot_enc_cts[2][0],\
robot_enc_cts[2] [1],robot_enc_cts[2] [2],,robot_enc_cts[2] [3],\
robot_enc_cts[2] [4],robot_enc_cts[2] [51);

else if (robot_num == 4)
fprintf (ofpp, "%g\t41d\t%1d\t%1d\t%1d\t%1d\t%1d\n" ,\
difftime(time (NULL) ,start_time), robot_enc_cts[3][0],\
robot_enc_cts[3][1],robot_enc_cts[3] [2],robot_enc_cts[3][3],\
robot_enc_cts[3] [4],robot_enc_cts[3][5]);

}

/* wait to make sure the boards are ready to receive more
commands and then turn the contour mode off. */

sleep(2);

for (j = 1;j <= 3; j++)
{

Write("DTO;",j);

Write("CDO;",j);
}

i=0;

for (board_num = 1; board_num <= 3; board_num++)
{

ReturnEncoder (encoder,board_num) ;

for (m = 0; m < 4; m++)
{

if (board_num == 1)
joint = 0;

else
if (board_num == 2)

joint = 1;
else

joint = 2;

for (k = 0; k < 2; k++)
{

robot_enc_cts[m] [joint] = \
encoder [12+7*i] ;

i+=1;

joint += 3;

}
}
i=0;
}
if (robot_num == 5)
{

fprintf (ofp[0],"%g\t%1d\t%1d\t%1d\t%1d\t%1d\t%1d\n",\
difftime(time(NULL),start_time), robot_enc_cts[0][0],\
robot_enc_cts[0] [1],robot_enc_cts[0] [2],robot_enc_cts[0][3],\
robot_enc_cts[0] [4],robot_enc_cts[0][5]);

fprintf (ofp[1],"%g\t%1d\t%1d\t%1d\t%1d\t%1d\t%1d\n",\
difftime(time (NULL),,start_time), robot_enc_cts[1][0],\
robot_enc_cts[1] [1],robot_enc_cts[1] [2],,robot_enc_cts[1] [3],\
robot_enc_cts[1] [4] ,robot_enc_cts[1]1[5]);

fprintf (ofp[2],"%g\t%41d\t%41d\t%41d\t%1d\t%1d\t%1d\n",\
difftime(time (NULL),start_time), robot_enc_cts[2][0],\
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robot_enc_cts[2] [1],robot_enc_cts[2] [2],robot_enc_cts[2]1[3],\
robot_enc_cts[2] [4],robot_enc_cts[2][51);

fprintf (ofp[3],"%g\t%1d\t%1d\t%1d\t%1d\t%1d\t%1ld\n",\
difftime(time (NULL),start_time), robot_enc_cts[3][0],\
robot_enc_cts[3][1],robot_enc_cts[3] [2],robot_enc_cts[3][3],\
robot_enc_cts[3] [4],,robot_enc_cts[3]1[5]);

else if (robot_num == 1)
fprintf (ofpp, "%g\t%1d\t%1d\t%1d\t%1d\t%1d\t%1d\n",\
difftime(time (NULL),start_time), robot_enc_cts[0][0],\
robot_enc_cts[0] [1],robot_enc_cts[0] [2],robot_enc_cts[0] [3],\
robot_enc_cts[0] [4] ,robot_enc_cts[0][5]);

else if (robot_num == 2)
fprintf (ofpp, "%g\t%1d\t%1d\t%1d\t%1d\t%1d\t%1d\n" ,\
difftime(time (NULL),,start_time), robot_enc_cts[1][0],\
robot_enc_cts[1] [1],robot_enc_cts[1] [2],robot_enc_cts[1] [3],\
robot_enc_cts[1] [4] ,robot_enc_cts[1][5]);

else if (robot_num == 3)
fprintf (ofpp, "%g\t%1d\t%1d\t%1d\t%1d\t%1d\t%1d\n",\
difftime(time (NULL),start_time), robot_enc_cts[2][0],\
robot_enc_cts[2] [1],robot_enc_cts[2] [2],robot_enc_cts[2] [3],\
robot_enc_cts[2] [4] ,robot_enc_cts[2][5]);

else if (robot_num ==
fprintf (ofpp, "%g\t%1d\t%1d\t%1d\t%1d\t%1d\t%1d\n",\
difftime(time(NULL),,start_time), robot_enc_cts[3][0],\
robot_enc_cts[3] [1],robot_enc_cts[3] [2],robot_enc_cts[3]1[3],\
robot_enc_cts[3] [4],,robot_enc_cts[3][5]1);

for (i = 0; i < 4; i++)
fclose(ifp[il);

if (robot_num == 5)
{
for (i = 0; i < 4; i++)
fclose (ofplil);
}
else
fclose (ofpp) ;
}

/* This function changes the command that is sent to the board in
the main program. */

void PositionAbsolute(const long int *robotl, const long int \
*robot2, const long int *robot3, const long int *robot4, const int \
board_num, char *full_cmd)

{

switch(board_num)
{
default:

printf ("\nError occured in file move_robot --- No valid
controller specified\n");
case 1:

sprintf (full_cmd,"CD %1d,%1d,%1d,%1d,%1d,%1d,%1d,%1d; \
WC;", robotl1[0],robot1[3],robot2[0],robot2[3],robot3[0],robot3[3], \
robot4[0],robot4[3]);

break;
case 2:

sprintf (full_cmd,"CD %1d,%1d,%1d,%1d,%1d,%1d,%1d,%1d; \
WC;", robotl1[1],robot1[4],robot2[1],robot2[4],robot3[1],robot3[4], \
robot4[1],robot4[4]);

break;
case 3:

sprintf (full_cmd,"CD %1d,%1d,%1d,%1d,%1d,%1d,%1d,%1d; \
WC;", robot1[2],robotl[5],robot2[2],robot2[5],robot3[2],robot3[5], \
robot4[2],robot4[5]);

break;

}
}

C.8 File acquire_object.c

/*

Written by: Neil Petroff
Program: read_sensors.c

Date Written: 11 NOV 2005

Last Date Modified: 11 AUG 2006
Written for: robots

* K X K X
* X X X X

This is a sub-program called by main to check whether the end-effector
has sufficiently contacted the object at the beginning of the
manipulation routine.
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sokokokkkskokkkokkkkokkkkokkxx - REVISION LOG
11/11/05: Moved code to touch the object based on sensor values from
main to here. Going to add code to lift the object, and then return
to call the motion planning.

11/29/05: Changed code to incorporate robot 2.

12/19/05: Added position code to set position vector to acquire cube,
and added code to store the last force sensor data. This is used to
determine object compliance.

04/17/06: Added code to remove the temporary counts datafiles, then
rename openloop motion plan files, and call move_robot again. The
openloop datafiles are currently generated in using the grasp
constraint equation.

04/20/06: Changed code so that robot 2 isn’t used. Joint 5 is dead.
07/10/06: Added call to fuzzy controller for change in x position

of finger. Turned Robot 2 back on since joint 5’s motor was replaced.
07/12/06: Replaced code that checked all 8 analog inputs to determine
if a robot was sufficiently contacting the object. The new code first
determines the maxium force associated with each robot by comparing
the 6 sensor readings. Then, only the max is checked.

07/30/06: Changed code so average force values for each finger are
sent to the fuzzy controller instead of just the max for each finger.
08/11/06: added object to call of fuzzy controller.

*/

#include <time.h>

#include <math.h>

#include "acquire_object.h"
#include "move_robot.h"
#include "dmclinux.h"

#include "move_options.h"
#include "puma.h"

#include "inverse_kinematics.h"
#include "fuzzy_ctlr.h"

int acquire_object(int object, int type)
{

int i, j;

int robot_num;

int board_num;

int robot_flagl[4] = {1,1,1,0}; /x flag to stop robot. 1 if true,
0 if false */

short int anin[256];

double **Rd;

double robot_anin[4][6]1={{0,0,0,0,0,0}};

long int jtcts[6] = {0,0,0,0,0,0};

long int final_counts[6] = {0,0,0,0,0,0};

float xo[] = {0,0,0}, xf[] = {0,0,0}, xnew[3] = {0,0,0}, \
xnext [4] = {0,0,0,0};

float x1ift[3] = {0,0,0};

float dx = 0;

short int new_max;

short int max_force[4] =

double sum, avg_forcel[4]

char file_name[20];

FILE *ofp;

//time_t start_time = time(NULL);

Rd = (double **) malloc((unsigned) 3*sizeof (double*));

for (i = 0; i < 3; i++)
Rd[i] = (double *) malloc((unsigned) 4*sizeof(double));

for (i = 0; i < 3; i++)

{
for (j = 0; j < 3; j++)
{
if (i == j)
RA[i1[j]1 = 1;
else
RA[i]1[j] = 0;
}
}
printf("\n acquiring object ...\n");
x0[0] = 12 + 15;
xo[1] = 13 - 11;
x0[2] = 1lo - 14;
if (object == 0)
{
xf [0] = 28;
xf[1] = 0;
xf[2] = 8.5;
}
else if (object == 2)
{

xf[0] = 29;
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xf[1] = 0;

xf[2] = 8.5;
}

for (i = 0; i < 4; i++)
xnext[i] = x£[0];

for (robot_num = 1; robot_num <= 4; robot_num++)

{
manipulate(xo, xf, Rd, robot_num);
inverse_kinematics(robot_num, type, jtcts);
}
move_robot (5, final_counts);
for (board_num = 1; board_num <= 3; board_num++)
{

printf("\n");
ReturnAnlg(anin, board_num);

/* if force readings < 0, set them to 0 */
for (j = 0; j < 8; j++)
anin[33+14xj] = MAX(anin[33+14%j], 0);

/* for (j = 0; j < 8; j++)

{
if (j == 0)

robot_anin[k] [i] = anin[33+14*j]*ANALOG_RES;
else if (j == 1)

robot_anin[k] [i+1] = anin[33+14xj]*ANALOG_RES;
else if (j == 2)

robot_anin[k+1] [i] = anin[33+14xj]*ANALOG_RES;
else if (j == 3)

robot_anin[k+1] [i+1] = anin[33+14*j]*ANALOG_RES;
else if (j == 4)

robot_anin[k+2] [i] = anin[33+14xj]*ANALOG_RES;
else if (j == 5)

robot_anin[k+2] [i+1] = anin[33+14%j]*ANALOG_RES;
else if (j == 6)

robot_anin[k+3] [i] = anin[33+14*j]*ANALOG_RES;

robo:izzin[k+3][i+1] = anin[33+14#j]*ANALOG_RES;

i += 2; */
for (robot_num = 1; robot_num <= 4; robot_num++)
if (iobot_n == 1)

{

new_max = MAX(anin[117],anin[131]);

if (new_max > max_force[robot_num - 1])
max_force[robot_num - 1] = new_max;
¥

else if (robot_num == 2)
{

new_max = MAX(anin[61],anin[75]);

if (new_max > max_force[robot_num - 11)
max_force[robot_num - 1] = new_max;
}

else if (robot_num == 3)
{

new_max = MAX(anin[89],anin[103]);

if (new_max > max_force[robot_num - 1])
max_force[robot_num - 1] = new_max;
s

else if (robot_num == 4)
{

new_max = MAX(anin[33],anin[47]);

if (new_max > max_force[robot_num - 1])
max_force[robot_num - 1] = new_max;

}
}
}
for (i = 0; i < 4; i++)
{
sum = 0;
for (j = 0; j < 6; j++)
sum += robot_anin[i] [j];
avg_force[i] = sum/6.0;
}

while (robot_flag[0] || robot_flagl1] || robot_flagl(2] || \
robot_flag[3])

{

for (i = 0; i < 4; i++)
{

if (robot_flaglil)
{

xf[0] = xnext[il;
dx = fuzzy_controller (max_force[il* \
ANALOG_RES, xf[0], object);
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xnext[i] = xf[0] + dx; //0.25;
xnew[0] = xnext[il;

xnew[1] = xf[1];

xnew[2] = xf[2];

manipulate(xf, xnew, Rd, i+1);
inverse_kinematics(i+1, type, jtcts);

printf("New trajectory for Robot #d \

calculated.\n\n\n",i+1);

s
else
{
sprintf(file_name,"robot%d_cts.dat", i+1);
ofp = fopen(file_name, "u");
fprintf (ofp, "0\t0\t0\t0\t0\t0\n");
fprintf (ofp,"0\t0\t0\t0\t0\t0O\n");
fclose(ofp);
}
if (fabs(dx) <= TOL)
robot_flagl[i] = 0;
¥
move_robot (5, final_counts);
for (board_num = 1; board_num <= 3; board_num++)
{

printf("\n");
ReturnAnlg(anin, board_num);

/* if force readings < 0, set them to 0 */

for (j = 0; j < 8; j++)
anin[33+14*j] = MAX(anin[33+14*j], 0);

/* for (j = 0; j < 8; j++)
{

if (j == 0)
robot_anin[k] [i] = anin[33+14*j1* \
ANALOG_RES;

else if (j == 1)
robot_anin[k] [i+1] = anin[33+14*j]* \
ANALOG_RES;

else if (j == 2)
robot_anin[k+1][i] = anin[33+14*j]1* \
ANALOG_RES;

else if (j == 3)
robot_anin[k+1] [i+1] = anin[33+14%j]1* \
ANALOG_RES;

else if (j == 4)
robot_anin[k+2] [i] = anin[33+14x%j]* \
ANALOG_RES;

else if (j == 5)
robot_anin[k+2] [i+1] = anin[33+14*j]* \
ANALOG_RES;

else if (j == 6)
robot_anin[k+3] [i] = anin[33+14*j1* \
ANALOG_RES;

else
robot_anin[k+3] [i+1] = anin[33+14%j1* \
ANALOG_RES;

}
i+=2; */
for (robot_num = 1; robot_num <= 4; robot_num++)
{
if (robot_num == 1)
{
new_max = MAX(anin[117],anin[131]);
if (new_max > max_force[robot_num \
-1
max_force[robot_num - 1] = \
new_max;
}
else if (robot_num == 2)
{
new_max = MAX(anin[61],anin[75]);
if (new_max > max_force[robot_num \
- 1D
max_force[robot_num - 1] = \
new_max;
}
else if (robot_num == 3)
{
new_max = MAX(anin[89],anin[103]);
if (new_max > max_force[robot_num \
-1
max_force[robot_num - 1] = \
new_max;
}
else if (robot_num == 4)
{

new_max = MAX(anin[33],anin[47]);
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if (new_max > max_force[robot_num \
-11)
max_force [robot_num - 1] = \
new_max;
}
}
}
for (robot_num = 1; robot_num <= 4; robot_num++)
printf("%.2f\t", max_force[robot_num - 1]*ANALOG_RES);

printf("\n");

for (i = 0; i < 4; i++)
sum = 0;

for (j = 0; j < 6; j++)

sum += robot_anin[i] [j];
avg_force[i]l = sum/6.0;

LR

/* 1lift object */
printf("\nlifting object\n\n");

for (i = 0; i < 4; i++)

xnew[0] = xnext[il;

x1ift[0] = xnew[0];

x1ift[1] = xnew[1];

x1ift[2] = xnew[2] + 5.0;

if (x1ift[2] < 6.0)
{

printf ("\nWARNING: motion may damage robot, \
aborting\n");

exit (EXIT_FAILURE) ;

}
manipulate(xnew, x1lift, Rd, i+1);
inverse_kinematics(i+1, type, jtcts);
}
move_robot (5, final_counts);
return O;
}

C.9 File talk2matlab.c

/*

Written by: Neil Petroff
Program: talk2matlab.c

Date Written: 20 JUL 2006

Last Date Modifiesd: 05 AUG 2006
Written for: research

PRI R
* K X ¥ X

This sub-program is called from main, and contains code to perform a
fixed-point rotation of an object once it has been acquired by the
robots.

sokskokkokkokkokokkokokkokkokkkkk  REVISION LOG
07/20/06: This is a streamlined version of rotate_object.c. I’m
removing everything that isn’t needed when combining with matlab.
07/25/06: changed matlab_info.dat to save current counts instead of
coverting to angles. The extra step isn’t really necessary, and
should make it easier to perform wrist joint corrections in matlab.
07/30/06: Changed finding the finger’s contact coordinate from the
maximum sensor value to the centroid of all sensors.

08/05/06: Added current rotation and object’s twist axis to matlab’s
datafile

**kxx Variable Definitions *x¥** */

/* Include Files */
#include <stdio.h>

#include <math.h>

#include <time.h>

#include "acquire_object.h"
#include "move_robot.h"
#include "dmclinux.h"
#include "move_options.h"
#include "puma.h"

#include "inverse_kinematics.h"
#include "fuzzy_ctlr.h"
#include "matrix.h"
#include "slip.h"
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#include "talk2matlab.h"

int talk2matlab(const float ro, const double *rot_axis, const float
rot_amt, int type, int object)
{

-~

int i, j, k, kb = 1, joint, board_num, robot_num, times;

long int final_counts[6] = {0,0,0,0,0,0};

long int robot_enc_cts[NUM_ROBOTS][6] = {{0,0,0,0,0,0}};

long int encoder[256];

float current_rot = 0;

double sensor_radius = 3.0/16.0;

double robot_anin[4][6]={{0,0,0,0,0,0}};

double uf [NUM_ROBOTS] = {0,0,0,0};

double vf[NUM_ROBOTS] = {0,0,0,0};

double sum_force [NUM_ROBOTS] = {0,0,0,0};

double numu[NUM_ROBOTS] = {0,0,0,0};

double numv([4] = {0,0,0,0};

double du[6] = {sensor_radius, sensor_radius, -sensor_radius, \
-sensor_radius, -sensor_radius, sensor_radius};

double dv[6] = {0, -2*sensor_radius, -2*sensor_radius, 0, \
2*sensor_radius, 2*sensor_radius};

short int anin[256];

double pol[3] = {47, 47, 9+ro};

double ks[3] = {0,0,0};

double Rgen[3]1[3] = {{0,0,0}}, Rdot[31[3] = {{0,0,0}}, \
Vpos[6] = {0,0,0,0,0,0};

double vth = 1 - cos(THF);
double thdot = THF/ROT_T;
FILE *ofp;

/* determine general object twist */

for (i = 0; i < 3; i++)
ks[i] = rot_axis[i]l/sqrt(dotprod(rot_axis,rot_axis,3));

/* calculate general rotation matrix */

for (i = 0; i < 3; i++)

{
for (j = 0; j < 3; j++)

{
if (i == j)

Rgen[il [j1 = ks[il*ks[jl*vth + cos(THF);
else

Rgen[il [j] = ks[ilx*ks[i]*vth;
}

s
Rgen[0] [1] += -ks[2]*sin(THF);
Rgen[0] [2] += ks[1]*sin(THF);
Rgen[1] [0] += ks[2]*sin(THF);
Rgen[1][2] += -ks[1]*sin(THF);
Rgen[2] [0] = ks[0]*ks[2]*vth - ks[1]*sin(THF);
Rgen[2] [1] = ks[1]lxks[2]*vth + ks[0]*sin(THF)

skewsm(ks,*Rdot) ;

for (i = 0; i < 3; i++)
{

for (j = 0; j < 3; j++)
Rdot[i] [j1 = thdot * Rdot[i][jl;
}

/* spatial velocity of object wrt palm */
for (i = 0; i < 3; i++)
Vpos[0] += -Rdot[0][i] * polil;
for (i = 0; i < 3; i++)
Vpos[1] += -Rdot[1][i] * polil;
for (i = 0; i < 3; i++)
Vpos[2] += -Rdot[2][i] * polil;
Vpos[3] = Rdot[2][1];
Vpos[4] = Rdot[0][2];
Vpos[5] = Rdot[1]1[0];

while (rot_amt - 1 > current_rot)

{

i 0;

k = 0;

for (board_num = 1; board_num <= 3; board_num++)
{

printf("\n");
ReturnAnlg(anin, board_num);

/* if force readings < 0, set them to 0 */
for (j = 0; j < 8; j++)
anin[33+14*j] = MAX(anin[33+14%j], 0);

for (j = 0; j < 8; j++)
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if (j == 0)
robot_anin[k] [i] = anin[33+14*j]* \
ANALOG_RES;

else if (j == 1)
robot_anin[k] [i+1] = anin[33+14*j]1* \
ANALOG_RES;

else if (j == 2)
robot_anin[k+1] [i] = anin[33+14*j1* \
ANALOG_RES;

else if (j == 3)
robot_anin[k+1] [i+1] = anin[33+14xj]* \
ANALOG_RES;

else if (j == 4)
robot_anin[k+2] [i] = anin[33+14x%j1x \
ANALOG_RES;

else if (j == 5)
robot_anin[k+2] [i+1] = anin[33+14%j]1* \
ANALOG_RES;

else if (j == 6)
robot_anin[k+3][i] = anin[33+14*j]* \
ANALOG_RES;

else
robot_anin[k+3] [i+1] = anin[33+14%j]* \
ANALOG_RES;
}

i+=2;

}

/* calculate the centroid of the force readings and make
this the contact coordinate */

for (robot_num = 1; robot_num <= 4; robot_num++)

{
numu [robot_num-1] = 0;
numv [robot_num-1] = 0;
sum_force[robot_num-1] = 0;
for (i = 0; i < 6; i++)

{

numu [robot_num-1] += dulil* \
robot_anin[robot_num-1] [i];

numv [robot_num-1] += dv[il* \
robot_anin[robot_num-1] [i];

sum_force [robot_num-1] += \
robot_anin[robot_num-1] [i];
s

uf [robot_num-1] = numu[robot_num-1] / \
sum_force[robot_num-1];

vf [robot_num-1] = numv[robot_num-1] / \
sum_force[robot_num-1];

¥
i=0;
sleep(1);
for (board_num = 1; board_num <= 3; board_num++)
{
ReturnEncoder (encoder,board_num) ;
for (robot_num = 0; robot_num < 4; robot_num++)
{
if (board_num == 1)
joint = 0;
else
if (board_num == 2)
joint = 1;
else
joint = 2;
for (k = 0; k < 2; k++)
{

robot_enc_cts[robot_num] [joint] \
= encoder [12+7*i];

i+=1;

joint += 3;

ofp = fopen("matlab_info.dat","w");

fprintf (ofp,"%.41£\t%.41£\t%.41£\t%.41£\t%.41£\t% \
.41f\n",Vpos [0],Vpos[1],Vpos[2],Vpos[3],Vpos[4],Vpos[5]);

fprintf (ofp,"%.41£\t%.41£\t%.41F\t%.41£\t%.41£\t \
%.41f\n" ,uf [0] ,uf [1] ,uf [2] ,uf [3],0.0,0.0);

fprintf (ofp,"%.41£\t%.41£\t%.41£\t%. 41£\t%.41£\t \
%.41f\n",v£[0],vf[1],vE[2],vE[3],0.0,0.0);

for (robot_num = 0; robot_num < 4; robot_num++)
fprintf (ofp, "%ld\t%1d\t%1d\t%1d\t%1d\t%ld\n", \
robot_enc_cts[robot_num] [0] ,robot_enc_cts[robot_num] [1], \
robot_enc_cts [robot_num] [2] ,robot_enc_cts[robot_num] [3], \
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robot_enc_cts [robot_num] [4] ,robot_enc_cts[robot_num] [5]);

fclose(ofp);

printf("\nContact and joint information saved.\n");

printf("\nReady to rotate object ... \n");

printf("\nWaiting for new encoder count files,\n");

printf("enter O to continue ... ");

while (kb)
scanf ("%d",&kb) ;
kb =

H
/* rotate the object */

move_robot (5, final_counts);
sleep(1);

// slip(type);

//printf("\n ... done.\n");

current_rot += THF*R2D;

printf("\n rotation = %f deg.\n",current_rot);

if (rot_amt - 1 > current_rot)
for (times = 0; times < 1; times++)
/* reconfigure fingers */

for (board_num = 1; board_num <= 3; \
board_num++)
{

printf("\n");

ReturnAnlg(anin, board_num);

/* if force readings < 0, set
them to 0 */

for (j = 0; j < 8; j++)
anin[33+14%j] = \
MAX (anin[33+14%j1, 0);

for (j = 0; j < 8; j++)
{
if (j == 0)
robot_anin[k][i] = \
anin[33+14*j]1*ANALOG_RES;
else if (j == 1)
robot_anin[k] [i+1] \
= anin[33+14*j]*ANALOG_RES;
else if (j == 2)
robot_anin[k+1][i] \
= anin[33+14*j]*ANALOG_RES;
else if (j == 3)
robot_anin[k+1] [i+1] \
= anin[33+14*j]1*ANALOG_RES;
else if (j == 4)
robot_anin[k+2] [i] \
= anin[33+14*j]1*ANALOG_RES;
else if (j == 5)
robot_anin[k+2] [i+1] \
= anin[33+14*j]1*ANALOG_RES;
else if (j == 6)
robot_anin[k+3] [i] \
= anin[33+14*j]1*ANALOG_RES;
else
robot_anin[k+3] [i+1] \
= anin[33+14*j]*ANALOG_RES;
¥
i+=2;

}

/* calculate the centroid of the force
readings and make this the contact coordinate

for (robot_num = 1; robot_num <= 4; \
robot_num++)

{
numu [robot_num-1] = 0;
numv [robot_num-1] = 0;
sum_force [robot_num-1] = 0;
for (i = 0; i < 6; i++)

{

numu [robot_num-1] += \
du[il*robot_anin[robot_num-1] [i];
numv [robot_num-1] += \
dv[i]*robot_anin[robot_num-1] [i];
sum_force [robot_num-1] \
+= robot_anin[robot_num-1] [i];

*/
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}
uf [robot_num-1] = \

numu [robot_num-1] / sum_force[robot_num-1];
vf [robot_num-1] = \

numv [robot_num-1] / sum_force[robot_num-1];

}

i=0;
sleep(1);

for (board_num = 1; board_num <= 3; \
board_num++)
{

ReturnEncoder (encoder,board_num) ;

for (robot_num = 0; robot_num < \
4; robot_num++)

{
if (board_num == 1)
joint = 0;
else
if (board_num == 2)
joint = 1;
else
joint = 2;
for (k = 0; k < 2; k++)
{
\
robot_enc_cts[robot_num] [joint] = encoder[12+7*i];
i+=1;
joint += 3;
¥
¥
i=0;
}
k = 0;

/* during reconfiguration Vpos = 0 */

ofp = fopen("matlab_info.dat","w");
fprintf (ofp,"%.41£\t%.41£\t%.41f\t \
%.41£\t%.41f\t%.41f\n",0.0,0.0,0.0,0.0,0.0,0.0);
fprintf (ofp,"%.41£\t%.41£\t%.41f\t \
%.41£\t7%.41£\t%.41f\n" ,uf [0] ,uf [1],uf [2],uf [3],0.0,0.0);
fprintf (ofp,"%.41£\t%.41£\t%.41f\t \
%.41£\t%.41f\t%.41f\n" ,v£ [0],vEf[1],vE[2],vE[3],0.0,0.0);
for (robot_num = 0; robot_num < 4; \
robot_num++)
fprintf (ofp, "%1d\t%1d\t%1d\t%ld\t \
%1d\t%1d\n" ,robot_enc_cts[robot_num] [0] ,robot_enc_cts[robot_num] [1], \
robot_enc_cts[robot_num] [2] ,robot_enc_cts[robot_num] [3], \
robot_enc_cts[robot_num] [4] ,robot_enc_cts[robot_num] [5]);
fprintf (ofp, "%E\t%. 41£\t%. 41£\t%.41F \
\t%d\t%d\n", current_rot, ks[0], ks[1], ks[2], 0, 0);
fclose(ofp);

printf("\nContact and joint information \
saved.\n");
printf("\nReady to reposition fingers \

oo \n");

printf("\nWaiting for new encoder count \
files,\n");

printf("enter O to continue \

")

while (kb)
scanf ("%d",&kb) ;

Kb = 1;

move_robot (5, final_counts);

sleep(1);
if (times == 1)
{
slip(type, object);
printf("\n ... done.\n");
}
}
}
}
return 0;
s
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C.10 File slip.c

/*

Written by: Neil Petroff

Program: slip.c *
Date Written: 23 JUL 2006

Last Date Modified: 30 JUL 2006

Written for: research

PR

This function checks the slip condition between an object and the
fingers, and makes adjustments based on a fuzzy controller output
for the finger’s x-position. It is called from talk2matlab.c after

each object rotation and finger repositioning.

sokkokokkskskokokokkkkkokkkkkkx  REVISION LOG

07/30/06: Changed code so average force values for each finger

are sent to the fuzzy controller instead of just the max for each

finger.

*/

#include <stdlib.h>
#include <stdio.h>

#include <math.h>

#include <time.h>

#include "acquire_object.h"
#include "move_robot.h"
#include "matrix.h"
#include "inverse_kinematics.h"
#include "puma.h"

#include "dmclinux.h"
#include "talk2matlab.h"
#include "fuzzy_ctlr.h"
#include "move_options.h"
#include "slip.h"

#define NAN 2147483648UL
#define DOF 6

void slip(int type, int object)
{

int robot_flagl[4] = {1,1,1,0}; /* flag to stop robot 1 if

true, 0 if false */

int i, j, k = 0, joint, robot_num, board_num;
float dx = 0, xf[3] = {0,0,0}, xnew[3] = {0,0,0};
long int robot_enc_cts[NUM_ROBOTS] [6] = {{0,0,0,0,0,0}};

double robot_anin[4][6]1={{0,0,0,0,0,0}};

long int encoder[256], final_counts[6] = {0,0,0,0,0,0};
short int max_force[NUM_ROBOTS] = {0,0,0,0}, anin[256], new_max \

= 0;
double sum, avg_force[4] = {0,0,0};
double **xgst, *xRd;

double xpos[4] = {0,0,0,0}, ypos[4] = {0,0,0,0}, zpos[4] = \

{0,0,0,0};
double current_jt_angles[6] = {0,0,0,0,0,0};

double omegas[6][3] = {{0,0,1},{0,1,0},{0,-1,0},{0,0,1},\

{0,1,0},{-1,0,03}};

double gs[6]1[3] = {{0,0,0},{0,0,10},{12, 0, 1lo},{12, 13-11, 0},\

{12, 0, 10-14},{0, 13-11, lo-14}};

double gsto[4]1[4] = {{1,0,0,12+15},{0,1,0,13-11},{0,0,1,10-14},\

{0,0,0,1}};
FILE *ofp;
char file_name[20];

gst = (double **) malloc((unsigned) 4*sizeof (double*));
Rd = (double **) malloc((unsigned) 3*sizeof (double*));

for (i = 0; i < 4; i++)

gst[i] = (double *) malloc((unsigned) 4*sizeof(double));

for (i = 0; i < 3; i++)

Rd[i] = (double *) malloc((unsigned) 4*sizeof(double));

printf("\nchecking slip condition ...\n\n");

while (robot_flag[0] || robot_flagl[1] || robot_flagl2]

robot_flag[3])
{

for (board_num = 1; board_num <= 3; board_num++)

{

ReturnAnlg(anin, board_num);
/* if force readings < 0, set them to 0 */
for (j = 0; j < 8; j++)
anin[33+14*j] = MAX(anin[33+14xj], 0);
/* for (j = 0; j < 8; j++)

if (j == 0)
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robot_anin[k] [i] = anin[33+14#j]*ANALOG_RES;
else if (j == 1)

robot_anin[k] [i+1] = anin[33+14*j]*ANALOG_RES;
else if (j == 2)

robot_anin[k+1] [i] = anin[33+14*j]*ANALOG_RES;
else if (j == 3)

robot_anin[k+1] [i+1] = anin[33+14*j]*ANALOG_RES;
else if (j == 4)

robot_anin[k+2] [i] = anin[33+14*j]*ANALOG_RES;
else if (j == 5)

robot_anin[k+2] [i+1] = anin[33+14x%j]*ANALOG_RES;
else if (j == 6)

robot_anin[k+3] [i] = anin[33+14*j]*ANALOG_RES;

else

robot_anin[k+3] [i+1] = anin[33+14*j]*ANALOG_RES;
}

i+=2; */

for (robot_num = 1; robot_num <= 4; robot_num++)
if (robot_num == 1)

new_max = MAX(anin[117],anin[131]);
if (new_max > \
max_force [robot_num - 11)
max_force [robot_num - 1] \
= new_max;
s
else if (robot_num == 2)
{
new_max = MAX(anin[61],anin[75]);
if (new_max > \
max_force [robot_num - 1])
max_force[robot_num - 1] \
= new_max;
}
else if (robot_num == 3)
{
new_max = MAX(anin[89],anin[103]);
if (new_max > \
max_force [robot_num - 11)
max_force [robot_num - 1] \
= new_max;
}
else if (robot_num == 4)
{
new_max = MAX(anin[33],anin[47]);
if (new_max > \
max_force [robot_num - 1])
max_force[robot_num - 1] \

= new_max;
}
}
}
sleep(1);
i=0;
for (board_num = 1; board_num <= 3; board_num++)
{
ReturnEncoder (encoder,board_num) ;
for (robot_num = 0; robot_num < 4; robot_num++)
{
if (board_num == 1)
joint = 0;
else
if (board_num == 2)
joint = 1;
else
joint = 2;
for (k = 0; k < 2; k++)
{
robot_enc_cts[robot_num] [joint] \
= encoder[12+7*i];
i+=1;
joint += 3;
}
}
i=0;
}
for (i = 0; i < 4; i++)
{
if (robot_flaglil)
{

current_jt_angles[0] = \
robot_enc_cts[i] [0]*COUNT2RAD1;

current_jt_angles[1] = \
robot_enc_cts[i] [1]*COUNT2RAD2;

current_jt_angles[2] = \
robot_enc_cts[i] [2] *COUNT2RAD3;
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current_jt_angles[3] = \
robot_enc_cts[i] [3]*COUNT2RAD4;

current_jt_angles[4] = \
robot_enc_cts[i] [4]*COUNT2RAD5;

current_jt_angles[5] = \
robot_enc_cts[i] [6]*COUNT2RAD6;

gst = forward_kinematics(&qs[0][0], \
&omegas [0] [0],current_jt_angles,&gsto[0] [0],gst);
xpos[i] = gst[0][3];
ypos[il = gst[11[3];
zpos[i] = gst[2][3];

xf[0] = gst[0]1[3];
xf[1] = gst[11[3];
xf [2] gst[2][3];

for (j = 0; j < 3; j++)
{

for (k = 0; k < 3; kt++)
RA[jI[k] = gst[jl[k];
}

dx = fuzzy_controller(max_force[il* \
ANALOG_RES, xpos[i], object);

xpos[i] += dx*gst[0][0];

ypos[il += dx*gst[1]1[0];

zpos[i] += dx*gst[2][0];

xnew[0] = xpos[il;

xnew[1] = ypos[il;

xnew[2] = zposl[il;

manipulate(xf, xnew, Rd, i+1);

inverse_kinematics(i+1, type, \
&robot_enc_cts[i][0]);

printf("New trajectory for Robot #%d \
calculated.\n",i+1);

}
else

{
sprintf (file_name, "robot}d_cts.dat", i+1);
ofp = fopen(file_name, "w");
fprintf (ofp,"0\t0\t0\t0\t0\t0\n");
fprintf (ofp, "0\t0\t0\t0\t0\t0\n");
fclose(ofp);

s

if (fabs(dx) <= TOL)
robot_flagl[il = 0;
¥

/* for (robot_num = 1; robot_num <= 4; robot_num++)
printf("%.2f\t", max_force[robot_num - 1]*ANALOG_RES);
printf("\n"); */

move_robot (5, final_counts);

free(gst);
free(Rd);

C.11 File fuzzy _ctlr.c

/*

* Written by: Neil Petroff

* Program: fuzzy_ctlr.c

* Date Written: 10 JUL 2006

* Last Date Modifiesd: 14 AUG 2006
* Written for: research

* K X X X

This sub-program is called from main, and contains a fuzzy controller
used to determine the local x-position change of the finger to
acquire/maintain proper contact with an object. The inputs are
object weight, object compliance index, and the current contact force.
The output is the change in x-position of the fingertip. It is
assumed that the rest of the desired configuration is constant.

sokkokokokkokkokokkkkkkkkkkkx  REVISION LOG
07/10/06: new program.

07/13/06: changed inputs to function call. Currently, they are
current maximum force, and current x-position.

08/11/06: added object to function call. The range of the x-pos
variable has to change depending on the object type. Currently have
values for ball and cube. Also partially implemented automated
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membership function calculations based on the range for an input
variable. Only did it for x-pos input since I’ve been tweaking this
a lot.

08/13/06: Changing range on x-position input to controller for the
ball. Seems the robots drop the ball a lot during slip check when
far from the zero position.

08/14/06: Can’t strike a good balance with the finger positions
changing so much during manipulation. Either it squeezes the ball
too tight when it first grabs it, or it drops it during the slip
check later. Instead of changing the x-pos range again, I’m going
to try weighting the force input. Start with a weight of 1.5.

*/

/* Include Files */
#include <stdio.h>
#include <stdlib.h>
#include "fuzzy_ctlr.h"

float fuzzy_controller(float contact_force, float current_x, const \
int object)
{

int rules[NUM_RULES] [LEN]={{0,0,4},{1,0,4},{2,0,4},{3,0,3}, \

{4,0,2},{0,1,4},{1,1,4},{2,1,3},{3,1,2},{4,1,1},{0,2,4},{1,2,3}, \
{2,2,2},13,2,1},{4,2,0},40,3,3},{1,3,2},{2,3,1},{3,3,0},{4,3,0}, \

{0,4,2},{1,4,1},{2,4,0},{3,4,0},{4,4,0}};

int i, j;

float mu_force = 0.0, mu_xpos = 0.0;

float dx = 0.0, implication, intersect = 0.0, area = 0.0;

float numerator = 0.0, denominator = 0.0, watot = 0.0, atot = 0.0;

float peak_ball[3][5] = {{0,1,2,3,4},{0,0,0,0,0}, \
{-1,-0.5,0,0.5,1}};

float span_ball[3][5] = {{1,2,2,2,1},{0,0,0,0,0}, \
{0.5,1,1,1,0.5}};

float peak_cubel[3][5] = {{0,1.25,2.5,3.75,5},{0,0,0,0,0}, \
{-1,-0.5,0,0.5,1}};

float span_cube[3][5] = {{1.25,2.5,2.5,2.5,1.25},{0,0,0,0,0}, \
{0.5,1,1,1,0.5}};

float range_ball[2] = {28, 31};

float range_cube[2] = {29, 31};

float range = 0, wgt = 1.0;

float peak[3][5] = {{0,0,0,0,0}};

float span[3][5] = {{0,0,0,0,0}};

/* the rule vectors can take on values from 0-4 which represent
linquistic variables LN, N, Z, P, and LP, respectively. The first 2
are for the input variables, contact force and current x position,
and the last element is for the output variable dx.*/

if (object == 0)

{
range = range_ball[l] - range_balll[0];
peak_ball[1] [0] = range_ball[0];
peak_ball[1] [4] = range_ball[1];
span_ball[1][0] = range/4.;
span_ball[1][4] = range/4.;
for (i = 1; i < 4; i++)

{
peak_ball[1][i] = range_ball[0] + ((i * range)/4.);
span_ball[1][i] = range / 2.;

}
for (i = 0; i < 3; i++)

{
for (j = 0; j < 55 j++)

{
peak[i] [j] = peak_ball[il[jl;
span[i]l [j] = span_ball[il[j];

¥

¥

¥
else if (object == 2)

{
range = range_cube[1] - range_cube[0];
peak_cube[1] [0] = range_cube[0];
peak_cube[1] [4] = range_cube[1];
span_cube[1] [0] = range/4.;
span_cube[1] [4] = range/4.;
for (i = 1; i < 4; i++)

{

peak_cube[1] [i] = range_cube[0] + ((i * \
range)/4.);
span_cube[1] [i] = range / 2.;

}
for (i = 0; i < 3; i++)
{
for (j = 0; j < 5; j++)
{
peak[i] [j] = peak_cube[i] [j];
span[il [j] = span_cube[i][j];
}
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else

printf("\nNo controller specified for selected object.\n");
exit (EXIT_FAILURE) ;

/* determine the membership value of the contact force in the
linguistic variable maxforce */

printf ("\n%f\t%f\t",contact_force, current_x);

for (i = 0; i < NUM_RULES; i++)
{
if (rules[i]l[0] == 0) /* if inputl is LN */

if (contact_force < peak[0][0])
mu_force = 1.0;
else if (contact_force >= peak[0][0] && \
contact_force <= (peak[0][0] + span[0][0]))
mu_force = (1./span[0][0])*(peak[0][0] - \
contact_force) + 1;
else if (contact_force > (peak[0] [0]+span[0][0]))
mu_force = 0.;

else if (rules[i][0] == 1) /* if inputl is N */
{
if (contact_force < (peak[0][1]l-span[0][1]/2.) \
Il contact_force > (peak[0][1]+span[0][1]/2.))
mu_force = 0.;
else if (contact_force >= peak[0][1]- \
span[0] [1]/2. && contact_force <= peak[0][1])
mu_force = (2/span[0][1])*(contact_force - \
peak[0] [1]) + 1;
else if (contact_force > peak[0][1] && \
contact_force <= peak[0][1] + span[0][1]/2.)
mu_force = (2/span[0][1])*(-contact_force + \
peak[0][1]) + 1;

else if (rules[i][0] == 2) /x if inputl is zero */

if (contact_force < (peak[0][2]-span[0][2]/2.) \
|l contact_force > (peak[0][2]+span[0][2]/2.))
mu_force = 0.;
else if (contact_force >= peak[0][2]- \
span[0] [2]/2. && contact_force <= peak[0][2])
mu_force = (2/span[0] [2])*(contact_force - \
peak[0][2]) + 1;
else if (contact_force > peak[0][2] && \
contact_force <= peak[0][2] + span[0][2]/2.)
mu_force = (2/span[0] [2])*(-contact_force + \
peak[0] [2]) + 1;

}
else if (rules[i][0] == 3) /* if inputl is P */
{

if (contact_force < (peak[0] [3]-span[0][3]1/2.) \
|| contact_force > (peak[0][3]+span[0][3]1/2.))
mu_force = 0.;
else if (contact_force >= peak[0][3]- \
span[0] [3]/2. && contact_force <= peak[0][3])
mu_force = (2/span[0] [3])*(contact_force - \
peak[0] [3]) + 1;
else if (contact_force > peak[0][3] && \
contact_force <= peak[0][3] + span[0][3]/2.)
mu_force = (2/span[0] [3])*(-contact_force + \
peak[0][3]) + 1;
¥
else if (rules[i][0] == 4) /* if inputl is LP x/
{
if (contact_force < peak[0] [4]-span[0] [4])
mu_force = 0.;
else if (contact_force >= peak[0] [4]-span[0][4] \
&& contact_force <= peak[0] [4])
mu_force = (1/span[0][4])*(contact_force - \
peak[0][4]) + 1;
else if (contact_force > peak[0][4])
mu_force = 1.0;

/* determine the membership value of x-position in
linguistic variable currentx */
if (rules[i][1] == 0) /% if input2 is LN */
{
if (current_x < peak[1][0])
mu_xpos = 1.0;
else if (current_x >= peak[1][0] && current_x <= \
(peak[1][0] + span[1][0]1))
mu_xpos = (1./span[1][0])*(peak[1][0] - \
current_x) + 1;
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else if (current_x > (peak[1][0]+span[1][0]))
mu_xpos = O.;

}
else if (rules[i][1] == 1) /* if input2 is N */
{

if (current_x < (peak[1][1]l-span[1]1[1]1/2.) || \
current_x > (peak[1] [1]+span[1][1]/2.))
mu_xpos = 0.;
else if (current_x >= peak[1][1]-span[1][1]/2. \
&% current_x <= peak[1][1])
mu_xpos = (2/span[1][1])*(current_x - \
peak[1]1[1]1) + 1;
else if (current_x > peak[1][1] && current_x \
<= peak[1][1] + span[1][1]/2.)
mu_xpos = (2/span[1][1])*(-current_x + \
peak[1]1[1]) + 1;
}
else if (rules[i][1] == 2) /x if input2 is zero */

if (current_x < (peak[1][2]-span[1]1[2]1/2.) || \
current_x > (peak[1] [2]+span[1]1[21/2.))
mu_xpos = 0.;
else if (current_x >= peak[1] [2]-span[1][2]/2. \
&% current_x <= peak[1][2])
mu_xpos = (2/span[1][2])*(current_x - \
peak[1][2]) + 1;
else if (current_x > peak[1][2] && current_x \
<= peak[1][2] + span[1][2]/2.)
mu_xpos = (2/span[1][2])*(-current_x + \
peak[1]1[2]) + 1;
}
else if (rules[i][1] == 3) /x if input2 is P */
{
if (current_x < (peak[1][3]-span[1][3]/2.) || \
current_x > (peak[1] [3]+span[1][3]1/2.))
mu_xpos = O.;
else if (current_x >= peak[1][3]-span[1][3]/2. \
&& current_x <= peak[1][3])
mu_xpos = (2/span[1][3])*(current_x - \
peak[1]1[3]) + 1;
else if (current_x > peak[1][3] && current_x \
<= peak[1][3] + span[1][3]1/2.)
mu_xpos = (2/span[1][3])*(-current_x + \
peak[1]1[3]) + 1;
¥
else if (rules[il[1] == 4) /% if input2 is LP x/
{
if (current_x < peak[1] [4]-span[1][4])
mu_xpos = O.;
else if (current_x >= peak[1][4]-span[1][4] && \
current_x <= peak[1][4])
mu_xpos = (1/span[1][4])*(current_x - \
peak[1][4]) + 1;
else if (current_x > peak[1][4])
mu_xpos = 1.0;

}

/* do the rule evaluation */
/* since each rule is an and, simply take the min
membership value */

implication = MIN(mu_force, mu_xpos);

/* now, apply these to each output to do the implication.
This gives a fuzzy output set for each rule */

/* determine fuzzy output membership function areas for
change in x */

if (implication != 0)
{
if (rules[i]l[2] == 0) /* then output is LN */

intersect = span[2] [0]1*(1 - implication);
area = (1./2.)*implicationx(intersect + \
span[2][0]);
numerator = area * (peak[2][0] + \
(span[2]1[01/3.));
/* numerator is area of cropped
fuzzy set */
denominator = area;
/* times center (peak) of original fuzzy
set - symmetry */
if (implication == mu_force)
{
numerator = numerator * wgt;
denominator = denominator * wgt;
}
}
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else if (rules[i][2] == 1) /* then output is N */

intersect = span[2] [1]*(1 - implication);
area = (1/2.)*implication#*(intersect + \
span[2][1]);
numerator = area * peak[2][1];
denominator = area;
if (implication == mu_force)
{
numerator = numerator * wgt;
denominator = denominator * wgt;
}
}
else if (rules[i][2] == 2) /* then output is
zero */
{
intersect = span[2] [2]*(1 - implication);
area = (1/2.)*implication#*(intersect + \
span[2][2]1);
numerator = area * peak[2][2];
denominator = area;
if (implication == mu_force)

numerator = numerator * wgt;
denominator = denominator * wgt;

}
else if (rules[i]l[2] == 3) /* then output is P */
{
intersect = span[2] [3]1*(1 - implication);
area = (1./2.)*implication*(intersect + \
span[2][3]1);
numerator = area * peak[2][3];
denominator = area;
if (implication == mu_force)
{
numerator = numerator * wgt;
denominator = denominator * wgt;

else if (rules[i][2] == 4) /* then output is LP */
{

intersect = span[2] [4]*(1 - implication);
area = (1./2.)*implication*(intersect + \
span[2] [4]);
numerator = area * (peak[2][4] - \
(span[2][41/3.));
denominator = area;
if (implication == mu_force)
{
numerator = numerator * wgt;
denominator = denominator * wgt;
}
}
watot += numerator;
atot += denominator;
}
}

/* calculate crisp output */
if (atot != 0.)

dx = watot / atot;
else

printf ("%f\n",dx);

return dx;
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APPENDIX D

A MATHEMATICA PROGRAM FOR DETERMINING THE INVOLUTIVE
CLOSURE OF AN UNDERACTUATED SYSTEM

This appendix contains the code for a Mathematica® notebook to generate the
involutive closure of an underactuated system. It uses the function LieB to calculate
a Lie bracket vout given two existing vector fields vi and v2 and a set of local
coordinates 1ist. It can then be used to verify that the set of vector fields generates
the involutive closure for the system. The results shown are for a spherical object

rolling on a flat plane given by Equation 5.2.

(* lie_bracket.nb
Written by: Neil Petroff x)

g1={0,-Sec[uf] ,rf*Sin[si] ,rf*Cos[si],Tan[uf]};

g2={1,0,rf*Cos[si] ,~-rf*Sin[si],0};

xs={uf,vf,uo,vo,si’};

LieB[vl_,v2_,list_,vout_]:=

Module [{jml, jm2},

Do[jm1=Table[D[v1[[i]],1ist[[j1]],{i,Length[v1]},

{j,Length[1list]}],{i,Length[v1]},{j,Length[1list]}];
Do[jm2=Table[D[v2[[il],1ist[[j1]1],{i,Length[v2]},

{j,Length[1list]}],{i,Length[v2]},{j,Length[1list]}];
vout=FullSimplify[jm2.v1-jml.v2]]

LieB[gl,g2,xs,g3];

LieB[gl,g3,xs,g4];

LieB[g2,g3,xs,gb];

closure=FullSimplify[Transpose[{gl,g2,g3,g4,g5}]1];

MatrixRank[closure]
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MatrixForm[closure]

0 1 0 0 0
-Sec [uf ] 0 Sec [uf ] Tan [uf ] 0 Sec [uf ] (Sec[uf ]2 + Tan[uf ]?)
rf Sinfsi] rf Cos[si] -rfSin[si]Tan[uf] rf Cos|[si] —2rf Sec[uf 12 Sinjsi]
rf Cos(si] -rfSin(si] -rf Cos[si]Tan[uf] -rf Sin[si] —2rf Cos[si ] Sec[uf?
Tan [uf ] 0 -Sec [uf 12 0 -2 Sec[uf ]2 Tan[uf ]
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