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ABSTRACT

ROBOTIC SYSTEM
WITH COMPUTER VISION
by
Soo-Man Lee

Master of Science in Electrical
and Computer Engineering

This thesis is intended to study the techniques and
to solve the problems in the application of video proces-
sing to an automatic robotic system. The contents of this
thesis are:

a. Description and explanation of the Video Proces-
sign Unit, how it is iﬁtegrated with a television camera,
television monitor, and a system controller, Apple Ile.

b. Description and explanation of the Five-~Axis
Robot, TeachMover, and how it is operated by the system
controller, the Apple Ile.

c. Connection and operation of the video camera,
video monitor, Video Processing Unit, recbotic arm, and

the controller, the Apple Ile.



d. Flow chart of controlling program for Apple IIe.

e. Presentation of experimental program.

The basic components of the system are an Apple Ile
personal computer with two serial ports, a Video Processing
Unit, television camera, television monitor, lighting sys-
tem, and the TeachMover Robotic Arm.

The system wés designed and developed and software
programs written. Test results indicated the system
operated properly and its performance satisfied the

design objectives.



Chapter 1

INTRODUCTION

Pattern recognition and image processing techniques
have been developed and applied to automatic visual
measurement and inspection. These techniques are used to
detect an object and to determine the object's location,
size and shape. Industrial automation for assembly,
automatic alignment of the assembly for testing and
component recognition have demanded the development of a
human-like robot. Including the benefit for increasing
productivity or improving the quality of life, the life
of workers now doing repetitive and sometimes hazardous
tasks would be taken care of by using sophisticated
robots. Furthermore, using computer visiocn techniques,
the positions and orientations of an object within the
field-of-view of the system can be determined.

This thesis involves the design and development of
an automated robotic system with computer vision using a
Video Processing Unit. The system uses an Apple Ile
microcomputer to process data transmitted from the Video
Processing Unit (VPU) and serds the command to the robot
arm, TeachMover.

Firscv, the data sent from the VPU is processed to
analyze where the object is located, its size and orien-

tation.



Second, a set of coordinates and signals were gener-
ated and sent to the TeachMover to reach the object.

Finally, the robot arm, moving to that object grasps
it from the proper direction and places the object as
required by the operations.

Algorithms were developed to program the computer to
process the data to recognize the object and to command
the robot-arm to perform the proper operations. Cubic

and cylindrical objects were used for testing.



Chapter 2
ROBOTIC ARM WITH COMPUTER VISION SYSTEM

A functional block diagram of the system is shown in
Figure 1. The basic components of the system are:

a) Apple Ile personal computer with two serial ports

b) DAGE-MTI, INC. MK 11 series vidicon type video
camera with 10 mm lens

c¢) The Rank Videometrix Video Processing Unit

d) Video monitor

e) Robot-arm; Five-Axis Robot Model TCM (TeachMover)

£) 5-1/4 in. single sided, double density floppy disk
storage system

g) Okidata printer

Figure 2 shows the physical arrangement of the system.
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Chapter 3
VIDEO PROCESSING SYSTEM

3.1 Video Camera with Lens

The optical information is reflected by a surface of
an object and its surrounding top into a video camera
under a light source. The video camera converts the
optical information into an electrical signal. The 10 mm

lens was used to cover a 10 x 10 inch field-of-view.

3.2 Video Processing Unit (VPU)

VPU was used to convert analog signal into digital
form and analyze the digitized data. The Rank Videometrix
Video Processing Unit (VPU) is a general purpose device
which was integrated with a TV camera, TV monitor and a
system controller-Apple IIe to provide an automatic
dimensional measuring system. 1Its basic function is to
process the video signal generated by the camera and
extract various edge data which can be used to determine
dimensions of the object being viewed. The unit responds
to commands received from the system controller and

returns various status and measurement data.



3.2.1 Functional characteristics

Measurement Window and Crosshairs -

The VPU superimposes a rectangular ''measurement win-
dow" and a set of crosshairs on the TV monitor. The
location can be changed under software control. The
window surrounds that portion of the video scene which
the VPU actually '"sees.'" That is, it ignores any part of
the scene outside the window. Thus the window can be
used to isolate specific areas of the scene for analysis.
The horizontal and vertical crosshairs are independently
controllable. They enable gathering data along a partic-
ular scan line, a feature which is useful in many measure-
ment applications.

The crosshairs are always confined to be within the.
window and are never allowed to be closer than 8 pixels
or lines from a window side. The left and right window
slideé cannot be closer than 12 pixels. The same is true
for the top and bottom. The VPU will override system
controller commands that violate these constraints. At

full size the window sides are located as follows:

&5

TOP = 0 lines
BOTTOM = 400 lines
LEFT = 8 pixels
RIGHT = 503 pixels

/

In a sense, the VPU is an analog-to-digital conver-

Edge Detection

ter. The continuous analog video signal generated by the



camera is sampled at a specific time interval and com-
pared with a pre-set threshold. Sémpled voltages above
the threshold are declared to be '1" and those below are
"0". The result is "digitized" bi-level video,, that is,
pure black and white with no gray. By saving all the 0's
and 1's in memory it would be possible to digitize the
entire scene. For most measurement applications, however,
this is neither required or desirable. Typically, edge
transitions form the basis for measurement. Therefore,
the VPU was designed to ''remember'" only the location of
the first edge transition (or alternately the last) that
it encounters on each horizontal TV scan line. Similarly,
it remembers edge transitions in the vertical direction
yielding, in effect, a two-dimensional outline of the
image. There are 400 usable scan lines and each is
divided into 500 elements by the VPU. The data is stored
in a table in its computer memory. Upon command the VPU
writes to the table one of four types of data:

400 X (horizontal) leading edges (first transitions)

400 X trailing edges (last transitions)

500 Y (vertical) leading edges

500 Y trailing edges

The terms "X", "Y', "leading'" and '"trailing' are
used frequently throughout the remainder of this manual.
The VPU can transfer all this data to the system control-
ler upon demand, which is useful in some cases. More

typically, however, the system controller would request

only the minimum of all the edge values, or the maximum,



or the one coinciding with the current crosshair loca-
tion, etc. Appendix A describes all the various possi-

bilities under '"Data Gathering Commands."

Centroids and Areas

Besides defining edge locations the VPU can compute
the centroid and area of the image in the window. This
feature is useful in finding the area or centroid (area
moment) of an object that is entirely within the measure-
ment window. The process is performed entirely in hard-
ware and runs at the video scan rate, that is, a cen-
troid/ area can be computer thirty times a second.

Unlike the portion of the VPU which does edge detection,
the centroid/area hardware uses all edge transitions,

not just leading and trailing. The result is a true
area/area moment. The centroid is referenced to the
upper left hand corner of the window (when at its maximum

size). This corner always represents 0,0.

Thresholding

The analog video signal voltage for a given scene
covers a range representing the blackést black to the
whitest white. The VPU contains peak detectors which in
effect remember these extremes over the entire frame. It
is then able to compare the intensity of every other
point in the scene relative to these peaks in making its
"0'" or "1" determination as previously described under

"EdgeDetection.'" This process is called thresholding.
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The comparator setting can be anywhere from 0 to 1007 of
the range defined by the peak detectors and is under soft-
ware control. A typical setting is 50% but sometimes
various lighting and surface conditions require some ex-
perimentation to find the proper setting. Appendix A

describes the threshold setting commarid.

R .

3.2.2 System interconnects #ylJare ok ;
S ()

Figure 3 shows cable interconnects for a the system

s oA
Loy VP

consisting of the Video Processing Unit, TV camera,
monitor, and a system controller. Video cables were the
coaxial, shielded type.

Table 1 shows the pin assignments for the RS-232
connector (DB-253) on the rear panel, which were con-
neéted to Appie Ile with serial port. And, Table 2 showé

the switch settings orn the first pc board inside the VPU.

3.2.3 R5-232 specifications

The VPU configuration used with the Apple Ile was as

follows:

2400 Baud

7 Bit Characters (ASCII Standard)
Even Parity

1 Stop Bit

The VPU software does not support the following
RS-232 functions:
Clear to Send
Request to Send

Data Terminal Ready
Data Set Ready
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SERIAL I/0 PIN ASSIGNMENTS

PIN NO. SIGNAL NAME

Protective Ground
Received Data
Transmitted Data

v Clear to Send

«~ Request to Send

«Data Terminal Ready

Signal Ground ¥

~N oy BN

8-19 ggpséa
20 v Data Set Ready

21-25 Ur/x,us’é’é

Connector - DB-25S

Table 1

12
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SWITCH SETTINGS

Bit No. 1 2 3 4
VPU EOL Squence X
Daisy/Non-daisy

Baud Rate

EOL Sequence (bit 4)
0

CR on VPU output

* 1 = CR/LF

Daisy/Non-daisy (bit 5)
* 0

Standard 1/0
1

Daiéy-chained 1/0

Baud Rate {(bits 6-8)

000 19200
001 9600
010 4800
* 011 2400
100 1200
1014 600
110 300
111 150

* : setting for experimental program

‘Table 2

13
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3.3 Procedure for Detection of Object

w0

400

co cxel
§ ~ bo3 a 2 .“F)‘e"‘_s_-l(‘l

200

400 S

If the width of the object is less than 190
pixels, it is less than two block 1engths.:
Therefore, it never exceeds the two blocks (one
block is 100 pixel-wide).
The object is adjusted to be wider than 30
pixels.
Then, the step of Y should be less than 30 pix-
els. Let Y step be 20.
a) Set y(I) at first 20 of a selected 200 x
ZOO:square window.
For I=20 to 200 step 20
Find IE/X/L and IE/X/T

b) If (XT-XL) << 30

That is, if (XT-XL) < 5 then it's just one
portion of arc of an object. Then, save it
and continue to measure the remaining arc or

line.

20 < width < 100
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c) If (XT-XL) > 5 then, this block might hold
the object then treat it as the object and
go to step d)
//ff (XT-XL) > 1000 then, that point may con-
tain noise and go to e.
d) Accumulate the number
ps(I,J) = p(1,J) + 1

e) Go to next block (move the window) and check

as above. * }ﬁﬁ\
ol 7 o
= A=
Window ps(2,2) Window ps(2,3)

ps(2,2) < ps(2,3)

The maximum number of ps(I,J) is implemented as
a holding block. Therefore, nth block is hold-
ing the object.

Save I,J number into EX and EY and set up that
window, and analyze the data using commands to
get the data for the object and compute whereiit
is ﬁlaced and how much it is rotated if it is

cubic.
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In order to detect where it is located, locate

the window around the object:

c)

d)

N

R ) AG/T/B/L/R

Now with EX, EY, compute T, B, L, R to

‘locate the window; AG/T/B/L/R.

ﬂVTo get the top point of the object compute

MI/Y/L. -

To get the bottom point of that object, com-
pute MX/Y/T.

To get the left-most point of the object,
To get the right-most point of the object,
compute MX/X/T

From I=T to B step 5

Compute IE/X/L and IE/X/T.

Find Max. (XT-XL)

1E/Y/L and IE/Y/T

See if these values matche 6(b).

If almost same or less than 10% error then,
there is no noise and data is good. And
go to e. Else, go to c) and check data or

check threshold again.




e)

17

If the difference between X of the top point
and X of the bottom point is less than 5, and
the difference between Y of the left-most and
Y of the right-most point is less than 5,
THEN it is 45 degree rotated cubic or cyl-
inder top, and go to next step 7. Else, it
is surely cubic go to 7-c to check the degree

of rotation.

AN N

&/ NN C“'YCW\’” &

b)

(L1 Y) ::ﬁ > (x,T4)
N

(xc—Ll)/a2+t1

Using CC or CN/B, get the center of that top
surface of the object. Save it to (XC,YC).
After getting the point (L1,Y), and (L2,Y)
calculate (XC - L1)/2 + L1 and set up the
crosshair using the command CS/V/((XC - L1)/2

+ L1). Next, get the point (X,T3) ﬁ%d (X T4)

If ABS((T4-T3) - (L2- -L1)/2) < (L2~71)f4 \
THEN themgg}ect i;ucégic and rotated degree

is 45 degrees else, it is a cylinder.

If it is cubic then, get the degrees the

cubic is rotated.
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1

2)
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2)
e

First, get the centroid.

Second, calculate the length W2 from the
top to the horizontal crosshair which is
set up through (XC,YC).

Third, calculate W1l.

Finally, using 8 = Tan-l (W2/W1)

If the left-most point is higher than
the centroid point, then again set the
horizontal crosshair wvia that point and
get © = Tan~! (W2/W1). The data needed
to command Robot-Arm is compensated and
corrected if there is an error and
checked again by slightly different

method in program.



Chapter 4

ROBOTIC SYSTEM

4.1 Introduction

The robotic syst«em used for this project is the
TeachMover robot arm which is a microprocessor-controlled,
six-jointed mechanical arm designed to provide an unusual
combination of dexterity. This project is using Serial
Interface Mode, in which the TeachMover arm can be con-
trolled by a host computer, Apple IIe via one of two
built-in RS-232C asychronous serial communications lines.

Major structural components are shown in Figure 4.

4.2 TeachMover Performance Characteristics

4.2.1 General

Configuration 5 revolution axes and integral
hand '
Drive ' Electric stepper motors - (Open

loop control

Controller 6502A microprocessor with 4K
bytes of EPROM and 1K bytes of
RAM located in base of unit

Interface Deal RS-232C asynchronous serial
communications interfaces (baud
rates in switch-selectable be-
tween 110, 150, 300, 600, 1200,
2400, 4800, and 9600 baud)

Teach Control 14 key - 13 function keyboard,

5 output and 7 input bits under
computer control

19
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Power Requirement

4.2.2 Performance

Resolution

Load Capacity
Gripping Force
Reach

Velocity

12 to 14 wvolts, 4.5 amps DC

0.011 in. (0.25 mm) maximum on
each axis

16 oz. (445 gm) at full extension
3 1bs. (13 Nextons) maximum
17.5 in. (444 nm)

0-7 in./sec. (0-178 mm/sec.) with
controlled acceleration

4.2.3 Detailed Performance

Motion

Base
Shoulder
Elbow

Wrist Roll
Wrist Pitch

Hand

Range

190 degrees

+144, -35 degrees
+0, -149 degrees
+360 degrees

+90 degrees

0-3 i (0-75 mm)

4.2.4 Physical characteristics

Arm Weight

Teach Control
Cable Length

8 1bs. (4 kg)
3.75 ft. (1150 mm)

4.3 How the Motors Operate

Each of the cable drives is controlled by a stepper

motor. The motors used have 4 coils, each driven by a

power transistor. The drive is digital with the transis-

tors either turned on or turned off to obtain the desired

21
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pattern of currents in the motor windings. By changing
the pattern of currents, a rotating'magnetic field is
obtained inside the motor that causes the motor to rotate
in small increments or steps.

Stepper motors are not the only kind of motors used
in robot arms. Some arms use servo mofors with electronic
feedback loops for precise position control. Unlike
stepper motors, these servo motors cannot develop slip-
page. This advantage must be weighed against the servo
motor's far greater cost.

Stepper motors are easier to control from a computer
than are servo motors.

Now, in order to turn a stepper mtor in the Teach-
Mover, a particular sequence of binary phase patterns is
output to the desired motor, one pattern per step. In
order to change motor direction, the order in which the
phase patterns are output is simply refersed. The partic-
ular phase patterns used in the TeachMover generate a
sequence known as '"half-stepping;' the steps are half the
size specified by the motor manufacturer. (The motors
used to drive the TeachMover are specified by the manufac-
turer 'at 48 steps per revolution, but are actually stepped
at 96 steps per revolution.) Compared to full stepping,
halfstepping produces smoother slow-speed motions, reduces
the power requirement, and improves the arm resolution by

a factor of two.



The relationship between motor steps and actual joint

rotation is given in Table 3.

4.4 FElectronic Circuitry and Interface

4.4.1 On-board computer and memory

A circuit card houses all the internal electronics,
including the 6502A Microprocessors. In téchnical terms,
this microprocessor is an 8-bit, 2MHz chip. It is the
same chip used in the Apple, Atari, and PET computers; it
is used in the TeachMover to coordinate all joint motioné
and handle all input and output.

TeachMover firmware (permanently built-in software)
is contained in another chip housing 4K bytes of read-
only memory (ROM); this firmware interprets the commands
given to the arm, coverting these to electrical signals
the arm can obey.

The circuit card also includes chips containing 1K
bytes of random-access memory (RAM). This is enough RAM
to store an arm-motion program of up to 53 steps. It is
possible to '"piggy-back' a second set of RAMs on the
first, thereby extending the program capacity to 126

steps.

4.4.2 Serial ports

Two serial interface ports allow the connections to the

TeachMover to a host computer, printer, or terminal.

Serial transmission speed is selectable with eight

25



MOTOR STEPS AND JOINT ROTATIONS

Steps per Steps per
Motor Joint degree radian
1 Base : 19.64 1125
2 Shoulder 19.64 1125
3 Elbow 11.55 672
4 Right wrist - 4.27 241
;5 Left wrist 4.27 241

Motor Steps and Joint Rotations

Table 3

26
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standard speeds available from 110 to 9600 Baud. The

9600 Baud speed is used for Apple Ile.

4.4.3 User inputs and outputs

The computer card also contains an auxiliary parallel
input/output port. Interfaces from the TeachMover to
external equipment is done through a 16-conductor flat
ribbon cable. Five TTL compatible user output bits can
be set (to 1) or cleared (to 0) under program control to
turn other equipment on or off when a given arm motion is
complete. Seven TTL compatible input bits can be used to
control an arm sequence when a given external condition
is met.

A block diagram of the TeachMover's electronic cir-

cuitry is shown in Figure 7.

4.5 Operation from a Host Computer, Apple Ile

Connecting the TeachMover arm to a host computer or

a terminal greatly extends the unit's capabilities.

4.5.1 Configuring the serial ports

"Configuring the serial ports" refers to making sure
-that the computer and the TeachMover can ''talk" to one
anothér. This requires taking care of the following:

1. electrical connections

2. transmission rate
3. data format
4

. settings for standard interface signals



1-843 MHz

cLOCK

+
RESET

‘ ADDRESS
6502A BUSS

sp o

DATA BUSS

' L]

4K
ROM

C:T‘_l

1K
RAM

gl

28

1!

SERIAL
68850 PORT No. 1
UART [e—o < -
No.
o1 RS232
DRIVERS
AND
58850 RECEIVERS Pg§$IAL
No. 2
UART |e—e e
No.2
MOTOR MOTOR
LATCHES :;:::> DRIVERS [——9|  ARM
BAUD
RATE
SWITCH
.
POl ——
VIA
TEACH |
CONTROL
OUTPUT : :::OL
LATCH USER AUXILIARY N
1)
1/C PORT
'
INPUT | .
BUFFER GRIP SWITCH

Block Diagram of TeachMover Computer and Electronics

Figure 7.



5. opening the port

6. testing the configuration

4.5.2 Electrical connections

The two serial ports perform the following func-
tions:
- Signals that enter the left port (P2) always pass
through to the right port (Pl) unchanged.
- Signals that enter the right port pass through to
the left port unchanged, unless the signals are a
series of characters beginning with an "@" sign
and terminating with a <CR> (carriage return);
these signals are not passed through, but are
interpreted as arm commands.
Thus, to operate the arm from a host computer or a
terminal, connect the computer or terminal to the Teach-

Mover's right serial port.

4.5.3 Transmission rate

The TeachMover is configured to operate at a trans-
mission rate of 9600 baud (9600 bits per second), for
both send and receive. You can change this rate to any
of seven other standard rates by means of three switches
located on TeachMover computer card (Figure 11). The
available rates and the corresponding switch settings are

given in Table 4.

29
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Figure 8.



Pin Numbering For Serial Port Connectors

Figure 9.
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COMPUTER

XMIT (3) (3) RCV
RCV (2) (2) xMI7
GND (7) {7) GND

Apple IIe-to-Teach Mover Serial Connection

Figure 10.

TERMINAL
OR
TEACHMOVER
(RIGHT PORT)
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BAUD RATE SELECTION
BAUD swi sSwW2 SW3
110 ON ON ON
150 OFF ON ON
300 ON OFF ON
600 OFF OFF ON
1200 ON ON OFF
2400 OFF ON OFF
4800 . ON OFF OFF
9600 OFF OFF OFF
NOTE: SW4 is not used.
Baud Rate Selection
1
Table 4
1 2 3 4
o)
N -
=
1 o

Switches for Selecting Serial Transmission Rate

Figure 11,

33
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These switches should be changed when power is off,
since the switch settings are read by TeachMover firmware

on power-up only.

4.5.4 Data format

The TeachMover uses the following data format:
word length = 8 bits
1 start bit
1 stop bit
no parity bit
full duplex
Especially, Apple Ile rather than specify a word
length of 8, it is necessary to specify a word length of
7 plus a parity bit equal to zero. This is because this
computer uses a most significant bit equal to 1 when
processing 8-bits words. (It is possible to use the @ARM
command to allow the robot to recognize an '"@" with the
eighth bit = 1, but in order to execute this command the
robot must recognize the first '"@" in this @ARM command.

To do this the robot must receive an "@'" character with

the most significant bit = 0.)].

4.5.5 Standard interface signals

Some computers and terminals require logic levels on
certain pins to indicate the following status conditions:
Data Terminal Ready
Clear to Send
Carrier Detect
Request to Send
The TeachMover does not use these signals, but does pass

them through when it is placed in series between a compu-

ter and a terminal.
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4.5.6 Serial interface commands

Ten different commands can be issued to the Teach-
Mover over the serial lines. (A concise summary of all
ten commands is given in Appendix D.)

Note: All commands can be abbreviated to an '"@" sign
plus the first three characters--@CLO for
@CLOSE, etc.

© All characters and numeric values are decimal
ASCII (industry-standard character format).

° Once a serial command is executed, the teach
control is left in TRAIN mode, with two excep-
tions:
© @RESET leaves it in MODE mode.
© @RUN simply runs the arm until another

command stops it.

© However, the indicator lights will remain as
they were before the serial command was exe-
cuted. (Example: If MODE light is on, and
then, say, a @CLOSE command is executed, the
Teach Control will then be in TRAIN mode but
with the MODE light still on.)

° To change the status of the indjicator lights,
use the @STEP command with all parameters set
to zero except the "OUT" value (see bélow).
No other serial command affects the status of

the lights (except the closed light which



Left Port

Pin No.

8
1,7

3
2
4
5

20

Description

Data Carrier Detect
Ground

Transmit from TeachMover
Receive by TeachMover
Request to Send

Clear to Send

Data Terminal Ready

Control Lines

Table 5
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Right Port
Pin No. Jumper
8 Wl
1,7 --
2 --
3 -
4 W
5 W3
20 W2
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always indicates the state of the gripper
switch).

The ten commands are as follows:

1. @STEP 6. @ARM

2. @CLOSE 7. @DELAY
3. @SET 8. @QDUMP
4. @RESET 9. @QWRITE
5. @READ 10. @RUN

4.6 Arm Initialization and Calibration

The computer in the robot keeps track of the arm by
using the starting position as a reference. To run a
program to operate the robot arm; th« starting position
was as specified in the program.

With the origin of the coord'n . te system located at
the axis of rotation of the base »* the robot arm, the
location of the front edge of th: :ase of the arm is
defined as x = 1-5/8. The base .r centered on the y-
axis. The gripper is brought to vest, barely touching,
on the spot PO, shown on the grid at >=5 and Y=0.

Because of the proper window of the VPU for the
experimental program, two relative cartesian coordinates
are used. One is called table top c:rtesian coordinates
and the other called real cartesian «cordinates.

The table top cartesian coordinates is placed on the

table top which is 8 inch higher than the bottom where

the base of the robot arm is placed. And the 0 point of
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the X axis (X=0) is 4 inches farther placed from the axis
of rotation of the base of the robot arm.

The real cartesian coordinates is for robot arm,
with origin located at the axis of rotation of the base
of the robot arm.

After all the data was calculated using the table
top cartesian coordinates from the VPU data, it was con-
verted into the real cartesian coordinates as follows:

Let XR, YR, and ZR be the variables for VPU and X,Y
and Z be those for robot arm.

Then, X=XR+4

Y=YR
Z=ZR+8

This conversion is shown in Figures 13 and 26.

Following the above explanation, the initialization
point is:

XR=5
YR=0
ZR=0
Therefore,
X=9
Y=0
Z=8

The hand must be perpendicular to the work surface
and parallel to the front edge of the base of the robot.
The gripper opens as the arm is brought to this posi-

tion, and then closes the gripper as the last step in

39
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setting the initial position. The gripping force is
applied by the motor as the point is closing.

The arm can be brought to this starting position by
moving it manually with the power off or by using the
teach control with the power on.

Specifically, the cartesian coordinates of the
initial configuration aré:

XR=4, X=9 inches

YR=0, Y=0 inches

ZR=0, Z=8 inches

Pitch = -90°

Roll = 0° (see Note 1, below)

Grip = Closed (see Note 2, below)

Note 1: Because the hand can turn through many
revolutions of ''roll," it is difficult to tell by simply
looking at the hand whether the '"'roll” has been set to
0°. Yet, it is important that the roll ir‘tially be 0°
in order that the wrist cables be aliowed their full
range of motion.

Note 2: For experimental program it is important

that the initial position be very precise. TInitializa-

tion point is shown in Figure 13.
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4.7 Coordinate Conversions

It is often advantageous to be able to describe the
configuration of a robot arm in more than one coordinate
system. The two most commonly used systems are:*

°© Joint Coordinates (the joint angles of the arm).

These are most convenient for controlling the arm
directly from a computer.

°© Cartesian Coordinates (X, Y, Z, pitch, and roll).

These are more convenient for describing an assem-
bly task on a flat table top.
For practical work, a set of formulas is needed to
mathematically convert from one coordinate system to the

other.

© The Forward Solution converts from joint angles
to Cartesian coordinates.

© The Backward Solution converts from Cartesian

coorcdinates to joint angles.
This section describes how both of these coordinate sys-
tems are defined, and how the forward and backward solu-

tions may be derived and implemented.

4.7.1 Kinematic model of arm

Before formulating the arm solutions, the relation-
ship between the different parts of the arm must be
specified. This can be done in terms of the kinematic

model shown in Figure D-1. The kinematic model indicates -
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how each joint is articulated, how the joint angles are
measured, and the distances betweenijoints.

0 is used to indicate joint angles in mathematical
expressions. The symbols 01, 092, 03, 04, and 05, respec-
tively, are proportional to the joint expressions Jy, J9,
J3, J4, and J5 used in the computer comﬁand discussed in
Chapter 7. The @s, measured in degrees or radians, are
related to the Js, measured in motor steps, as shown in
Table D-1. There are 360 degrees or 2 radians in one
complete revolution.

The distances bewteen joints (lengths of arm mem-
bers) are indicated by the constants, H, L, and LL shown
in Figure 14. H is the distance from the table top to
the shoulder joint centerline; L is the distance from
shoulder joint to elbow joint, which equals the distance
from elbow joint to wrist joint; and LL is the distance
from the wrist joint to the center point between the two
fingertips, with the fingertips separated by 1.5 inches.
Values for these distances are given in Table 7.

The pitch angle, P, and the roll angle, R, are given
by the following equations.

.5 (05 + 64) (1)
R = .5 (05 - ©4) (2)

where 04 and 05 are right and left wrist angles. The

P

angles P, ©4, and Og are all measured from the horizontal

as shown in Figure 15.
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CONVERSION FACTORS BETWEEN MOTOR STEPS

AND REVOLUTE JOINT ANGLES

Steps in Steps per » Steps per

Motor Joint Revolution Radian Degree

1 Base 7072 1125 19.64

2 Shoulder 7072 1125 19.64

3 Elbow 4158 672 11.55

4 Right 1536 241 4.27
wrist

5 Left 1536 241 4.27
wrist

Conversion Factors Between Motor Steps
and Revolute Joint Angles

Table 6
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KINEMATIC SYMBOLS USED
Hinge
Joint

Swivel
Joint 2 AXIS

Differential —
Joint L e

V4
H
/
—
Y
x AXIS

Kinematic Model of the TeachMover Arm

Figure 14,
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Segmengg
H

L

LL

Length (inches)
7.68
7.00

3.80

Lengths of TeachMover Arm Members

Length (mm)
195.0

177.8
96.5

Lengths of TeachMover Arm Members

Table 7
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PITCH ANGLE is the orientation
of the hand to the horizontsl,

8 Upwards is positive.

SIDE VIEW

ROLL -ANGLE is the orientation
+R of the hand looking towards
it slong its centerline.

Clockwise rotation is positive.

END VIEW

Definition of Roll and Pitch Angles

Figure 15.
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4.7.2 Forward arm solution

This section shows how to determine P, R, and the X,
Y, and Z coordinates of the end point from the joint
angles 91, ©9, 93, O, and O5. The coordinates and joint
angles are defined in Figure 14. This solution relies on
the trigonometric relationships given in Figure 16 for
reference.

The first step is to determine Z, the height of the
end point above the table top, and an intermediate vari-
able RR, the horizontal distance from the base pivot to
the end point. The situation is summarized in Figure 17.
Summing the vertical contributions from each link gives

the following expression for Z:

Z=H+L sin 9 + L sin 03 + LL sin P (3)
Summing the horizontal contributions gives:

RR = L cos 99 + L cos ©3 + LL cos P, (4)
where pitch angle P is given by

P = .5(05 + 94). (5)

The second step is to determine the X and Y coor-
dinates of the end point from the intermediate variable,
RR, as shown Iin Figure 18. By inspection, the coordinates

are:

X = RR cos 93 ‘ %)

[
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ANGLE FORMULAS:
a+f+y = 180°
for  right trisngis y = 90°
anda+f = 90°

PYTHAGOREAN THEOREM:
c? . A7+B?, or

C =AZ+B2 or A = /C2-8?

RATIOS OF SIDES:
sina =% or A =(sina
8
tosa = T or B = Ccosa

tsna = % or A =8tma

ANGLE DEFINED BY INVERSE FUNCTION:

. 4(&)
a = tan )

Basic Trigonomatric Relationships

Figure 16.

e e e e e
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AR

Side View of Kinematic Model

Figure 17.

2 AXIS END
‘ - LLcosP —— POINT
LLsinP
Z
H
BASE
r———"=~>"="7= B
1 ]
TABLE TOP
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Y = RR sin 07 | (7)

A summary of this forward solution is given in Table
D-3. A BASIC program implementing this solution is given
in Figure D-12 (Statements 460 to 510). The program's

variables Ty, T2, . . ., Tg5 correspond to the angles

4.7.3 Backward arm solution

This section shows how to determine the joint angles
01, 99, 93, 64, and 95 required to position the end point
at a desired X, Y, Z position and with desired wvalues of
pitch and roll. The coordinates referred to are shown in
Figure 14. A review of the formulas used is given in

Figure 16.

A. Specifying position/orientation - X, Y, Z, P, and R

Before starting the backward solution it is necessary
to specify the desired position and orientation of the
end point. The position of the end point is defined by
the following three distances:

X: The distance of the desired end point in
front of the arm, measured from the base
pivot along the X-axis.

Y: The distance of the desired end point to

. the left of the arm, measured from the base

pivot along the Y-axis.



vy AXIS

END POINT

r AXIS

—3- X AXIS

RR cos 8‘ —————

Top View of Kinematic Model

Figure 18.
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Summary of Forward Solution

Step Operation
1 P = (@5 +094)/2

RR = L cos 99 + L cos ©3 + LL cos P

2
3
4 X = RR cos 93
5 Y = RR sin 94
6

Z=H+0Lsin®% + L sin ©3 + LL sin P

Summary of Forward Sclution

My AT

Table 8

53




Z: The vertical height of the desired end point
above the table top.
The units of these distances (inches or millimeters)
are match the units of the segment lengths shown in
Table 7.
The orientation at the end point is defined by the
following two angles (see Figure 19):
P: The desired pitch angle, measured in degrees
R: The desired roll angle, measured in degrees
In practice it is difficult to distinguish between
positive and negative roll angles (as +90° and -90°, or
+45° and -135°) by looking at the hand. It is helpful to
mark the top of the hand when it is at 0° to eliminate
" this ambiguity. The 0° position corresponds to the

orientation when the wrist cable turnbuckles are aligned.

B. Specifying roll in cartesian frame, R'

Sometimes it is useful to express ''roll" with respect
to a Cartesian frame rather than with respect to the arm.
One way to do this is to use P = -90° (Dégg\ggénﬁ dayn)
as a reference orientation, and measure the "Cartégian
roll" with respect to the x-axis, as indicated in Figure
20. The formula relating to roll measured with respect
to the arm (R) and the roll measured with respect to ths

Cartesian frame (R') is then simply:

R' =R - 034
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P=-90°
4
Pe-135°

ol
P=Q°
,-:l—_—;—

o\
E
xyz END POINT

{s) DIFFERENT PITCH ANGLES AT SAME ENDPOINT

R =135°

/ LEFT FINGER

RIGHT FINGER

/
N
N

xyz END POINT

(b) DIFFERENT ROLL ANGLES AT SAME ENDPOINT.
View looking into front of hand along pitch vector.

Different Hand Orientations

Figure 19,

[ U
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In the backward solution, we introduce a specialr
variable, R1, that enables us to write equations that
are valid regardless of whether roll is measured with

respect to the arm or with respect to the Cartesian

frame.
Rl =1 if roll is with respect to Cartesian
frame.
Rl = 0 if roll is with respect to arm frame.

With this new variable, Equation (8) can be modified to

express both normal and Cartesian roll as follows:
R' =R - O1R1 (9)
Solving for R gives:

R =R' + O7R1 (10)

c. Backward solution, step-by-step

The first step of the backward solution is to
determine the base angle, 01, and the radius vector, RR,
from the base to the end pont as shown in Figure 21.

Using the Pythagorean Theorem:

Vx2 + y2 (11)

RR

il

0; = tan”1(Y/X). (12)

The second step is to find ©4 and 95 from P and R.

Using Equation (1) and Equation (2) of the wrist



y AXIS

—— — v —— ——

—— — —— — —

M
y
8

1

I . W

i

Top view of arm with Fitch = 90 degrees
showing roll in Cartesian frame (R') and
roll with respect to the arm (R).

Figure 20.

— x AXIS
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: END POINT
Y /

8,
/ ‘ X
BASE
X
Top View of Arm
Figufe 21,
4
A / END POINT
—
LL
LLsinP
P
\ = 1 AXIS
WRIST
LLcosP

Side View of Hand Triangle in Kinematic Model

Figure Z22.
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differential previously described, and substituting

(R'" + 1R1) for R using Equation (10) gives:

5 P +R' + 97R1 (13)

4

P - R' - O7R1. (14)

[Note: From here on, the prime will be dropped and use R
for roll in all cases, remembering to set Rl = 0 when
roll is measured with respect to the arm, and R1 = 1 when
roll is measured with respect to the Cartesian frame.]

The third step is to work back from the coordinates
of the end point to those of the wrist. As in the forward
solution, we use the side of the kinematic model shown in
Figure 17. Distances in this view are measured vertically
along the Z axis and horizontally along the radius from
the base (r axis). Letting Ry and Z, be the coordinates
of the end point in this plane, we can calculate the
coordinates of the wrist (Ry and Z,) by using the triangle
shown in Figure D-9. From this triangle the coordinates
of the wrist are:

Ry = Re - LL cos P (15)

Zy = Ze - LL sin P (16)

The fourth step is to define the shoulder-elbow-
wrist triangle so that 99 and 93 can be determined. For
this purpose, the translated coordinate system introduced
in Figure 23 is used. The origin (0,0) is at the shoulder

and the coordinates of the wrist are now (RO, 79) -



ELBOW

W Ny

SHOULDER

- 1 AXIS

Shoulder-£lbow=wrist Triangle

Figure 23.
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The distance from the shoulder'to the wrist, Rgp ,is
the same as Ry previously determined in Equation (15).
This is expressed as:
Rg = Rg - LL cos P a7)
The height of the wrist above the shoulder, Zg, is
just the height of the wrist above the table top, Zy,
less the height of the shoulder, H. Thus,
70 = Zy - H (18)
substituting for Z;; using Equation (16) gives
70 = Ze - LL sin P - H (19)
The fifth step is to solve the shoulder-elbow-wrist
triangle for 0 and 03. Three new angles: o, B, and ¢,
are introduced to simplify this solution. First solve

for a, B, and ¢.

Since tan B8 = (Zg/Rgp), we obtain:

tan~1(zg/Rq) - (20)

B
Pivoting the shoulder-elbow-wrist triangle about the
shoulder by g gives the simplified triangle shown in
Figure 24. The length of the base of the simplified tri-
angle is given by VZO2 + Roz (Phythagorean Theorem,
using the right triangle at the bottom of Figure 23). As
shown in Figure'24, the simplified triangle can be parti-
tioned into two congruent right triangles. The base, b,

of each of these smaller triangles is then given by:

b=.5V7p2 +RyZ - (21)



Simplified Triangle

Figure 24,
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The he#fi Dy ;4(ég;a.:':_n-us~ing§., tb_eﬁ{P}gl_:pagoreari Theorem) is

hoe L2 ba . (22)

Since #tangent of & is h/b,

. = tanﬁ}(h{b) . (23)
Substip#ng fon b lmEquatLon ('233); by using Equation
(22) g

(24)

Substit#iag for b; in. Equation (24); using Equation (21)

gives

-1. (25)

The 3ixth step is to use, and to determine ©9 and

@3, The S_itﬁl_’.-‘ow:_jgng,,t@r;aea,zgela}:iqgés,; are first set up and
then sopgd. At the slj}-pu]}gd,ezjz ("seig_ Figure D-10),

22 + o+ 03 = 180°. (27)
Summing the internal angles of the simplified triangle
(Figure 34) gives. ® + & +. 0 = 180, or

2 = 180%- 2 . (28)

Substituting the value of O3 from Equation (26) and the
value of ¥ from quggiog (gg) into Equation (27) gives

89 = - B , (29)



Note however, that the elbow angle, 03, is .defined as the
angle above the horizontal and hence we must change the
sign of 03,
In summary, the results of the sixth step are:
62 =qa+ B . - (30)
O =g - 0o . (31)
thus completing the backward solution. A summary of the

backward solution is given in Table 9.

4.7.4 Variation of hand length with hand opening.

The opening of the hand is proportional to the number
of steps of the hand drive motor. The cénstant of propor-
tionality is: )

Sg = 371 steps/inch (14.6 steps/mm).

-Although the length of the hand, LL, has been treated
as a constant in the preQious calculations, it varies
slightly with hand opening, as shown in Figure 25. The
effect is small, +0.10 in. (42.5 mm), but for more
precise work it may be necessary to take this into
account.

The hand length, LL, may be expressed as the sum of

a fixed length, Lj, and a varying length that depends on

hand opening, G, by the following formula:

§/ , (G- Gy?
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Summary of Backward Solution

o N O B

10
11
12

Operation

Determine arm constants H, L, LL
Determine the desired X, Y, Z,
R, P, and Rl coordinates of the
endpoint

1 = tan'l(Y/X)

RR = X2 + y2

5 =P +R + Rl 1

L, =P -R -Rl 3

Rp = RR - LL cos P

Zg = Z - LL sin P - H

= tan'l(ZO/RO)

= tan"! 412/ (RZ + 2p?) - 1

= +

w N
It

Summary of Backward Solution

Table 9
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WRIST DIFFERENTIAL

Variation of Hand Length with Hand Opening

Figure 25,

66



67

where:
Ly = 1.884 in (47.9 nm)

L2

1.700 in (43.2 mm)

Gp = 1.520 in (38.6 mm)

The hand opening, G, may be converted to motor steps
and vice-versa by using the proportionmality constant, Sg,
given above.

Varying hand length may be taken into consideration
in both the forward and backward solutions. Before
starting either solution, the correct value of LL would

be computer from the hand opening using Equation (32).

4.8 Procedure for Robot Arm Movement

In order to grab the object correctly and place it
where we want, those data that were determined and calcu-
lated in procedure for detection of object should be con-
verted into cartesin coordinates for robot arm movement
as below.

1. Conversion of pixels to cartesian world coordi-
nate for Robot shown in Figure 26.

As compared in Figure 26, the coordinate for X,Y in
cartesian paper can be calculated in the following way,

(430 - XC)/41

X

Y (YC - 200)/41

Il

where X and Y are in inch, and XC and YC are in

pixels.



(5,-5) (¢,-5) (ac,c) o R o 42G,¢c)
< . 5 Q) (¢ 0)
(e, ) (acy 2ce)
o = (¢, 5) -
(‘%-u'__‘f) (5,5) N (20,400 ) (124, 4cey,

: X

Cartesian Paper in X,Y coordinates in
.Inch for Robot pixels for VPU

Conversion of pixels to Cartesian
Coordinate

Figure 26
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2. Save the data of the object into some rooms.

R = transmitted data for rotated degree of
the object

GP = the width of the object (=HG)

XR = X coordinate of the center or centroid of
the object

YR = Y coordinate of the center or centroid of
the object

ZR = height from the table top to the tip of
the hand grip

P = pitch in degree

3. 1Initialize the robot arm using cartesian coordi-

P i

nates. To initialize the robot arm, use the Hand Held
Control to place the tip of the hand grip. |

XR = 5 inch

YR = 0 inch

ZR = 0

P = -90 degrees
R = 0 degree
Gp =0
Then, calculate the real cartesian coordinates for

robot arm. Since the table top is 8 inches higher than
TeachMover base and the center of the table top (5,0) is
4 inches farther placed from the real cartesian coordinate

for TeachMover:



X=XR+4 =9
Y=YR =20
Z =7ZR +8 =28
P = -90 degrees
R=0

GP =0

This conversion can be easily understood in Figu.=z 27.

4. Move the arm to the stand-by position to aveid
the blocking of lens' sight for the 10-in. x 10-in. table
top cartesian paper.

XR = 2; X XR + 4 = 6

I

YR =0 Y =YR =0
“Y ZR=9; Z =ZR + 8 = 17

P = 45 degrees
R=20
GP = 0
5. Then, obtain data of the position of the object.

6. Move the arm to the l-in. higher than the top of
that object and ready to be picked up by opening the hand
and rotate in proper degrees if it is cubic.

7. Lower the hand to have the object between the
hand grips.

8. Hold the object.

9. Lift up the object by one inch.

10. Place it as programmed. TIf it is cubic, XR = 2,

YR = 3, ZR = 0, P = -90 degrees, R = U and GP = 0. 1I¢f
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‘ L y—— Video Camera

The conversion from the cartesian on the

table top to the real cartesian coordinates

for robot arm

Figure 27
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it is c¢ylinder, XR = 2, YR = -3, ZR

R 0 and GP = 0.

!

11. Go bhack to the origin, XR
P = -90 degrees, R = 0, GP = 0.

12. Stop the program.

I
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Chapter 5
APPLE IIE COMMUNICATION TO VPU AND TEACHMOVER

5.1 Introduction

For the Apple Computer to communicate with the Teach-
Mover and VPU it is necessary to interconnect the two via

a serial card and a cable.

5.2 Hardware Needed

1. Super Serial Card, manufactured by Apple Compu-
ter, Inc.
2. RS-232-C cable with a 25-pin male connector at

each end.

5.3 Hardware Setup for VPU

The Apple II Super Serial Card (SSC) needs to be
prepared first in accordance with Chapter 1 of the SSC
manual. Then proceed with the settings below. For
referenca, the TeachMover uses the SSC in the Communica-

tions Mode.

o
i

1. The reversible jumper block on the SSC should
have the white triangle pointed at '"MODEM."

2. Switch No. 1 (SW1l) Settings
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POSITION SETTING

~N N oW

3.

POSITION SETTING

Off
On
Off
On
On ;
On .
On

Is
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NOTES
These settings are 2400 BAUD

transmission rate

Communications mode RS-232-C

signals

Switch No. 2 (SW2) Settings

NOTES

1 On Sets 1 stop bit
2 Off Sets 7 data bits
3 Off

4 Off ﬁ; Even parity

5 Off No LF after CR

6 Off Interrupts off

7 Off

4‘-. A

RS~-232-C signals

The SSC was plugged into slot #2 in the Apple.

5.4 Hardware Setup for TeachMover

The Apple 11 Super Serial Card (SSC) needs to be

prepared first in accordance with Chapter 1 of the SSC

manual.

Then proceed with the settings below. For

reference, the TeachMover uses the SSC in the Communica-

tions Mode.
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1. The reversible jumper block on the SSC.
2. Switch No. 1 (SWl) Settings

POSITION SETTING - NOTES
1 Off} These seetings are 9600 BAUD
2 Offg transmission rate, and match
3 Off% the factory setting of the
4 On ; TeachMover.
5 On
6 On ; Communications mode
7 On ' RS-232-C signals

3. Switch No. 2 (SW2) Settings

POSITION SETTING NOTES
1 On Sets 1 stop bit
2 off Sets 7 data bits
3 On I
4 Offg 0dd parity
5 Off No LF after CR
6 Off Interrupts off
7 Off RS-232-C signals

4. The SSC was plugged into slot 4 in the Apple.
5. RS-232-C cable was plugged into the right con-

nector when looking from the rear of the TeachMover.



Chapter 6

FLOW DIAGRAM FOR ROBOTIC SYSTEM
WITH COMPUTER VISION

START

Set the proper threshold of VPU

Initialize the robot arm and
move it to the stand-by position

Set the overall window size
20-429 pixels for X;
0-400 pixels for Y coordinate

Check every window which
sign if 200x200 pixels
if there is an object

Set the window 200x200 pixels
in which the object is placed

Get the data of center if it is
cylinder, or centroid if it is
cubic. Get the data of rotated
degree if it is cubic, the width
of that object to set up the
robot hand grip
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Transfer and calculate the
data for robot-arm movement

Move the robot arm 1 inch higher,
place the top of the object with
1 inch wider hand grip than the
real width of the object and with
required rotation and -90 degrees
pitch

Lower the hand and
hold the object

Place it to the desired place.
If it is cubic X=6, Y=3
If it is cylinder X=6, Y=-3
in the experimental program

Move the robot arm to the center
of the table top cartesian paper
at X=5, Y=0, Z=0

STOP

Details and algorithms are explained in 3.3 includ-
ing Procedure for Detection of Object, and in 4.8, the
Procedure for Robot Arm Movement. The experimental

program is listed in Appendix E.
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Chapter 7
CONCLUSION

Image processing was found to be useful in detecting
an object. Analyses were made to get the proper informa-
tion for robot movement using a controller such as the
Apple ITe computer. Even though the usage of personal
computers was limited in the past, it was found to be
useful as a robotic system controller.

The system was found to be capable of distinguishing
cubic and cylindrical objects of different sizes. Pro-
grams written were capable of retriving these objects and.
placing them in the proper location.

As a future project, a sensor for object detection
can be attached to the robot itself to simplify coordi-
nate transformations. Filtering techniques can be
applied to images of the object using video image pro-
cessing to improve the quality of the images when oper-

ating at poor lighting environments.
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System Set-Up
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APPENDIX A

System Set-up

Power Supply (for the video camera)

ON/OFF switch

This switch turns the camera system power on and off.

Video Camera

1. Camera Connector
Connect the camera cable connector. Be sure the
cable connector if fitted securely to each Vertical,
Horizontal, and Video connector which should be prop-
erly conﬁected to VPU input. And, the monitor is to
be connected to the monitor input.

2. For proper size and picture
Adjust Lens focus for the sharpest picture. Adjust
the aperature for the proper threshold of the VPU.
Adjust the distance from the 8-inch high table top to
have the entire picture within the 409x400 pixel
window of the VPU.

Videometrix

1. Connector coming from camera should be properly con-
nected to camera as explained above in Video Camera
section.

2. The connector for monitor to TV monitor
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Serial Port (for VPU)

1. 21-pin connector goes to the sefial port which resides
in slot #2 of the Apple Computer.

2. The switch on the first layer inside the VPU is set
up as.below. Switch 6 is OFF, 7 is ON, and 8 is ON
for 2400 baud rate. Switch 4 is ON for CR/LF and 5 is
OFF for standard I/0. The rest of the switch left
does not affect any situation.

Robot Arm

1. DC Power Supply should be connected to the robot arm,
TeachMover using the two leg connector which red leg
should be plugged into red female plug.

2. The DB-24S coming from the Apple IIe connector should
be connected to the right female connector attached
to the back of the base.

3. The center of the robot-arm should be placed at X=0
and Y=0 point in real cartesian world coordinates.

Apple Ile

1. Super Serial Port for VPU should reside in slot #2
for experimental program.

2. Super Serial PQiﬁE,f9r TeachMover is in slot #4.

3. Disk Drive has riggg; cable connected to its—con-

troller card in slot #6, drive 1 of the Apple IIle .

computer.



APPENDIX B

System Operating Instruction
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7.

b W N

Turn
Turn
Turn
Turn

Turn
from

APPENDIX B

System Operating Instruction

on power supply for the videb camera.
on the lighting system.

on the monitor.

on the VPU power switch.

on computer power and load "project' program
disk drive 2.

Run the program, following the instructions below.

6.1

Check

Initialize the robot arm with X=5, Y=0, Z=0,
P=90 degrees, R=0, GP=0 at the center of the
table top cartesian paper, which is actually
X=9, Y=0, Z=8, P=90 degrees, R=0, GP=0 in real .
cartesian. coordinates for robot calculation
and movement.

Set the proper threshold.

Return to get the data for the object location
and move the robot arm to place the object
where we want. If it is cubic, place it at
X=6, Y=0 and if it is cylinder, place it at
X=6, Y=0 in real cartesian coordinates.

the movement and the result.
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APPENDIX C

Functional Difference of VPU Software
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APPENDIX C

Functional Difference of VPU Software

1. Required Changes in Host Software

A‘

The following commands no longer return output

CS )

CM )

GS ) All Gate & Crosshair
GM ) Manipulation commands
WS )

WM )

AG )

TH Threshold Set

DV Digitized Video Enable/Disable
C1 Comparator Input Select
RS Reset -

HO Horizontal Offset

DM Display Mode

Us Update Aspect Ratio

WP Write to a Port

Ensure that VPU switch settings are correct for
application (settings now control baud rate,
daisy/non-daisy, and VPU output terminator
characters.

Spaces may no longer be used as delimiters in
polled VPU command strings.

2. Enhancements

A,

New Commands

AN Vertex & Cosine of an angle

RP Read a parallel port

WP Write to a parallel port

EL Equation of a least squares fit line
MF Median filter enable/disable

CT Crosshair tracking enable/disable

N Surface or edge focus
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B. Fixed or Enhanced Commands

RS Reset now works

CS/W Set Xhairs to center of current window

CC Can now use many points (up to 10,000 can
be specified)

AG Now works reliably

WS Now works reliably

CS Now center crosshairs to precise center of

maximum window

Power-Up Conditions

Parameter Value
Comparator Input Video
Digitization Off

Video Threshold 507% (Relative)
Gradient Threshold 507 (Absolute)
Window Setting Full window
Crosshair Setting ' Centered

Aspect Ratio 1.25 (5X:4Y)
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APPENDIX D

Serial Interface Commands
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Notes:

Command

@ARM

@CLOSE

@DELAY

@QDUMP

@QWRITE

APPENDIX D

Serial Interface Commands

[N

error,

<CR> = Carriage Return
Arm returns [0<CR>] if command has a syntax
[1<CR>] after command is executed

(except for @ RUN), [2<CR>] if STOP button
was pressed before execution was completed
(@STEP and @CLOSE only)

Function

Specifies recog-
nition character
to use instead
of "@" sign

Close gripper
until grip switch
is activated

Inserts a delay
between trans-
mitted characters

Uploads entire

current program
from TeachMover
to host computer

Downloads a pro-
gram step from
host computer to
TeachMover

89

Syntax/Details of Operation

@ARM <CHAR> <CR>
where CHAR is any character
except a carriage return.

@CLOSE <SP> <CR>

where SP = optional speed
value (see item 4 in this
appendix).

S
Rt

@DELAY <CR>

Where N = proper delay
value, determined by trial
and error.

@DUMP <CR>

Returns character string
comprising 8 two-byte values
for each program step. See
Table 9 in chapter 7 for
details.

@WRITE<N>,<L1>,<L2>,...
<L7><CR> where N = Step
number to which program step
is to be written. L1-L7 =
two-byte values as in @QDUMP
command. See chapter 7 for
details.



Command

@READ

@RESET

@SET

Function

Reads value of
the internal
position regis-
ters, gives last
key pressed on
teach control,
and tells which
input bits are
on.

Zeros the internal
position registers
and turns off
motor currents

Sets subsequent
arm speed and
activates joint
control keys on
hand-held teach
control

Syntax/Details of Operation:

@READ <CR>

Arm returns:

<K1>,<K2>, ..., <K6>,<I><CR>
where K1-K6 = values of
internal position registers
I = Last key *256 + Input
Byte where '"Last key'" values
are defined below:

"Last key" Key
Value Pressed
1 TRAIN
2 PAUSE
3 GRIP
4 ouT
5 FREE
6 MOVE
7 MODE
8 STEP
9 POINT
10 JUMP
11 CLEAR
12 ZERO
13 SPEED
14 REC
and: ‘
"Input Byte'" = decimal num-

ber whose binary equivalent
specifies which of the eight
input bits are set to 1 (see
"jump condition'" numbers
uander hand-held teach control
JUMP command, above).

@RESET<CR>

@SET<SP><CR>

where SP = optional speed
value (see item 4 in this
appendix). Control returns
to host when REC or MODE key
is pressed.
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@STEP Sets arm speed,
moves joints,

sets output bits

91

@STEP<SP>,<J1>,<J2>,...,
<J6>,- <OUT><CR>

where SP = speed value (see
item 4 in this appendix).

J1-J6 = Number of motor

- J1

J2
J3
J4
J5
J6

half-steps
Base swivel (positive
counterclockwise)
Shoulder (positive
downwards)
Elbow (positive
downwards)
Right wrist (positive
downwards)
Left wrist (positive
downwards)
Hand (positive open)

OUT = Optional decimal num-
ber whose binary equivalent
specified the value of the
output bits (see Appendix F,
item G).
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Program Listing
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1w HUME

W bDe = CHR$ (&)
4 Kem

i LOSUR 7840
oY FRINT YRS

& E = @

20 T = B = 4Q2:L = c@:R = 429

gt GOSUR 602 -
v BPRINT "DV/E"
Y94  PRINY "CT/E"
85 PRINT “CS/W"
9¢ PRINT "TH/&k™
120 BOSUE 8RRy —esaT
181 GO0 eadaw
1S REM  FROM g7@82
105 PRINT " #Eaxeddad st aninutaetennen"
1va PRINT " IMITIRLIZATION ™
1ee  PRINT "---=  (5,@) AT CENTER ~-—— (0,2) AT KIEGHTMOST CENTER-—--- (12.@)
AT LEFTMOST CENTER —=- "
a8 LUTD 160
ilv BRINT "TYPE IN COMMAND AND, @ OR, 1"
scd INPUT. LBLE
ide GOSUR /7dve
lay bLUSUER 1ovee
lag  BUSUE 8uga - ‘
PRINT "WANT MORE COMMAND? Y-@,N-1"
WRUT LV
1IF 2V = Q E0370 11@
PRINT "fYRE IN THRESHOLD VALUE, JUST NUMBZR"
INPUT TN o
GOSUH 7e@a
PRINT “"TH/" 31N
GUSUR suew »
PRINT " MBRIN? Y-@,N-1"
INPUT 2V . PR
IF z2V = @ THEN GOTO 1@ -=— V°

GUSHH 7@ RN
F (D = d:BD = S@@:LD = 2QiRD = 223
Lsa Moo= (BD = TD) /5 + 1 . v L

Moo= INT MY

4 [ANLY )1L(M),XT(M).Y(M)
& DIM LF (M) ef7 (M) O NL (M) o J
DIm P53, PE(3, 2. PD(3, 3) NEL3. 3 . e
I W

PIZINT PON/B" -
INPUT XC.YELRE
PRINT "CN/B"
INPUT XH. YB, RB
1IF ABRS (XB — XC) ) S@ OR ABS (YC - YB) ) 52 THEN PRINT “se SAZLED
*%': GUIO 32

s PRINT "ON/B®

A INPUT X2, YE, RC

s79 IF xC ¢ B@ THEN L = &0: GOTO 3802

T (XC - &)

36Y THEN R = 4&%: GOTD 400

(XC + ew)

€0 THEN T = @: BOTO 420

(YC ~ &)

Zal THEN B = 4Q@: GOTO 447

(YC + E€0)

(B -T) ./ 5+ 1)

T S0GH

Loner o { gk, {o¢ 0
{




94

3Z3c¢ FUOR NI =1 10 3
S5d@ FOR NI = )1 TO 3
séaa T = TD 4+ (NJ - 1) % 10@
St B o= oED ¢ (NJ - 1) % 1@
szt L= LD + (NI - 1) # 1@3
272 R = RD + (NI ~ 1) # 103
scHe PRINT “"AB/":Vi“/":ibs“/"iLs"/"3R
w0 T = w
s30 FOR 1 =10 B STEP 5
S0 O o= 1 + 1
#3700 PRINT "CS/H/"31 e
JaHA PRINT "TE/X/L"a .
290 INPUT XL . YD)
Za0e PRINT “IE/X/T"
3410 INDOT XTI, YW
Zacdd NEXT 1
s4s0 FOR J =1 TO M
5450 PRIKNT "AT ¥="iY (I 3" XL="3XLJ) " XI=":XT(J)
3457 DF(I) = XT(I) - XL(D)
3458 NT(J) = XTWI) - XT(J - 1)
459 NL(J) = XL(J) - XL(J - 1)
3460 PHINT “DIFFERENCE XT=XL="3:DF (J) )
S4é  REM  (XT(J) — XL(J)}) > § AND (XTCIY = YL(I)) ¢ 11@ Tw=w
P £7 SANILNI) = PS(NI.NI) + 1
672 1F DF(J) 'S AND DF (J) ( 11@ AND AES (NL(J)) ( 18 AND ARS (NT(J))
¢ 18 THEN PSINILNI) = PS(NI NI) + 3
de76  1F xL(JY Y @ AnD XL (J) ( 503 THEN NS(NI,NJ) = NS(NI,NJ) + 1
saté 1R DE(J) ) 11w THER PE(NI\ND) = PENL R 4 9
saBu IF AERST (NT(J)) ) 18 DR ABES (NL(J)) ) 18 THEN PD(NI, NI = ED (N1, A7)
) o+ 1
KEM  TOO RIG
Next J
tNEXx1 NL
NEX T NJD
PRINT Vem—mmm e e e "
= HHANT " HUSSIBEGE z::3z:  ToU BIG™ - e gt
o LOR J = 1 T 3 ¥ ¢
ity 0K T o= 170 3
5 BRIND  PS("3la, "3dy")="305(1,7D ;" PEL L, "l =TI RECLL D)
= PRINT * PD( gl "3 Je")=":0D(I, )
55 PRINT "NS("31:","31J3")="sNS(1, )
s88d NEXT 1
F57¢ NEX1 J
40w ReM FIND MAXImMuMm S(I,.0)
a1 REM  1F PS(1,J) 15 MAXiMuM THEN SAVE I
42 EX o=@
4ués DX = 1@
4030 E¥ o= 0
44 FOR J =1 TC 2
4iacy Fik f = 1 70 3
sl IF NS(1.J) ¢ &5 AND PS(I,J) ) EX THEN 6070 4@64
avke  GUlu adia - T
4vba _ 1F PE(L,J) (3 AND PS(I,J) (@1 THEN EX = RS(I,D:IX = I:0X = J
ey IR PE(ILI) ) FX OTHEN FX o= PE(I.J):MX = I:NX = J
diehd NEXT ]
4@ NEXT
4:va  REM  MINIMUM=3Q, 30/%=6, LEAST NO.
arpu IV R Y RN GOT0 Dedw
Q4100 W=t SUEOSTIND CENTER
wro ReMOOIF TT LS YOO BIS ‘
4ley wnINT YOLACE OBJECT. 1F THEKE 18 AN GEJECT THEW 7 15 TGO SMALL T
N ESU RIS
41ty ORINT "AFTER PLACE CGBJECY, PUSH RETURN®
Glewn INBLT 558 ’
4179 13)T0 1w REM 32w 5TARTING PUINT
Sorme o wbn PBTIOT CEMTER_AND RADINS



rr

LT

T
o

roLr i

R=M
b (LXK,
?“f’ = gt

[ETRIS T

URINT

PRINT

JX)y = @&
P = @Y
1O

"TH/YIN
PrEs TN

Bl

HEM  @AND(XE, Y2)

p

ST = 7D+ Ik - 1) * 100
SUSE Bo= HD + (JX - 1) % 1o
owse L= LD + (1X = 1) # 103
S48 K= RD 4+ (IX — 1) % 123

e DREW REM ORJECT 18 IN THIS BLDCHK
EQEW T REM  FRUM 4%@
Sz PRINT "HG/"-T;"/“-B§"/";L;"/“;R
Sage  PRINT “ITH/": TN 1 P/
SRS PRINT "TH/"31IN
/@ REM  WINDOW EXPANSION
D113 HRINT "#xxx (1) USING COMMAND-CC *#xs "
211 KFE = @

TTTETTET PRIND “TH/" TN
Digw RRINT "Ce®
Sl INBUT WXL WY, RC
Sicd  PRINMT "CN/R®
oige  INRYY XU, YL
D16 IF ABS (XC = WX) ¢ 1@ UR HES (YO - WY) ( 1@ THEN BOT0 53
Big/ Kk = KF o+ T T <
il  IF KK ) 5 THEN PRINT "##% TRY AGARIN WITH DIFFEREN] TH #x%":

; Japa
5129 B30TD S11E ]

TTTET32 BUSUR devd Ao e WItH v
taall PRINT "owo——e—e "
Sisw  PRINT “THE OBRJECT 1S PLARCED Y="3YC3" WITH RADILS
Sied HRINT "e—em—m—— " pEp— e e
5190 PRINT "sw**(Z) USING MI, MX #xas"
5191 BUSUR Taw DLEYN pOvES T
Y19z PRINT "TH/" 31N f :
SEOW PRINT "MI/ZX/L"
D2y INPUT LXJLY
Soe PRINT "MX/X/T"
ses INPUT RX, RY
Se4lt PRI "MIzZY/L
SanY o 1Pl TXEOTY
e PRINT “WMa/zy/T"
Sosv TRPUT BX, BY T
Se7S BOSUE Bl (A
et MRINT Ve m—em "
Do PRINT CLES MMUST PUTNT=("siXil "Ly ™"
Howd PRINT "RIGHTIMOST POINT= ("skX:",":tRy;")"
Sase PRINGD %OTOY BUINT=(":TXz".":Ty:™)"
L3z PRINT " BOTIOM POINY=("sbXx;","tRY3")"
AL YR or o mBS HY - LY)iXQ = ARS (BX - TX)
Saee PRING "RY-LY=s":1YQR3" ¢ BX-Tx=":XxD
YSeoW BRINT " n
Sied X1 = (RX = LX) /7 2 + LX
wAh Y1 o= (RY - LY) / & + LY
36 Xg = (BX - TX) /7 & + TX
EA7Q Y& = (BY -~ TY) / & + TY
BE7E PRINT Mo e e e "
5380 PRINT "CENTER BETWEEN LEFT AND RIGHT =
L5396 PRINT "CENYER BETWEEN TOP AND BOTTOM =
5538  HRINT "CENTER XC,YC WWAS= ("3XC:",":YC:')*

3 REM IF (8C.YL) AND (X1,Y1)

ARE 100 DI-FERENT
THEN TRY--IE/X/L-=1E-———

=T 10 B 8TEY 5

oy

[CER R R
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WRINT “1BE/X/L"

INPUT XL GI)Y LY (D)

PRINT "1E/XT"

LT XTI, Y (D)

REXT 1

FUk T = | TO ™
DF(J; = XT3} - XL(])

NT(I) = XT(J) = XT(J = DR () = XL(J) - XL(J = 1)

IF DF(J) > 5 @AND DF(J) ( 3120 AND AkS (NL(J)) ¢ 18 OND RS (NT(J)}

¢ 18 THEN PS(IX.JX). = PSLIX, J¥Xy + 1: BOI0O S7¢@

GUTO S75@ REM GARBAGE GOTD NEXY 7~ ’

IF NL(T) (@ THEN PT = PT 4+ 1:XP = XP + NL(J):YP = Y2 + £: (U0 S°2
@ N .
M1 = MT 4+ 1:hM = XM + NL(J):¥YM = YM + 5

REM  FRUM 570

NEXT J

GUSUE BOY

KeM  IF COBIC 1% IN 99 DEGREE

IF PT ¢ 3 AND MT (3 THEN D6 = @:LL = PS(IX

PRINT "##«2 TEGT PT="3;PTz" Ml ="y
7 pe=":06 )

IF T > Wt IHEN B = ATN ( = YP / XM):LL = (Y2 + 1%) / SIN (D
IR

IF X (2 THEN 06 = @:LL
bu = = wKTnN (YM / XMyl

REM K ROM SBOYD

PRINT "m=m—— e ANGLE~—=-W3DTH~~="

DR = 1B@ = (LB / 3.1415%9)

IFE- 4L ¢ 43 THEN HG = LL / 43: GUTD 5884
Al = (LL — 43) / 54 + 1

KEM  FROW Saee..

R=M IF CIRCLE

IF AES (DR) ¢ 41 DR ARHES (DR) ) & 1H=N  BCTD 93:¢ S:=v CURIC no”

CYLINDER . )

GUSUR 7@oa: PRINT “TH/"3IN
Yo = I YO

PRINT YLS/H/"3YC

PRINT WIE/X/L": INPUT L1, T1

WRINT WIE/X/T": INBUT L2,72
H1 = XC - Li:R2 = L& - XC

{ (XL - L1) 7 & + L1
R INT (LE)

PRINT *CB/V/ "Ll

PRINT “le/s/v/L": INDUT L3, T3

PRINT “Tk/Y/1": INPUT La,74

GOSUR 8ava

PRINT T4 — T33"—— T413 —=—R1--)":R1:"—=-14-13-Ri="174 - T3 - ff

¥ ARS ((T4 — r3) - Ri) )Y RL /7 & AND (YD ¢ o OR XU ( %) THEW DR =
viDS = Wil = R1 4+ RE + 1&:8M = 1: BUTD 998 Ru

BUTY S9oSMEANS CYLINDER

BLTO 5921 .

X) *® 5 o+ S: G0TO SB30
3UXM=NIXMET o YMEtivM

o

Yo GBOTL

PS(IX, JX) * O + 5: GOTO SB3%
(ym + 95) / sk |

o

nou

PRINT " CYLINDER , SM="i6M

1IF LL ¢ 43 THEN HE = LL / 43:; GOT0 S9c@
HG = (LL - 43) / G54 + 1

PRINT ¥ ":DH3" DEG  "3HG:" INCH®

SOSUE “79ee

PRINT "TH/":TN

PRINT "CG/H/"s INT (YD)

PRINT “0US/V/"3 INT (x)

BUFUR B

TE &M o= @ THEN  PRINT "CURIC sxxrssxt
INPYT A

PRINT DF: URb4”: PRINT Dss”Ihsa”

HOTO 76020 :

S A VAR R APARV E AR A

i
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el ~z !
B PRUINT D3 PR : PRINT D& " IN#e"
/s RS DURN
BVl Hzin
By BR'MNT D$:U"PR8A": PRINT De™ INHQ"
sy REJURN
o RLM x Y Z P R J Sp

PRINT O%

I¥ B = 1 THEN INPUT 1%: PRINT I%:E = ©

RE TURN... B—

TTREM  ROBUT CUNVERSI1ON

S HOME
2SR HRINT M e e e,
SRS PRINT ¢+ o
Shatd PRINT " RUROT 1S IN MOTION
gauvsd  PRINT 0 "
coad@ PRINT M
VP REmM
SOy R
SUAE88 ReM
Sevse REM
U BRINT Do:"PR&#4": PRINT Ds:"IN&4"
Sl ReM DEFINE ROBOT ARM CONSTANTS
i H o= 7,625: REM  SHUOULDER HE1GHT RFOVE TABLE
cilvE L= 7.0 REM  SHOULDER TO ELEOW AND ELEUW 10 WRIST
cdtes LL = 3.8 REM WRIST TO FINGERTIP LENGTH

DEFINz OTHER CONSTANTS
3. 14153565
S7.2957735: REM DEGR=ZES IN 1.Q@RADIAN
1: REM FLAG FOR WORLD COORDINRIES

ROBOT ARM SUALE FALTORS

- S1: Re™ STERS/RADIAN.

STEBS/KADIAN, JDTNY

55 S4: REM 8STEPS/RRDIAIN,
STEPS/INCH, HAND

JUINTS 18«

JUINTS 4X

oo

REM

RE™ INITIALIZATION

DI DU(7.4¥): REM ROOM FOR 4@ STEPS
GOT0 265e0 - TR

+ 11ec:P4

P1 = Q:P2 = - S0B8:P3 = = + 3B4:P5 = D4
REM  LINE 133 IS THE NUMEER OF JOINT STERS FRORM T1
' B, 15=d. AND J=@, TO X=5.Y-0, Z=0, P=-3Q, K=, AKD J=2
S St REM
c@r37 ReM  KEAD IN FIKRS1 LINE FOR INITIARLIZATION
SV s8  ReAD X Y Z.P.R,B62.86
St 2T PRINT YGET ARM TO THE FOLLOWING POSTIUN & JRIENTAT
S014 PRINT "USING TEACH CONTROL PENDANT, PRESS ¥UDE KEY
Sy 61 PAINT T X=":sXt"INUCHES"
S814s PRINT " Y="gY 3" INCHES"
Sdtas  HYINT ® Z="37:"INCHES"
cWlaa  PHINT " PITCH="3;P;"DEGREES"
Zaran MEINT " ROLL=":R3"DEGHEES®
cwlae PRINT M HAND=":BR / S&:"INCHES"
SELe7  BRIND "BDELAY 85'": INPUT 1
PRINT "@SET 22@": INPUT 1: REM . MOVE ARM
PHINT "eRESETY: INPUT I

HOME : VTRE 7: HTAR S

7w

SINPUT X.Y. 7 RUSITIUN BND 930, i,
1]

97

LENGZTH

IS
p)

:DE

=¢. T2

2
=g, T3=0, Ta=

10"

WHEZN FTINMNISKED"



hAv e URINTY ™ I="2¢2 3" INCHES"
caoBe  PHINT " PITCH="jP;"DEGREES"Y
S4090 PRINT " ROLL="g§Rs"DEGREES"
cHaled PRINT " HAND=":6P / S6:"INCHES™
w10 RETURN
E4led REM
S41aw NEM
cZ4tee REM  RUUTINE TO CONVERT CRARTESIAN COORDINATES
4150 REM  Tu NUMEBER OF JOINT STEPRS RWAY FROM START POSITION
416D R=M :
e Rem
TTTESA G ReM BHUKWARD SOLUTION CALCULTIUNS
covie  RPRINT " &« TEST 12 C="3C:" Pl=":pPI:" Li="gtLL
cHwrs LL = S.8:L = 7.8:R1 = 1: REM USED VARIABLE IN VPRU
couce P = ¥ / CtR= R/ C
wovisd 1K X = @ THEN T1 = EBBN (Y) & Pl / ¢
covuy IF X ¢ ) 0. THEN T1 = ATN (Y / X)
~Svud 1R 11 @ THEN BRINT 2 PRINY Mecmmeme e e e LTi="371
covoe KR = SR (X # X « Y & Y)
cow/d IF KR 2.285 AND 2 ( 1S THEN PRINT : PRINT "HRND TOO CLUSE 10 EOQD
Y. RR="3;RR
chvse 1F R ) 17.8 THENS PRINT @ PRINT “REACH OUT OF RAMSE, RR=":RR
cuv9e R = RR - LL = COS (P
S0l 1F X € Z.25% AND 2 ¢ 1.&% AND K@ ¢ 3.5 TvYN 1F B (- 9@ / C THsW
PRINT : PRINT “HAND INTERFERENCE WIik BRASE, "
€S11¢ KM NOTE THAT THE RABUVE STATEM=NT MAY BE ALTERSED TC ACZOXDDATZ ~O
VES CLUSE TO THE BRASE
it 20 = 2 - LL #  GBIN () - H
FOREG = @ THEN B = ( 8GN (Z@)) # Pl /7 &
1= W@ ¢ ) v THEN B = RIN (Z@ / RQ)

A * RA & RO + 20 & 7@
R=4 L &L /7 a4-1
1= A ¢ B THeN PRINT ¢ PRINT "REACH DUT 0OF RANGBE FUOR S-HOULDER
AND ELEOUW, ": GOTD gSsee
R = AIN ( SR (A))
fe = A+ B
13 = B - W
IF "2 ) 1a4 / T UR TE ¢ = 25 7/ € THEN PRINT : PRINT "SWOU_DER 0OU
1 OF RANBE. Te=":3Te # C©
Eoded Ik g = T3 (@ OR 15 -~ T3 ) 149 7 C THEN BRINT 3 DRINY "D ROy (67
UF RANGE., T3=":73 # (C
cHesl IF () 270 7/ CORR ( = 270 7 C) THEN IF (2 ) (90 /7 C + T3y -
(R + 27 7 C)) OR P ( (( -390 /7 C 4+ T3) » (R~-g7&¢ /7 C))) THEXN PRINT

s BRINT "PHICH OUT OF RANBE, R1ICH=":U # [
ebaese IF P ) (92 /7 C 4+ T3) OR P ( (- 98 /7 L + 7T3) THEW PRINT ; PRINT ™
BLICH OUT U KANGE. PR1GCH=":P & O
IF (R) (36¥ / 2 ~ ARS (P - T2)) UR R (¢ ( - Z&a /7 C + RABS (P -7
3))) THEN  PRINT 3 PRINT "ROLL OUT OF FanBE. ROLL=":R # C

r
[
n,
e
s

SELEe T4 = P - R - Ri & Ty
SHSTE TS = P+ R+ R # T4
S5S20- REM  ###s CHELCK 49170 #exsxs
wenyt REM  CORRELCT COGHLUINRTES
Zo@id W1 = INT (851 # i+ .5 - P
Eecl We = INT (G # Tg + .5) - P2
CEYED W3 = INT (83 # T3 « . 5) -~ P&
FEVA W4 = INT (54 % T4 + .5 —- P4
Wo = INT (85 # TS + .5) - P5
RETU N
Inobyr v I="327

KeEM  FRUM W13z BLT0 ze133

RE™ 58=1 MERNS URIGIN Z=8&,X=3
ek o=l

TF 85 = @ THEN BGOTO 9133
eI U1 0) = 8

cehaw UU(Z.8) = ~ B2

Lo e A = - 9%




INPUT ™ ROLL="3:R

IR HAND="36P

InRyT ™ SPEED="385

INOUT "HIT RETURN TO GU ON:"3ARs

iF 88 = @ 65010 zview
X =% 4+ 437 =71 + 8

IF X ( @ THEN 21¢00

BOSUR ©4@0@ REM SHOW COORDINRTES
GUSUHR oS0

BRINT
HRINT

"UU(3.
"Ul (S,

WRINT "UU(L, "l y=s"suul, Uy g

iUty ="sUU (3, W) 8"
Tl ="sUU (5, ) 5"

UULE, "t ") =" s L (E. WD)
UL (4, "sUs ") =" 10U (4, L)
U (B, Y sUp "y =" ;UL (6, )

DRINT "UUL7. "tUs™) =":UU(7.W)

PRINT “Wis":1Wis"  WZ="iWzs"  W3=";W3;"  We=":1W4

DRINT "WS="iW53"  BP="3;GP:" S=":5

PRINT "GSTEP “:S3", "sWl — UUCI,U) 3", "3W2 — UU(S, W ", "sW3 — UU(3. U
TTY R0, WA = UUCA LY 5 MsWS = UUCS, U 3, "aW3 - UU(3.UY s INSUT T

U=u+1

udci,uy = 2
Uz Y)Y = w2
gagd ul(S. U = K3
=4 Uda,U) = Wa
<9 UU(S, U = W
crsets e W) = BR
ey yu(7.uy = 8

URINT "wSTEP":5:1". 0. 8.9, 3,8, ":16H: INOUT 1

IF @0 = 1 THEN GOTU =747
5 Q0 = g THEN GOTO 27&9@
If ) = 3 THEN “6B0OTL 27@72
TP g = 4 THEN Q0 = @@ GO0 27750
iFoud = % THEN QR = @: GUI1U 27300
IF GO = & THeN 00 = A 6GGTU zdvewn
Il = 7 fHEn QQ = w: GUID ZBlbw
1E wd = 8 THEN D = @: GULTD cB8zwe
IF U = 9 THEN WO = @: BUT0D &B840Q0

A L 1@ THEN Q0 =
vy Ik o= 11 THEN QQ =
e w010 gviel

et REM UOMPRRE 28980 THRU 2W3ER WITH OTHERS (DIFFERUNT RESULT?
19 LY = @
= 1) PRINT "RETURN TO INITIAL PUSITION"
1z PRINT "erREAD": INPUT 1

=1uvs  INPUT AB.C.D.E.F, G
21W0s PRINT "ECLOSE S42": INPUT I

SAVAL PRINT "wSieP géeg,": = H3", ") = B, "y -~ Ci"y M - Datots - Bt

C: INPUT T
Tavie PRINT "RUN THE PROGRAM®
i@é FOr I'= 1 70U o~ )
1z PRINT "@SiEP "sUU((7, D) e, "0, 1) — UU(l, ] = 1), "2, 1) — il
1 = D) IUUE, ) - UUHE,T - D3, tiUUa, ) - UEa, T - 1) g, iy
<3 = UU(S.1 - 13" Msu(3, 1y - DUE, T — 1)z INPUT N
IF UU(Ee, 1) ( @ THEN 2126Q

COPRING "eSTER YUU(7, DM, 2,0, 0, 8,0, "sUUE, 1)1 INPUT N

~UBArg Zitva
HRINT pCLOSEC4
BRINT "a5TEP 2
NERT D
A CY = Y + 1
Uit "CYCLE “3CY
Sl

i

Re pIGRLRY COORDINATLY

Lt o T PROBOT SR TS5 MOVING TO TRe Rl (Riiagy

S SN O CLDJRDINATES: "

Factea Uwligt s PRINT M
CSaPE g

2 BUTD eboea
: G010 e856n

: INPUT N
2,2,2,0,0, 1, ";UULE, 1) INDUT N

5
4

x="axtINCHLL"
SRR TRMENEI Ty



ceby
[QCAPYCY ]
cHa4
el LA
b
T
4

7

7R/ e
=¥
SPATT
S 1o
g
=1

X
gs

100

DUis. @)

=
Uuto.w) = @
Ud(e. @) = - 931
UU(7.80) = 23¢

BOTO 2w133 .

Hem FROM INITIALIZSTION Z016Q
= 62 = @:7 = 17

= 45:K = n:GP = @
GUSUR Z4d0R
BUSUR E5MOE oo e e
QG = 1: REM TO BE COMMING BACY,

GUT0 edazde
G = @

BRI e i
@B =1

Iy T = B THEN B0 = 3: GUOVTD e@léE1l
U8 = @2: REM  FRUM 20161 THRU=--

KRem  BET DRYQ OF VPU

AUME @ BOTO taz: Rem GDING TO VvPy

e

- R I
e
U - V7 o Y oo

e
ZTege
1Yy

[ TRV S O
L~ o~ .
.
~
<

n-r

fn

=Y vy

= /aT7e
=7wba
2759
IS
Zrelvn
A

=7

(g
P et

ReM  FRUOM 5993 VRU FINISHED
IR = (430 ~ XO) /7 41
yrR = (YU - Z@w) 7/ 41

PG + 13 RED DR IR=(HB-1)/2 IF CUBRIC

- 90

HINT O UXKR=EC e xR YR="sYke" Zk="12R

PFrowT "OI0CH PR=":PR:" ROTRTION DR=":DR:" HaRD-EO!10 (g="

o™ COUNVERSION FRUM CAKTESIAN TO ROBUIIC REAL CARTESIAN

IF XN ) 3 THEN BOTU 27920

U9 (2 TreN BGO10 27494

YH = YR - @.27:XR = XR + 2.1€: G010 £7919
Ir ¥R ¢ @ THEN BGOT0 &74%9&

YH = ¥R - €.15:XH = XR + @.16: BOTO £751%
1 YR ¢ - 2 THEN GOTO £7496

YR = ¥R + 0. 12:XR = XR + @.16: GOTD 75!

YR = Y& + @.2:XR = XR + @.1&: BGOTO &751%
IF YR ) @ THEN YR = YR - @.1: GOTU &75
Tk xR ) 5 THEN GUTD 27508
IF YR g THEN 6OTO 27503

YA = YR ~ @0.2:XR = XR + Q.05: GOTO 27519
JF YR ¢ @ THEN BO10 275e5S

YR = YR — @.2tXK = XR + @.@0: PRINT " TEST$e”: GDTO &75i%

.

#on

}P ¥ ¢ - & THEN BOTO «75@7
YR o= YR + w.l:xR = XR + w.@0: GDI0 27513
YR = Yo + Q. 2:XR = XR + @.@; GOTO 27513

YR — @.2o: BUT0 27519

F Yrk (v TR GOT0 2751

YH — 2, 13:XR = XR — @, 1: BGOTUQ &7519
YR:xkR = XK - B,86: 6070 27519

R:X = XR + &
R+8
- DR
- 9
Y
L= 3.

B: REM LL WAS LENTH IN VPU LL=3.8 1S FOR RCHCT

PRINT "K="aX3"  Y="iys"  I="323" R="1R
PRINT-" P=":P:"  BP="3GP;" x%x HG=";HG:" S&=":136
ISR Z4pna .
L BuUSLE 250w
oy o= 2
E0iY 2AERE
H=M  FHUM ZASAS-c0Z44
M = @
wEA TN R TOR_RAFCT



101

/el Ik BB (L THEN 8B5S = 1
v R LG Y 2 THEN  PRINT "s#x TOD Blb ##x": GOTD su@de

cl70s PRINT "BSTEP 220.0.9.98,0,0, "33 INT ((G56 + 1,Q) * 3731): INDUT T

mrrae 1= Boes = 215:6P = @

g/ R = — DR:p = -— 9@

SO ELE R 24l

wflZe BOYRJHE 50

S 30 GBU = 4 P

=774 GO0 2ec1@d: REM  INSTEAD OF 2oz

mirEG BMRINT "@CLOSE gga

oAl INDUT T

SO o= 9. 4:8 = 2GR = 0

7RSS P = ~ Yd:R = - DR

el GUSUH 2400

7820 GUSUR 258

ciHze O = 9§ s

“iday BUTO caz2ie

S79%e ReM UPR ON THE BOAL PLACE

/318 IF BM = @ THEN Z = 3.4:8 = 220:6P = @:X = €:¢ = 4:R = Q:P = - 37

c790w IF BMm o= 1 THEN 7 = 9.4:5 = gav:GP = QX = €:Y = -~ 4:R = @:P = -
el

193w BUSUE Z4vor

S /Bed BOSUR 25080

T 9D = 6 -

cldel U7l ceatw

A TEs Rem SR

cewvdey W=wm FROUM 2T77d

sV 7 = d.4:b = 2uRibl = 0P = - 92

cBdcy BusUs Seudd

cBvay BusUr eDHued

S8y v o= /7 o

Feehe LD Svela

Chebd  KEM  ERUM 277Q

ced s HAUNG TESTeP 20w, 0,0,0, 0,0, V1400
=80y INPUY T

sBlea nEZwm Ul UVER THRAT GDAL PLACE
cetig 7 = 10, 2tP = - 9:6GP = @
Bl 8 = g2

15 Wl BOSUR 240de

1

3

=8:a0 BUSUE 2S00R
100 W =8 s
i GUTO Zveez1@

o REM CLObLE HAND

o PRINT "BUCLUSE 235"
INDJT I

K= 1) BACK TO DORIGIN
X tY = Wi = 1@, 2

GP¥ = Vi8S = 30K = P
o) -4

LUuSuUR o
Gunil 25008
cHany WY o= 9 S

sesey Redi BOTO DRIGIN I=8+2.2
A= ‘Y = @: = 1.8

FROec e o= pth = 23Uk = Q@
chasy P s - gy
cl6ud LUSUR S40n)
cHetd BUSUR S500a
LD = 1e

[CIA R S R TV

iMoo FRgM SAEDA
L = B:P = - 3é:iBW = @
(50 SHE Z4van

Gundl 2o

w0 o= 11
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oBIDY BUIL s le
sbsLe REM  FRUM 28259
<30y Remt FROM 277@2

TTEGGR4 T PRINT ¢ "

&31vd Rem
=%ovid BRINT ® 0 YOU DID A GOOD J0i& THRNK yOou '
c9cdt VI = 1

295w 1F VZ = @ OTO 20161

234y END

Suwae bRlA 5, ¥, @, -%a, B, 4. .32
Suvie DRTA 8, 8, 2. —3a. B, 8y, 2«
SPac@ DRTR 8, @,8.5, -4, @0, -L@, 4z
Swase DRTAH 8, 8. &, -3&, W, O, b
s DWTA &, 5. 2, -930, &. B, 4¢
Sdesw DRIA 6, 5,0.49, —-99,39. 30, E-&
swoe DATA 6, . B. -802.90, -1, &-¢&
Swvwlv  DRTA 8, @, 2, =92, @&. exw, g«

seasd DAl -993,Q, O, D, 9, Q, &
See'se END





