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ABSTRACT

The goal of this thesis was to simultaneously control in real-time two robot
arms sharing a common workspace. To support this goal, it was first necessary to
develop a robot programming and control system. Thus, many aspects of robotics
were explored including robot programming, kinematics, path control, collision
detection, and collision avoidance. The goal was partially achieved in that the
arms share a common workspace without colliding but the path computation

does not run in an acceptable time frame for real-time usage.
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CHAPTER 1

INTRODUCTION

Qverview

The goal of this thesis was to develop a robot control system in which two
robots share a common workspace. The problem of developing a robot control
system necessarily includes many fields of robotics research. Each of these fields
has generated much interest and work in its own right. The major areas of

research may be categorized as follows:

1. Robot programming languages. This includes the development of a high
level language which allows the robot programmer to write robot programs
off-line using a familiar reference point such as the Cartesian coordinate sys-
tem rather than the joint coordinate system. The joint coordinate system
is that space described by the joint angles which are those angles formed

at the link junctures.

2. Kinematics and Dynamics. This includes the study of force and motion
with respect to robot manipulators. Kinematics, or motion, addresses the
relationship between the Cartesian coordinate system and the joint coor-
dinate system. Dynamics includes the development of force equations for

the robot control system.

3. Path control. Path control is the process of giving the robot a path, or
trajectory, to follow and keeping the end effector as close as possible to the

given path.




4. Path Planning and Collision Avoidance. This involves the generation of
paths which meet prespecified criteria while avoiding collisions with other
robots and with objects in the work environment. There are several differ-

ent methods of path specification.

5. Sensory Feedback. This is the task of making the robot responsive to its
environment through various sensory devices. Although frequently treated

separately, vision and pattern recognition may be included in this category.

Because of limitations of the robots used, some aspects normally included in
a robot control system were not included in the control system written for this
thesis. The succeeding chapters address those fields of robotics research that
were explored in this thesis. Chapter 2 describes environment and task specifica-
tion in the robot control system which I developed. These facilities allow for the
development of simplistic robot programs. Chapter 3 deals with the kinematics
problem as it relates to the robots used in this control system. The kinematic
problem can be separated into two problems: (1) the direct (or forward) trans-
formation which transforms joint coordinates to position and orientation of the
end-effector in the base coordinate system and (2) the inverse (or reverse) trans-
formation which transforms from position and orientation of the end-effector to
Joint coordinates. Chapter 4 discusses the robot joint controller portion of the
robot control system. This controller drives and rmonitors the robots providing
path control for multiple robot arms. Chapter 5 describes the collision avoidance
algorithm developed and implemented in this control system. The goal of the al-
gorithm is to have both arms reach their respective destinations without collision.

Chapter 6 discusses results, experiments, and conclusions. Several suggestions

for future research are proposed.



System Architecture

Hardware

The hardware configuration consists of two Mentor robot arms built by Cyber-
netics Applications, Inc. of Britain (Figure 1.1). The robot arms were interfaced
to an IBM PC/AT. Each robot arm has five revolute joints labeled as axes in
Figure 1.2. Each joint of the robot arm may be addressed independently. This
gives each robot arm five degrees-of-freedom. Axis 3 and Axis 4 are combined
to produce the pitch and twist of the wrist (Figure 1.3). Each arm has a sixth

axis, Axis 5, which controls the open/close of the end effector (or gripper).

Figure 1.1: Mentor Robot Arms



WRIST
ELEVATION

Figure 1.2: Axes of Mentor Robot
(From Mentor User’s Guide)

Figure 1.3: Axes 3 & 4 of Mentor Robot
(From Mentor User’s Guide)

The robot arms were placed side-by-side to achieve a common workspace
(Figure 1.4). They were placed in such a way as to have the common workspace
beyond the robot bases. This was done so that the base of the robot and Axis 0
would not interfere with a task. It was within this common workspace that
collisions between the robots could occur, although with the introduction of

objects being carried by the arm this common area, may need to be extended.
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A: Shoulder
| | B: Elbow

Common C: Wrist
I a: length of 170mm

b: length of 165mm
c: length of 150mm
d: length of 105mm

| Workspace

Robot 2 | I Robot 1
- 320 - 300 |- 320

Figure 1.4: Common Workspace

Since the Mentor robot arm was developed for educational purposes, it is
lacking some desirable capabilities. The Mentor does not have interrupt capabil-
ities, does not have sensors of any kind, and does not allow for variations in the

speed of movement. A detailed description of the Mentor robot arm is contained

in Appendix A.

Software

The Mentor robot arm came with a primitive control system written in BA-
SIC. This primitive system was much too limited to allow for a real study of
problems in robotics. Thus, for this thesis, I wrote a robot program development
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and control system using Turbo Pascal and Microsoft 8086 assembler. It is this
control system which is described throughout this thesis. The control system
gives the robot programmer the convenience of using Cartesian coordinates in
robot program specification and allows control of more than one robot simulta-
neously. Robot programs are referred to as “tasks” throughout this thesis.

In keeping with currently accepted design principles, a hierarchical approach
was used in the software design of my control system (Figure 1.5). This approach
allows the modularization of the different functions of the robot program devel-
opment and control system. The robot joint controller portion of my control
system was written in Microsoft 8086 Assembler. It controls the actual sending
of raw joint values to the robot arms and monitors the progress of the arms’
movement. The robot program development and high-level control portion was
written in Turbo Pascal. The major functions provided were (1) entry and view-
ing of robot tasks, (2) running a single task on a single arm, and (3) running two
tasks on two arms simultaneously. The high-level control program and the robot
joint controller communicate through a robot control block which is further de-
scribed in Chapter 2. The robot-dependent routines were well isolated making

changes in robot characteristics relatively easy.
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CHAPTER 2

ROBOT ENVIRONMENT AND TASK SPECIFICATION

Overview

Two necessary features of a robot control system are (1) the ability to de-
scribe the environment in which the robots work and (2) the ability to describe
and execute a task to be done in this environment. This chapter discusses the
facilities developed for environment specification, for task specification, and for
task execution in the programming development and high-level control portion
of the system. It also discusses the support facilities embedded in Turbo Pascal
written for the above functions. Low-level control of the robots is described in

Chapter 4.

Support Facilities

Data Types
Three new data types were used to provide descriptions in 3-space:
1. VECTOR: describes a point in 3-space using Cartesian coordinates.

2. REGION: describes a rectangular volume in space by specifying the eight

vertices of the volume.

3. COLL_REGION: a collection of regions describing a robot arm (ie—the

upper arm, the forearm, and the end effector each describe a region).

8



Funetions

Several functions were developed for this system to be used in conjunction
with the functions provided by Turbo PASCAL. These new functions are de-

scribed below.

Transformation functions. These functions are useful in the forward and

inverse transformations discussed in Chapter 3.

1. TRANS_ORIGIN: translates coordinate frame to a new origin.

2. REVER_ORIGIN: translates coordinate frame back to base origin.
3. X_ROT: rotates a point about the base x-axis.

4. Y_ROT: rotates a point about the base y-axis.

5. Z_ROT: rotates a point about the base z-axis.

Collision avoidance functions. These functions are useful in the collision

avoidance software.

1. XY INTERSECT: determines the intersection of two lines in the base xy-

plane.

2. YZ_ INTERSECT: determines the intersection of two lines in the base yz-

plane.

3. XZ_INTERSECT: determines the intersection of two lines in the base xz-

plane.



4. COLL_ZONE: determines if a robot arm enters the collision zone.

5. ADJUST_REGION: adjusts the base coordinate system of a second robot

to the base system of first robot.

Environment Specification

To provide a flexible mechanism for describing the robot work environment
three parameters were defined and two new data structures called descriptors
were created.

Parameters

The parameters allow for changing the work environment specification and

are defined at compile time.

1. NO_OF_ROBOTS: the number of robots in the system. FEach robot is

assigned a sequentially determined number.
2. NO_OF_.OBJECTS: the number of objects in the workspace.

3. NO.OF REGIONS: the breakdown of the robot arm into regions to be

considered in collision avoidance.

Descriptors

Two new data structures provide a mechanism for describing a robot arm or

an external object.
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1. Robot descriptor: This data structure is used to identify and characterize
a robot. It includes an ID number, the axis centers, the axis lengths, the
limits of axis movement, the range of axis movement, the number of joint
values to cover the axis range, a fudge factor which allows the start of axis
movement at a predetermined point, and the regions defined by the arm as

collision regions.

2. Object descriptor: This data structure has an object ID number and a

region defining the volume of the object as a rectangle.

Robot Task Specification

Robot programming is the definition of a task to be done by a robot manip-
ulator. Traditionally, this job has been done on-line by physically moving the
robot manipulator tﬁrough the desired sequence of steps either manually or by
using some device designed for this purpose [15]. However, it is more efficient,
less costly, and less dangerous to define a task off-line with the use of computers
and robot programming languages.

The first robot programming languages were stand-alone systems designed for
a specific robot or at best for a specific vendor’s robots. Recently, there has been
a growing interest in embedding robot programming in existing general-purpose,
high-level languages. Blume and Jakob [3] have developed such a system with
Pascal, named PASRO, and Paul [18] has described a method of embedding
transformations in Pascal. This enables the language designer to take advantage

of high-level contructs such as flexible data structures and sophisticated control

structures.
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However, it was not the intent of this thesis to develop a new robot program-
ming language. Therefore, only the capability of defining a series of robot moves
was provided. These moves, referred to here as steps, represent a task to be ac-
complished by the robot arm. A task then is a point-to-point (PTP) description
of moves in which the robot programmer has no control over the path between

two points. Path interpolation and path planning are discussed in Chapter 5.

The only step type provided is a move with or without a delay after the
move is completed. Other actions, such as conditional execution, normally found
in a programming language were not included. Conditional execution relies on
sensory feedback which is unavailable on the Mentor. Also, gripper control is
primitive. Currently, to open or close the gripper it is necessary to completely
specify the current position of the robot arm changing only the gripper position.

This method of gripper control is awkward and time-consuming.

For each step of the robot task, the robot programmer describes the position
of the end effector in Cartesian coordinates and the wrist orientation of pitch
and twist in sexagesimal degrees. The use of Cartesian coordinates and sexages-
imal degrees is desirable as it is difficult to visualize the end effector’s position
when described in joint coordinates or joint values. (However, radians are used

internally for computation and joint coordinates.)

Wrist orientation limits the number of solutions to the inverse transformation.
To provide a unique solution, an arbitrary choice of the “elbow up” configuration
is used. Each robot task is necessarily robot specific as the transformation is done
at task definition time rather than run time. This ensures that all points in a
robot task are reachable by the selected robot arm. The inverse transformation

of the step specifications to the joint coordinates is discussed in Chapter 3.

Each step of a robot task is defined off-line by the robot programmer. The
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inverse transformation is computed and joint coordinates are converted to joint

values. All this information is stored in a step descriptor.

e Step descriptor: The step descriptor contains a robot ID number, a step
number, a step status word, the position vector, the wrist orientation, the
gripper position, the joint coordinates, the joint values, and the step delay

time.

Robot Task Ezecution

The user may select to run either a single task on one robot or to run two
tasks on two robots. Tasks are run by sending the destination joint values to
the robot joint controller. Communication between the Pascal task execution
procedure and the robot joint controller is achieved through a shared memory
region. This region is further described in Chapter 4.

Dual tasks require more attention due to the collision avoidance problem.
This is discussed in Chapter 5. Although destination points are computed at the
time of task definition, collision checking is deferred to run time. This allows for
the selection of tasks at run time. In other words, tasks are defined in terms of

a single robot. But at run time any two tasks may be run simultaneously.
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CHAPTER 3

ROBOT KINEMATICS

Overview

One of the oldest areas of research in robotics is that of motion, or kinematics.
It is difficult for humans to visualize the position of a robot arm when expressed
as joint coordinates. For this reason it is desirable to express the path of a robot
arm in the Cartesian coordinate system. The base of the arm is the origin of the
Cartesian coordinate system and is referred to as the base coordinate system.
Coordinate transformations provide the mechanism for translating between the

joint and base coordinate systems.

The problem of calculating Cartesian coordinates from joint coordinates is
referred to as the kinematic problem, or forward transformation. The reverse
problem of transforming from Cartesian coordinates to joint coordinates is the
inverse kinematic problem, or inverse transformation. The forward transforma-
tion is straight-forward and always has a unique solution. The inverse transfor-
mation is the more interesting and the more difficult partly due to the facts that
there may be be multiple solutions and that a solution may not be obtainable
through normal means. For example, the inverse transformation involves the
arctan function which is undefined at certain angles and the method fails to give

a solution. These points of failure are called points of singularity.

Much research has been done on analytical solutions [5, 11, 14, 15, 18, 21] to
the inverse kinematic problem in hopes of developing a general solution applicable
to most classes of articulated robots. However, a geometrical solution was chosen

14



for this implementation. The geometrical approach provides insight into the
physical movement of the robot arm that an analytical solution does not. It also
provides a unique solution given some design criteria and the points of singularity
are more readily identified. Singularities are discussed in greater detail in Sadre,
Smith, and Cartwright [21].

The following sections describe the forward and inverse transformations used
in my control system. These transformations are specific to the Mentor robot
arm. This discussion refers to angle 8, through angle 8, corresponding to the five
joint angles of the robot arm (Figure 3.1). It should be noted that in the actual

software and in the Mentor User’s Guide the angles are labeled Axis 0 to Axis 4.

0o Base

0, Shoulder

0; Elbow

03 Wrist—Pitch
04 Wrist-Twist

Figure 3.1: Joint Angles 6,, 4, 0, 03, and 6,

Forward Geometric Transformation

The forward transformation is straight-forward and always offers a unique
solution. This transformation is useful in the collision detection software. The

15



forward geometric transformation for the Mentor robot arm is achieved by ap-
plying the rotations and translations of each axis to it’s “home” position. The
“home” position is when all joint angles are zero. Angles 0, through 8, are applied
first and angle 6, is applied last. On the Mentor robot the shoulder, elbow, and
wrist always lie in a common plane which is called the robot plane. By having
the robot plane coincide with the xz-plane, the initial rotations are simplified.
Once positioned in the robot plane the arm can be moved to its correct position
about Axis 0.

Before the transformation can occur, the joint coordinates must be deter-
mined. A distinction must be made between the joint values understood by the
robot and the joint coordinates. A joint value is an 8 bit data word which is used
to drive the robot arm. This allows each joint 256 unique positions within its
specified range. A joint coordinate, on the other hand, is the angle formed at the
juncture of two links. The conversion between joint values and joint coordinates

is:
range;

0,'=‘U;*( )

values;

where

0; — joint coordinate for joint ¢

v; — current joint value for joint ¢ corresponding to 6;

range; — range of joint ¢ in angles

values; — maximum joint value for joint ¢
See Appendix A for more details.

Once the joint coordinates are calculated from the joint values it is possible to
proceed with the transformation. Through a series of rotations and translations,
the end effector point is moved from its “home” position (Figure 3.2) to the

position defined by the joint coordinates. The algorithm used is as follows:
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J2 J1
65°

110°
E

Figure 3.2: “Home” Position

1. Translate origin to J1 and rotate the Shoulder, Elbow, and Wrist 6, about

the y-axis.
2. Translate origin to new J2 and rotate Elbow and Wrist 6, about the y-axis.
3. Translate origin to new J3 and rotate Wrist 65 about the y-axis.
4. Rotate §4 about the axis defined by the vector through J3 and E.
5. Translate back to base origin and rotate Base 6o about the z-axis.

Although, the Denavit-Hartenberg matrix representation is the preferred
means of representation by engineers, this system takes advantage of the flexible

Pascal data types and produces a clear, straight-forward algorithm.
Inverse Geometric Transformation
Given the position (pz, py, pz) and orientation (pitch, twist) of the end

effector, the inverse transformation calculates the joint coordinates defined by
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angles gy through 6,. The transformation described here is specific to the Mentor
robot arm which allows only five degrees-of-freedom. (The Mentor does not have
roll in the wrist axis). This means that the end effector always lies in the robot
plane. The robot plane is the plane in which the shoulder, elbow, and wrist axis
lie. The robot plane coincides with the xz-plane of the base coordinate system
until 8, is applied. This fact is used to simplify the transformations.

Another design problem was how to reach quadrants ITI and IV since the base
rotation is limited to 180° in this system. This is accomplished by first positioning
the shoulder in a position diametrically opposed to the third or fourth quadrant
and then flipping the shoulder and elbow axis to the negative y quadrants. This
means that when axis 1 is flipped, the computed angles become the exterior

angles in our drawings, rather than the interior (see Figure 3.3).

y= - -y

Figure 3.3: Angles in negative y quadrants

18



Calculation of Angle 8y (Base)

When pz = 0, a point of singularity occurs. There is no unique solution in
this situation, so , is arbitrarily set to 90°. Otherwise, Angle 0, is calculated in
one of two ways (Figure 3.4):

Quadrant I or III: 6, = arctan(2)

Quadrant ITor IV: 6, = arctan(®) + =

The second case is necessary as the Mentor base rotates from 0° to 180° and
the arctan function returns a value from —90° to +90°. Because the third and

fourth quadrants are reached by flipping the robot arm at the shouder, 8, always

lies in the first or second quadrant.

+<

(pz, py)

Figure 3.4: Calculation of Angle 6, at Base

Calculation of Angle 6, (Shoulder)

If the requested position lies close to the z-axis, a point of singularity occurs.

In this case, angle 4, is set to 180°. Otherwise, 6, is computed in two parts: 6,

and 6y, (Figure 3.5). Applying the formula for half-angles to the triangle ABE;:
19



)
s —lgthAFE

61y = 2 % arctan(
where a, b, and ¢ are the lengths of the sides of the triangle ABE and

* (a+b+¢c)

[
Il
[(CRE

and

- \/(s-—a)*(s—b)*(s——c)

s

Note that angle 8,, is derived from axis lengths using the formula for half
angles of triangles. This formula always involves acute angles and thus the arctan
is never negative.

Angle 8,2 is computed simularly using triangle BCE. These two angles are
then combined as follows:

Quadrant I or II: 6; = 6y, + 6,2

Quadrant Il or IV: ) = 2% m — (611 + 613)

The second case flips the shoulder axis to the negative quadrants.

Figure 3.5: Calculation of Angle 6,

20



Calculation of Angle 6, (Elbow)

The rotation about the elbow is similar to the computation for #;. If the
requested position lies close to the z-axis, a point of singularity occurs and angle
0 is set to 180°. Otherwise, angle 8, is found using two partial angles 83, and 6,,
(Figure 3.6). There are three cases: (1) end effector is below the wrist, (2) end
effector is above the wrist, and (3) end effector is in-line with the wrist.

Below: 0; = 0, + 0,

Above: 8; = 031 — 049

In-line: 8; = 04

Once again the arm must be flipped to the other side when the position is in

quadrants III or IV:

52=2*7|'—02

Figure 3.6: Calculation of Angle 6,
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Calculation of Angle 83 (Wrist—Pitch)

Angle 83 is computed directly from the orientation pitch angle. This angle
is given by the robot programmer when defining a step. There are two cases to
consider (Figure 3.1 on page 15 and Figure 3.3 on page 18):

Quadrant I or II: 63 = piteh

Quadrant ITT or IV: 03 = 27 — pitch

Calculation of Angle 0, (Wrist—Twist)

Angle 6, is taken directly from the orientation twist. This angle is also given

by the robot programmer at step definition time.

04 = twist

Conversion of Joint Coordinates to Joint Values

In converting from joint coordinates to joint values, the joint coordinates
61, 02, and 03 must first be modified to accommodate the robot limitations.
Since the joints cannot move a through a complete 180° arc, the limits of their
movement must be subtracted from the joint coordinates. For instance, Axis 1
has a range of 180° beginning at a 90° angle. So, 90° is subtracted from 0,. After
this adjustment, joint coordinates 8, through 8, are converted to joint values vg
through v, as follows;

values;

v = ROUND (6; » )

range;
where

v; — current joint value for joint 1 corresponding to 4;

22



0; — joint coordinate for joint ¢

values; — maximum joint value for joint :

range; — range of joint ¢ in angles

This solves the problem for vy, vy, and vy, but vs and v, cannot be used
directly for pitch and twist due to the Mentor robot design. Pitch and twist are
obtained by rotating Axis 3 and Axis 4 together. Pitch is obtained by rotating
Axis 3 and Axis 4 in the same direction. Twist is obtained by rotating Axis 3
and Axis 4 in opposite directions. To compensate, half the robot values available
are allocated to pitch and half of the robot values are allocated to twist. This
design leads to limitations on the pitch and twist available computationally. The

final joint values for pitch and twist, 93 and %, are computed as follows:

-~

V3 = v3 + 74

~

Vg = Vg — V4

Using the above geometrical approach we can determine if a point is reachable
by looking at the resulting joint value. If the joint value falls outside the valid
range of joint values (0-255), then the position is not reachable by the robot arm

and is rejected by the robot programming syster.
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CHAPTER 4

ROBOT JOINT CONTROLLER

Overview

The lowest level of control in my robot control system, software-wise, is the
robot joint controller. The joint controller is concerned with moving the indi-
vidual joints of the robots to their destination setpoints. Each joint is driven
independently without respect to the movement of the other joints. There is
no concept of a manipulator, of wrist position and orientation, or even of joint

coordinates at this level. There are only joint values.

The robot joint controller was written in Microsoft 8086 assembler and was
installed as an interrupt handler. Since the robot itself does not generate inter-
rupts, the joint controller is driven by the PC-DOS User Clock Interrupt. Thus,
the controller is initiated at discrete time intervals to monitor joint movement.

It does this without interfering with the higher level components of the robot

control system.

Environment and Robot Specification

As with the higher level control some parameters were provided for environ-
ment and robot specification. These are defined in the ROBOTDEF.ASM file.
For environment, a parameter specifies the number of robots. Theoretically, this
controller allows for any number of robots. But, in practice, it is limited by
memory size and run speed. It must be able to complete one monitoring cycle
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in an acceptable time frame for real-time use. For robot specification, we need
the number of axes and the offsets from the robot base address of the axes data
words, of the multiplexor, and of the adc converter.

Also described in ROBOTDEF.ASM is the robot control block (RCB).
Mapped into a shared memory region is a RCB for each robot. The shared
memory region, and the RCBs in particular, is used to communicate with the
PASCAL task execution procedure. Each RCB contains a robot ID number, the
base address in memory of the robot, a status word, the destination setpoints
expressed as joint values, and the last read position of the joints, also expressed

as joint values.

Communication Mechanisms

Communication with the robots is done by offsets from the base address.
The robot base address defines a region in which the robot writes and reads
data words containing joint values. Assembly level functions are provided which
(1) read the current joint values of the robot, (2) write the destination setpoints,
or (3) write intermediate setpoints to the robot.

The joint controller communicates with the PASCAL task execution proce-
dure through the RCB destination setpoints and the status word. The status
word contains four flags: READY, ERROR, BUSY, and SETPOINT. The first
two are for communication with the task execution procedure and the last two

are for internal use by the joint controller.
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Step Ezecution

A task in this system is of the PTP (point-to-point) type. It is defined as
a series of destination points. Each destination point is transformed into a set
of joint values, or setpoints, as described in Chapter 3. These setpoints are
passed to the joint controller by the task execution procedure. Pauses at the
destination point are achieved through the task execution procedure, not the
robot joint controller.

When all status flags are clear, the task execution procedure may initiate
a move by putting the destination setpoints into the robot’s RCB and setting
the READY flag. This may be done for more than one robot thus running the
robots simultaneously. The task execution procedure then waits for the READY
flag(s) to be cleared. All READY flags must be cleared (and no ERROR flags
set) before the next step can be initiated.

When the joint controller detects the READY flag is set, it sends the new
setpoints to the robot and sets the BUSY flag indicating that a move has been
initiated. This is done for all robots which have the READY flag set. Every time
the controller is inititated by the USER CLOCK INTERRUPT it monitors the
BUSY robots for movement. Four situations may arise here and are described

below:

1. If the arm is moving (that is, at least one joint is still moving), the controller

Just goes on to the next robot or exits if all robots have been serviced.

2. If the arm has stopped (that is, all joints have stopped moving) and the

joints are within an acceptable range of the setpoints, all status flags are

cleared.
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3. If the arm has stopped and the joints are not within an acceptable range
of the setpoints, the joint controller computes a new setpoint using the
original setpoint and the current position of the arm. The new setpoint
is then sent to the robot arm. This attempt to get closer to the original

setpoint is done only once.

4. If the arm has stopped outside an acceptable range of the setpoints and
boosting of the setpoints as described in the previous step has been at-
tempted, all action is aborted and all robots are stopped where they are
and their READY flags are cleared. The ERROR flag is set in the RCB of

the offending robot.

Meanwhile, the PASCAL task execution procedure is monitoring the READY
flags of the robots’ RCBs. When it detects that all the READY flags have been
cleared, it can proceed. First the ERROR flag of all robots is checked. If there
has been an error, the operator is notified and action requested. If no error has
occurred, or if ignored by the operator, the task execution procedure delays if a

pause is indicated in the step descriptor. It then inititates the next step of the

task.

Accuracy

Since there are no external devices to measure the wrist position and orien-
tation we are forced to rely upon the joint values. Due to load, nonlinearity,
and other factors, the position actually achieved may only be within some neigh-
borhood of the desired position. For a further discussion on the problems of
accuracy see Lumelsky [15].
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The joint controller is unaware of dual or single task execution. It merely
moves the joints to the desired setpoints. It is up to the task execution procedure
to coordinate steps between robots. Since this is not the focus of this thesis, all
steps are paused the same length of time. Thus, for two different robot tasks the

steps are already synchronized.
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CHAPTER 5
MULTI-ROBOT SYSTEMS AND COLLISION AVOIDANCE
Multi-Robot Systems

Integration of multiple robots into one system creates new problems for
robotics researchers. The problems have an inherent hierarchical structure which
is useful in the development of a multi-robot system. At the highest level are
problems of scheduling and task allocation [16]. These problems are beyond the

scope of this thesis.

At the next lower level is the need to coordinate the movements of two or more
robots. Coordinated movement may viewed from three different perspectives [7].
First as non-interfering independent tasks running simultaneously. Second as
cooperating tasks on separate robots, such as passing an object. Third as a
single task requiring more than one robot, such as in lifting an object using
two grippers. In this case, the two arms must maintain a relative position to
one another. This case has been studied by Alford and Belyeu [1]. This thesis

considers only the first case of non-interfering tasks.

The lowest level of my multi-robot control system is the robot joint controller

which is discussed in Chapter 4.

Multiple Tasks on Separate Robots

One major problem of multiple tasks in a multi-robot system is that of col-
lision avoidance. It is assumed that the robots in such a system are set up to
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share some workspace called the common workspace (Figure 1.4 on page 5). It

is within the confines of the common workspace that collisions may occur.

Several different approaches have been taken to this problem. Gouzenes [9]
treats space and workareas as resources which may be allocated and deallocated.
This is a common approach since it works and it avoids the complexities of opti-
mization and the time-consumption of extensive searches. In the more complex
camp, is Freund’s nonlinear control method [7] which provides a greater accuracy
in position determination. To avoid collisions, Freund computes a new path for

one of the robots. This computation involves both searching and optimization.

The approach taken for this thesis is of the more complex nature and does
allow both arms to enter the shared workspace at the same time. However, in
this thesis, one of the robots will wait for the other robot to pass rather than

compute new trajectories as a means of avoiding collisions.

Furthermore, a distinction can be made between static and dynamic collision
avoidance [16]. Static collision avoidance refers to a single moving object avoiding
static objects such as conveyor belts and worktables. Dynamic collision avoidance
refers to simultaneous moving objects avoiding one another. This thesis addresses

problems of dynamic collision avoidance.

Briefly, the method to avoid collisions described here involves approximating
the robot paths and comparing the paths on a point-by-point basis for collisions.

If there is a potential collision, one arm is held back to allow the other to pass.

Collision Detection

Collision detection is that aspect of collision avoidance which identifies po-
tential collisions. One method commonly used is to sweep out a volume in space
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which describes the robot’s movement between two points (4, 6]. This method
ignores the time function of such a movement and may consequently show a colli-
sion when actually there is none. Another method described by [4] uses abstract
spaces to detect collisions. Cameron [4] discusses some of the advantages and

disadvantages of several collision detection algorithms.

This thesis takes into account the time function by looking at the robot’s
position at discrete intervals along it’s trajectory. There are two phases of colli-
sion detection in my control system. One happens before the tasks are run. The

other occurs in real-time between each step of the robot tasks.

Phase 1 Collision Detection

Before any attempt is made to run two simultaneous tasks it is necessary to
determine as far as possible that they will not interfere with one another. To do
this, the destination setpoints of the end-effectors are compared at each step. The
steps of all tasks in this thesis have the same fixed delay time and are therefore
automatically synchronized. This was done to narrow the scope of the project.
We will call the setpoint of each step the destination point of the robot move. If
the destination points of the corresponding steps are the same then a collision
is unavoidable since both arms are trying to occupy the same space at the same
time. Note that this check does not guarantee the simultaneous runability of the
two tasks, but does detect some cases where simultaneously running the tasks is

not possible.

If the tasks pass the first phase of collision detection, then the tasks are
initiated and phase 2 takes over.
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Phase 2 Collision Detection

Phase 2 looks at a task on a step-by-step basis. The problem is to determine
if the two arms will collide with one another when moving along their paths to
their next destination points. The method described here involves approximating

the path trajectory and comparing the robot positions at discrete time intervals.

Path approrimation. The tasks of this system are of the point-to-point (PTP)
type. That is, each joint moves directly to its destination and we assume all joints
move at the same speed. This means some joints may reach their destinations

before others and the path described is unknown to the robot programmer.

However, it is still possible to approximate the path by computing where each
joint would be after a discrete time interval. In particular, it takes a joint on
the Mentor about ten seconds to move its full range, that is from joint value 0
to joint value 255. As a rough approximation this is about twenty joint values
per second. This is the time interval chosen for dividing the movement into
substeps. Each substep being twenty joint values closer to its destination. Thus,
the maximum number of substeps is thirteen. Of course, at each substep position

the joint values of the individual joints must be converted to joint coordinates.

After the substep positions of each joint of each robot are computed, the
substeps from the first robot are compared to the corresponding substeps of
the second robot. Note that in this method, if the number of substeps is too
small (ie—the time interval is too long), it is possible to fail to detect potential
collisions. On the other hand, if there are too many substeps the extra work
generated can be time-consuming. (Cameron (4] used a similar approach in his
path planning algorithm.)
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Comparison Algorithm. During phase 2 collision detection we are concerned
with the whole robot arm. Thus, the comparison technique used must be more
sophisticated than that used in phase 1. In my algorithm, each robot arm is
divided into three major regions, corresponding to the shoulder (Axis 1), the
forearm (Axis 2), and the end-effector. Each region is rectangular in shape and
is described by eight vertices. Initially the three regions of each robot are set to

their “home” positions (Figure 1.4 on page 5).

To compare substeps each of a robot’s region vertices are first rotated through
the joint coordinates using the forward transformations discussed in Chapter 3.
The origin of Robot 2’s coordinate system is translated to the origin of Robot 1’s
coordinate system giving the coordinates of both robots’ regions a common ori-
gin. Once the approximate position of the two arms is obtained, each region is
compared to all the regions of the other robot looking for overlapping regions

which would indicate a collision.

The comparison between regions is done by projections of each region in 3-
space onto the orthogonal planes defined by the three axes of the base coordinate
system. That is, each of the regions is projected onto the xy-, yz-, and xz-
planes. The projections from Robot 1’s regions are compared to the projections
of Robot 2’s regions. If there is a collision in 3-space, there will be an overlap
of projections in each of the three planes. If there is no overlap of projections in

any one of the orthogonal planes, there is no collision in 3-space.

Looking for overlaps of projections in the xy-plane, yz-plane, and xz-planeis a
time-consuming process. To improve the speed, a collision zone is defined which
coincides with the common workspace of the robots. The above comparison
of substep projections is done only if any of the robots’ regions are wholly or
partially in the collision zone. Note that it is possible for some part of the robot
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arm to be in the collision zone even though the end-effector is outside the collision

zone.

Path Modification

The computation of path trajectory and the comparison of substeps is
straight-forward and fast. The real problems arise in trying to determine which
arm to delay and when to delay in such a way that allows both arms to reach
their destinations.

Originally, at each substep where a collision was imminent, we first tried
holding Robot 2 back at a previous substep and letting Robot 1 pass. If this
failed, we held Robot 1 back and let Robot 2 pass. This method allowed for the
possiblity of two or more potential collisions in any one step and for alternating
right-of-way priorty between the robot arms. However, because of the vast num-
ber of possible combinations the amount of time needed to compute a possible
path was unusable for real-time usage. (Remember, not only are there substeps
but there are also “hold” steps. That is, one of the robots may not be moving
during one or more of the substeps.)

The scheme was modified slightly resulting in some loss of flexiblity. The
modification was to allocate right-of-way priority to one of the robots throughout
the entire step. If this failed, the right-of-way priority was given to the other
robot. If both failed to find a solution, an error occurred. This can happen when
the destination points are too close to one another.

Although the modified method is considerably faster than the first approach
it still requires several minutes (as opposed to tens of minutes) to compute the

new path and still is not useful for real-time usage.
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CHAPTER 6

RESULTS AND CONCLUSIONS

This thesis describes the integration of several problems in robotics research.
These topics have been explored in varying degrees with an emphasis on collision

detection and avoidance.

Results

The robot joint controller was developed first. This was done to verify the
modifications to the second robot interface board which altered the base address
of the second robot. Robot motions were initially entered directly as joint values
to demonstrate the correctness of the robot joint controller and to verify the
running of multiple robots. Because the robots move slowly, it was necessary to

increase the time interval between the running of the joint controller.

The Turbo Pascal high-level control was developed next. Entry of several
robot tasks was made for the individual robots. The tasks were first run alone
to demonstrate the correctness of the inverse coordinate transformations and the
passing of steps to the robot joint controller. At this poiht in development, I
was able to specify a task in Cartesian coordinates and to run that task. One
minor problem was finding an object the robot could handle. Because of gripper
design, the object could not be heavy. The lack of sensors required the object to
be soft as the robot does not know when it has successfully gripped an object.
The best object I found was a Nerf ball. With the Nerf ball, it did not matter
at what angle the ball was picked up or how hard the ball was squeezed. In my
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test, Robot 1 picked up the ball, moved it to the common workspace, released
the ball, and moved out of the way. As a separate task, Robot 2 picked up the
ball and moved it out of the common workspace.

After successfully running single tasks, several experiments were made run-
ning two tasks simultaneously on two robots. Without any heuristic aids in path
planning, when a collision was detected the time to compute a path was unpre-
dictable and frequently exhorbitant. The first heuristic method used allowed for
alternating right-of-way priority between the robots during any one step. The
method was still excessively time-consuming. The addition of an 80287 math
coprocessor chip cut computation time in half and the heuristic method was
modified to allow only one robot the right-of-way during any one step. These
modifications further improved the speed of the method although it was still of
questionable value in real-time.

To demonstrate the collision detection algorithm, several dual tasks were run.
Figures 6.1 through 6.3 illustrate these tasks. In these figures, A; and B; refer

to steps 1 and 2 of Robot 1. A; and B; refer to steps 1 and 2 of Robot 2.

Figure 6.1: Tasks Failing in Phase 1 Collision Detection
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Figure 6.2: Tasks Failing in Phase 2 Collision Detection

— — .Bl.

\ /
A2 ° [ J Al.
-y -

Figure 6.3: Tasks not failing Collision Detection

The first set of two tasks (one for each robot) required that the end-effectors
of Robot 1 and Robot 2 be in the same position during the same step (Figure 6.1).
This task failed during Phase 1 collision detection and was never run. It is easy
to see it is an impossible combination of tasks.

To demonstrate Phase 2 collision detection, a second set of two tasks was

37



developed (Figure 6.2). In this dual task run, task 1 was subdivided into four
substeps and task 2 was subdivided into seven substeps. A collision was detected
when Robot 1 reach substep 4 and Robot 2 reached substep 5. The path mod-
ification algorithm was able to determine that by holding Robot 1 at substep 2
until Robot 2 had reached substep 6 both robots were able to reach their desti-
nations. A variation of this test was run switching the roles of the two robots.

In this case, Robot 2 was successfully held back while Robot 1 passed.

The most interesting test was one which showed a move from the negative y
quadrants to the positive y quadrants (Figure 6.3). Intuitively, those unfamiliar
with the particular robot would expect a collision to occur somewhere midway
through the move. However, in this case, the variability of trajectories was
illustrated. Because the robot shoulder and elbow were flipped to reach the
negative y quadrants, the arms move in an unexpected fashion. Midway through
the move both arms were in a nearly vertical position rather than in the collision

zone. There was no collision in this test.

Conclusions

This thesis has demonstrated the feasibility of robotics research even in a lim-
ited environment and it has illustrated the extensive base for robotics research.
Obviously, there are some interesting topics such as sensory feedback which can-
not be explored on the Mentor robots. However, in each of the areas described in
the previous chapters, there is additional work which can be done on the Mentor
robots and each area of robotics offers interesting and timely research problems.
In particular, the area of multiple robots and of multiple moving objects in an
environment is still a relatively young field of research. Some possible topics are:
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1. A full-fledged robot programming language could be developed including

features such as conditional actions and non-movement actions such as
might be used by the gripper. A language which addresses the specific
problems of multi-robot task definition would be an interesting problem.
This kind of language would be useful in describing tasks which require the

use of two, or more, robots—such as lifting an object with two robots.

. The method of entry of robot “tasks” could be extended to include en-

try by joint coordinates or by the simulator. Entry by relative amounts
(UP 10mm, LEFT 30 degrees) or by high-level commands (MOVE-TO-
POSITION-A) would be useful.

. In the area of kinematics, it would be interesting to apply one or more

of the mathematical methods to the transformation problem. However, it

would be difficult to include the force equations without some modification.

. The robot joint controller would benefit from a structure like the motion

queue described by Hayward and Paul. A motion queue would enhance
the smoothness of robot operation and address the step synchronization

problem.

. Another important area of concern is the treatment of objects. Although

the software currently has descriptors for describing objects and regions
reserved for their use, objects were not included in the collision avoid-
ance algorithm. Problems of object orientation and rotation, and of object

pickup points must first be addressed.

With this list of suggestions, it is possible to see the richness of robotics as a

field of research and exploration.
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RICHARD B. H, BECKER ' SYST
TIM ORR " COMPUTER INTERFACE A

TR S L

Tms SERIES is concerned in part four with the control elec- .y
tronics and mechanical construction of the MENTOR robot. !
Like the NEPTUNEs, MENTOR interfaces directly to any one ’

of three popular home computers and provides the facility for
control either from the keyboard, or by making use of the
“learning arm”, i LR

PRINCIPLES OF OPERATION :
MENTOR is a 6-axis servo controlled electric robot (Fig. *
4.1). Whilst the NEPTUNEs are designed for industrial use,

MENTOR is primarily intended for educational purposes but as ;-

can be seen from the specification (Table 1) it too has the
repeatability for many commercial applications, where the load
is light. Each of the axes is powered by a small d.c. servo motor
with integral gearbox with a large reduction ratio. )

Axis 0 is the centre column which rotates in a nylon bearing
in the top plate of the base of the robot and is powered by the

motor through an additional pair of gears (Fig. 4.2). The radial .«-

"PART FOUR

position of the column is sensed by a conductive polymer poten-
tiometer fitted to the underside of it. The column is hollow to
enable the cables to pass down it to the computer interface
board.

Axis | is the lower section of the arm which rotates about an
axle fitted to the centre column (Fig. 4.3). Again a pair of gears
is used to transfer torque from the motor to the axle and a poten-
tiometer provides the feedback information. The axle is hollow
for the cables to pass through it.

Axis 2, the fore arm is driven in the same manner as axis 1. A
large piece of steel at the back end of the lower arm section
counterbalances the weight of this section of the arm making the
robot’s position stable when there is no power applied to it:

AXIS O (centre column) T..f

L
Angular movement 210°. v
Axle centre 170mm above
top of base. !
Angular movement 180°,
Arm length between axle
' centres 165mm.
Angular movement 230°,
Arm length between axle
centres 150mm.

AXIS 1 (shoulder)

AXIS 2 (elbow)

Table 1. MENTOR SPECIFICATION

CONTROL SYSTEM All axes servo controlled with
servoing performed by the
control electronics.

Position defined by 8 data bits
giving angular resolution

of 0-4%.

Parallel. Robot addressed as

if part of computer memory.
Connects to expansion port

COMPUTER INTERFACE

AXIS 3* (left wrist axle)
AXIS 4° (right wrist axle)
WARIST PITCH

WRIST ROTATION
AXIS 5 (gripper)

Ui t

centre)
BASE DIMENSIONS .

REPEATABILITY 2mm. .
LIFTING CAPACITY 300gm.
REACH (from axis 1 axle 420mm.

Angular movement 320°,

Angular movement 320°, | |

Angular movement 140°,
Angular movement 320°.
Jaw opening 30mm. Jaw

pressure 10 newton. Distance

and 4 axles 105mm. 7
¢

‘.1
iy

i

i

Overall width 320mm, ’.

Overall depth 270mm. §
Overall height 189mm.

SOFTWARE

SOFTWARE PROVIDED

(1MH2z bus on BBC).

Accepts commands in BASIC
or machine code.

Extensive package of BASIC
programs including direct
control from computer
keyboard, control by
simulator, sequence storing,
replay, sequence editing,
sequence storage on disc or
tape, multi-speed control and
graphical illustration of robot
dynamics.

*AXIS 3. 4 movements are combined to provide wrist pitch

and wrlst rotation.

52

45

Practical Electronics

December 1984



To
Translorme

ac. POWER
INPUT

= : .+ Fig.4.1. Exploded view of the
i : _ wh by e
therefore the drive motor does not have to be continuously on to
keep the arm in position. There are also counterbalance weights
on the fore arm to balance out the wrist motors. -

lete MENTOR sy

Axes 3 and 4 are the wrist drive motors. The movements are
combined to provide wrist elevation and wrist rotation by means
of a set of bevel gears. When axes 3 and 4 advance together the

LOWER ARM —
01 etn\
POTENTIOMETER
MOUNTING PLATE

NYLON
BUSHES
SPINDLE

oF

s

tems: Fig. 4.2, above, shows the system used

to drive axis @. Fig. 4.3, h the drive sy for
axis 1. See also Fig. 4.1, and the text - &g\‘.-’os.' .-
5 ol T
o Tl

252
101 GEAR
SET SCREWS.
500.1 —
GEARBOX

CENTRE
COLUMN

Practical Electronics December 1984

46



; d a:_J % 3 A
vrist rises. When the axes move in equal and opposite direction
he elevation remains constan
igs.44and4s.

Axis 5 is the grippér which is also servo controlled. Tp keep
lown the weight at the front end of the fore arm the drive motor

.
t :
:but thevfr:u roum, 3: lhow;* in

or this is fitted to the lower arm with the power applied to the .},

aws via a flexible cable consisting of a nylon-coated multi-}
itrand steel wire inside a spiral wound PVC-coated conduit. This ]
s similar to the brake cable of a bicycle. Torsion springs open !
he jaws when tension is released on the cable. Being servo con- |
rolled it is possible to program different degrees of jaw closure. * ¢

4
f the programmed position is for a gap between the jaws of less _‘)

han the size of the object to be handled then the grip will depend | i\
n how much further the servo system is trying to
aws,

iofes
VN Ry
THE MENTOR CONTROL SYSTEM S
The MENTOR, like the NEPTUNE, can be connected to one i L
of three popul s, the C dore VIC20, the Sin-

clair ZX Spectrum and the BBC. When the %
‘obot new data it responds by
‘eedback information from the p (] y
he information from a DAC (digital-to-analog converter) con-
rolled by the computer. This process is called servoing. Each of
‘he 6 axes of movement can be defined with 8-bit (1 part in 256
or 0-4%) resolution. lry
ROBOT CONTROL L
To move each of the axes the computer sends (WRITEs) 6

sytes of data to the robot, one to each axis. The servoing is per- }
‘ormed by dedicated hardware on the computer interface board 1 1

computer sends the
ing to a p

where the |

r
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of the robot. In a typical movement of the robot, the computer $.4.:
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Fig. 4.5. Wrist operation showing effect of one-bit change '

onaxes 3 and 4
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% sends 6 new bytcs of data to the robot. The computer is then
P writing to what it “thinks" is just another area of its memory.
i’ The interface board then stores these 6 bytes of information and
i converts them to 6 position control voltages. The analog elec-

tronics on the interface board then compares these voltages with
4 the feedback voltages. The difTcrence between these two voltages
., I8 delivered to high power operational amplifiers which drive the
motors in the direction which reduces the difference to zero. This
y.i8 the servoing process.

74 FEEDBACK

The computer is not involved in the servoing, it is merely
generating data and relying on the robot to follow the instruc-

tions correctly. However the computer can perform a READ of
o any or all of the 6 feedback voltages and can thus be aware of all
¥ the movements of the arm. This process can be used to delay
sending the next set of co-ordinates until the previous set of co-
ordinates have been reached or for varying the speed of the
robot during playback of a sequence. It is also easy to produce a
graphical display of the movements and observe the effect of
varying loads and of alterations to the components determining

1 fi the characteristics of the servo system.
o

The computer can also READ the position of the simulator,
which is a small hand operated model of the robot which can be
plugged into the learn axis input CN400. The computer READS
the position of the simulator and then WRITES this data into

1

"~ the robot. The arm follows the real-time motion of the simulator.

-, The movements are stored in the memory of the computer and
{ ¢an be transferred to tape or disc for later use.

{ COMPUTER INTERFACES

All three computers make available various signals for exter-
:! nal use. Sce Fig. 4.6. These include the data bus D te D7, some
of the lower address lines, READ and WRITE signals, the
¢ system clock and on the VIC20 and BBC a memory blpck
“} decode. The BBC and VIC20 both use the 6502 microprocessor,
80 have relatively similar decoding clectronics. The Spectrum
uses a Z80. This together with some unusual practices in the

All the data and address lines are hard wired together so if
two computers were simultaneously connected a bus clash
- would occur. However there is no reason why two or more
robots should not be daisy-chained together either to perform
the same task or completely diflerent tasks if a different address
is used. For example, using a BBC Computer one robot could be
addressed with the link-selected “FRED™ decode (FC §0-FCFF)
. whilst the other is addressed with the link-selected “JIM™ decode

1o (FEPP-FEFF). All three interfaces gencrate a VALID WRITE

; signal. The Spectrum WRITES to the block 0000-1FFF which
. is where the ROM resides and as ROMs are not normally writ-

4 $ ten to no conflict occurs. The other computers WRITE to non-

., existent areas of RAM. IC302 is a multiplexer which selects

which interface will gencrate the READ and WRITE signals.
. The Spectrum interface generates two READ signals (ZXRD63

and ZXRDY5). These are not passed through the multiplexer
but are used later on in the electronics to perform direct
READ:s.

9

X
e

The MENTOR simulator (learning arm)
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Data is sent to the robot as 6 bytes, each with & difTerent ad-342{ DIRection signal is low, data passes from B to A (WRITE

dress, See Fig. 4.7. Six latches are used to store this data (IC104,"#4%. mode). When the DIR signal is high, data passes in the other
107, 109, 112, 114, 117). These are individually clocked with thn-g -direction from A to B (READ mode).

: through 1C100 which is a 74LS24S bus transceiver. When the

address decodes from IC 102, which is driven by the lowest three 2X;

address lines. A typical WRITE is as foilows. In one"somputer 3} READING
":,’:l“,"fgo.':'f‘{flf; :::‘f:(‘:d':;:t‘::&';:‘:rd&?.zud'r‘e:.%:.l‘ig w K There are two ADCH In the ayatem, 1CA00 and 402 as shown
set to the correct axin address. When the VALID WRITE signal i In Flg. 4.8. Thesc are 8-bil devices with integral 8-way analog
goes high the data is written into the latch corresponding to that ﬂ‘} multiplexers and integral 3-bit address latches. 1C400 is used to
axis. The othet axes are then written to similarly. The data held. %}k look at the feedback voltages VFBD to VFBS and the other
in the latches is converted into position control voltages by the {3, looks at the learn axis (simulator) signals VLP to VLS. The in-
DACs (IC108,.108, 110, 113, 115, 118). All the data
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) 1 f,ﬁﬁ‘ i B
- supply rails. To prevent this from occurring diods and transistor
lamps are used wherever higher voltag could possibly arise. * -
' AREAD is performed as foll The axis ch i is sel d
by writing a 3-bit code (BD#,1,2, and BD4,5,6) into the ADCs.

The ALE - (Address Laich Enabie) signal latches these codes -, -

into the ADC internal registers. These codéd select the multi-
plexer position. A start conversion signal is then generated. The
ADC takes about 100 microseconds to perform the conversion.
A test can be made for the end of conversion (EOC). By

ADCs convert at the same time. A high indicates end of conver-
sion (see IC101). When the conversion is complete then one or
both of the ADCs can be READ. The ADCs have tri-state out-
puts which are enabled by the OEF and OEL signals (active
high). The READ is then performed by generating a VALID
READ signal and an address code to select one of the two
ADCs. This enables the tri-state output of the selected ADC and
also generates a DIR signal which sends data out from the inter-
face board onto the computer’s data bus. The computer can then

generating the EDCT signal both EOCs can be tested as both READ the axis data. :
g P . e ™y ] o
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APPENDIX B

ROBOT JOINT CONTROLLER SOFTWARE
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rcbfasm

last revisicon date: &-23-86

MASM veirsion of share memory handler

to e

the
1vtberirupt

This handler i1s a vesident task that irmstalls the buifer space
shared between cooperating processes. The address of the start of
buffer is not fixed and can be determined by making sofifwa
share_mem=30h. (page 4.8 of ZDS programmer uwtilities.)

include robotdef.asm $ include robot contirol definitions

include \supp\msdcs.def i include DOS function call

definibtions

5EGE SEGMENT

&SSUmE cs:cseg.ds:cseg sdefaults for MASH
org 100h istandard for COM filszs
tart: 1mp inittislise sstart here so that sty

s point is 2asy bto reEnember

sreserve some space for old vector

old_share_mem_ves dw Q Poreserve 2 words fTovr old
dw [ul] i ovector value
i allocate the irobot conmtrol blocks (reb)
i initializing the rabot_id and robot base address
robotl robot _control_bleck ©1,280h,0%
robot@ robot_control_bleck 243000
handler prac Tar yoreturns address of shared oaiier
assumne cs:icsegsds:cseg
sti s reerable intervupts
mov  bua.cs § return address of segnent 1n @3
mov  es.bx H
mov  bu.offset robotl P return address of rcb’s in b
iret s end of intervrupt routi;me
handler endp $ end proc handler
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initialise: mov  bx.Cs i dseg=cseg
mov  dsabi

i set up necessary vectors etc
H save c«ld interrupt vector
mav  al,USER_RCE_INTR i location of new intervupt
mev  ah,DOSF_INTVEC f funtion to get vector
int DOSI_FUNC i make DOS fn call
mov  old_share_mem_vec,bx jold vec retuwrned in ES:BEX
moev  old_share_mem_vecl2].es jsaved to workspace
H
cli sinhibit intervupts since
ithe vector is being modified
H set up new interrupt vector to this routine
‘ mov  bx.cs i DOS fn wants vec in DS:DX
mov  ds.bx
mov  du,offset harndler
mov &l USER_RCE_INTR §ointerrupt for shared memovy
mav  ah,DOSF_SIVEC i oset new interrupt veotor
. int DOSI_FUNC fonew vector is niow set up
. sti iregenable intervupts
§ now Sreate the resident handler
mov bi,cs itell DOS the first free position
mav  dssbx f put seg:cfs in DS:DX
mov  dusoffset last i could use initialise ins
mov  ah,DOSF_KEEFFRC : terminate. but stay resident
int DOSI_FUNC i gocd-bye
last: nep § dummy instruction

B

CSEG ENDS
END start sdefining start address
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inirobot.asm

an raw as cam

last revision date: 9-02-86

3 This vroutine initializes the reb for 2ach robat arm. It is intended
i to be run before starting the joint moticon controller to inswe the
5 arms are in a known state.

3 NOTE: the joint moticn controller (driver.asm) actually puts the

5 robot inte its initial positien. This routinme only sets up the

3 NEXT_ARM positicn in the rcb.

list

include \supp\msdos.def 5 include the i1nterirupt definitlions

include \languages\assembler\macro.lib i include macro definitions
Slist

include robotdef.asm i include the robot conmtrol definitions

C5EG SEGMENT

assume cs:icseg,ds:cseg
org 100h
initialize proc far
assume cs:cseg.ds:icseg
mov bxaics iload segment registers
meov dsa.bx i ds = cs
jmp start

init_table:

db 12 5 axis O setpoint (fo put on the x-a
db o] i axis 1 setpoint

db mid_range §oaxis 2 setpoint

db mid_range $ axis 3 setpoint

db mid_ir&nge 5 oaxis 4 setpoint

db 25 § axis 9 setpoint (gripper)
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start:
i get first rcb offset into base register
int USER_RCEB_INTR returns shared memovy segment
address in s and the first rcb
affset in bx

4w % an

i for all vobots initialize the robot arm positions
mov  CH,no_vrobots

robotloop:
push cx
MEeV  CH.NC_Aaxis
lea dises:lbul.rcbot_next_arm
mev  si,offset init_table
rep  movsb .

save robot count

number of axis to inmitialize
initialize next arn position
load from here

load robot_vnext_srin positions

8% am 'A% -ap caw

setbit es:l{bxl.robot_status.RCEB_READY_FLAG

§ data in mext_arm is good

pop St s restore robot counter

add bux.rcb_size $ point fto mewt icb

leop robotloop

mov  ah.DOSF_EXIT

int  DOSI_FUNC 7 DOS function call to exit

initialize endp

C3EG ENDS
END initialize
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4e ax aw

‘A% ma ‘aS cme ‘A ‘am ‘S8 aw 4% cau am

driver.asm
revision date: ?-30-3%
allow more leeway with grippersi plus/minus five

revision date: 7-31-86
fix setpoints when cut of range
slow it down, give robots time to move

This is the joint motion controller. It initiates and monitors
movement of the individual robot joints. It communicates with

the FASCAL roboat control system through a shared memory mechaviisin
called a robot contrel bleck (RCB).

.
-
-
(11}

o+

include \supp\msdos.def
include \supp\z1SOrom.def

include the i1nterrupt definitions
% clock interrupt definition

include \languagelassembler\macrc.lib : include macraoc definitions
dist
include robotdef.asm i include the reobot contirol definttions

-
L]
I3
bl

define local flags

driver_busy ECU 1
cut_of _range EQU 2
move_abort EQU 4
C3EG SEGMENT
assume cs:cseg,ds:cseg
citg 100h
begin: imp initialize f install the driver to bhe
H interrupt dirivean
i set aside data region
cld_tick_vec dw 0 t reserve 2 wovds for old vector
dw Q .
local _flags db (] s flags for internval handler use
lecal _count db 1 5 execution handler only every
H ather time .
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robotdef.asm (6~-23)
This file contains all the definitions assccisted with the
rebots for the joint motion coantroller (driver.asm).

detine the user interrupt to reach this routine

41}

ER_RCE_INTR equ 80h suser intervupt for addresz: of vcbts
layout of the robot interface mechanism

base address + Oh: amxis O

+ th: axis 1
+ 2h: axis 2
+ 3h: axis 3
+ 4h:z HS 4
+ Sh: axis 3
+ &het mpx port

+

7h: ade start
+10h: adec simulator result
+11h: adc robot arm result

‘A3 su Ma au B3 a3 A% aa wa -as ‘as cms [ cas ‘8% ‘ae sa 'cE cxw AS

i define the vobot control block (reb) for use by ASM progirams

fﬁtot_:ontrol_block stiruc

vobot _1d db 7 junique robot id - oumeric

robot _bass2 dw ? sport address Tor robot

robot_status db ? istatus flzgs - defived balow

rehet _last_arm db 4 DUF (7)) flast joint positicrs raad (& axis)

rabst_next_arm db S DUR (7)) sjotnmt setpointz / aest

rabot _simu_arm db & DUF () Pjoint readings from sl
robot_contirol _block ends

H
i defrns the flag bits of the robot status byte

RCEB_READY _FLAG EQU 1 smext move is i nedt s Tield
RCE_BUSY_FLAG Eau 2 Fa move is in progre
RCE_SETPOINT_FLASG EQU &4 ssetpoint has besen bDoostaed
RCE_ERRIR_FLAG EQU 2 jan erroir has hean detectead

.

i cother pavrameters for robot contral

rcb_size - 2qu 22 P size of vobot covtirel bBlock
no_robots eqgu a i number of robots 1a zystem

O _&K1S equ 5 Pooumber of axis per robot
mi1id_range equ 128 s mid point positions for join
multiplexor_ocffset equ =) i offsets from oot base addirs
adc _start_offset equ 7

ade_sim_result_offsst equ 10hb
adc_arm_result_offset equ l1ih

i end of iobotdef.asm
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*******{-*********%%*#********-Zi'-'l-*********i**********%***%****%*i%'!‘{é**

DRIVER ROUTINE

This procedure does the following:
1. sets busy bit tc allew only one copy to run at a time
2. gets address of shared memory containing the robot control
blocks
3. For each robot,
starts a new move or menitors the current move
4. enits til next cleock tick

AE ax W& a8 BE am AN ae ‘46 e ‘AX BS ‘sa

336 J b Fe I 36 I 3 Je e Fe I e B e WS F T K I T W I IE I KNI I T Fe I I I WU BN I e NN NN e

DRIVER aroc far
assume csicseqsds:icseqg

i save all registers

push de
push es
push =14
push ax
push b
push (=X
push i
push di
push si

and proceed

load segment re=gisters

o
ds = cs

mery br,cs
mev dsabx

.

dori*t run every time, give robot time to move

dec local _count

cinp local_count, 0

inz driver_exit

mov local_count,10 i set up delay

if driver is already busy, just quit

testbit leocal_flags.driver_busy
bset driver_exit

setbit local_flags.driver_busy
i1t ot busy befoare, we ars vicw

3 get first reb offset intoc base register

1t USER_RCE_INTR returns sharsd memory segment

H
3 address 1n &s and the Tirsht rob
i offset i b
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3 for all robots, check the rocbot arm positions

mayvy  cx«NO_ROBOTS

ROEQT _LOOF:

i 1f not READY, then this robot is not mcrv1ng
testbit es:ibxl.rebot_status,rcb_ready_flag

belr

next_robot

if not BUSY, then get this robot going

testbit es:lbxl.robot_status,rcb_busy_flag

belyr

if READY
call
Jmp

START:
call

NEXT_ROBQOT:
add
loap

clrbit
DRIVER_EXIT:

pop
pop
pap
pPop
pop
pop
pop
pop
pop

iret

DRIVER endp

&

=3
di
dx
[=$%3
b
an
=13
28
ds

start
BEUSYs then see if movement is happening

monitor_move
next_robot

start_move s start next robot move

bxsrcb_size
rebot_loop

point to next vcb

..

local _flags.driver_busy 3finished with this pass

i restore registers

s wait til next clock tick
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******************************************§****************ﬁ-%***i***

START _MOVE
This precedure first saves the current pesition of the robot
jeints and then sends the new setpoints to the robot jotnmts.

SR A3 cas Am caw sy an

*************i‘****-l-****************************************-’!-****'?f-***

START_MOVE prcc

push (=91 i save robot counter
. push di
push si

set up new move

setbit es:lbxl.rcbot_status.RCE_BUSY_FLAG

an

wl
n
o

the starting position of the robot arm
call read_robot_arm socurrent arm position

and set last = starting position
call update_last

an

cutput new arm positions to the robot
call wirite_robot_arin_next

-ae

an

restore registers used

pop si
pap di
pop [=$1
ret

START_MOVE endp
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MONITOR MOVE
This procedure checks the progress of one robot arm. There are
fouwr possible cases as follows:

1. CASE 1| - movement is complete
(current = next or within one)
ACTION - clear READY, BUSY, and SETFOINT flags
2. CASE 2 - movement is not complete and arm is still maving.

(at least one axis reading has changed by more than
one since the last reading).
ACTION - no actions wait for next time
3. CASE 3 - movement is not complete and arm is net meovirg and
setpoint has not been altered.
ACTION - boost setpoint by half the differance between
current and next.
4. CASE 4 - movement is not complete, arm is net moving,
setpeint has been altered, and arm is =till ot
within tolerarce
set error flag. stop all robots

ACTION

‘8% ‘38 AR AN Cam AN AW BN ‘A% ‘BE ‘Sa AW ‘au 48 ‘se AR a3 ‘as ‘a4 ‘gm

& T I I IS I I I e Fe J A H S I e Fe e Fe I I B W W WY T F e B e I e W W WS Te I TN WP H R

MONITOR_MOVE preoc
i save registers used

push cx
push di
push si

5 see 1f movement is happening

call read_robot_arm s find out where the arm iz Pow
iCASE !
i 3f all axis have reached setpoint within cres
H clear status and return
lea dises:[(bxl.robot_next_arm i offset within rcb
lea si.current_arm i temporary buffer

call check_variance between cuwrrent pasition

.
H
H and setpoint

testbit local_flags.cut_cof_range
bset case_2

i move is completes clear the status flags

clrbit es:bul.robot_statusRCE_SETFOINT_FLAG
clirbit egs:{bul.robot_status,RCEB_BUSY _FLAG
clrbit es:lbxl.robot_status,RCB_READY_FLAG
call update_last

jmp moviitor rretuwirn
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CASE_2:
i axis movement is not complete,
i and at least one axis is still maving
H (last is different from current by more than
iojust wait some more

lea dises:ibul.robot_last_arm

lea siscurrent_arm

call check_variance i between last
testbit leocal_flags.ocut_cf_range

bclr CASE_3 3 branch if no
call update_last i set last
jmp monitor_retuwn

CASE_3:

movement is not complete, yet no movement is

try bocsting setpoint (this is dene only cnce
testbit es:[bxl.robot_status.RCE_SETFOINT_
bset TROURLE 3 branc

i boost

setbit es:be].robat_status,RCE_SETFDINT;
call update_last 5 be su

i compute setpoint beoost value, first fing diff
i where joint is and where it should be. Eoost
i value. Note: if the difference is zerc or on
i change in the setpeint.

lea dises:lbxl.rabot_next_arm

lea siscurrent_arm

mov CHn0_axnls

compute_new_setpoints:

e )

reading & curirent

movement detected
reading = current
detected

)
FLAG

h 1f already tiried
ing the setpoint

FLAG
re and keep
current

reading
erence between
by half this

@y there 1z A

mov axa0 s use fullword since rv's
mav dx a0 H are positive numbers
mov al,es:[di] i get setpoint
mav dls[si] i get current reading
sub axnsdx i subtract current reading
Sar axsl § divide by twos giving boost amt
mov dl,es:[di3] i get setpoint again
add ax«du H and add to boost ant
i make suire new setpocints are within valid range
cmp a3 255 s 1f new setpoint 2S5
ile cmplow 3 then new sstpoint = 255
mey ax .25
cmplaws
cmp A0 5 1f vew setpoint 0
ig=e set_ckay 5 then new setpocint = O
mov Ry
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set_okay:

mor v [sid+al 5 put new setpoints into
H current paositions

ine di i poeint to next axis
inc si H
loop campute new_setpoints i do next axis
call write_robot_arm_current yosend new joint values

. 3 ta robot
imp monitor_return i and wait scme more

TROUEBLE:
i trouble in ROBOT CITY

setbit es:be).rnbat_status,RDB_ERROR_FLAG

call ARORT $STOFPS ALL ROEBOTS

jmp monitor_return rest of irobots will be
scanred, but nco action
taken bescause READY
flags have been clearad

an se gq 4w

monitor _return:
i restore registers used

pop si
pop di
pop "
ret

MONITOR_MOVE endp

***********************************&*********************i*#****-ﬁ-%%-&‘-

CHECK _VARIANCE

This routine compares two series of axis readings to see i they
are within a valid range of cne ancther (pPlus/minus cre, plus/minus
five for the gripper). If any of the axis readings are cut of range
the cut_of_range flag is set in the local flags field.

The values of si and di are destoyed.

4% a8 ‘a8 sa 4w ‘A% 4w 4% -ae ‘sx caw

****************************************************ii***** (2 A L 2 22T

CHECY _VARIAMCE proc

push (=513

push ax

push ds

clrbit lecal_flags,out_of_range : assume =11

mav CHaMNO_AXIS fonumber of  as
H to

dec oy i do aripper
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check_next:

: see if egual o withim one point of setpoint

mov &340 i clear cut seo can usz whole word
me v dua

mov alsess:ldil 3 get setpoint

mov dl,.[Csid

sub axasdx s subtract current poesition

cmp arnsl

jle cl s branch if within range

setbit local_flags.cut_of_range

cl: cmp axs—1
jge c2

setbit lccal_flags.out_of_range

c2: inc si
inc di
leop check_next ust have been within cne of

iom
i the setpoint. continue with
3 rest of axes

s see 1f gripper equal or within five points of setpoint

moyv a0 s clear ocut so can use whols word
mov di 0

mov alsessfdil : get setpoint

mav dl.[si]

sub axadn 5 subtract curvent position

cmp axad

ile c3 s branch if within range

setbit local_flags.out_cof_range

=3 cmp ax 3

ige ch

setbit loccal_flagssout_cof_range
=L

i restove registers

pop dx
pop ax
pop c
ret

CHECK _VARIANCE endp
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H ******************%*****************************&******%*4&*******%**
UFDATE_LAST

This routine updates the rcb last reading with current _arm.,

***i************{-************4***********i***********%*****-i—ié***-é***

UFDATE_LAST proc

} set last = cuwrrent

mev CHaNO_Aaxis

lea di.es:[bxl.robot_last_arm
lea Siscurrent_arm

rep mavsb

ret

UFDATE_LAST endp

***************%**********************************************4***4—*

i AEORT routine
H - Stops movement of all arms
3 - Clears the READY, BUSY, and SETFOINT flags inm all RCE's

******'*'*********'}**i»*******-i-**********************4***********-**%*i-vi

ARORT proc
i save registers used
push =343

i stop all robots
int USER_RCE_INTR i point to first RCE again
Mmcey CHsno_robots

abort_leoops
i set all robots to current position (stoppimg all movement)
call read_irobot_arm
call write_robot_arm_current
clrbit es:fbul.robot_status,RCE_READY_FLAG
clrbit es:lbxl.rcbot_status RCE_BUSY_FLAG
clrbit es:lbxl.robot_status,RCER_SETFOINT_FLAG
add bisrcb_size Spoint to next ~cbh
lacp abort_loop
i restore registers used
pop (=
ret
ABEORT andp
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include FRIMITIVES.ASM

U U e S e e e Fe I e e e W S S T e B B B T F e I B Fe Fe N I T NI KW e W He e e e Fe F e Fe N R B T NN

£
s INITIALIZE voutine

H this routine sets up the driver initially by replacing any

5 old user clock 1nterrupt handler with this handler to menitor
H the robot arms

FTTE TR SR ELL LRSS L LS LIS LSS R L RS A T L E Lt ol

INITIALIZE:
mov  bx.cs s ds = cs
mov  dsa.bx

s set up interrupt handler for user cleck interirupt

mev  al  USER_CLOCKE _INTR
mov  ahsDOSF_INTVEC

int DOSI_FUNC

mov  old_tick_vec.bx
mov  cold_tick_veci2l.es

get old vector
DOS function call
save old Jﬁctor

an can cas

cli inhibit intervupts & moment
mav  bxal.cs

moav  ds.bx

mov drxsoffset driver
mov  al,USER_CLOCK _INTR
mov  ahsDOSF_SIVEC

int DOSI_FUNC

DOS eupects wvector inm DS:DX

set new clock vector
DOS furmction call

Y

an

should be able to deal with
itnterrupts aow

st

st -au

mov  bxl.cs ds=cs
mov  dssbx
mov  dul.offset initialize § don’t need inttialize anvmors

int DOSI_TERMR i terminate, but stay resident

CSEG ENDS
END begin
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FRIMITIVES.ASM
last revision date: 7-23-36

this file contains the following robot primitives
READ_ROEROT_ARM
READ_SIMULATOR
WRITE_ROBOT_ARM_CURRENT
WRITE_ROEDT _ARM_NEXT
ADC_WAILT

define local variables

AR AR SN aa A4 can AN can 4 vas 48 ‘es we as

axis_count db G
current_arm db & DUF (7) 3 temporary buffer for avis poesikicons
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.n

READ_ROROT _ARM

called current_arm.

A% a8 cas ‘an cas cas

READ_ROBOT_ARM proc

! save registers used

push =31
push dx
push ax
push di
s read each axis
mov axis_count,0
mov CXsno_axis
mey di,0

read_next_robot_axis:

o gy 'an

mov dises:{bxl.rcbot_base 3
add dismultiplexcr_offset
mery al,axis_count H
cut dx,al H
inc dx ?
mov al.0 -
cut drasal H
call adc_wait

mov dises:fbul.rcbot_base j
add dxsadc_arm_result_cffset
in al,dx H
mov current_armldil,al §
inc di H
add axis_count,lé ﬁ
lcop read_rext_rabot_axis

i restore registers used

pop di
nop ax
pop dx
pop [
ret

READ_ROEOT_ARM endp
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reads the current position of each axis into a temporary buffer

LA A A b A Rl S g R LRl S TSI LR T R T R Y R R TR T R R ATV S A A R

axis address on robot
number of axes to be read
#is count

get base address of robot

saet up axis to read
send axis number to
multiplexor
adc conversicon port is
in the next position

start conversion

get base address again

put axis position inte al
register and save in
tempoirary bufter

point to next offset in
the buffer

next axis address



*******************-}{-*******4*********************%*****%*‘%***** e

READ_SIMULATOR

location robot_next_arm.

H

H

H

H reads the position of the simulator into vcb {(inm shared MEMTNY )
H

H

H

***********i-‘*******i‘******4**********************%ﬁ-**-’t***-’v’******-‘k’**"’i—

READ_SIMULATOR proc

i save registers use

push
push
push
push

each
noav
mov

i
in
by
[}

»
di
A

di

Aaxls

read et _sim_axis:

[ L=
add
Hiley
aut
ine

mov
out
call

mo v
add
i
iNGv
ine
loop

di,0 s axis counter
CHano_axis

dises:(bul.robot_base
drusmultiplexor_offset
axadi yoset up axis to read
duxsal
dx adc conversion port is

1n vext position

al.n
My&l s start conmversion
adec_wait

duses:lbxl.robot_base

dusadc_sim_result_offset

ala.dx

es:fbx+dil.robot_next_arm,al iogave esults
di ]

read_next_sim_axis

i restore registers used

pop
pop
pop
pop

ret

di
ax
o
(=24

READ_SIMULATOR endp
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*************************************i—-&**i-ﬁ‘é#**i**%i******-‘*i******ii‘

WRITE_ROEQT_ARM_NEXT

memcry) location robot_next_arm.

H

H

H sends to the robot the vobot pesiticns in the b (ina
H

3

shared

**************************************i**-&*i%*****-’r******%******%***

WRITE_ROEOT _ARM_NEXT proc

i save registers used

push
push
push
push

b

i

waan

P write cut each axis

moyv
mov
nov

CHanNo_axis
si.,0
dxa.zs:lbxl.rabot

wirite next_robeot_axis:

nov
aut
b T
ing
loop

pop
pop

pop
pop

et

sS1
ax
dx
cx

alpes:EbH+si].robot_next_

dxsal
d
S1

o]

write_next_robot_a

§ restore registers used

WRITE_ROBOT_ARM_NEXT endp

ase

“ig
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******************‘i--l-*****i*&***‘***********4**************i******-*%*

! WRITE_ROBOT_ARM_CURRENT
H sends tc the robet the positicns in the temporary buffer
H curvent _arm,

H

*******************************i*****%********i***********i*&***%**%
WRITE_ROEOT_ARM_CURRENT proc

i save registers used

push cx
push dx
push ax
push si

§ write cut each axis

. mov CHanC_axis
mev 5140 5 anls count
mov dises:lbul.robot_base

wrrite curr_robot_axiss

meey alycurrent_armlsil 3 get next value to cutput

cut disal ioand send it

inc di o onext axis is next port moaber
inc a1 §onext axis number-

loop write_curr_robot_axis

iorestore registers used

pop s1
pop ax
pop (=34
pop (=%
iret

WRITE _ROBOT_ARM_CURRENT endp
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R R s A = L e R R T R R APy
H

i ADC_WAIT

H walt about 100 microseconds feir coriversion to complete

§

H

BB P I e K H e P e B e B e W S FHe I I Fe T T T F I eI T He I W I BB T e W I e e W e NP

ADC_WAIT proc

push i
moy Cx.85 § adc conversion takes

H abcut 100 microsacs

adc_wait_loop:

nop sonote - each nop uses 3 cyvoles
locp adc_wait_loop H - each loop takes 17 cycles
pop M
ret

ADC_WAIT endp
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MACRO.LIX

A LIBRARY OF WUSEFUL MACRO ROUTINES INCLUDING:

SETRIT - set bit

CLREIT - clear bit

TESTRIT -~ test bit

ECLR = byvanch 1f bit clear
BSET - branch 1f bit set

a4 AN AN S as BN cen ‘Sa Ak caa as

i THE FOLLOWING ARE BIT MANIFULATION MACROS

.

SETRIT MACRO FIELD.RIT
orR FIELD,BIT 1SET BIT
ENDM
CLREIT MACRO FIELD.BIT
OR FIELD,.EIT $5ET THE BIT IN THE FIELD
XOR FIELD.EBIT TNOW, HEEF &L THE OTHERS
EHDM
TESTRIT MACRO FIELD.BIT
TEST FIELD,.EIT
ENDM
EBCLR MACRO LABEL
Jz LAEBEL
ENDM
BSET MACRO LAREL
INZ LABEL
ENMDM

POEND OF RIT MANIFULATIGN MACROS

B
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APPENDIX C

ROBOT PROGRAMMING AND CONTROL SOFTWARE
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{ ROBDTDEF.FAS 3

This file contains the environment parameters and descriptor types
useful to the programming and control software. It aisc contains the
constants necessary to reference the RCE fields.

L W B
[P R]

Const
NumterOfRobots = 23
NumnberQfdb jects = 2%
NumberOfRegions = 43 (# one per major axis, & one for object *)
NumberlfCenters = 53
USER_RCE_INTR = $803% (#* interrupt to get rcb addrecsses %)
RCE_LENGTH = 223 {(# length of a robet control block *)
STATUS = 33 (* status offset in rcb %)
MEXT = HAQ3 (% next setpoints offset in rcbh %)
READY = 13 (* READY bit in icb status field *)
ERROR = 83 (# ERROR bit in icb status fiesld %)
AFFROACH = 13 (# FLAG definitions for step descriptor #)
PICHUP = a3
HOLD = 33
RELEASE = 43
T/pe
regpack =
recoird
AX BX CX DX BF.51.D1,0S,ESsflags: Integer:
end,
vector = (» describe a point in spacze *)
recard
¥y ¥ 2z iReal
ends

reglen = arrayll1..33 of vectors (*# 8 points defining a reglon im Space *)

collisien_region = arrayll..Number87Regicnsl of regions

step_descriptor = (% cne step in & robot pragram or task *)
recoid
robot_id: integer: (# identify robot descriptor used #)
step_id: integer: (¥ identify step number =)

step_status: integer:
step_obj=ct: integer: (* identify cbject associated rabot *)

pos _vector: vectors (¢ compute joint_angles from this *;
pitch., (¥ yotaticrn about y—axis in degrees *)
twist, (% rotation about z—-zxis 1n degrees )
gripper: reals (#* cpen/cluse of gripper 1iv mm *)
juint_angle: arvayl0..31 of realsd (* angles 1n radians &)
jaitnt_value: avrayl0..3] of integers (¥ robot juint values %)
step_cdelay: 1ntegers (# seccnds te stay im this step =)

eind §

substeps = avirav [0..13] of step_descriptors
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robot_descriptor =
record

{(# one per robot *)

robot_id: integers (* identify rohot )

axis_center: arrayL0..51
axis_length: array(0..5]
axis_limit: arvayl0..5]
axis_range: arrayld..5]
axis_rvs: arrayl0..5]
axis_fudge: arrayl0..5]

of vector:
of reals
of reals
of reals
of inteqgers:
of integer:

asxis_region: collision_regions

ends:

cbject_descriptor =
recard

(¥ one per object *)

cbject_id: integer: (% yumber objects in environment %)

cbject region: regiocni (% describe cbject #)

=nd $

filename = stringl121;

lines = arrayl1..12, 1..21 of integer;

Const
Endpoint: lines = ((1,2), (2,3).,
(536)s (537),
(1,8), (2.86),

(3:8), (431)
(7+8)y (8,5),
(3e7)s (4,8))3
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MENU.FA3 3

R Y

This file contains the main menu of the programming amd control
software. Most of the major procedures are defined 1n independent
files which are included here. Because includes may rot he nested,
all includes must be done at this level. &lsc, the robat and
coject descriptors are allocated and initialized here beforsz

the menrnu is displayed.

s

Froagram mevus

{31 ROBOTDEF.FAS2 (* raobet data types *)
var
{(# variables intended tor local usage *)
R (# robot counter *)
(v (% object counter *)
selection tinteger; (% menu selecticon rumber #)

(* variables intended for global usage #)

robot :oarrayhl. .MumberOfRobots]  of robot_descriptor:
cbject poarrayll., .NumberQfObjects] of object_c gt 3
RobotTask :oarrayll. . Mumbar3fRobotsd of file of step_descriphor
{(* include pascal procedures as required *)
{(# note that includes inay NOT be nested - what a pain )
{31 MATHFUNC.FASS (% low—-level math functions and prs
{31 MISCFUMNC.FAS> (* low-level collision aveldance ;
{31 TRANSFORM.FAS? (¥ convert pos & crient to jolnt coovdivnaies
{61 ENTERTASH .FAST (# enter a robot task *)
{81 VIEWTASE .FAST (% view & robot hask
%] SIMNGLETRSK.FASY (* run single robot task =)
(%] ROTREG.FASY (# rotate cart coovdinates to P
{61 OVERLAF.F&S53 (* check region projecticas for €
{61 CHETASHE.FASY (# compare robot tasks foir runsbl
{$1 SURSTEPS.FAS> {#* computes substeps for mach task
{$1 RUNDUAL.FAS> (% build substeps % run dual tasks
{%I DUARLDRIVER.FAS> (# check and initiate run of dual
{31 IMITROBOT.FASX (# fill in static values i robotb
(%1 INITGEJECT.FASS (# fill in cbject descriptions #)
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Beginm (% menu =)
Far R 1= 1 to MumberOfRobots do
begin
Init_robot_descriptor(rabotlRI, R);
and ;s

For O := 1 to NumbevrOT0b jects do
begin

Init_object~descriptor(0bject[0], 0rs
and i

selection 1= -1
dhile (selecticn <> Q) de

bagin
Writeln;
Writeln (0. Exit®)g;
Writeln ("1, Enter Robot Task®):
Writeln (2. View FReobot Task ™)
Writeln (°3. Run Single Robot Task 3
Writeln (4. Run Dual FRobot Tasks )3

ritelns
Write ("Enter selecticn mumber: “)s
Readln (Selecticn):

Case Selection of

1 enter _tasks:
2 viaw_task:
: single_tas
: dual_diivers
se

Wy~

£

b

@
engs
endi {(* while #*)
ernd. (% meru *)
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{ INITROBOT.FAS >

This preocedure initializes the raobot characteristics including:
1. robot id number
2. joint centers, lengths, ranges, joint values, and limits
3. collision region vertices for each major arm link and for
one possible cobject.
).
{ last revision: 10-02-86 >
procedure init_robot_descriptor(Var robot_description: robot_descriptors
robot_number: integer):
begin
with robot_description da
begin
robot_id := robot_number}i

(* define axis centers as points in space *)
with axis_center[0] do

begin
o= 03 y 1= 03 z 1= 03 (% origin *)
end}
with axis_center[1] da (# also fixed *)
begin
o= 03 y 1= 05 =z 1= 1703
end;
with axis_centerf2] do (*# starting point, all axezs at O %)
begin
#o3= 165F y 1= 0§ z 1= 1703
end s
with axis_center(3] do (*# starting point, all axes at O *)
begin
o= Q0§ y 1= 03 = 1= 403
end:
with anis_center(4] do (% unused *)
begin
4o1= P03 y 1= 03 2z 1= 403
endj;
with axis_center(3I] do (* used for cbject trarmslation )
begin
o o3= =133 y 1= 03 z 1= 563
end?s
{* length from center to center *)
axis_length[O] := 1703 (# in millimeters %)
anis_lengthlil := 1653
axis_lengthl2] := 1303
axis_lengthli3] := 1053
axis_lengthls4l := 03 (* unused *)
axis_length{Sl := O3 (* unused #)
(* range of movement of each axiss in radians #)
ax1s_rangel0] := 3,461 (% 210 degrees *)
axls_rangelil = 3.143 (# 180 degrzes #) .
ax1is_irrangel@l = 4.19;3 (* 240 degrees (230 1n nanuals) *)
axls_rangel3] = 2.443 (# 140 deqrees *)
axis_rangels4] 1= 2.44; (# 160 deqrees *)
axis_rangelS] := 303 (# this cne 1s millimetars *»
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robot values allowed for above ranges *)

if robat_id

axis_rvsl0l := 235%
axis_rvsli] := 255;
axis_rvsl2] := 2535:
axis_rvs[3] := 1273
axis_rvsl4] = 1273

if robot_id

angle of axis relative

axis_limitfo] = O
axis_1imitl1] := 1
axis_limitla] 2= 1
axis_limit[3] := 1
axis_limitlal 1= 1
axis_limitlS] := O

fudge factor so robots

axis_fudgel0l = 123

anis_fudgelll = O

*

swoon
SRR

axis_fudgell2l := O3

axis_fudgel3l = 643
axis_fudgelsd := &43%
if robot_id = 1 then
if robot_id = 2 then

vertices of collision

shoulder +*)

axis_regienlla.1l.:x
axis_regionll.1].y
axis_iregionll.il.z
arMis_regionll,23.x
axis_regicenll.2l.y
axis_regionli,2l.z
ax1s_regionll,37.x
axis_regionlfl,3].y
anis_regionli 3l.z
axis_regionll:43.x
axis_regionli.al.y
anis_regionll.4l.z
auis_regionf1,53.x
axis_regionli,Sl.y
axis_regionll,5].z
aris_regionll.&l.x
axis_regionli.b6].v
axis_regionfl,&l.z
axis_regionfl1.73.x
axis_regionfl7].y
anis_regionll.7].z
axis_regicnll.37.x
axis_regiconl1.8J.y
axis_regtonli.3J.z

LI T YO T 1 I I T

e #8 -au am

1 then axis_rvs{Z] :=
2 then axis_rvsiSl :=

(%
(*
(%
(»
(%

{*
(%

axis_fudgelS]
axis_fudgelS]

to previcus axis when rv = O %)

in radians *)
90 degrees #*)
60 degrees, (63 1n manuals) *)
110 degrees *)
same as axis 3 #)
unused *)

location *)
o= O when rv = 12 %)
axis 3 & 4 use vv range L3-174 %)

the rest allows for twist *)
1= P03

= 103

regions when v = 0 %)

-1793%
-303
705
20073
-5073
1303
2003%
=-S0:
2103
-1733%
-S04
2503
-1753
-180%
203
2003
-1803%
1303
2003
-180:
2103
-1753%
-1803%
2503
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{*

forearm *)

axis_regionf@,13.x
axis_regionla,1l.y
axis_regicnl8,1]1.z
axis_regionl2.23.x
axis_regionl.21.y
&xis_regionl2,23.z
axis_regionl2,33.x
axis_regionl2,3l1.y
axis_regionl2,31.:z
axtis_regionl2,47.x
axis_regicnl2.43.vy
axis_regicnl(2,4].z
axis_regionl2,57.x
axis_regionl2,5l.y
axis_regioenl2,31.z
axis_regionl2.:61.x
axis_regicenl2:6].y
axis_regionl@.,63.z
axis_reqionla,7l.x
axis_regionf2,.7].y
axis_regionl2,7].z
axis_regionl2,81.:x
axis_regienl{@,81.y
axis_regionl2,8].z

end-effector *)

arMis_regionl3.13.x
axis_regionl3,13.y
axis_regicnf3,13.z
aris_regionl3,27.x
axis_regionl{3,2].vy
axis_regionl3,21.z
axis_regioni3,331.x
axis_regicnl3,31.y
axis_regicnl3,33.z
axis_regionl3.41.x
axis_regionl3,431.y
axis_regioenl3.,43.z
axis_regionl3,51.x
axis_regionf3,:3l.y
axis_regionl3,5].:z
axis_regionl3.:861.x
axis_regioni3s.6l.y
axis_regionl3,41.:=
axis_regioni3,73.x
axis_regionl3.73.y
axils_regioni3,73.z
axis_regienli3.,81.x
axis_regionf3«8l.y
axis_regionl3.83.=

possible object #?

zerc_regionfaxis_vregicnfald) s

W ou g

won o

[ I TR I T

L T T | T T T 1

e "% a0 e

o W

I L I

it g n

1683
=-1003
3061
413
-1003%
453
1203
~-1003
Q3
2813
-10073%
2423
14683
1003
3063
413
1003
453
1203
1003
03
2813

10073

S0s

—-013

81
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O INITORIECT.FAS
This procedure initialized cbjzct 1d viumbars and the vartices
defining theivr shape.
U last revision: 10-01-86 3
procedure init_object_descriptor (Var chject_descriprion: object _descripror:
object_number: integer) s
begin
with object_description do
begiin

acbject_i1d := object_number;

(= vertices of object regicns when at rest *)

If cbject_id = 1 then (# Nerf BEall )
begin
sbiect_vregionlil.x 1= -S0;
abgect_regionfil.y 1= -503
object _iregionfil.z 1= 20:
ahject_regionlal.x @
abject_reqgionl2l.y :=
abyject_regionldl.z := -R0:
ocbject_regiont3l.x 1= S0
object_re2gionl3l.y 1= -S03
abject _regionl3l.z 1= -80;
cbject_regionfa4l. 1= S0;
sbgect_regionlal.y 5= =-50;
oshject_regicnlel.z 1= 203
whijsct_regienlSlin 1= -50;
cbject_regionlSl.y 1= 503
ect_regioniSl.z 1= 203
object regicnifdl.n 1= -50;
sbject_regionlbdl.y 1= S03
chisct_regionlsél.z ~303
ct_regicnl7l.x :=  S0j
abject_regionl7l.y 1= S0;
ject _regionl7l.z 1= -80;
j@ct_regioni3l.x = S50;
2t _reglionlB8l.y := S0;
ject_reqgionlBl.z :: 203

end s
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If cbject_id = 2 then
begin

object_regionfil.x =
chject_regionlil.y :=
cbject_iregionlll.z :=
b ject _regianl2l.x :=
object _regionldl.y :=
ocbject_regionl2].z :=
chject _regionl3l.u :=
ebject_regioni3l.y :=
cbject_regioni3l.z :=
chiject_regionf4l.x :=
cbject_regicnlad.y =
cbject_iregionlal.z =
ocbject _reqgionlSl.x =
cbject _regionfSl.y :=
ocbject_regionlSl.z :=

object _regionlsl.x
object_regionlsl,y
objyect_regionfsl.z :
objzct_regionl7l.x
abject regionl7l.v :
chject_reqilonl7l.z
cbiject_regioniB8l.x
chject_regionlB8l.y :
shject_regicen(8l.z :
@ind §

Wou o

it

and i

end §

-8353
=103
203
-833
=103
=843
85;:
=103
-3803
833
-103
203
~833
103
203
-853
103
-803
85:
103
=803
353
103
203

(* protractor
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{ ENTERTASK.FAS

r
A

This procedure allows the cperator toc enter in a robot task
using cartesian cecordinates. The positicn and aerientatiocn of
the end-effector are given for each step of the task.

{ last revision: 9-18-846

procedure enter_task;

var
taskiname :filenames
RobotTask :file of step_descriptors
next_step tstep_descriptors (# step being entered in *)
RebotNo (% which robot we're working with *)
I iintegers (* current task step number *)
step_valid thooleans (% return from transform routine %)
continue ichars -

begin (* enter task #)

2ind §

centinue = “yT3
next_step.step_id := 1

Write ("For which robot is the task intended (1 or 2): )3
Read}n (RobotNo) s
next_step.robot_id := RobotNaj

Writelns

Write ("Enter task filename: °}3
Readln (taskname):

Assigr (RobotTask., taskname)s
Rewrite (RobotTask)s:

While ((centinue = *y7) or (continue = “Y')) do (* still movre
begin
Writelns
Writeln ("Robot °, RobotNo:l, * Step *, next_step.step_id:3);
Writeln ("Enter position ccocordinates in millimeters:™):

get_step(next_step);
Coord_Transform(robot{RebotNcl, next_step, step_valid):

step

-4

*)

(# f1ll in radians and robot values )

If (step_valid) then
begin
Write (RobotTask, next_step):
next_step.step_id := next_step.step_id + 13
erd
else Writeln ('Robot cannot reach specified pasition®):

Writelns
Write ('Do you wish to continues °)3
readln (continue) s

erd: (% while *)

Close (RobotTask):
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{ TRANSFORM.FAS
¢ last revision date: 9-03-8s

This rcutine daes the inverse coordinate transformations for the robot
control system. It transforms Cartesian coordinates specifying position
and angles specifying orientaticn to robot joint coordinates and then
te robot joint values.

Arguments:

1. robot descriptor of the robot for which this sequence is being developed.

2. step descriptor which contains the degree of close for the reobot tccl,
the angle of the robot tocol relative to the last robot arms. and the
pesition of the end of the robot toal relative toc the base inm cartesian
coardinates.

3. validity field in which this routines passes back to the calling routine
the validity of the requested move. IE, whether the rcbot can reach
the requested pesition or not.

The following are defined in the step descriptor and are supplied by the user:

pos_vectar - the cartesian cocordinate position of the end effectar
pitch — up/dawn position of the gripper tcool
twist - degree of rotation of the tocl itself

gripper - millimeters cpen of the gripper

We want to find the following:
tilt - angle at joint D (that is, between the tocl and the last arm)
AxisO angle - the angle at point A
Axisl angle - the angle at point B
Axis2 angle - the angle at point C

Alsc, convert all angles to radians
and then to robot values

[

precedure coord_transform( robot_descripticon: robot_descriptor:
Var step_description: step_descriptor:
Var validity: boclean)s

var
Tilt, (# angle at joint D in degrees #)
LgthAE, (* distance between pcint A and point E =
L.gthRE, (# distance between point B and point £ #
LgthCE: Real s (% distance between pcoint C and point E #
templ,
temp2: Reals (# for use in half angles functicn *)
partiall, (# part of an angle #)
partiala: Reals
rv_twist, (# twist in vobot values *)
I: Integers:
function s(var asb.,c:real): reals; (# cne—half the perimeter of a trianmgle #
begin
5 1= {a + b + c)/2;
end;
function r(var s,a.b,c:real): real: (* used to simplify further =ipressicns
)
begin
T 1= sgrt( Abs({(s-a)*(s-b)*(s-c))/s) J3;
end}
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begin (% transform *)

validity

= TRUE3: (# assume this step is okay *)

(# first compute angles (in radians) #)

With robot_description, step_description do

begin

(* compute needed distances %)

tilt

lgthA
1gthB
1gthC

pitch + 1103

dist_points(axis_centerl{0l, pos_vector):
dist_points{axis_centerl(1], pos_vector):
d

W ow

ist_cos{axis_lengthl2], axis_length(31, £ilt):

XTI TIILEEIITI LI LIS LISII LSS LSS LI LI LSS S S bt SR L bl bt d )
(% compute axis O angle *)

with pos_vector do

if o O then
begin )
joint_angleld] := Arctan (y/x)3
if (jeint_angleldl < Q) or ((y = 0) and (x < 0))
then (# Quadrants II & IV %)
joint_anglel0] := joint_anglelO] + FI:
end
else

jeint_anglelQl := FI1/23%

(TR Y I R I e Y Y st R R R L S S L L
(% compute axis 1 angle %)

templ := si{axis_lengthl[Ol, 1gthBE, 1gthAE);
temp2 := r(templ, axis_lengthl[O0l, lgthEBE. lgthAE):
If abs(lgthAE-templ) < 0.001 then (* gpecial case -

else

temp
temp

partiall := FI

partiall := 2 #% arctan ( temp2/(templ-1gthAE)):;

1
a

stanis_lengthl1], 1gthCE, lgthBE):
r(templ, axis_lengthC1l, 1lgthCE, lgthBE:}:

partial? := 2%arctan( temp2/(tempi-1gthCE) )3

joeint_anglelfl1l] := partiall + partial2;

(# If Quadrants III & IV, flip arm cver to cother side *)
If pos_vector.y +« O then joint_anglell] := 2#FI1 -~ joint_anglesl113

Joint_anglelll := Joint_anglell]l - Axis_limit{13]:
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(# compute axis 2 angle #)

If abs(lgthBE-templ) +« 0,001 then (# gpecial 180 degrses case *)
partiall = PI
else

partiall := 2 # arctan ( temp2/(templ-lgthBE)):

temp

1 := s(axis_lengthl21, axis_lengthC31, 1gthCE);
temp2 :=

r{templ, axis_length(2], axis_lengthl{31, 1gthCE)i

partial2 := 2#arctan({ temp2/(templ-axis_length([31) );

If Tilt > 180 then joint_anglel2] := partiall — partial@:;
If Tilt < 180 then joint_anglef2] := partiall + partial@;
If Tilt = 180 then joint_anglel2] := partialls;

(% If RQuadrants III & IV, flip arm cver #*)
If pos_vector.y <« O then joint_anglef2] := 2%FI1 - jeoint_anglel2l;

Joint_anglel2] := Joint_anglell] -~ axis_limit[21;

{ V3363 I I T I W I I e F I e I I I A I P I I He e e e H W B I I I I I I W NI T )
(% convert rest of angles to radians *)

(¥ If Duadrants III & IV, pitch from below *)
If pos_vector.y < O
then joint_anglel3

Jl : eg_to_rad(140-pitch)
else joint_angle(3] :

eg_to_rad(pitch):

na
oo

joeint_anglel31;
grippers (# no angles here #)

jeint_anglels] @
joint_anglelS] :

(T 3 T I3 H e I I I 0366 H 36 3 J 3 2696 I T B e I 6 S T K I I T B e FE I I N )

(# Change all angles to robet joint values and take in twiszt #)
(% Note: *)
(# pitch is obtained by rotating 3 and 4 in the same divecticn %)
(# twist is obtained by rotating 3 and & in opposite directions #)

for I 1= 0 tao S do
begin
joint_valuelIl :=
round (joint_anglelI] # (axis_rvsill/axis_rangel11)) + axis_fudgefIl:
end:

(*# compute in twist *)
rv_twist := 2 * round( deg_to_rad(twist) * (axis_rvs[41/5.58));

joeint_valuel3]
jeint_valuel4]

= joint_valuel3] + rv_twist:
= joint_valuel4] - rv_twist;

for I := O ta S do

begin
If (joint_valuelll < O) ar {jeint_valuelll 255%)
then validity := FALSE:

end}

end: (% with step_description do *)

ends
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{ VIEWTASK.FAS >

This procedure allows the cperator to view a task which he

has already entered. It displays one step
cperator inmcluding the computed joint coor
values.

}
{ revision: 10-02-86

' use print_step procedure

procedure view_tasks

Var
RobotTask ifile of step_descriptor;
taskname ifilename;
next_step :step_descriptor:

begin (% view tashk %)
write ('Enter task filename: °)3
Readln (taskname);
Assign (RobotTask, taskname)s

at a time to the
dinates and joint

Reset (RobotTask): (* ready for read »*)

While (ot EOF(RebotTask)) do
begin
Read. (RobotTask,s next_step);
print_step(next_step);
aend; .
Close(RabatTask):
ends
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SINGLETASK.FAS 3

This procedure allows the operator to run a single task on
ene robot. In this case, there is no collision detecticon or
cellision avoidance attempted.

r

{ last revision: 9-05-86

precedure single_tasks

Var
taskname :filenames
RobotTask ifile of step_descriptor;
next_step istep_descriptors
Relsstep tinteger:
rcb_regs iregpacks
letter tchar:
continue :Booleans

(****************»****************************************************)
begin (# single task #*)

(* get task to run *)

write ("Enter Robot Number: ");

readln (R):

write (’Enter task filename for Rebot °. Re:ty "1 ")

Readln (taskname):

Assign (RobotTask, taskname):

Reset (RobotTask)s (* ready for read *)

(* get rcb address: rcb_regs.es paints to segment *)
(% . rcb_regs.bx is offset of first rcb *)

int (USER_RCE_INTR.rcbh_regs);
rcb_iregs.bx := rcb_regs.bx + (R=1)*RCE_LENGTH; (¥ find appropriate rch

continue := TRUE;:
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(*# cutput task to robot *)

While ({(not EOF(RebotTask)) and (continue)) do
begin
(# read next steps for each robot *)

Read (RobotTask, next_step):

(# put next steps into rcb's *)
With rnext_step do
begin
(¥ f1ll in rcb.next fields with ew setpoints #*)
Fer I := O to S do
begin
memlrcb_regs.es:{(rcb_regs.bx+next+1)] := joint_valuelils
wiriteln (7jeint value: ", memlrcb_regs.es: (rcb_regs.bu+next+iidr;
end: (* for %)
ends

(* set READY bit in RCE %)
mem{rcb_regs.es: (rcb_regs.bi+status)] :
memlrcb_regs.es:(rcb_regs.bx+status)] or READY:

(* wait delay time in step *)
delay(next_step.step_delay * 1000);

(* wait until roboet has completed mave *)
While «(memlycb_regs.es;(rcb_regs.bx+status)] and READY) = READY) dos
(% do nothing just wait #)
(% and check for any ERRORS *)
If (memlircb_regs.es:ircb_regs.bx+status)l and ERROR) = ERROR then
bagin
writelns:
writeln (°ROBOT ERROR in Robot s R:l)d
wiritelns
{(# clear ERRDR bit in RCE %)
memlrcb_regs.es:(rcb_regs.bu+status)] :=
memlrcb_regs.es:(rcb_regs.bx+status) ] xor ERRCR:

wirite ("Do you wish to continue? ")
readln (letter):
If {letter <> “y*) and (letter «x *Y")
then continue := FALSE}:

ends

end?s

close (RobotTask)s
end?s




{ DUALDRIVER.FAS 3

{

This is the contrel procedure for running twoe tasks simultangcusly

cn different robots. Before attempting to run the tasks it does a

quick check to make sure that the destinaticon points of each step
of the two rabots do net interfer with one ancther.

b

b

procedure dusl_drivers:

Label
driver_returns

Var
taskname :filenames
[ rintegers
dual_cokay tbecleans

begin (% dual driver =)

(% get tasks to Fun *)
For R := 1 to NumberQfRobots do
begin
write (*Enter task filename for Robot 7y R:l, "3 "3
Readln (taskname) s
Assign (RoebotTaskI[RIs taskname) s
end;

(¥ check final steps against each other *)
check_tasks (dual_ckay):
if dual_okay
then run_dual_tasks
else writeln (“tasks contain colliding destinations °)3

driver_return:
CFor R = 1 te NumberOfRcobots do
Close (RobotTask(RI1):
end:
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CHKTASK.FPAS X

LAY

This routine checks the destination pasition of each roboct arm at
each step. This ensuires that it is possible to run the tasks simul-
tanecusly before building & series of moves that quarantees na
collisions will cccur. It assumes the robot arms are not presently
in a collision state.

2%
b

{646 36 36 3696 36 35 36 36 36 9630 9 36 36 30 36 30 3630 96 36 96 30 3696 36 36 3 I JE 0 I IE 6 K I I I KK )
Frocedure check_tasks (Var checks_ckay: boclean):

Var
task_step tarray [1..NumberOfRobats] of step_descriptors
ratated_regicon :array [1..NumberOfRobots] of collision_regions
R tinteger: .

ALL_FILES_EOF :Boccleans

begin (% check tasks #)

checks_ckay = TRUE; (% assume all ckay *)
ALL _FILES_EOF := TRUE: (# assume done *)

For R 1= 1 to NumberOfRobots do

begin

Reset (RobotTaskR]);
ALL_FILES_EOF := ALL_FILES_EOF and EOF(RobotTaskiR1):
end;

(* vow go for it #)
While (not(ALL_FILES_EOF)) do
begin
Fecrr R = 1 to NumberOfRaobots do
begin
If not(EOF(RobotTasklR1)) then
begin
Read (RabotTaskI[Rl, task_steplRI1);
(# 1f asscciated cbjects. bring their descripticns in #)
with task_steplR1 do
if (step_cbject < 0) and
((step_status = HOLD) or (step_status = FICKUF))
then RobotlRl.axis_regionl4] := cbjectistep_cbjectl.chject_region
else zero_reglion (RobotlRl.axis_regionlad)s
end?}
ends;
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Fer R := 1 tc NumberOfRobots-1 do (#* work with roboat pairs *)
begin
(#* rotate regicns to veflect step position *)
rotate_regions (RobotCRI. task_steplR1, roatated_regioniR1):
rotate_regicns (Robot(R+1l, task_steplR+1], rotated_irregicnlR+11)3
ad just_regions (rotated_regionlR+1], rotated_regionlR+11):

(* now check for peossible collisicn *)
If (collision_zone(rotated_regioniR]) and
collision_zone(rotated_regionlR+11) and
regions_cverlap(rotated_regionlR1, rotated_regicnfR+11)) then

begin
(% report the ervor, set failure flag =)
writelns
writeln ("Rebot *",R:1, ° - Robot ", R+1:i,
" Cellision in Step ",task_steplRl.step_id:2):
checks_okay := FALSE;
end; '
ends

ALL_FILES_EOF := TRUE;
For R := 1 to NumberOfRabots do
begin
ALL_FILES_EOQF := ALL_FILES_EOF and EOF(RobotTaskIRI) s
ends '
ends (¥ while *)
end?
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{ RUNDUAL.FPAS
This procedure runs twe task simultanecusly. Each pailr of steps (one
step for each robot) is checked for collisions. If a collision seems
likely, steps are taken to aveoid the collision by delaying one of the
robot arms.

o
b

(MM HHH SRR TR R EREFREFEREREAREERRX R SRR LR EEERRERRREREE R FRRRLRRFREER S SRS
procedure run_dual_taskss

Label
step_agains
Var
R sintegers;:
task_step tarray [1..NumberOfRobets] of step_descriptor:
substep_tabl= rarray [1..NumberOfRcbots] of substeps;

NumberlfSubsteps :array (1..NumberOfRcbots] of integer:s

run_table tarray (1. .NumberOfRobots, 0..2568]1 of integer:
MumberOfRunStepns :sinteger;
red_table tarvay [1..NumberOfRobots, ©..2583 of i1nteqer:

HumberCfRedSt=ps :integer:

step_valid.,
ALL_FILES_EOF.,
task_ckay.,

step_Tailled, (# build step flag %)
step_uokay tboacleans (# run step flag ¥)
dummy tchars

I R T e Ly 2 S T Ity
procedure build_steps
Var

R,1 tintegevs:

hald_robeot,

failed_substep_number :integer:

failed_subste=p tarray [1..21 of integer:

hold_flag tbooleans
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procedure check_path(It, 12, this_substep_number: integer;
Var this_substep_falls: beoolean)
Label
CHECE _FATH_RETURN;
Var
next_substep_failed : booleans
rotated_regions @ array [1..21 of collisicon_regicons

begin (* check path - works with pairs of robots #)

this_substep_fails := FALSE: (* assume step is chkay %)

(% if step complete, quit #*) :
If ({I1 » MumberOfSubsteps[R]) and {(I2 > MumberOfSubstepsiR+11)) then

begin
NumberOfRunSteps := this_substep_number - 13
gote CHECK _FATH_RETURN;

enrds

{* 1f cne robot is done, keep it on last substep *)
If (I1 *» NumberOfSubstepsiR]) then Il := I[1 - 13
I+ (I2 » NumberQOfSubsteps[R+11) then IZ2 := I2 - 1

{# rotate regions to reflect step positicn *)
rotate_regions (RobotlR1, substep_tablelR,.I11, rotated_regionsl13):
rotate _regicins (Robot{R+11, substep_tablelR+1,131, rotated_regicnzsl21);
adjust_regions (rotated_regicnsl2l, rotated_regionsi21);

(* rotate any object held by this robot *)

(¥ now check for possible collision *)

If {cellision_zonel(rotated_regions{11) and
collision_zone(rotated_regions(2l) and
reglions_overlap(rotated_regionsll1], rotated_regionsl[21)) then

beain .
failed_substep_number
failed_substepli]

:= this_substep_numbey s
1= Il
Tailed_substepll] := I2;
T

this_substep_fails :
aote CHECH _FATH_RETURN
ends:

(¥ 1f get to here., then ne overlap cccurs *)

run_tabletR, this_substep_number] :=
run_tablelR+1, this_substep_numberl :=
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If this_substep_number = failed_substep_number
then check_path (11+1, I2+1, this_substep_number+1,
' next_substep_failed)

else (% keep holding *)

oegin
1f held_robat = 2 then
begin
if (I1 = NumberOfSubstepslR1)
then step_failed := TRUE (¥ whole thing has failed %)
else check_path (Il+1, I8, this_substep_number+1,
next_substep_failed)
end .
else (% hald_robot = 1 *)
begin
if (I2 = NumberOfSubsteps[R+11)
then step_failed := TRUE (% whaole thing has failed =)
else check_path (Ii, I2+1, this_substep_number+t.
next_substep _failed:
end
end 3

(¥ If reached end of the line, all substeps fail #)
If step_failed then goto CHECK _FATH_RETURN:

(¥ 1f no successs try holding back one of the robots #)

If (next_substep_failed) and
(failed_substepl2] *» I2) and (failed_substepll] > I1) and
(I1 < NumberQOfSubsteps{R]l) and (I8 < NumberOfSubsteps{R+11) than
begin
if (hold_robot = 2) then
check_path (I1+1, I2, this_substep_ruwnber+1, next_szubstep_ failsd
if (hold_robet = 1) then
check_path (I1l, I2+1, this_substep_number+1l., next_supstep_failied
end:

If (next_substep_failed) then this_substep_fails := TRUE:

CHECK _FATH_RETURN:
ends (% check path %)
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begin (% build step *)
(# get next step in task for =ach robot *)
For R := 1 to NumberOfRcbots do
begin
zubstep_tablelR,0] := task_steplRI1;
If not(EOF {RobotTaskIR1)) then
begin
Read (RobotTaskIlR3, task_steplR1):
with task_step[R1] do
if (step_object < 0) and
({step_status = HOLD) or (step_status = FICKUF))
then RobotIlRI.axis_regionl4] := cobjectlstep_cbjectl.cbject_region
else zero_region (robotlRl.auis_regionbad)s
ends;
end 3

i* determine substeps and path for each robot *)
For R := 1 to NumberOfRocbots-1 do
begin
compute_substeps(RoebotlR1, task_steplR1, substep_tablelR1,
NumberJfSubs caepsifd)

compute substeps{RobotlR+11, task_steplR+11, substep_table
Mumbero

~

(* check substeps for possible collisicns #)

step_failed := FALSE}Z
hald_robot := 2% (¥ give right—-of-way to Tivst ropot
failed_substep_number := O3
chechk_path (0, 0, 0, step_failed):
If (step_failed) then (% try with cther robot *;
begin
step_failed := FALGE:
hold_robeot := 13 (¥ try with seccnd rebot having rignt-of-way =

failed_substep_number := 03
check_path (0, Oy 0, step_failed)s
ends

If not(step_failed) then
begin
(* yeduce run table to critical steps *)
hald_flag := FALSES
NumberOfFedSteps := 13
Far I := O to HumbercfRunSteps—-1 do

begin
If (run_tablelliI+1] » run_tablell1,I1) and
frun_tablel2,I+11 » run_tablel2.13) and hald_flag then
begin
hold _T1ag := FALSE:
red_tablefl.NumberOfRedSteps] := vun_tablell.I53
red_tablel@.Number(GfRed3teps] := run_tablelg,.I1:f
NumberOfRedSteps := NumberOfRedSteps + 13
end:
If (run_tablell.I+13 & run_tablell.I1) and
(run_tablel2,I+11 = run_tablz02,1D

thern hold_flag := TRUES

If (run_tablell I+1) = cun_tablell,[1) and
frdin_tablela@.I+1] & run_tablel2.11:
then hold _7ilag := TRUES
=ndt PE Tee %)
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red_tablal1l,NumberOfRedSteps]

:= vun_tablell,I+133
rad_tablel2,MumberdfRedSteps]

;= cun_tablel32,I+133
end
else
begin
wrritelns
write ('Camnot compute non~conflicting moves in step 7.
task_steplRl.step_1d:5);
end;

ends (¥ for each

robot pair *)
ends;

{(* builld step *)
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precedure run_step (Var step_ckay: boclean);

Var
RsI.substep tinteger:
rcb_regs rmegpack;
letter rchars

begin (# run steps for dual tasks *)

(#» get rcb address: rcb_resg.ex points to sesament *)
(% reb_regs.bx is offset of first rcb #)

1ntr (USER_RCR_INTR.rco_regs):
rcb_regs.dx := rcb_regs.bu; {* save address of first rcb =)

(% cutput substeps to vobots *)
substap := 13

While (substep <= NumberOfRedSteps) and step_okay dao
begin
rcb _regs.bx 1= rcb_regs.dus (* restore pointer to first rcb %)

(%* put next substeps into rcb’s #)
For R 1= 1 to NumberOfRobots do
begin
With substep_tablelR, red_tablelR., substepl] deo
begin
wrritelnsg
(# fill in rcb.next fields with new setpoints %)
For I 1= 0 to S de
begin
memlrcb_regs.es:(rcb_regs.bx+next+i)] 1= joint_valuelil:
writeln (’jeint value: ", memlircb_rags.es:(rch_rags.hu+ment+l s

ends (¥ for *)
ends;
rcb_regs.bx = rcb_regs.bi + RCE_LENSTH: (% point Lo et vocb *)
end 3

(# set all READY bits =)
veb_regs.bx 1= recb_regs.dix: (* point to first vcb again *)

:= 1 to NumberOfRobots do

set READY bit in RCE =)

memlrcb_regs.es:(rch_regs.br+status)l :=
membrcb_regs.es:(rcb_regs.br+statusi] o READY:

rcb_regs.b:i := rcb_regs.bx + RCH_LEMNGTH: (% point to next recb %)

end s
"Cb_regs.bx 1= rcb_regs.dxs: (*% point te first rcb again *)
(% then wait until all robots have completed their zubmoves *)
For R = 1 to NumberOfReobots do
hegin
Whnile ((memlrcb_regs.es:(rcb_regs.bx+status)] zmd READY) = READY) Jdc:
(% do omothing jost wart =

reb_regs.bx = rcb_regs.by + RCE_LENGTH;
=nd3
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rcb_regs.bx 1= rcb_regs.dus (% point to first rcb again *)

(* and check for any ERRORS %)
For R := 1 to NumberQfRobots do
begin
If (memlircb_regs.es:(rcb_regs.bx+status)] and ERROR) = ERFOR thei
begin
wrritelns
writeln (*JOINT ERROR in ROBOT *, R:1)3;
(# clear ERROR bit in RCE %)
menlrcb_regs.es:(rcb_regs.bu+status)] :
membrcb_regs.es:(rcb_regs.bx+status)] xer ERRORG:
writeln (Do you wish to continue):
readln (letter):

If (letter <x "y7) and (letter <» “Y7)
then step_ckay := FALSE;
end

rcb_regs.bx := rcb_regs.bx + RCE_LENGTH:
ands (% error check #*)

(% point te next set of substeps #)
substep := substep + 1;
end: (% while more steps *)

(* and =ztav in this step the requested number of saconds #)
delay (task_steplRl.step_delay # 1000)3
Poi% run step %)
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{ ***-ﬁ**********************************************%*****%*%**%**é‘**** )
begin (% run dual tasks =)

task_cokay := TRUE; (* things always start out well *)

(¥ do set up stuff *)
Fer R := 1 to NumberOfRobots do
begin i#* get starting point of each robot inmto initial positicon #)
step_sgain:

writelns :
writeln ("enter starting point for Robot *y Rii)s
get_step(task_stepl(R1);
cocrd_tiramsform (vobotlRI, task_steplR1, step_validis
if noct(step_valid) then

begin
writeln ("Invalid step - please try again®):
goto step_agains
ends .
end;:
ALL_FILES_EOF := TRUE: (% assume still steps iv =ach file #)
Fer R 1= 1 to NumberOfRobots do
begin .
Feset (RobotTaski{R1);: (% point to begimning of Tiles #)
ALL_FILES_EOF := ALL_FILES_EOF and EOF(RobotTask{R1):

erd s

(% now go for it #)
While not(ALL_FILES _EOF) and task_ckay do
hegin

i* check substeps against =sach cther *)
build_steps

if (step_failed) then
begin
writelns
writeln (*FAIL TO COMPUTE STEF®);
task_ockay := FALSE;
end
else run_step (task_ckay)s:

ALL_FILES_EOF := TRUE: (* assume still steps 1 2ach file *)
Fer R := 1 to NumberOfRobots de
begin
ALL_FILES_EOF := ALL_FILES_EOF =nd EDF(RobotTaskLR1) 3
erd ;s

end: (* while *)

1 mot(task_ckay) then
begin
writelins
wraiteln ("TASKE FAILED®):
wrritelns
=d s
=nd 3 C* run dual tagks %)
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{ SURSTEFS.FPAS
<
This procedure 1nterpeolates the substeps for each task.

A
S

procedure compute_substeps (irobot_description: robot _descriptors
new_step: step_descriptor:
Var table: substepss
Var step_count: integer):

Var
FRxis tintegers
rv_diff rarrayl0..351 of integer:
complete tbocleans

begin (% compute substeps *)
(* compute differences between last and next axis positicons #)
For Axis 1= 0 ta S da
begin
rv_difflAxis] := new_step.joint_valuelfxisl - tableldl.joint_valueldxisls
end};

v# now F1ll in substep table *)
complete := FALSE;
step_count = 0O3f

With vobot_descripticon do
Legin
While noticomplete) and {(step_count < 13) da
begln
complete := TRUE:
tablelstep _count+ll.step_id := step_count+i;

For Axis 1= 0O to S do
begin
case rv_difflAxis] of
Q: begin (* do nothing, but this case muzt be here *)
tablelstep_count+11. joint_valueldAxisl :=
tablelstep_countl.joint _valuslhwisis

end

21.

255
begiy
tablelstep_count+1l. joint_valuelfuis] 5=
tablelstep_countl.joirnt_valueldixisl + 203
vv_difflAxis] 1= rv_difflAxis] - 203
complaete := FALSE:
ends

-

-20..20:
begin
tablelstep _count+13. joint_valuzlaxis]
tablelsten _countl.joint_valuelfis
rv_difflAxisl = O3
end s

3

tablelstop _couwnt+1 1. joavt_valuelAsisl 1=
tablelstep_sounitl. clot vt hovs
rv_difflAxis] 1= v_ditfliaxisl] + 203
complete 1= FALIE:S
=l
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enas (r case -

table[step_caunt+1].joint_anqle[éxis] :
(table[step“count+1].juint_valuetﬁxis] - axis_TudgelAxisl) =
(axis_rangelAxisel/avis_rvslAxis]):
ends (* for each axis #*)

Step_count := step_count+1s
end; (* while nat complete *)

end; (% with #)
end s

{(* compute substeps *)
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{ ROTREG.FAS 3

This procedure rotates the varicus avim regions firom their home
poesiticns to the position and orientation in the step descriptor.

",
b

Frocedure rotate_regions (robot_descripticn: robot_descripteoirs
step_description: step_descriptor:
Var rotated_region: collision_region)d;
Var
Cy, I : integer:
rot_axis_center :arrayll..NumberOfCentersl] of wvector:

begin (* rotate regicn %)
With robot_description, step_description do

Lo

begin
For € := | %o NumberOfRegicns—~1 do (% Y-axis rotaticn on axis regicns )
For I := 1 to 8 do (# for each vertex =)
begin .
TRANS_CRIGIN (axis_center(1], axis_regienlC.Il, rotated_raglocnlC,130
Y_ROT (=joint_anglelll, rotated_vregionlC,I). rotated_regionil.
REVER_ORIGIMN (axis_center(1], rotated_reqgienfC,I13, votated regionlC.13:
end s}
For C := 2 to NumberOfCenteirs do (# rotate centers for
begin
TRANS_ORIGIN (axis_centerl1l, axis_centerICl, [akel
Y _ROT {(=jeint_anglelll, rot_axis_centerlCi, rot_
REVER_ORIGIN (axis_center{1], rot_axis_centerlCl, rcot_=a
end:
For C := 2 to NMumberOfRegions-1 do (¥ gsecond Y-axis rotation #
Fer I = 1 te 8 do {# for each wvertex #)
begin
TRANS_ORIGIN
(rot_axis_center[2], rotated_regionlC,Il, rotated_regionill,]
Y_ROT (=joint_anglel2], roetated_regionlC,I1. rotated_regiloniC,I
REVER_ORIGIN
(rot_axis_centerl2], rotated_regionlC,I], ratated regioniC,I3:
end;
For C 1= 3 to NumberOfCenters do {(* ratate vrest of axis centers +-
begin
TRANS_ORIGIN(vrot_axis_center[2], rot_axis_center[Cl, robt_axis_center(T3e
Y _ROT (—joeint_anglel2], rot_axis_centerl[Cl, rot_axis_centar{C]l)
REVER_ORIGIN(irot_axis_centerl2], rot_axis_center[Cl. vrot_axis_center{CI)
aend:s
Forr C := 3 to NumpberOffegicns—1 do (# last r-a~ls rotaticon =)
Fer 1 =1 to 8 do (# for 2ach verten )
begin
TRANS_ORIGIN
(rot_axis_center[33, rotated_ireqionil,I13, rotated vegionli, I3
¥ _FOT (=jeint_anglel31, rotated_regionll,I3s rutzted _rzgienil,l]
FEVER_JRIGIN
(rat_axis_centerl3], rotated_vegicrnlT.1]. ratated_regionll.i:
213G 3
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For C := S tc NumberOfCenters do (% fntate rest of axis centers #)

begin
TRANS_ORIGIN
(rot_axis_centeri3], rot_axiz_centerlCl. ot _axis_center [T
Y_FROT {(~joint_anglel31, robt_axis_centerll, ra (15 _center[CI}:
REVER_ORIGIN(rot_axis_center[33, rot_axis_centerlCl, vot_axis_centerlll):
end}

(* special case, now move object ta position of end effector *)
trans_regiocn (rot_axis_centerfS], axis_regionl4d, rotated_regionlad;;

Ferr © := 1 to NumberOfRegicns do (* foy all regions the Z-rotaticn =
Fer I := 1 to 8 do
begin
Z_ROT {(joint_anglelOld, rotated_regicnlC,I3, rotated_reglonlC.i]i;
end3:
ends
end



OVERLAF.FAS >

P

This routine compares the reglons of one arm with thoee of ancther

arm for possible ceollisions. Any averlap of collisicon regicns indicates
& potential collision. There must be averlap in all three orthogonsl
planes for collision to cccur. Thus if there ic nao cverlap in any one
of the planes, there is no need to check the other projections.
This rocutine could be speeded up by comparing only thase regicns which
actually enter the collision zone or by finding the intercept in 3D
(prehably preferable).

[

functicn regions_cverlap (regions_A, regions_B:
Label

check_xy_projection,

check_xz_projection,

check_yz_projecticon,

ciheck_cverlap;

collision_region): booleans

Var
FAs RE, - (* count thru regicons *)
LA, LE sintegers: (% count thru lines defining reglon )
dummy_point 2 vectors (¥ we don’t actually resd the intaircent *)
line_intersecticn, (% do two lines intersect #)
segment_intersecticn, {# do twe line seaments intersect *)

Hy_overlap,
“I_overlap,
yz_overlap tbeoleans

(****ﬁ*******************%**************i***%**%*ﬂ*%*****i%**%*i****#)

begin (% check projections feor overlap *)
{(* for starters, assuine averything is ohkay #)
everlap := FALSE:
_overlap := FALSE:
yz_overlap := FALSE;

check_xy_projecticon:
Foer RA := NumberOfRegions downto 1 do

(¥ comparz first set of regions #)
For RE := NumberOfRegions downte 1 do {# to second set of regicons #)
Far LA = 1 to 12 do
For LE 1= 1 to 12 do
begin

®y_intersect
{regions_ALRA, endpointllA, 1171, rEolons_ALRA. endpointllLa.

21
regions_BIRE, endpointiiBE. 111. regiong_BIRE, endoointiLl®. 21
dummy_point. line_intersecticn, csegment _1ntersecticor)
IF (line_intersection and segment_intersection) then

begin

wy_cverlap 1= TRUES

gotc check_xz_preojections
end3

ends
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check_xz_projecticn:
If xy_overlap then

begin
For RA &= NumberOfRegions downto 1 do (% compare first set of regions *)
For RB := NumberOfRegiens downte 1 do (% te second set of regicns %)
For LA = 1 to 12 do
Fer LR := 1 to 12 do
begin
®Z_intersect :
(regions_ALRA, endpointlLA, 111, regicns_ALRA, endpointila, 233,
regicns_BIRB, endpointflE. 111, regions_BLRE, endpointlLBE, 213,
duminy_paint, line_intersection, segment_intersecticn):
IF (line_intersection and segment_intersection) then
begin
#z_overlap 1= TRUE;
gote check_yz_projections
end3s
end;
end;

check_vz_projection:

If wy_overlap and HZ_overlap then

begin
For RA := NumberOfRegicns downto 1 da (*# compare first zet of regidnsg %)
For RE := NumberUfRegicns downte 1 do (* te second set of regions #)
For LA 1= 1 to 12 do
Far LB 1= 1 to 12 do
begin
y2_intersect
(regicns_ALRA, endpointlLA, 111, regions_ALRA, endpointlLA,
regions_BLRB, endpointiLE, 111, regions_RIRE, endpointllE.
dummy_point, line_intersecticon, segment_intersection);
IF {line_intersecticn and segment_intersecticn) then
begin
Yz_overlap := TRUE:
actoe check_cverlaps
end;
ends
and 3}

check_coverlap:
If wy_cverlap and ®z_overlap and yz_overlap
then regicns_cverlap := TRUE

else regicns_overlap := FALSE;
ends
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MATHFUNC.FAS
last revisicon: 9-11-8¢%

This file contains low-level functicns for the coordinate
transformation and procedures for the collision detection softwara.

The furmcticns are:

DEG_TO_RAD - convert an angle expressed in degrees to radians

RAD_TD_DEG - convert an angle expressed in radians to degrees

DIST_FOINTS - compute the distarce between two points

DIST_COS - conpute the distance of third lirne given twe lines and the
included angle.

The procedures are:

TRANS_ORIGIN - translates point to a mew cocrdinate system
REVER_ORIGIN - reverses back to ocriginal cocordinate svstem

X_ROT - rotate point about x-axis

Y_ROT - rotate point about y-axis

Z_ROT - votate point about z-axis

XY_INTERSECT -~ returns point where two lines intersect in the plane
XZ_INTERSECT - returns point where twe lines intersect in the plarne
YZ_INTERSECT - returns point where two lines intersect in the vi plane
perlnt_betw_two_points - TRUE/FALSE function

AN 38 aa SN CHM BN caa SR ‘s B3 cs% M8 cau A3 caw BN an AN ‘S8 -an A AN -am ‘AE £

L4 can ww
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functicon DEG_TO_RAD(degrees: real): reals
begin
DEG_TOU_FRAD := degrees * (FI/180);
end;

(3333 230 23 3 30363 EIE e I I e T T Fe e T T I F6 T T 36T e Fe K I e B K B IR )
function RAD_TO_DEG(radians: real): reals
begin
RAD_TO_DEG := radians * (180/FI1);
2nd s

R A R R L L Ll X R T T T g vy,
function DIST_FOINTS(ptl, pt2: vector): real:
begin

DIST_FOINTS := sgrti(sgr(ptl.u-pt2.n) + sgripti.y—pt2.v) + sqriptl.z-pt3.z

T ae

md §

I T eI T Je e T I T e T T I T T 6T I I T T KBTI )
functicn DIST_COS(lgtht. 1gth2, degrees: real): reals
begin
DIST_COS := sqgrtlsqgr(lgthl) + sgrilgtha)
- 2 # lgthl # lgth& * cos(DEG_TO_RAD(degr

1
1]
i}
n

EXyls K
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procedure TRANS_ORIGIN (new_crigin, arig_point: vectori Var new_point: veckor):
begin

vew_point.i 1= orig_point.x - new_origin.xi
new_point.y = orig_peoint.y — new_origin.ys
new_peoint.z = orig_pocint.z - new_origin.cs

end?}

I R A L e L & £ 1T LT PRI,
procedure REVER_ORIGIN (new_origin, orig_point: vectori Var mnew_point: vector::
begin

new_point.x := orig_point.x + new_origin.ss

new_point.y := arig_point.y + new_corigin.yi

new_point.z = erig_point.z + new_origin.z:
end;

(A I I I Fe I T 33T T Fe Jo 2o T T FF e 2o T T H T Ho F e 636 T T I I B B B 3 3 e BRI NN AR )
procedure X_ROT (alpha: reali orig_peoint: vectori: Var new_point: vector)s
(# nate: alpha must be in radians %)
begin
new_point.x 1= orig_point.xs
new_peoint.y := {(orig_peint.y * COS(alpha)) - (orig_point.
new_point.z := (crig_point.y # SIN(alpha)) + (orig_point.
end s

* SIMCalphas)
* COS{alphal?

iz cae

FA I 51
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procedurea Y_ROT (alpha: reali orig_peint: vectori Yar rnew_point:
(* mote: alpha must be in radians *)
begin
new_point.x = {orig_point.x * CO
mew_point.y 1= orig_point.y;
new_point.z 1= {(ocrig_point.z * COS(alpha)) - (orig_point.x * SIM(slp
end s

* )

vicbac) s

Py

Slalpha)) + (orig_point.z % SIM{(xlphal)s

KA I e T A I He Jo e e T 30 T e e T T I I BT T T Je I T I T I I TP )
procedure Z_ROT (alpha: reali crig_point: vectori WVar new_point: vector):
(#* note: alpha must be in radians *)
begin
new_point.x 1= (corig_point.x * COS¢alpha)) - {orig_point.y # SIM{alpha)l::
vew_point.y := (orig_point.x # SIN{(alphal)) + (orig_pocint.y * C0S8{alpha)?
new_point.z := orig_point.zi
end3:

£ 363 3 3 3 36 6 3 e 363 3 e I e e e T e I I I T K K He NI I I e I I BT W R )
functicn point_betw_twe_points (coordl, coord2, point: integer): boolesan

begin
If coovrd2 » coordl then
begin
if {(point *= coordl) and (point <= coordd)
then point_betw_two_points TRUE
else point_betw_two_points FALSE
end
else
begin
1f (point *= ceocrd2) and (point <= coordl)
then point_betw_two_points := TRUE
2lse point _betw_two_points := FALSE:
=nd 3
end 3
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procedur

(% where

(% alsa,

e ®y_intersect (ptl,
Var
Var
Var

pt3,

pt3s p

intercept: v
inteirsection: bocleans

on_lirne_segments:

ptiy pt2 define linel and pt3.
(# returns point of intersecticon betw=zen

returns Boolean value

indicating whether

t4: vectors
ectoirs

boolean)

ptd define line 2 %}
linel and line 2 #)

the point *)

(# of intersection lies on the line segments defined by the #)

(% four

Var
delta

begin

endpoints *)

s mu 3 reals

intersection := FALSE:
ne_csegments := FALSES

or_1li

delta
If ab
thew
begin
1it
mut
1M
in

in

if

ends
end

= (ptl.x—-pt2.x) *
s(delta) » 0,001

tergsection := TRUE;:

(pta.y-pt3.y) - (ptl.y — pt2.v) * (pto.u—pt3.:x

((pto.y-pt3.y)*sipta.w-pta.x} —

tercept.x 1= mu * ptl.x

([

tercept.y @
tercept.z :

m
03

(abs(intercept.x)
if

32767) and

(point_betw_two_points

{(roundi{ptl .=

point_betw_two_points
(round(ptl.y).
peint_betw_two_points
(round(pt3.x) s
point_betw_twc_points
(Ground(pt3.y) s

then
eri_line_segments

TRUE S

}s

110

(pto.:i—pt3.x)*ipts,.y-ptd.vi) /4
+ (1. 0-mu)#*pt2
u * ptl.y + (1.0-mu)*pt2.v;

(abs(intercept.v: < 32758

rownd(pt2. ®)
round(pt2.y}
round{(ptya. )

round{(pta.y)

7)Y bR

rovndiintercent.xl
rouwndiintercept.y i)
round(intercept.ul

rourd(intercept.y) i)

it

ot
oF
b

ETRDs]

&g

R
=g



(************************************************i%**i***************)
procedure xz_intersect (ptl, pt2, pt3s pté4: vectors:

Yar intercept: vectors:

Var intersecticn: booaleans

Var on_line_segments: boolean);

(* where ptl, pt2 define linel and pt3, pt4 define lire 2 #*)
(* do limes 1 and 2 intersect in the xz planes if so where *)

Var
delta, mu : reals

begin
intersectien := FALSE:
on_line_segments := FALSZE:

delta := (ptl.x—-pt2.%) * (pt4.z-pt3.2) - (ptl.z - pt2.z2) * {(pt4.x-pt3.u)3
If abs(delta) > 0.001 then
begin
intersection := TRUE:
mu :=
((pta.z-pt3.2)*#(pts.x—pt2.2) — (prta.u-pt3.:0)*(pté.z-pt2.z2)) / delta:
intercept.x = mu #* ptl.x + (1.0-mu*pt2.x3
intercept.y 1= 03
intercept.z 1= mu * ptl.z + (1.0-mu)*pt2.:z2:
if (abs(intercept.x) < 32767) and (abs(intercept.z) < 327587) then
if
(point_betw_two_points
(round(ptl.i)y roundi{pt2.4), vound(intercept.:?) and
point_betw_two_points
(round(ptl.z), round(pt2.z)s round(intercept.z ) and
point_betw_two_paints
(round{(pt3.x), round(ptsd.:), round(intercept.::) aind
point_betw_two_points
(tround(pt3.2), round{pts.z), round{intercepht.z) )
then
on_line_segments := TRUE}:
ends
2nd 3
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procedure yz_intersect (ptl.,

var

pt2s pt3.,
intercept:

(# ‘where ptl, pt2 define linel and pt3.

(* do lines 1 and 2 intersect in the vz
Var

delta, mu : real}
begin

1= FALSE:
1= FALSE};

intersection
on_line_segments

pta:
vector:
Var intersection:
Var on_line_segments:

vector:s

begleans
boclean) i

2

pt4 define line *)
plane, i1f sc where *)

delta := (ptil.y-pt2.y) * (pt4é.z-pt3.z2) - (ptl.z - pt2.z) *'(pta.y—QtS.y);
If abs(delta) 0,001 then
begin '
intersection = TRUE}
mu =
((pta4.z-pt3.z2)*(pta.y-pt2.y) — (pta.y-ptl3.yi«ipta.z-pt28.2)) / delta;
intercept.x 1= 0Of
intercept.y := mu % ptl.y + (1.0-mu)*pt2.v}
intercept.z = mu #* ptl.z + (1.0-mu)*pt2.z3
if (abs(intercept.y) 327467) and (abs(intercept.z) 387467 then
if
{point_betw_two_pcoints
(round(ptl.y)s round(pt2.y), roundiintercept.y?’ znd
poeint_betw_two_points
(round{(ptl.z), round(pt2.z), reund(intercept.zi and
point_betw_two_points
(round(pt3.y) s round(pté.y)r, round(intercept.yi zad

point_betw_two_points
(round(pt3.2).,
then
on_line_segments
ends
rend 3§

(399 36 36 3 36 35 3 3 336 3 3 I I e Fe A e I I I I o e Fe e Fe e He I e e A
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round{pté4.z), round{intercept.z)))

T I 96 B I A I N I KWK R W RN RN



{ MISCFUNC.FAS 3

(HERBERFFRFRRERRERRREREREXEEEEEERREREREREEKLEE XK R EFEEERREERFREREEEEEES)
precedure get_step(Var step: step_descriptor)s

Var
dummy: chars
begin
with step do
begin
write (*Enter positicn of robot tool (s y, z): 7))
readln (pos_vector.x. pos_vector.v, pos_vector.z)s
write (’Enter pitch of robot tocl (O to 140): s
readln (pitch)s
write ('Enter twist of robot tool (O to F0): R
readln (twist)s
write ("Enter gripper positicn (O to 30 millimeters): )i
readln (grippeyr):
write (*Object asscciated with step (O if noned: *)3
readln (step_cobject)s
if step_cbject <> O then
begin
write (*Status of cbject (AFFROACH. PICKUF, HOLD, RELEASE):
readln {dummy)} i
if dummy = A" then step_status := AFPROACH:
if dummy = °P° then step_status := FICKUP:
if duminy = "H® then step_status := HOLD:
if dummy = "R™ then step_status := RELEASE:
end
else step_status 1= 03
step_delay := 3%
ends
ends

3463 30 9 H 36 I I I 36 T 2T T I I I 6 6 T H 6 T I I 6 F I T T I I I I I I e e I I e K H IR )
procedure zero_regicn (Var zregion: region)ji

Var
I: integer:
begin
For I := 1 to 8 do
begin
zyvegionlIl.x = Of
zregionlll.y 3= 0%
zregionlll.z := O3
end;
end 3

€ 39 A F e B e e 33 0 Jo A T I A I I T F I I 6T K F e W N e K H RN )
function collision_zone(regicons: collision_regicn): Booleans
ar
Cy I tintegers
tegin
collision_zone := FALSES
begin
Far € := 1 to NumberOfRegions da
For I 1= | to 8 do
If ((regionslCyIl.x » 165.0) and {(regicnslC,Id.x
then collistan_zone := TRUES

{n

5.0))

IS

ends
ends
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procedure trans_regicen (new_origin: vector; arig_regicn: regicnsi
Var new_region: regicon);

Var

I: integer:
begin

For T 3= 1 to 8 do

REVER_ORIGIN (new_origins corig_regionlll, new_regionCId);

ends

{ btk A A A A bR e b St S 2 L b LI R LT R ET R TR Y R R R R R VIR
procedure adjust_vector(point: vectors VYar newpoint: vector):
begin

newpoint.x 1= point.x + 6203

newpoint.y = point.ys

newpoint.z = point.zs

ands}
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procedure adjust_regions (regicn: cellision_regionsi
Var newregion: collisicn_region);s

Var
CyI :integer:
begin
Fer C 1= 1 to NumberOfRegicons do
Faor I := 1 to 8 do
adjust_vector(regionlC,1J, newregicnlC,I11)3
ends

(S S a a2l aiant Lol il IRt Bl R R R T R SR RS vV g R |
procedure print_pointipcint: vector);
btegin

with peint do

begin

writeln (x:8:2, y:8:2, z:3:2);

ends

ends

(936 H S 3330 36 36 3606 2T I 2 366 36 3T 36 I 36 2 I e I 36 3 T T B 6B I F N e R )
procedure print_region (single: region);i

Vay
I: integer;
begin
wiritelns
For I := 1 to 8 do
begin
writeln (singlelll.:x:10:0, singlelll.y:4:0, singlelll.z:4:0):
end?
endi

IS A3 A2 RSS2 R TR R Rt gt 2L L RN S L T S R R U P I g S RV U AV
procedure print_regions (regions: collisicon_regicin) s

(s

vavr
C: integers:
dummy: charsj
begin
Fer- © 1= 1 te NumberOfRegicns do
begin
print_region (regicnsiCl);
2nd s
wrriteln {H1t RETURN to contivve’)s
readla (dummy) i
end 3
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procedure print_stepi{step: step_descriptor);

Var
dummy :char;
begin
With step dao
begin
Writeln (" Robot °, robet_id:l, ° Step °, step_id:3);
with pos_vector do
begin
writeln (° position vector: T, x:b:2.y:17:12,z:7:8)3
end3s
writeln (° tilt, twist, & gripper *,pitch:&6:2.twist:7:2.gripper:7:2.
writeln:
if step_cobject <> O then
begin
writeln (° Object: "+ step_cbjectid):
writeln (° Status of Object: *, step_status:4);
writelns
ends
writeln (° angles in radians: R
writeln (° axis 0: °y joint_anglelf0l:56:2 ):
writeln (7 axis 1: ", joint_anglelll:s:2 )3
writeln (7 axis 2: ", joint_anglel2l1:6:2 );
writeln (7 axis 3: ", joint_anglel31:6:2 )3
writeln (° axis 43 7, joint_anglel4l:4:2 )
wiriteln (7 axis S: *, joint_anglelSl:6:2 )3
writelns
writeln (° robot values: *);
writeln (° axis O0: 7, joint_valuelO0l:4):
writeln (° axis 1: "y joint_valuelll:4);
writeln (° axnis 8: . joint_valuel23:4):
writeln ¢~ axis 3: 7, joint_valuel3l:4);:
writeln (7 axis 4: °, joint_valuel&4l:4):
wrriteln (° axis S: 7, joint_valuelSl:4);
writelns;
end’
writeln ("Hit RETURN for next step®);
readln (dummy):
ends;
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