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(57) Abstract (5'3 COMMON BUS

In a robotic apparatus having a manipulator arm including plural motors to move the arm to predetermined spatial
positions and control means for the arm, a common bus (38) and common memory means (36) connected to the bus. The
control means (20) comprises respective microprocessor based controllers (26, 28, 30, 32, 34) for each of the joints, microp-
rocessor based computation means (24) for performing the mathematical computation to control the trajectories of the arm
and common microprocessor based coordinating control means for coordinating the activities of the other modular mic-
roprocessor based control means. Accessing means (22) is associated with the bus for providing each of the microprocessor
based control means with direct, exclusive access to the bus during respective time intervals. The common memory (36)
serves as a depository for messages to and from the microprocessor based control means to enable intercommunication be-
tween the microprocessor based control means accessing the bus.
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1 :
ROBOT ARM CONTROLLER WITH COMMON RUS MIMOR
BACKGROUND OF THE INVENTION

This invention relates generally to robotic systems, and

more particularly to contollers for robot manipulators.

Various robotic system have been disclosed in the patent
literature and are commercially available. Such systems frequently
include a manipulator arm for supporting a tool at its free end to
move the tool to desired spatial positions to accomplish some
desired task, e.g., handling parts for assembly operations,
machine loading applications, etc.

The manipulator arms used in such systews are frequently
jointed so that the tool can be moved to any position within a
three-dimensional envelope, commonly referred to as the working
envelope of the arm. One common practice is to form the ara of .
plural joints with interconnecting links so that the arm is arr-
anged to be moved to simulate movements of a human arm. Hence,
such arms frequently include a shoulder joint for rotating the arm
about a horizontal axis, a wrist joint for rotating the tool hold-
er about a pitch or a roll axis, etc. The actual movement of the
joints of the arm is accomplished by motors or other actuators.
The operation of the motors is usually accomplished under computer
control. In this regard, in state-of-the-art roboticrsystems, the
arms are controlled by computer means which include microproces-
sors for effecting movement of the arm to various positions within
the working volume in accordance with predetermined teachable and
repeatable programs. To accomplish such computer_control, the
joint motors frequently have associated with them encoders to
provide signals indicative of joint position. These signals are
operated on by mathematical computating means in the systen's
microprocessors so that the exact position of the tool within the
working volume is determined to insure accurate arm positioning
when the joint motors are operated to move the arm to another
position within the working volume.

While such prior art systewms are generally suitable for
their intended purposes, the interconnections between the micropro-
cessors of the system's controller provides severe coastraints on
future growth of the system. In this regard, in soime prior art
systems; in order to add additional processing capabilities, diag-
nostics, and mewmory, substantial modification to the circuitry

formning the controller is necessary.
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SUMMARY OF THE INVENTION

Accordingly, it is a general object of the instant 2

invention to provide a controller for use in a robotic manipulator
system which overcomes the disadvantages of the prior art.

Tt is another object of the instant invention to provide
a controller for a robot manipulator amm which is of modular
construction to enable a user to readily add capabilities to the
system.

It is still a further object of the instant invention to
provide in a controller for a robotic manipulator, common bus
means for enabling system processors to be provided access to the
pus for intercommunication or other operations.

It is still a further object of the instant invention to
provide in a controller for a robotic manipulator, which
controller includes plural, modular microprocessors for performing
various system functions, a common bus and common memory means
connected thereto to effect communication between the controller's
laicroprocessors.

It is yet a further object of the instant invention to
provide a modular microprocessor based controller for a robotic
system, whose processors share a common bus and common 1elory area
and which controller can be readily expanded by the inclusion of
other modular components Py interconnection on the comaon bus.

These and other objects of the instant invention are '
achieved by providing a robot apparatus comprising a manipulator
arm having plural joints and respective motor means associated
with said joints to move said manipulator arm to a predeterwuined

spatial position and control means for said arm. The control

*

means comprises respective modular microprocessor based control
means for each of the joint motor weans for the contol thereof,
microprocessor based control means performing the mathematical
' computations required to control the trajectories of the arm and
cowaon microprocessor based coordinating control means for
coordinating the activities of the other microprocessor based

control wmeans. A coaaon electrical bus and accessing means for

the bus are also provided. Each of the microprocessor based
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control means are connected to the common bus by the accessing
means. All of the microprocessor based control means operate in
parallel with one another. The accessing means provides each of
the microprocessor based control means with direct, exclusive
access to the bus during respective time intervals.

Other objects and many of the attendant advantages of
this invention will be readily appreciated as the same becomes
better understood by reference to the following detailed
description when considered in connection with the accompanying
drawing wherein:

DESCRIPTION OF DRAWING
Fig. 1 is a schematic diagram of the controller of the

instant invention for use in a robotic manipulator arm system;

Fig. 2 is a plan view of a typical microprocessor card
used in the controller shown in Fig. 1l;

Fig. 3 is a wiring diagram showing the interconnection of
various pins of the microprocessor cards shown in Fig. 1;

Fig. 4 is a schematic diagram showing the interconnection
between two cards shown in Fig. 1;

Fig. 5 is a table showing various inputs and outputs for

address locations of a PROM in each of the cards of the

controller;
Fig. 5A consists of two alternative table portions in the

PROM table portion of Fig. 5 identified by the legend "See Fig.
5a"; and

Fig. 6 is a table showing inputs and outputs of another
PROM of each of the cards of the controller.

‘ Referring now to the various figures of the drawing
wherein like reference characters refer to like parts, there is
shown generally at 20 in Fig. 1 a contoller for a robotic
manipulator arm system like that disclosed and claimed in our
co-pending United States Application Serial No. 314,156, filed on
October 23, 1981 and entitled Robotic Manipulator Arm, which

application is assigned to the same assignee as the instant

invention, and whose disclosure is incorporated by reference

herein.
The robotic system also includes a teach pendant (not

shown) and a manipulator arm (not shown). The arm includes
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various joints and interconnecting links. Each joint includes a
closed loop servo system associated therewith for moving the joint
to a predetermined position in space.

"In the robot arm embodiment disclosed and claimed in our
aforemeﬁtioned patent application, there are five joints, namely,
joint 1 (a "base" joint), joint 2 (a "shoulder" joint), Jjoint 3
(an "extension" arm joint), joint 4 (a "wrist pitch" joint) and
joint 5 (a "wrist roll" joint).

The controller and the teach pendant include the system's
electronics and memory and cooperate to enable the manipulator arm
to be taught a program (i.e., one or more positions in space)
during a “teach mode". This is accomplished by manually moving
the robot arm to desired positions and then depressing a teach
switch on the teach pendant to record that position in memory.
Once a program is taught, it is in the controller's memory and is
thus available for automatic replay or repeat by the arm when
called upon to do so.

The teach pendant and controller also cooperate to enable
any taught program to be readily edited without necessitating
rewriting of the entire program. Thus, the teach pendant includes
function editing switches to enable the program to be edited
directly by adding points or sub-routines, deleting points,
over-writing poihts, etc.

The controller 20 is the means by which signals are
provided to the arm to move the arm to the desired points in space
as called for in the program. This function is accomplished by
microprocessors in the controller. The arm also includes at each
joint an optical shaft encoder, which is a portion of its closed
loop servo system. The encoders provide signals which are .
operated on by the controller's microprocessors to determine the
actual spatial position of the arm's joints at any given moment. *
The controller also includes mathematical computation means for
calculating the trajectories of the arm and control means which
coordinates the entire operation of the controller.

Thus, as can be seen in'Fig. 1, the controller basically
comprises an input/output (I/0) control processor 22, a math
processor 24, a joint 1 processor 26, a joint 2 processor 28, a
joint 3 processor 30, a joint 4 processor 32, a joint 5 processor

34 and a common bus memory 36.

\
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Each of the joint processors 26-34 is arranged to contfol
the movement of an associated joint of the robot arm by
controlling the operation of the closed looped servo system's
motor. To that end, the joint 1 processor is associated with the
pase joint servo system, the joint 2 processor is associated with
the shoulder joint servo system, the joint 3 processor is
associated with the extension arm joint servo system, the joint 4
processor is associated with the wrist pitch joint servo system
and the joint 5 processor is associated with the wrist roll joint
servo system.

The math processor 24 serves as the means for effecting
the various mathematical computations necessary to control the
trajectories of the manipulator arm. The I/O control processor 22
serves as the overall controller for the system by coordinating
the activities of the other local processors, €.d-, joint and math

processors, and any peripheral equipment used in the robotic

system.
In accordance with the instant invention, each of the

processors 22-34 are modular, mlcroprocessors. Those
microprocessors, as well as the common bus memory 36 are connected
on a common electrical bus 38. This feature enables ready
intercommunication between various processors forming the system,
while also enabling additional processors or other modular
electronic or computer components to be added to the system.

The controller includes an I/0 control cable 40 having
various conductors which interconnect the various processors of
the system to effect the control thereof. Software, in the form
of programming, to be set forth in detail later, is provided to
the processors to run the operation of the system, and, in
particular, to control access of the microprocessors to the Dbus.

In accordance with the preferred embodiment of the
instant invention disclose@ herein, each of the processors 22-34
is a modular microprocessor card, such as the standard
commercially available card sold as Model 10804A by ESI Enterprise
Systems of Dover, New Hawpshire. Those standard cards are
modified somewhat, (as will be described in detail later) to
effect proper controller opefation- suffice it to state that each

processor card in the controller 22 includes a buffered and
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fully-expandable 6502 microprocessor based logic system with
onboard RAM, ROM, programmable parallel I/0O, programmable interval
timers and serial I/0 with programmmable baud rates. Each card
also includes a RAM with sockets for up to 2K bytes, and sockets
for up to 8K of EPROM or ROM. Two programmable I/O chips and an
asynchronous communication interface adapter with baud rate
generator are also included in each card. The common memory card
is also a standard CMOS Random Access Memory Card, such as that
sold by ESI Enterprise Systems as Model 10701.

In Fig. 2 there is shown a plan view of a typical
processing card, e.g., the joint 1 processing card 26. All of the
other processing cards are of similar construction save for the
individual modifications to the standard ESI 10804A cards, as will
be described in detail later.

As can be seen in Fig. 2, each processor card has a J2
connector 42 at its upper end for connection to the I/0O control
cable 40 and a bus connector 44 at its lower end for connection to
the common bus 38. The J2 connector 42 includes 50 output pins,
numbered 1-50. As will be seen later, only selected one's of the
pins are connected, via the input/output cable control lines 40,
to associated pins of the other processor cards of the controller
20. The bus connector 44 includes a total of 56 pins, numbered
1-56, and which are connected to corresponding pins of the other
processor cards of the controller 20 by the common bus 38.

In accordance with the commerical embodiment of this
invention, the common bus is manufactured by Prolog and is
identified as an "STD" bus. The control connections between the
processors 22-34 to effectuate access to the bus is provided, via
various connections or lines in input/output control cable 40.
Those connections are shown in Fig. 3. Thus, as can be seen
therein, there are connections between the pin J2 of connector 42
of the I/O control processor card 22, the math processor card 24,
the joint 1 processor card 26, the joint 2 processor card 28, the
joint 3 processor card 30, the joint 4 processor card 32 and the
joint 5 processor card 34. Only those pins which are inter-
connected with other pins are shown in Fig. 3, and all of the
unconnected pins are omitted from that figure in the interest of

drawing simplicity. In particular, pins 50 of all of the cards
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22-34 are electrically interconnected by common conductor 46 of
the I/O cable 40. In a similar manner, all of the pins 49 of all
of the processor cards are interconnected by a coumon conductor 48
of the I/O cable. The pin 44 of the card 22 is interconnected to
the corresponding pin of the card 34 by conductor 50. The pin 43
of the card 22 is connected to the corresponding pin of the joint
4 processor card 32 by conductor 52. The pin 42 of the card 22 is
connected to the corresponding pin of the joint 3 processor card
30 by conductor 54. The pin 41 of the card 22 is connected to the
corresponding pin of the joint 2 processor card 28 by conductor
56. The pin 40 of the card 22 is connected to the corresponding
pin of the joint 1 processor card 26 by conductor 58. The pin 39
of the card 22 is connected to the corresponding pin of the math
processor card 24 by connector 60. The pin 36 of the card 22 is
connected to the correqunding pin of the joint 5 processor card
34 by conductor 62. The pin 35 of the card 22 is connected to the
corresponding pin of the joint processor card 32 by conductor 64.
The pin 34 of the card 22 is connected by the corresponding pin of
the joint 3 processor card 30 by conductor 66. The pin 33 of the
card 22 is connected to the corresponding pin of the joint 2
processor card 28 by conductor 68. The pin 32 of the card 22 is
connected to the corresponding pin of the joint 1 processor card
26 by conductor 70. The pin 31 of the card 22 is connected to the
corresponding pin of the math processor card 24 by conductor 72.

In accordance with the main aspect of the instant
invention, all of the microprocessor cards of the controller 20
operate in parallel and on a continuous basis internally to
perform their desired tasks. However, the processors are
sequenced periodically to provide each processor with exclusive
access to the common bus 38 during a predetermined period of time
for effecting communication with other processors or portions of
the system. In that regard, the individual or local processors
continue to operate internally to performn their functions until
bus access is'provided. Thus, no processor card has to enter a
"wait" state in which their internal operation effectively ceases
until the occurrence of some event. This continuous operation

feature enables the maximum utilization of the processing capacity
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of the cards. Accordingly, the joint processors perform the joint
maneuvering computations and control, while the math processor
card performs its calculations and computations, all occurring
continuously without any having to stop operation.

The individual processor cards are provided access to the
bus sequentially each millisecond in a predetermined order, e.g.,
starting first with the math processor, followed by the five joint
processors and‘so forth. When a processor card is provided access
to the bus, it is said to be operating in the external mode, since
it can now communicate with other portions of the system which are
connected to the bus. Such other portions can be other
processors, (e.g., other Jjoint processors), or other electrical or
electronic components used in the system, e.g., bubble memories,
diagnostic components, sensory feedback modules, etc.

The common memory card 36 is connected to the bus and
serves as the depository of messages from the controllers'
processors. Thus, the processors on the bus are enabled to send
aﬁd receive messages to each other, via the memory card, during
their respective bus access time beriods. In order to preserve
message integrity, only one processor at a time is given access to
the bus.

In the commercial embodiment of the instant invention,
the I/0 processor card has be arbitrarily designated as the
driving element in the bus access algorithym by arranging it to
direct access to the bus. Thus, in that embodiment, the
processors 26-34 are granted access to the bus by the operation of
the I/0 processor card 22.

Access to the common bus for each processor card is
actually effected by the processor card's tri-state buffers. The
buffers are made up of the card's integrated circuits Ul, U2, UlO,
Ull, Ul4 and Ul5. The tri-state buffers serve to separate the bus :
from the card when disabled and to allow signals to pass
therethrough in either direction, i.e., read or write, to the bus
when enabled. The enablement of the tri-state buffers is
controlled by an ABENABLE signal. This signal is produced by the
processor card's Ulé PROM, as will be described later.

Wnile each of the processor cards of the controller 20
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include various PROMS, only PROMS Ul3 and Ulé are relevant for the
instant invention. The contents of those PROMS are shown in Figs.
5, 5A and 6, respectively. Moreover, each of the précessor cards
also include various EPROMS for operating the logic defined by the
PROMS U3 and Ul6. In each of the joint processor cards, only one
EPROM is necessary and that is located at U9. On the math
processor card, as well as on the I/0 processor card, EPROMS are
provided at both U8 and U9.

In the controller 20 of the instant invention, a low or
"0" signal effects operation of the associated.circuitry. Thus,
when the ABENABLE signal is high or "1", data cannot pass through
the tri-state buffers to the common bus 36. Conversely, when the
buffers are enabled by a low or "O" ABENABLE signal, data can pass
through the buffers to the bus.

In Fig. 6, there is shown in tabular form a map of the
various inputs and outputs to PROM Ule of a typical system
processor. Thus, the PROM Ul6 receives five input signals on
lines ADA, ADB, ADC, ADD and ADE, namely, MEMRQ (memory request),
R/W (read/write), 02 In (phase 2 input), BUSAK (bus acknowledge)
and BUSRQ (bus request). These inputs are five standard outputs
from the card's Ul2 microprocessor. The I/O control processor
card 22 has control of the BUSAK signal to provide the same to the
input of the Ul6 PROM on any other processor card, while the BUSRQ
signal is provided from the card itself. Thus the I/0 control
processor card has control of the BUSAK signal, while any one of
the joint processor cards 26-34 or the math processor card 24 has
control of the BUSRQ signal.

In the internal mode of operation, that is while the
processors are operating in parallel and before any processor is
given access to the bus, the BUSRQ and BUSAK signals are both high
so that the ABENABLE output from the PROMS Ul6 on the respective
processor cards is high. This high signal disables the associated
tri-state buffers so that no data can pass therethrough to or from
the bus.

As can be seen in Fig.-6, the ABENABLE signal is only low

when there is a coincidence of low signals on the BUSAK and BUSRQ
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inputs to the PROM Ul6. Such a coincidence of low signals on the
BUSAK and BUSRQ inputs establishes the "external"” mode of
operation of the card. It is during this mode of operation that
the processor card is allowed access to the bus to enable it to
communicate with other processors or external portions of the
system.

As can also be seen in Fig. 6, even when the BUSAK and
BUSRQ signals are both low (so that the card is in the external
mode), a low ABENABLE signal is not provided to the card's Ul6
PROM until there also exists a low MEMRQ signal. The MEMRQ signal
is the function of the signals appearing at the inputs of the
various address locations for PROM U3 of the card. To that end,
as can be seen in Fig. 5, the output signal MEMRQ of U3 is low for
all address locations from $1000 to $97FF (the symbol $ meaning
hexadecimal code). Thus, at those address locations, the MEMRQ
output goes low, whereupon the card's tri-state buffers are
enabled to permit the card to communicate with other portions of
the system, via the common bus.

Once the local processor card, that is the joint
processor card or a math processor card, which is on the bus, has
finished its use of the bus, it raises the BUSRQ input to its Ule
PROM. This action has the effect of immediately disabling its
tri~-state buffers, thereby precluding further access to the bus by
that card and placing the card back in its internal mode of
operation, i.e., internal mode B. The high signal appearing on
the BUSRQ line is also coupled, via the I/0 cable control line 40,
to the I/0 control proceséor card 22, whereupon its BUSAK line ADD
is raised high so that the card is in internal mode C. '

In accordance with the commercial embodiment of the
instant invention, once any local card takes access to the bus, it
can retain such access for as long as necessary, that is until it
provides the high signal on its BUSRQ line. 1In general, each of
the local processors is on the bus between 75 and 200
microseconds.

The detailed operation of the I/0O processor card 22 and a
typicalrlocal processor card, such as Jjoint 1 processor card 286,

to allow the latter access to the common bus will now be described
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with reference to Fig. 4. As can be seen therein, the I/0
processor card 22 and the joint 1 processor card 26 are shown
schematically with only certain portions of their integrated
circuit complement identified.

Each processor card includes a peripheral I/0 (PIO)
circuit U22. In accordance with the commercial embodiment of this
that circuit is a Rockwell No. 6522. The PIO circuit
As can be

invention,
is a bi-directional, 2-port chip, having ports A and B.

seen, port A of the chip U22 of the 1/0 processor card is
connected to the corresponding port of the PIO chip U22 of the
joint 1 processor card 26 by conductor 80. That conductor is a
portion of the I/O control cable 40 and is also connected to the
BUSRQ input of the Ulé PROM of the joint processor card 26. The
port B of the U22 PIO circuit of the I/0 processor card 22 is
connected to the CBl pin of the corresponding PIO chip U22 of the
joint 1 processor card 26 by conductor 82. That conductor is also
a portion of the control cable 40 and is connected to the BUSAK
input of the Ul6 PROM on the joint 1 processor card 26.

The control signals for access to the common bus are
generated by the PIO U22 on the I/0 processor card and the chosen
local processor card. It is these signals which control the
tri-state buffers.

As can be seen in Fig. 4, line 82, which is also
connected to the CBl pin of the joint 1 processor card 26 PIO U22,
is also connected to the U3 PROM BUSAK input line.

Before any local processor card is given access to the
bus by the I/0 control processor card 22, as will be set forth
hereinafter, the I/O control card gets itself off the bus under
control of its Ulc PROM. '

| Each processor card is given access to the bus once each
millisecond. This action occurs through the operation of one of
timers in the I/O processor's PIO chip U22. In this regard, the
timer in the PIO chip provides an interrupt signal once each
millisecond. This repetitive signal is used to cause the program
which is in the I/O processor card 26 EPROM to go into an
"interrupt" routine. This routine is specifically shown in the

software set forth later. The interrupt routine is provided to
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sense that there is a true timer interrupt. If so, then a bus
grant routine is utilized. The bus grant routine is also
described in the sofware set forth later. Thus, when the
"interrupt" is a timer interrupt, the first thing which occurs is
that a high signal is provided on the BUSRQ input to the I/O

control processor's PROM Ul6. This action causes that card's

tri~state buffers to isolate the card from the bus. After that
occurs, the I/0 control processor card allows the next successive
local processor access to the bus. In particular, the
corresponding bit of port B of the PIO circuit U22 of the I/0
processor card goes low. This signal is coupled by line 82 of the
I/0 control line 40 to the CBl pin of the corresponding PIO on the
next processor, e.g., the joint 1 processor card 26. This low
BUSAK signal is also provided as an input to the PROM Ul6 of the
joint 1 processor card 26, which causes a low signal to appear on
the high order bit of the PIO U22 of that card's port A. That low
BUSAK signal is provided as an input to the PROM Ul6é of the card
26. Thus, there is a coincidence of low BUSRQ and BUSAK signals
at the inputs to PROM Ul6. This places the joint 1 processor card
in the "external mode" to allow it access to the bus. As seen in
Fig. 5, when the joint 1 processor accesses a menmory space between
$1000 and $97FF, the MEMRQ line goes low. This signal is provided
as an input to the PROM Ul6, whereupon the low ABENABLE signal is
produced. Accordingly, the tri-state buffers of the card 26 are
enabled to give the card access to the bus to either read or write
data at any location within these address limits.

The comumon bus memory card 36 is electrically connected
to the bus at all times and thus receives data written from the
joint 1 processor card.

At the time that the low BUSRQ signal is provided to the
input of PROM Ul6 of the joint 1 processor card 26, it is also

. provided by the conductor 80 of the I/0 control line 40 back to

the port A of the PIO U22 of the I/O processor card 22.
Accordingly, the I/0 processor card is advised that a bus grant
was taken by the joint 1 processor, and thus the I/O processor

card now sits in a wait loop until line 80 goes high.




10

15

20

25

30

35

e R

WO 83/01520 PCT/US82/01487

- 13 -

When the joint 1 processor has completed any use it may
or may not have had for the bus 38, it concludes its external mode
of operation by raising the high order bit of its PIO 22 at port
A. This has the effect of disabling the tri-state buffers of the
processor card 26 and, in addition, informs the I/0 processor, via
its PIO chip U22, that the joint processor card 26 has finished
with the bus. The I/O processor then raises the appropriate bit
of port B. This action causes the BUSAK line to go high placing
the PROM Ul6 back in internal mode C. The I/0 processor card 22
performs the same operation in conjunction with the joint 2
processor card 28 to provide it with access to the bus. Each
successive processor is provided access to the bus in order. The
1/0 processor has access to the bus during the remainder of the
one millisecond interval after all the local processors have had
access to the bus. ,

As will be appreciated from the foregoing, both the
sending I/O processor card 22 and the receiving local processors
24-36 must provide a positive indication that the I1I/0 processor
card has granted access to the bus and that the local processor
has taken positive action to take advantage of the bus grant.

This collective positive action required fram both the sending and
the receiving processors within the system guarantees that only
one processor's tri-state buffers will be enabled at any one time.
Accordingly, only one processor can provide signals on the bus at
anf one time. This avoids various electrical and software
problems of having more than one processor accessing the bus at
the same time.

In accordance with the instant invention, any number of
processors can be physically connected on the comaon bus 38 for
sequential electric access thereto. Thus, it is necessary that
the I/0 processor card determine how many of the other processors
are physiclly connected to the bus. The algorithm for determining
this fact is established in the software program identified as
"TELWHO", also set forth hereinafter. Suffice it to say that the
“TELWHO" program is as follows: When the power supplies to the
bus are first turned on, initialization routines determine how

many processors are on the bus. This occurs by each processor
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message at a fixed location in the common bus memory
identifies each processor. With this
information, each local processor can calculate its
in the common memory where it can send or receive
routines for accomplishing the above are "WHICH"
as set forth hereinafter. Later, the I/0 processor
out a second message through the described
means which requests that each processor card on the
the question, "ARE YOU AWAKE?" This question is in
coded message which each processor recognizes as the

"AM I AWAKE" message. That message is provided, via the common

bus from the I
each joint pro
15 the first oper
into its own b

the bus, it is

/O processor card to the common memory card. When
cessor gets an opportunity to get on the bus during
ational sequence, it reads the "AM I AWAKE" message
uffer memory. When the processor then goes "off"
operating in the internal mode at which time it

determines that it is, indeed, awake. During the next interval

that the proce
20 AWAKE" message
processor card

message and se

ssor has access to the bus, it sends out a "I AM
on the bus to the common memory. When the I/O
has access to the bus, it reads the "I AM AWAKE"
ts a bit in the "ALIVE" location in the I/O

processor's data memory. This memory includes bits indicating

which of the p
25 information is

routine since

rocessors connected to the bus are alive. That
necessary for the operation of the interrupt

that information is used by the I/O processor card

to see if a processor is alive before allowing that processor to

access the bus

and to identify to the I/O processor card where on

the bus the local processors are located.

30 As set forth above, during the initialization phase, the

joint processors, as well as the math processor, are each arranged

to calculate an address in the common memory to which they will

send or receiv
allows an arbi
35 bus. In addit
bus is establi
has a unique a

messagyes are s

e messages. It is this initial operation that
trary number of processors to be connected to the
ion, the local processors assigned position on the
shed at this time. Thus each processor on the bus
ddress on the common memory card through which

ent and received.
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The comuaon bus memory card 36 is physically connected to
the common bus like all processor cards 22-34. However, it has
electrical access to the bus at all times, unlike the processor
cards 22-45. This is necessary inasmuch as the common memory card

36 is used in the controller 20 as the depository for messages

between various processors on the bus. Thus, once the assignment

of each processor has been made on the bus as set forth above,
specific ranges of memory are reserved in the memory card for the
messages to and from that particular processor. In the commerical
embodiment of the controller of the instant invention, the
locations $1000-$1100 are reserved for interprocessor commun-=
ication. A message to a processor is delivered to a specific
location within that processor's memory space on the memory board.

In order to retain message integrity, that is to verify
that the data was received by the processor to whom it was
directed and was not overwritten by new messages, the high order
bit in the command byte serves as a signal to indicate whether a
message was active (unreceived) or not. In this regard, if the
high order bit of the command byte is high, that means that a
message was not received by the processor to whom the inessage was
directed. When the receiving processor is allowed access to the
bus and actually receives the message through the bus from the
conon hemory card 36, it clears the high ofder bit of the commnand
byte, i.e., changes it to "0" and writes it back into the sawne
mewwory location. This action indicates that a suessage was
received and that a new message may now be written. If the
sending processor notices that the high order bit is set ("1"), it
will not overwrite the existing message, but will wait uatil the
high order bit is cleared. This procedure guarantees that no 7
message i1s overwrittean by any other message until after it has
been received.

As should be appreciated from the foregoing, the common
bus memory card 36 serves as a storage area for messages between
the individual processors of the system. Thus, intercommunication
between the processors on the bus is accomplished indirectly
through the common memory card. The individual processors foraing

the controller 20 operate in parallel, that is they operate
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continuously in their internal mode to perform their calculations
and are sequentially given access to the bus to provide data to
the common memory card or for receiving data from the common
memory card. Data which is provided to the common memory card is
thus made available for other processors to read when such
processors gain access to the bus. The memory card 36, in addition
to serving as the common commﬁnication area between the processors
of the system, also provides the robotic system with iaeans for
storing robot programs. In the commerical embodiment of the
instant invention, the memory card 36 is a CMOS card with a
battery backup so that when the robotic system is turned off, the
stored robot programs remain in memory.

It must be pointed out at this Jjuncture that while the
common bus memory card is important insofar as enabling
comaunication between the processors, the instant invention is of
broader scope. In this regard, by the use of the common bus, with
each of the processors oOf the controller coanected thereto and
given access to the bus sequentially, one can add as may
processors or other peripheral equipment to the system as is
required to perform a desired task. Thus, in the context of the
instant invention, the memory card is only necessary for
comaunication between the processors.

As noted earlier, each of the processor cards is a basic
ESI 10804A card, which has been modified slightly for use in the
controller 20. To that end, the joint processor cards are
wodified from the standard cards provided by the manufacturer as
follows: The pins 41, 42 and 44 of the common bus connector 44
are electrically isolated form the circuitry of the card. The
pins 13-19, 31-37 and 39-46 at the J2 connector 42 are all
electrically isolated from the circuitry of the card. 1In
addition, the pins 13-20 of the J2 connector are all electrically
interconnected as are pins 31-38 and pins 39-47. Moreover, the
pin 38 of the J2 connector is connected to the pin 13 of the Ulo
PROM of the card. Furtherstill, the pin 47 of the J2 connector is
connected to pin 14 of the Uldé PROM.

The I/0 processor is also a standard ESI 1084A card which

has been modified as follows: The integrated circuit U2l is
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removed. The pins 41, 42 and 44 of the commnon bus connector 44
are electrically isolated from the circuitry of the card. The pin
46 of the J2 cable connector 42 is electrically connected to pin
5 14 of the - Ul6 PROM of the card. In addition, pin 50 of the
connector 42 is electrically interconnected to pin 13 of the Ulé
PROM.
The EPROMS sockets of the I/0 processor card 22 are also
modified to accomplish addressing of the I/0 processor EPROMS. 1In
10 this regard, in U9 there is provided a 4K EPROM, whereas, in U8
there is provided an 8K EPROM. In addition, pin 21 of U8 and pin
21 of U9 are electrically isolated from each other. Furtherstill,
pin 21 of U8 and pin 22 of Ul2 are all electrically connected. In
addition, the jumpers A, B, C, D, E and F are electrically
15isolated from the EPROMS. Furthermore, there is an electrical
connection between jumper A and A3, B and Bl, C and Cl, D and D1,
E and'El'and’F'ana F1l to the- EPROMS. T ' Tt
The math processor card 24 is also a standard ESI 10804A
card which has been modified as follows: Pins 31-37 and 39-46 of
20the I/0 connector cable 42 are electrically isolated from the
corresponding portions of the card. Pins 31-38 of the connector
42 are electrically interconnected as are pins 39-47. Pin 38 of
the connector 42 is electrically connected to pin 13 of the card
Ul6 PROM. Pin 47 of the connector J2 is electrically connected to
25pin 14 of the card Ul6é PROM. Pins 41, 42 and 44 of connector 44
are electrically isolated from the associated circuitry on the
card.
As described heretofore, the electrical access to the
common bus is accomplished through the operation of the PROMS U3
30and Ul6 of each of the cards under the direction of the software
in their EPROMS. 1In this regard, the EPROMS set the level to the
inputs of the PROMS U3 and Ulé in such a manner that each
processor card gains access to the common bus, as set forth
heretofore. . The EPROMS U8 and U9 also include additional
35programning for effecting other operations of the robotic system
not germane to the instant invention.
In Fig. 5 the inputs and outputs for various address

locations of the PROM U3 are mapped in tabular form. Fig. 6 is a
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similar address map showing the inputs and outputs for the Ule
PROM.
The address locations of the U3 PROM in Fig. 5 are shown
5 in the leftmost colum and are written in hexadecimal code. The
“inputs to the PROM are provided on lines ADA, ADB, ADC, ADD and :
ADE, respectively. The outputs of the U3 PROM are provided on
line DOl, D02, DO3, DO4, DO5, DO6, DO7 and DO8 and correspond to
signals CO ROM 166, Cl ROM 167, IORQ, MEMRQ, INTIO, SI, SO and NC.
10Insofar as the instant invention is concerned, only the MEMRQ
signal, as described heretofore, is used by the controller 20 to
provide access to the common bus for the gystem's processors.
- As shown in Figs. 5 and 5A at the address locations
EOQO-F800 there are two available sets of outputs DOl and DO2.
15Those two sets of outputs are identified as mode A and mode B.
The outputs of mode A represents the manner of accessing 4K of
PROM space, while the outputs Of mode B represents the accessing
of 8% of PROM space. These two modes are necessary in order to
utilize either 4K or 8K EPROMS. In this regard, in the joint
20processors in the commerical embodiment of the instant invention,
the outputs of PROM Ulé are mode A outputs, since 4K of PROM space
is used.‘ In the math processor card, 8K of PROM space is used.
Thus, the PROM Ul6 outputs are the mode B outputs.
Attached hereto as Exhibit A (pages Al-AlO) is the
25 goftware (programming) described heretofore for effecting
operation of the controller. The programming is set forth in the
language identified as CSL-65 and M65, both of which are sold by
Compass Microsystems of Ames, Iowa.
As will be appreciated from the foregoing, the controller
30 of the instant invention is formed of modular microcomputer based
components and has a common bus and common memory. These features
permit the siwmple addition of plug-in modules to enable the user R
to add system capabilities, as desired. Thus, the system can be
expanded to include various additional capabilities, such as .
35 pubble memory, diagnostics, etc. Moreover, by interconnecting all
the processors on a common bus, the processing load throughout the
system can be shared expeditiously. Furtherstill, inasmuch as the

individual processors operate continuously without requiring any
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to go into a wait mode before gaining access to the bus,
maximization of processing capacity is effectuated.

Without further elaboration, the foregoing will so fully
illustrate our invention that others may, by applying current or
future knowledge, readily adapt the same for use under various

conditions of service.
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CLAIMS

What is claimed as the invention is:

"l. A robot apparatus comprising a manipulator arm having
plural joints and respective motor means associated with said
joints to move said manipulator arm to a predetermined spatial
position and control means for said arm, said control means
comprising respective modular microprocessor based control means
for the control of said inotors, microprocessor based control means
for performing the mathematical computations required to control
the trajectories of said arm and common modular microprocessor
based coordinating control means for coordinating the activities
of said other modular microprocessor based control means, a common
electrical bus and accessing means for said bus, each of said
microprocessor based control means being connected to said common
by said accessing means, all of said microprocessor based coatrol
means to operating in parallel with one another, said accessing

means providing each of said microprocessor based control means

with direct access to said bus.

2. The apparatus of Claim 1 wherein said bus is arranged
to have connected thereto additional components for said apparatus
by use of said accessing means.

3. The apparatus of Claim 1 additionally comprising
common memory means connected to said bus and serving as a
depository for messages to and from said microprocessor based
control means to enable intercommunication between said '
microprocessor based control means through said bus and said
common memory means.

4. The apparatus of Claim 3 wherein said microprocessor
based control means which are connected to said bus are given
access to said bus in serial seguence.

5. The apparatus of Claia 4 wherein said bus is arranged
to have connected thereto additional cowaponents for said apparatus
by use of said accessing means.

6. The apparatus of Claim 4 wherein none of said
microprocessor based control means has to go into a wait state

before having access to said bus.
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7. The apparatus of Claim 1 wherein said common
microprocessor based coordinating control means is arranged to
produce signals whenever access is to be given to another
microproceéssor based control means and wherein said other
microprocessor based control means is arranged to produce signals
when it desires access to said bus, whereupon said other
microprocessor based control means is granted access to said bus
by said accessing means.

8. The apparatus of Claim 7 additionally coaprising
comnon mewory aeans connected to said bus and secving as a
depository for messages to and from said microprocessor vased
control means to enable intercomnunication between said

microprocess based control means through said bus and said common

memory means.
9. The apparatus of Claim 8 wherein said microporocessor

based control means which are connected to said bus are given
access to said bus in serial sequence. .

10. The apparatus of Claim 9 wherein said bus is
£o have connected thereto additional components for said
apparatus by use of said accessiag weans.

11. The apparatus of Claim 1 wherein said access is

exclusive during respective time intervals.
12. The apparatus of Claim 11 wherein said time

intervals are sequential.
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