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Abstract:

The following thesis discusses some possibilities of improving an analog computer by adding digital
circuitry and an interface to a digital computer. The thesis work involved modifying an Electronic
Associates Inc. TR-48 analog computer and interfacing it to a Digital Equipment Corporation
PDP11/03 digital computer. Hardware built as part of the thesis includes circuitry to detect when one of
the amplifiers in the analog computer is about to go out of range, circuitry which gives the digital
computer the ability to input the output voltage of any amplifier, and circuitry that allows the digital
computer' to stop and start the analog computer. A real time clock was also built and added to the
digital computer as part of the thesis work. All of the hardware implemented is described in detail in
the thesis. The thesis also describes an example problem that demonstrates the capabilities of the
implemented system. The example problem shows that an analog computer can be greatly improved by
adding digital circuitry and a digital computer interface.

The thesis discusses some additional hardware that could be added to the system. It is concluded that
giving the digital computer complete control of the analog computer would be unfeasible except for
special purpose systems because of the tremendous amount of software that would have to be written
on the digital computer.



STATEMENT OF PERMISSION TO COPY

In presenting this thesis in partial fulfillment of the requirements
for an advanced degree at Montana State University, I agree that the.
" Library shall mgke it freely availablé for ingpection. T further agree
that permission for extensive copying of this thesis for séholarlyl
purposes may be'granted'by'my_major professor, or, in his absence, by
the Director of Libraries. It is understood that any copyiang or
publication of this thesis for financigl gain shall not be allowed

without my written permission.

‘Signature j%gﬁa%ﬁ%‘lj, ;%kyhnééﬁa-v
- 77 7
Date 5/2 )/707




IMPROVING AN ANALOG COMPUTER BY AﬁDING DIGITAL ELECTRONICS
AND A DIGITAL COMPUTER INTERFACE

by

ROBERT JOSEPH HORNING

A thesis submitted in partial fulfillment
of the requirements for the degree

of
MASTER OF SCTENCE
in

Electrical Engineering

Approved:

Chax?han, Cradhate Commlttee

(G L QL

Head, Major Department

Loy e

Graduate Dean

MONTANA STATE UNIVERSITY
Bozeman, Montana

June, 1079




TABLE OF CONTENTS

I INTRODUCTION &« &« ¢ + v « o o »
1.1 Introduction . . . o

* e .

. . & e a .

1.2 A Comparison of the’ Two Types of Machlnes .

1.3 Advantages of Combining an Analog and a Digital

Computer . ., « +. . . .

1T THE IMPLEMENTED SYSTEM . . . .
Introduction . . . . . .
The Analog Computer . .
.The Digital Computer .

NN NNDNDNN
- e o . .
oUW

°

The'.Real Time Clock . . .

III  SUGGESTED ADDITIONS TO.THE SYSTEM . -

3.1 Introduction . . .

The ADV11-A Analog to Digital
The DRV11~16 Bit Parallel Board .

. . -

The Over-Range Test Circuitry .
A Program to Demonstrate  the System . .

3.2 Suggested Hardware Addltlons
3.3 Suggested Software Projects .

IV CONCLUSION . . ... . .
4.1 A Summary of the The51s .

4.2 Suggested Future Projects .

APPENDIX A

The A/D Converter Distribution Panel

APPENDIX B

. . - . .

Converter . .

- e o .
LI ] e e

. . . . e

Calibration

. . . .

Program .

Circuit Description and Schematics for the Real Time

Clock . . . . .

APPENDIX C

] . e o . .

Circuit Déscription and- Schematics for Over-Range

Circuitry . « « « « & &

APPENDIX D

v . . - .

Program Listing for Demonstration Program

REFERENCES . . o ¢« & &5 « & & &

52

63

69

81




LIST OF TABLES

Table 2-1 , - :
Real time clock status register bit assignment . . . . . .

Table 2-2 .
Over-range test circuitry status register bit assignment .

Page

15

23




LIST OF FIGURES

Page
Figure 2-1 _
System Block Diagram . . . « « « ¢ o e o 0 0 s e o4 e e . o 7
Figure 2-2
Locations of switches, tabs and jumpers on the real time
Clock « v i ke e e e e e e e e s e e e e s e e e s 16
Figure 2-3 .
Setting address to the status register . . < . « . o + & 18
Figure 2-4
Setting the interrupt vector for the status register . .. .18
Figure 2-5 .
Block diagram of over~range detection circuitry . . . . . 22
;Figufe 2-6 - .
5e~t represented in block diagram form and its analog
computer realization . « + « & ¢« ¢ ¢ 4 4 4 4 e . . . . 27
Figure 2-7
L 29
Figure 3-1
16 channel D/A CONVETLET . « « + o o o « o s o o o« o o+ o 34
Figure 3-2
Programable gain amplifier . . . . « ¢« ¢« « & & o« &+ & 4 37
Figure 3-3
Programable analog switches . . . . « ¢« « o + & & + 4 o . 39
Figure B-1 ‘ .
Real time clock circuit layout. . . . + « ¢« « « « & o« « & 57
Figure B-2
Real time clock schematics . . . « « « v ¢« & ¢ & o o o 58
Figure C-1

Over-range detection circuitry schematics . . . . . . .« . 66




vi

ABSTRACT

The following thesis discusses some possibilities of improving an
analog computer by adding digital circuitry and an interface to a.digi~-
tal computer. The thesis work involved modifying an Electronic :
Associates Inc. TR-48 analog computer and interfacing it to a Digital
Equipment Corporation PDP11/03 digital computer. Hardware built as
part of the thesis includes circuitry to detect when one of the ampli-
 fiers in the analog computer is about to go out of range, circuitry
which gives the digital computer the ability to input the output
voltage of any amplifier, and circuitry that allows the digital computer’
to stop and start the analog computer. A real time clock was also built
and added to the digital computer as part of the thesis work. All of
the hardware implemented is described in detail in the thesis. The
thesis also describes an example problem that demonstrates the capa-
bilities of the implemented system. The example problem shows that an
analog computer can be greatly improved by adding digital circuitry and
a digital computer interface.

. The thesis discusses some addltlonal hardware that could be added
to the system. It is concluded that giving the digital computer complete
control of the analog computer would be unfeasible except for special
. purpose systems because of the tremendous amount of software that would
have to be written on the digital computer.




Chapter I

INTRODUCTION

1.1 Introduction

The purpose of this thesis is to demonstrate that a small amalog
computer, when augmented with a small digital microcomputer, can be
turned into a much more versatile computer tool. The thesis does'not
éttempt to'produce an en& product comparable with a modern commercial
hybrid compu?er but shows that our existing analog computer can be
considerably enhanced in its capabilities by the addition of a digital-
computer and interface.

The following section gives a brief description of how an analog
computer and a digital computer solve differential equatioms. It also
- discusses some of the advantages and disaavantages of egph procedure.
Sec;ion 1.3 discusses some of the advantages that might be gained by
interfacing an analog computer to a digital computer while still
operating primarily in the analog mode.

Chapter Two gives a more detailed description oﬁ the circuits
designed and built and the software actually written.

Chapter Three discusses some suggested projects. It includes
some designs that were not actually implemented.

Chapter Four gives some conclusions that were arrived at as a

result of the research.
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1.2 A Comparison of the Two Types of Machines

Analog computers are primarily used to simulate systems that can
be describéd“by a set of differential equations. In parficular rela-
tionships the outputs of electrical systems to the inputs can be
represented by differentiél equations. It is possible to adjust the
components of a mechanical system so that it may bé.represented by the
same differentiai equations as a given electricgl systém;‘With all the
variables of the mechanical system reﬁrésented by voltages. The
primary component of an analog computer system is the opéfétional
amplifier (op amp). With resistive feedback the oﬁ amp acts as a.
voltage summing amﬁlifier, With capacitive feedback, the output is’
the integral of the sum of the inputs. The op amp can also be made
to differentiate, bué‘differentiators are highly susceptible to noise
and thus are seldom used. There are other components that are |
present in most analog computers, but these will not be discussed here.
For more information on the components of an analog compuger, see
references (1), (2), and (3).

The solution to a problem on an'anaiog computer is a voltage,
observable on an oscilloscope or a voltmeter, or recorded on an XY
plotter. The solution may be real time or it may be scaled in time.
For problems with small time constants, time is slowed down by in—‘
creasing the'time constants in the analogous electrical system. TFor

problems with large time constants, time is speeded up by -decreasing
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the time constants in the analogous electrical system. Usually the
amplitude must also be scaled in order to stay in the linear range of
the op amps. For more information on time and amplitude scaling, see
reference (1).

The analog computer is controlled'manually. The problem is first
wired on a patch board (this is where the bulk of the work is in pro-
graming an analog computer). Next the computer is put in RESET mode
and a static check is made, i.e., the ipitial conditions are checked
for validity. Finally the computer is put in OPERATE mode and the
solution is generated. At any time during the run of the program the
computer may be put in HOLD mode. 'In this mode the solution is stéfped
and conditions can be changed or observed and the problem restarted.

When an op amp goes out of its linear range on the analog com~
puter, an indicator light goes on telling which amplifier is out of
range. The problem with this is that the 1igh£ does not come on until
the amplifier has been out of range for a few seconds and thus the
problem must be restarted from the beginning.

When a digital computer is used to solve differential equatioms,
numerical methods are used to approximate the solution. Methods such
as Runge-Kutta and Adams-Molton, when used with a small enough step
_ size, can get very nearly exact solutions to differential equations
(4). On the other hand, an analog computer cannot be expected to have

more than about one per cent accuracy.
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A digital computer also has the advantage of having a greater
dynamic range. One of the big ad&antages that a digital computer has
over an analog computer'is greater ease in_programming'and debﬁéging
the problem. Modern hybrid computers have alleviated this problem
through the use of FORTRAN type programs that set up the préblem
through the digital portion and through the implementation of auto-
patching.

There are three main advantages to using an analog computer. The
first is that once the problem is set up it will run faster. The
second advantage is that the problem.can be set up so that there is a
one~to—~one correspondence between the different blocks of the system
being simulated and the components of the analog computer. Finally,
it is not necessary to learn numerical analysis.as is necessary to

understand a digital algorithm.

1.3 Advantages of Combining an Analog and a Digital Computer

In recent yvears prices of digital circuitry and digital computers
have dropped to the point where it has become feasible to incorporate
digital circuitry and a computer interface into most electrical equip-
ment of any complexity.

A digital computer can be used to control and monitor an analog
computer. The outputs can be monitored and results stored so that

curve fits can be done on the data later, off-line. The digital com-
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puter can also be used to monitor the op amps to check when they are
about to go out of range, and to put the analog comp;ter in HOLD be-= -
fore the solution becomes incorrect because of non-linearity in the
op amps. When this occurs the digital computer can indicate the
action to be taken by éhe programmer in order to -stop the analog com~
puter from going out of range or perform the necessary operation if
digital control circuits are part of the system. The digital computer
can also be used to do an autcomatic static check and to set up initial
conditions on the integratérs. If this were done, iterative. problems
such as solution of boundary value differential equations using the
shooting method could be solved automatically (2, 4).

There are many more ways in which a digital‘compﬁter might
enhance an analog computer, but only the above will be discussed in
this thesis. The next chapter will describe the circuits that were
actually built and the software that was written. Chapter Three will
describe the hardware and software that would have to be implemented

in order to obtain all the capabilities mentioned above.




Chapter II

THE IMPLEMENTED SYSTEM

2.1 Introduction

This chapter gives the description of all the designs that were
actually implemented as part of the theéis project. It first gives a
brief description of the two computers that were used in the project.
These are the Electronic Associates Inc. TR~48 Analog Computer and the
Digital Equipmént Corporation's PDP11/03. Next, the hardware that was
added to the two computers is discussed. This includes two boards that
were purchased for the PDP11/03 and ome that was designed and built by
the author. The two boards purchased were an analog-—to-digital con-
verter and a 16 bit parallel I/0 board. The custom board was a
programable real-time clock. Equipment added to the TR-48 analog com-
puter includes an interface to the digital computer and circuitry to
place the analog computer in the HOLD mode and then signal the digital
compuéer to take action when an amplifier is about to go out of range.
In the final section of this chapter software that was W;itten to
demonstrate .the use of the system is described.

A block diagram showing how the different parts 6f the system are

interconnected is shown in Figure 2-1.

2.2 The Analog Computer

The TR-48 is. a general purpose analog computer that was built in

the early 1960's. The TR-48 has forty-eight op amps of which fourteen
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may be used as integrators. It also has a number of other functional
blocks such as comparators, multipliers and diode function generators,
but these have no significant effect on the designs presented in thi;
thesis. The linear range of the op amps is from minus ten volts to plus
ten volts.

Theré are six modes of operation on thg TR-48 analogvcomputer.

(1) The POTSET‘mo&e is used to set ﬁp the problem by applying ten
volts across thé potentiométers S0 thét they éan be set to the désired
values. |

(2) The SLAVE mode is used Whén it is desired to run tﬁo TR-48
computefs in paralleli :

(3) The REP-OP mode, or repetitive_operation-mode,'is used when it
is desired to display the solution to.a system with a small time constant
on an oscilloscope. . The problem will be restarted at a ﬁredetermined
rate. With the introduction of a good storage oscilldscope this mode
is not as essential as it once was.

(4) The RESET mode causes the intial conditions to be loaded into
the integrators.  It is used to make static checks and to start a
problem. :

(5) 1In the OPERATE mode the problem is being rﬁn;“Normally.the
progranmerl@fllpﬁt the computer in RESET mode and then OPERATE mode.

(6) HOLD mode suspends the solutiom. All the op amps will hold
their values when the HOLD mode is entered.

The designs in this thesis will give the digital computer and
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digital circuitry control of the QOPERATE, RESET, and HOLD modes.

2.3 The Digital Computer

The PDP11/03 is a 16 bit microcomputer: system with 28K words of
memory and a duai floppy disk. It has extensive software including a -
monitor, an editor for building fiies, file handling programs; a FORTRAN
compiler and a macro-assembler. The PDP11/03 treats all‘input—outputL
deviceé as memory locations. This.makes it quite easy to add new
boaras to the systemr Input~-output modules occuby the addresses from
- 28K to 32K. Daisy-chained grant signals provide a priority-structured
interrupt I/0 system.(5)., Priority is determined by the ph}sical loca-
tion of devices on the backplgne: -When an I/0 device's interrupt re-
quest is granted, the device sends to the processor a vector address
that points to the location in memory of the interrupt servicing routine,
thus eliminating the need for devige polling on the occurrénce of an
interrupt. The PDP11/03 uses a software stack to 'store return addresses
for interrupt routines gnd subroutine calls. This makes it quite simﬁle
to write transparent interrupt routines and subroutines which will

automatically sequence correctly.

2.4 The ADV11-A Analog to Digital Converter
In order to monitor the solution to a problem on the analog compu-
ter, the digital computer must be provided with an analog to digital

(A to D) converter. It was decided that the ADV11-A A to D converter
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Euiltjby Digital Equipment Corporation was adequate for the job. The
ADV11-A is a 12 bit converter and uses a successive approximation tech~-
nique to make the conversion. It multiplexes sixteen single ended or
eight quasi-differential analog channels. The A to b converter can
operate in single ended mode or quasi-differential mode. (It is not true
differential in that it does the A to D conversion on one line and then
does the A to D conversion on the other line and tgkes the difference.)
The single ended pode was selected because the computers are in closé
proximityitO'one-another so that the noise ﬁigked up in the cable would
be negligible compared to the noise picked'ﬁp in the'patch board. (The.
currents in the c;ble are very small compared to the currents iﬁ the .
patch wires.). The analog input range is between -5.12 volts and +5.12
volts. h

The ADVil—A takes up two address locations on the PDP11/03 bus.
One location is a buffer that holds the results of the conversion. The
other location is a 16 bit status register which is used to ;ontrol the
converter and to monitor its status. For a cqmpleté description of the
status register see reference (6). Only the features of the status
register used in the designs for this thesis are discussed below.

A to D Start - This is a bit that is set by program control and
causes the ADV11-A to start a conversion.

External Start Enable - This bit is set by program control and
allows an external signal to cause a conversion to start. The external

slgnal must be provided to a tab on the ADV11-A board and conversion
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starts on a high to low transition of this signal.

A to D Done - This bit is set by the ADV11-A when a conversion is

done and the result is ready in the buffer. When the buffer is read
the A -to D Done bit is automatically cleared.

Done Interrupt Enable - This bit is set by program control and
causes the ADV11-A to generate an interrupt request when a convefsion
is done, i.e., when A to D Done is set.

Multiplexer Address - This is a set of four bits set by progranm
control that give the channel address on which the conversion is to be
made.

A to D Error - This bit is set by the ADV11-A fér oﬁe of three
reasons. It is sef if an external start is attempted before the chan-
nel multiplexer has had time to settle. It is set if an attempt is

made to start a conversion when a conversion is in progress. Finally,
it is set by failing to read the results of a previous conversion be-
fore the end of the current conversiomn.

Error Interrupt Enable - This bit is set by program control and

causes the ADV11-A to generate an interrupt request when the A to D
Error bit has been set.

When using the ADV11-A, the programmer must be careful not to

start a conversion for nine microseconds after the channel multiplexer -

address has been set. The multiplexer must be given. this amount of
time to settle.

The conversion time of the ADV1I-A is thirty-two microseconds.
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When interrupt I/0 is used, a through-put rate of about 32 KHz is obtained
if all the convérsions are made on one channel. If the input channel is
changed between every conversion, nine microseconds must be added to

the conversion time thus dropping the through-put rate to about 25 KHz.

It was necessary to build a distribution panel for the A to D

converter. Because the ADV11-A has an ihput range from -5.12 to-+5.12

and the TR-48 analog computer has a range from -10 to +10 wvolts, it is

desirable that some of the channels on the A to D converter have divide
by two voltage dividers. This was done to the top five channels (10-15)

by inserting 10 K-Ohm voltage dividers. On these channels this lowers
the input impedence to the A to D converter to 10 K-Ohm. This is
acceptable because of the low output impedence of the op'amps on the
analog computer. However, caution should be taken if the .distribution
panel is used elsewhere. The problem could be corrected by adding op
anp buffers ts the inputs of these channels.

Appendix A contains the listing of a program that will assist the
user in calibrating the voltage dividers on the distribution panel,
along with directions on how to use the program.

For more information on the ADV11l-A board and information on how

to program it, see reference (6).

2.5 The DRV11 16 Bit Parallel Board

In order to communicate with the digital circuitry that was added

to the analog computer, a DRV1l 16 bit parallel input-output board was
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purchased from Digital Equipment Corp6ration. The DRV1l was used only
for output. Therefore, the'inpu? channei could be used for some othef
purpose.

The DRV11 has an output buffer, an ipput buffer, and a status regis-
ter. The status register has two request flags that can be set by the
circuitry with Whiéh the computer is communicating. It also has an
interrupt enable bit for each of these flags. When the interfupt enable
bit is set and the corresponding request flag is. set, the DRVI1 will
generate an interrupt request. 'Lastly, the DRVll‘status régistér haé
two flags which are set and cleatred dndgr program control. '

How thé-output buffer register was usea to control the digital
ciréuitry will be described-in Section- 2.7.

For a more detailed description of the DRV1l1 board, see reference

(6).

2.6 The Real Time Clock

In order to do data acquisition or real time control using a digital
computer, it is necessary to have samples accurately spaced. Thus
there was a need for a programable real time clock. A clock could have
been purchased from Digital Equipment Corporation, but the only one
available had more features than were necessafy and also took two slots
on the PDP11/03 backplane where a custom board would take only one slot.
It was also decided that the real time clock would be more economical

to build than to buy. Since this board was built as part of this
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thesis, a detailed description of its use is given here. Appendix B has
a detailed description of how theAboard is put together along with
schematics for theﬂbqard. |

The real time.clock has a buffer register and a stafus register.
The buffer register is loaded with a negative number (in two}s complement
form). When the clock is”enabled tﬁe buffer is loaded into a sét of
counters., fhe couﬁting frequency'is determinéd by three bits of the
status register. When the counter bverflqws, the overflow flgg.oflthe.
statﬁs‘registér is set, a pulse is given on an‘external’conﬁector tab
(this can be used to start ‘the A télchoﬁverter); and the bﬁffér is
loaded into the counters again. If the interrupt enable bif‘is set in
the status register, the real time clock wili‘génerate an interrupt
request., If the overfldw flag of the status register is not cleared by
the time that a second’bverflow occurs, an error flag is set.‘ Table . 2-1
summarizes ﬂow the bits of the status register are used. (The bits are
numbered ¢ to 15, from fight to left.)

The time base for the real time clock is a 2 MHz crystal oscillator
which, when divided by two, produceé the needed 1 MHz signal. The 1 MH=z
signal is divided by ten four times-té give the other néeded frequencies.

When an external frequency is to be used with the counter, the sig-
nal should be connected to connector tab A. (See'Figure 2-2 for the
location of comnector tab A.) The external input is TTL-compatible and
consists of one TTL unit load.

When an overflow occurs a pulse will be generated on connector tab B.
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Table 2-1

Real time clock status register bit assignment

Bit O Clock Enable - set or cleared under program
control and causes the buffer to be loaded into
the counter and counting to start.

Bilts 3. 4,0 Counting Frequency - determines the rate at
which the counter counts.

000 - does not count
001 - 1 MHz

010 - 100 KHz

011 - 10 KHz

100 - 1 KHz

101 - 100 Hz

110 - external

111 - Line (60 Hz)

Bit 6 Interrupt Enable - set by program control and
causes the real time clock to request an
interrupt when an overflow occurs.

Bit. 7 Overflow Flag - set by real time clock when an
overflow occurs and cleared by program control.

Bit 12 Error Flag - set by real time clock when an

overflow occurs while bit 7 is still set.
Cleared when bit 7 is cleared.
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(See Figure 2-2 for the location of connector tab B.) This external out=
put is TTL-compatible and capable of driving about eight TTL unit loads.
(The External Start on the analog-to-digital converter presents five TTL
unit loads. It is assumed.that connector tab A will be connected to the
External Start connector.tab on the A to D converter,)

The address of the status register.is determined by the‘settings of
the DIP switches 7 and 8 on SWl, and 1 through 7 of SW2. (See Figure 2-2
for the locations of SW1 and SW2.) The address of the buffer register
is the address of the status feéister plus Fwo.._It_is two greater than |
- the address register is because the PDP11/03 has byte‘(Sibits) a&d;essiﬁg
and thus 16 bit words ha%e even nupbefed addresses. Eigure'Z—B.shéws ‘
.how'the‘addreSS'ié'aetermined. Notice that the‘address is in the top 4K
(8K bytes) of meﬁory. Digital Equipment Corpo;aﬁion recommends that the .
real time clock address”be set to the octal address 170420,

The interrupt vector is determined by the settings of switches 1
through 5 of SW2. Figure 2-4 shows how the interrupt vector is deter-
mined. The interrupt vector points to an address in memory that contains
the address of the interrupt service routine. The program counter will
be loaded with the address of the interrupt service routine when an inter-
. rupt is granted to the real time clock. The address following the new
program counter address contains the new status word. Thguqld program
couﬁter and status word are pushed onto thé stack. Only the bottom byte
of the vector address can be set by the switches and thus the location of

the interrupt vector must be in the bottom 128 words of memory. (The




18

1 i X X X

1 1 1 1 > ol e o (e i . askd (el 85 . T B SRl A e 159 ¢ 0

$7. .86 85 -84 783 82 8188 5]

N )
SW1 SW2

Switch on 0
Switch off 1

Figure 2-3 : Setting address to the status
register.

o &b A A A Wb 13 e SR S0 NG F Al B
8584 1S3 L6215 L
Swl

Switch on 0
Switch off 1

Figure 2-4 : Setting the interrupt vector for
the status register.
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PDP11/03 operating system leaves the lower part of memory for interrupt.
vectors.) It is recommended that the wvector addréss for the-real time .
clock be set to octal 370 (byfe address) because this address is not used
by any existing devices.

The five volt power supply on the PDP11/03 was loaded to.its limit.
if.thus Became necessary to use an extra five volt power suﬁply.. The
extr; power éupply ﬁas connected to the first four slots foliowing the -
CPU board én pin AUl . (See refefénce (7), page 303, for location of
this'pin.) The reason the top foﬁr slots_ﬁe?e_used is that these have
the highest priérityvand the real. time clock shoﬁld have a high priority -
since time is critical for good results. If it is desired to:usé the
regular power supply to power the.real time clock, the jumper should be.
removed from module pin AUl and installed_betweeﬁ jumpers 1 and 2. ‘For

the locations of jumpers 1 -and 2, see Figuré 2;2.

2.7 The Over-Range Test Circuitry

One of the main problems with an analog computer is that.the op
amps go out of linear range. This problem is exécerbated because it is
difficult to tell exactly when an amplifier goes out of range. Conse~-
quently, when the‘solution to a problem goes out of range the programmer
must rescale the problem and start over from the beginning. To allevi-
ate this problem, circuitry was added to the analog computer to sense
when any amplifier was about to go out of range. When an amplifier

approaches an out of range condition the amalog computer is automatical-
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ly put in HOLD mode and the digital compﬁter is signalled to take ac~-
tion. It is assumed that the digital computer will read the values of
all amplifiers and pass the infermation on to either the user or an
automatic rescaling routine. The schematics for the over~range detec-
tion circuitry are given in Appendix C, along with a description of
the circuitry. A description of how the circuitry operates and how it
1is programed is given here.

It is obvious that .multiplexing is necessary in the design because
there are only sixteen channels on fhe A to D converter and forty-eight
op amps must be monitered. Also, it is desirable to have as many
channels available as is possible for data acquisition. Another con-

sideration is that the converter can only sample at about 30 KHz,

which means that if it were desirable to check each ‘amplifier at a

frequency of 500 Hz, the digital computer would have.very little time

to do anything else.
Three comparators were each multiplexed to sixteen op amps through

a set of analog switches. The analog switches were controlled by a 4
to 16 line decoder, which was driven by a 4 bit loadable counter. The
circuitry can belrun in two modes. In the usual mode the up counter
counts at a frequency of a little over 10 KHz. This causes each op amp
to be checked for over-range condition at a rate of about 625Hz. (The
sampling frequency was determined by the slew rate of the op amps driv-
ing the analog switches used for multiplexing.) If an op amp is about

to go out of range the analog computer will be put in HOLD mode auto-
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matically and the digital computer alerted.

In the other mode the digital computer will disable the 10 KHz clock
and ioad a value into the counter. This value selects which three ampli-
fiers are multiplexed into the comparators. The inputs to each of the
comparators are also multiplexed through a set of analog switches.

These threé analog switches are controlled by the digital computer.

The outputs of .this mpltipleker Wili normally be connected to one of
the channels of the A fo D converter fhrdugh a banaﬁa plug connector.
'Tn summary, this allows the digital computer to obtain the value of the

output of any oé amp. . A block diagram'of,thelapalog multiplexer isl
shown in Figure 2-5. |

The intérface of the digital cémputer from the ovefload checking
circuitry was acc&mplished by the use of the DRV1l 16 bit parallel
input/output board described»iﬁ Section 2.5. The buffer of the parallel
board was used as a control status register for fhe overload checking
circuitry. The way this control status register is used is shown in
Table 2-2.

The use of the control status register must be clarified. Using
the multiplexer address along with the load bit permits access to the
output of any op amp while the problem is running. Howevetr, caution
must be used when this is done because when the over-range circuitry
is in the load mode only the amplifier being observed is being checked
for over-range. (the counter is disabled). Normally the load mode is

only used when the analog computer is in HOLD mode.
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Figure 2-5 : Block diagram of over-range detection circuitry.
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Table 2-2

Over-range test circuitry status register bit assignment

Bits 0-5

Multiplexer Address - The bits 0 through
3 are loaded into the counter when the
load bit is set.

Bits 4 and 5 are used to multiplex one of
the three comparators' inputs to the
Analog to Digital Converter.

Bit 6

Not used.

Bit 7

Load Bit - Set by program control. When
set it will disable the 10 KHz clock and
load the multiplexer address into the
counter.

Bit 8

Auto Hold - When set by program control the
analog computer is automatically put in
HOLD mode.

Bits 9-14

Not used.

Bitalb

Auto Operate - When set by program control
the analog computer will automatically be
put in OPERATE mode.




24

The voltage detected by the A/D converter is half the voltage of
the op amp being monitored because the A/D converter has a range from
-5.12 to +5.12 vélts, while the op amps have a range of -10 to +10
volts. Also, the analog switches used can only handle a differential
of 15 volts. 1In the design the analog switches.are switched between
+6 volts and -6 volts {or a 12 volt differential).

When using the over-range detection circuitry to read in yoltages
the user must be sure to give the multiplexer time to settle. At least
100 microseéonds should be allowed.

If both the Auto Hold bit and the Auto Operate bit are set the
analog computer will stay in HOLD mode. Also, if the Auto Operate bit
is set while an op amp is oVer-range the analog computer will stay in
OPERATE mode and the overload circuitry will not generate an interrupt
to the digital computer. Normally when the Auto Operate bit is used to
start the solution it will be set and immediately cleared. It was
decided that the Auto Operate bit would have priority over the over;
range circuitry so that the user could by-pass the over-range circuitry
if he desired. There is also a manually oéerated switch on the front
panel of tﬁe over-range circuitry which will give control of the analog

computer back to the user. This switch ié located on the front of the
case of the over-range detection circuitry.

The over-range detecgion circuitry provides a link between the
analog computer and the digital computer. This interface can be used

in any way desired but was meant to be used in the following way.
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The digital computer uses the console terminal to instruct the
operator to put the analog computer in RESET mode.. Next, the digital
computer sets bit 8 of the control status register (the Auto-Hold
bit). This does not affect the mode of the analog computer because the
HOLD mode is accomplished by disabling the OPERATE mode and thus Auto-~
Hold only has effect when the analog comﬁuter is in OPERATE mode. Next,
the operator is instructed to put the analog computer in OPERATE mode |

and to signal the -digital computer that this has been done (by use of

the consple terminal).. The digital computer will then clear the Auto-

Hold bit and pulse the Auto-Operate bit. This will start the solution.
If an op amp .goes over-range the analog computer is put in HOLD mode
by disabling the OPERATE mode relay, and the digital computer receives
an interrupt. The interrupt routine will storé all the voltége values

of the op amps and instruct the operator to take action.

2.8 A Program to Demonstrate the System

The previous sections of this chapter described all the hardware
that was constructed as part of this thesis. This section will summa-
rize the system that is now available and describe the program that was
written to demonstrate how the system can be used. A listing of the
program is given in Appendix D.

Basically what exists is an analog computer being monitored and
partially controlled by a digital computer. A block diagram of the

system is shown in Figure 2-1. The digital computer is capable of
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acquiring data from the analog computer and deciding if the solution
should be stopped. Data can be stored on disk to.be evaluated aftér the
solution has been run; The solution will be stopped if an op amp
attempts to go out of range. When this happens, the digifal computer'
is alerted to take action. The digital computer can read in the values
of all the amplifiers, storé them on_disk, and a}eft the operator to
correct the problem. The solution need not be startgd’overhbecause thé'
stored values can be used as_iﬁitial conditions when thé problem is ré;
scaled. However, it must be remembered to also rescale the initial
conditions.

f'Thé program that was written uses all the capabilities mentioned
above.’ it does an.solve a practical pr&blem on the anaiog computer,
but it does demonstrate how the equipment is used..

The program only uses a few op amps of the analog computer. Two
simple functions are realized. They are a -déclining exponéntigl and a
rising exponential.

The declining exponentizal has a time constant of one second and
initial condition of.five volts. The block diagram (as used in feed-
back contfol theory) for the function and tﬁe analog computer wiring
diagram are shown in Figire 2-6. See reference (8) for more informa-
tion on feedback control theory, and rYeference (1) for information on
the symbols used in analog computer wiring diagréms.

The rising exponential was given a time constant of .75 seconds

and an initial condition was chosen to be one volt. These values were
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chosen so that the integrator would go out of range after about three
seconds. The block diagram and the analog computer wiring diagram are
given in Figure 2-7. Notice that the A/D convefter output had to be
taken off a separate op amp buffer from the actual output. This is be—
cause of the relatively low input impedences of channels 11 through 15
(the divide by two channels). See Section 2.4 for the explanation of
why this is so. When channels 11 through 15 are used they must not be
put in parallel with or hooked to the output of one of the analog
computer potentiometers.

After the problem was set up on the analog computer, the program

on the digital computer was run. This program first asks the operator

for the name of the two disk files in which the data from channels 14
and 15 are to be stored and the name of the file in which the outputs of
the amplifiers are to be stored if there is an over-range interrupt.

The operator is then instructed through the console terminal to
put the analog computer in RESET mode, let it settle and then put it'in
OPERATE'mode. When a linefeed character is input on the console the
solution is started.

The digital computer samples each output every .03 seconds. The
samples are stored and checked to see if they are over eight volts.
When one is over eight wvolts, the solution is s;opped, i.e., the analog
computer is put in HOLD mode, and the operator is asked if the solution
should be continued. .If the response is po;itive the analog computer is

put in OPERATE mode and the solution is continued.
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When an op amp goes out of rangé because of the rising exponen-
tial, the solution is stopped, the values pf all the op amps are
stored, and a message is set to the console;'
At this point exponential curve fité were done on the input data.
The fits showed the input data to match the modeled exponentials quite
well. The highest error was within ome half per cent of the expected

value.




Chapter ,III
SUGGESTED ADDITIONS TO THE SYSTEM

3.1 Introduction

The system as it now exists can digitally monitor the solution and
automatically stop or start the solution. What the system lacks in
hardware is the capability of using the digital computer to affgct‘the
solution on a real time basis, and the capability of digitally restart-
ing the problem with new initial conditions that were determined and |
sef by the digital computer. Section 3.2 will discuss hardware that
can be implemented to give the system the capabilities mentioned above.

In or&er.to'completely exploit the system, a large amount .of soft~
ware must be written. Section 3.3 will discuss some software ‘goals that,
if met, would give much of the wotrk now done by the usef.to‘the digital

computer.

3.2 Suggested Hardware Additions

The hardware needed to complete the system as discussed in the
introduction of this chapter would probably cost about the same for
components and be about the same size as the hardware discussed in
Chapter II.

The most desirable piece of hardware that could be added to the
sys£em would be a digital to analog (D/A) converter, The D/A converter
would give the systém the capability of automatically setting the

initial conditions of the integrators and the capability of enabling
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the digital computer to change inputs to the problem as the solution
progressed.

The D/A converter should have at the very least siﬁteen channels.
This would give fourteen channels to set the initial conditions in each
of the integrators and leave two chanmnels to use as real time inputs to
the solution. The D/A converter would preferably have twelve bits of
resélution in order to match the resolﬁtion‘of the analog to'digital
converter. The speed of the D/A converter should be faster than thirty
microseconds (the speed of the A/D’convérter). The range of the converi-
er should be between -10 and %10 volts to match the range of the analog
computer.

Digital Equipment Corpo;aﬁion has available a D/A converter built
for the PDP11/03 that meets all the requirements except that‘it has only“
four channels. One of these channels could be multiplexed into éixteen
sample and hold circuits to meet the requirement of having at least
sixteen chanhnels. However, with just a little more effort and a lot less
expense, a 16 bit parallel board can be used to give the digital computer
control of circuitry that contains the mulﬁiplexing and the sample and
holds along with a D/A converter.

A D/A converter éhip that meets all the specifications can be
purchased for under twenty dollars (10). The output of the D/A converter
would be multiplexed to the inputs of the sample and hold circuits in
much the same way that the analog computer op amp outputs weré multi-

plexed to the A/D converter. However, it should not be necessary to
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multiplex the actual analog signal as will be shown in the suggested
design. Sample and hold chips could be purchased or thé'sample and
holds could be realized with op amps and analog switches. Reference (9)
gives some examples of sample and hold circuits realized with op amps
and analog switches. |

With only sixteen bits to work with on the status register (the
output buffer of the parallel board), it is necessar& to share SOﬁe
bits. This is because twelve bits are needed for the data input to the
D/A converter and foﬁr bits for the multiplexer. This leaves none for
control. The data bits for the D/A and thg multiplexer addressubité
could be shared: This leaves four bits for control. One could be used
to load the buffer for the D/A, oné could load the multiplexer a&dress,
one could enable the multiplexer, and omne Woﬁld be left as a sﬁare.

A suggested design is shown in Figure 3~1. Bits @ through 4 are
shared by both the D/A buffer and the multiplexer address buffer. The
remaining bits of the D/A buffer occupy the positions from 5 to 11.

Bit 12 is used to’load the multiplexer address buffer, bip 13 enables
the multiplexer, and bit 14 loads the A/D input buffer.

Notice that all the inputs éf the sample and holds are tied to-
gether and thus .no analog signal multiplexing is necessary.

Some buffering might be needed on the multip1e§eflpgtgyt if the
sample inputs on the sample and hold circuits are not TTL compatible.

The D/A input buffer could be eliminated by requiring that the

multiplexer buffer be loaded first and the D/A converter allowed to -
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settle before the multiplexer enable bit was set. However, this would
lead to programing inefficienbies and is not recommended.

The number of D/A channels could be easily increased simply by
adding more saﬁple and holds and making the multiplexer larger.

With the ability to set the initial conditions on the analog com-—
puter using the digital computer, it becomes desirable to have the
aﬁility té put the énalog éompgter in RESET mdde using the digital
computer. This would give the digital computer the capability of load-
ing the initial conditions and then starting the .problem.

Giving the digital computer control of the RESET mode is quite
easy. The same type of circuitry that allowed it to control the-QOPERATE. .
mode éan be used. (See Appéndix C.) It is fecommendeq that fhe control
of the RESET mode be given a bit in the status register of the over- -
range detection circuitry. This is because the OPERATE mode control and’
HOLD mode control bits are in this register and all thé mode control
bits should be in the same place.’

It would probably be desirable to build circuitry to prevent a
programmer from ipadvertently putting the analog computer in both
OPERATE mode and RESET mode simultaneously. This can be done by ANDing
the Auto-Reset bit with the complement of OPERATE signal to form the
effective Auto-Reset signal. It must be remembered that the analog com-
puter can be in OPERATE mode even if the Auto~Operate bit is not set.
The correct signal to use for the ANDing is pin 5 of the 7575 chip shown

in the schematics of Appendix C.
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For the system described to this point, the digital computer com-
pletely controls'the operation of the analog computer and can change
initial conditions and inputs. However, the digital computer cannot
automatically change the dynamics of the problem. If, fbf eiampié, in
a particular problem it is known that one of the amplifiers=ﬁill even-
tually go out of range, it would be desirable to be able to rescale that
particular amplifier automatically. In other words, it Woula be useful
to have some programable gain amplifiers.

The programable amplifiers should’meét all the specifications of
the régular émplifieré'(ll) except that the gain would be cgntrolied‘by--
the computer rather than by resistors.
| A suggested method of achieving alprogramable gain amplifier using
an bp amp and a set of analog switches is shown in Figure 3-2. . This
amplifier resémbles a standard D/A converter. The op amp acts as a

summer and the transfer function can be expressed as

Vout Rg
~ _ (bg + 2by + &by ... + 2%by)

R

1

Vin
where the b's are binary digits (1 or ). The above equation shows that
the gain of the amplifier is directly proportional to the binary weighted
sum of a set of binary digits or, in other words, a binary number. The

maximum gain is

Vout

( o Sy
Vin Imax = Ry S

- The values of R@ and R; determine the value of the maximum gain.




programably loaded register

VOllt

I9TJTTdwe ured oTqewexdoag :

(oo Ne)

z-¢ °an81g

LE

Vin




38

In the actual realization of the programable amplifier of Figure 3-1,
it would be desirable to have the outputs of the analog switches buffered.
This is because the internal resistance of the analog switches could
make the selection of the resistor values difficult or impossible.

Doing thié would also raise the input impedence of the programable

amplifier. If quad op amp chips were used (such-as LM325's), very few

chips would be added to the circuit.

Eight bits of resolution would meet the requirements for most

problems.- If this were the case each amplifier would require an 8 bit

‘buffer, two quad analog switch chips, two quad op amp éﬁips, nine

precision resistors, and an op amp for the summer. It might also be
necessary to buffer fhe outputs of the buffer to drive the coﬁtrols of
thé'analog'switches properly.

A sixteen bif'parallel board could be used to load the buffer
register. With multiplexing, the same parallel board could be used to
load the buffers of any number of programable gain amplifiers.

The system could also be reconfigured by the digital computer by
the use of programable analog switches. This would be rather simple
and they could be programed using the same parallel board that would
control the programable gain amplifiers.

The outputs would have to be buffered in order to eliminate the
effects of the resistance in the analog switches. Figure 3-3 shows a
suggested design for the program controlled analog switches.

If the system were configured with all of the components discussed




control buffer

Figure 3-3 : Programable analog switches.
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to this poinf, a .very .versatile hybrid machine would .be obtained. How-
ever, one essential element is missing from the system. That.elément
is the'software; .The'neit.section will discuss some software .that

could .be written to take advantage of the system.

3.3 ‘Suggested Software Projects

The development of the software necessary to fullyteiploit the’
hardware:developed in this thesis. would .be an .immense job. However,
just as the hardwére was .only develcﬁed partiall§ and still fesulted in
a useful system, the software could be partially developed and still be
useful. This.section suggests some software projects that might ﬁe
undertaken in order to enhance.the system.

One of the main tasks of the digital computer is that of data
acquisition. This task must .be.performed in a real time mode and thus
.very little should .be done as far as data.reduction (such as converting
the voltages to the simulated variables) while data is being acquired.
However, if a large amount of data is .being input (on .the order of
100,000 samples or more) it might'.be .desirable to compress the data.
Sinceithe data has twelve bits of .resolution and.the word.length of the
computer is sixteen bits, it is possible to store four words of data.in
.three computer words. This.increases the problem of ‘programing .but
saves twenty-five per’.cent in storage space. Another problem that must
not .be overlooked is.that of what to do when'.the SOiution is .rescaled.

When'.the solution is .restarted it must be .remembered that .the . new data
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is to be multiplied by a different scale factor.

When it becomes necessary to rescale the problem it would be pos—
sible to have a software routine that would do the rescaling. If the
rescaling involved a programable gain amplifier the routine could
reset the gain of the amplifier and restart the program. If it in-
volved one of the analog computer op amps, it could notify'the operator
to reset the gain or gains. It would be desirable to have this routine
keep track of how the acquired'daéa must be scaled and to pass this
information on to a data reduction routine.

The data reduction routines would usually be run Aftéflthevcomple— :
tion of the problem and would normally be written in FORTRAN. (The
;eal time routine might be written in assembly language bgcause of
speed'consideration); Programing in FORTRAN has the advantage of being
éasier to program and :provides acceéss. to. canned programs. The data
reduction routines would do things like convert-the data to the proper
units, plot the data and do curve fits on the data.

A type of problem that has been briefly mentioned but ﬁot expounded
upon is the iterative type problem. Boundary value ﬁroblems are of this
sort. In this type of problem some of the initial conditions are known
and some of the end conditions are known. The unknown initial condi-
tions are guessed and the solution run. The computed emd conditions
are compared to the known end conditions and this information is used
to estimate nmew initial conditions. This procedure continues until

some tolerance is met. It would be desirable to have a real time
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routine to load the initial conditions using the D/A convertef and to
reset the aﬁalog computer, and then restart the problem. This same rou-
tine would acquire the end conditions and pass them to a file. A second
routine (probably written in FORTRAN) could read the file and calculate
the new estimated initial conditions and pass this information to a
second file. The original routine could be restarted. It would read in
the new initial conditions, load them into the analog computer, énd
start anotheriiteration. This would continue until the required toler-
ance was met. The FORTRAN routine would also chegk to Qee that.the
solution is remaining stable.

The most difficult softﬁare problems would be ones which would
reconfigure the system. However, there areparticularpfoblems that
could take advaﬁtage of this capabilit? without too much effort. An
example is the simulation of a system that varies with time. The
hybrid system could be used to develop an adaptive controller for such
.é system.

One of the main goals in developing software for a system of this
type should be to make it general purpose and easy to use. Any soft-

ware developed for the system should be developed with the idea of

making the system easier to program.




Chapter IV

CONCLUSION

4.1 A Summary of the Thesis

This thesis illustrates that an analog computer can be made a more
useful tool through the implementation of digital circuitry and an
interface to a digital coﬁputer.

The hardware.built gave the digital computer the capability of
monitoring the analog computer for dver-range conditions-(of some other
condition) and acquiring data. The digital computer could stop and
start the solution but had no capability of acfually entering into theh
problem solution. The program in Appendix D demonstrates all the capa-
bilities of the hardwafe. This program can be used to acquire data
and monitor for over-range conditions for any problem run on the TR-48
analog computer with little or no modification. éome modifications
would be required if datawereté be'acquired from more than two ampli-
fiers. The program is documented quite extensively. Therefore, modi-
fications. should not be. a"great problem.

The digi£a1 computer can start and stop the solution but has no
capability of actually entering into the problem solution. This limi-
tation makes the hardware relatively easy to use. The hardware
described in Chapter ITI would give the digital computer the ability to
interact in and reconfiguré the problem. The hardware could be built
without great expense, i.e., it could be realized With.Standard TTL and

lineatr components. However, the software requirements for the system
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would be extensive. For the noninteractive system the'softﬁare only
checked for some condition andystopped'the solution when this condition
was met. In.an interactive system the software must choose among a
number of alternatives. Some of the possibilities are listed below.

1) The problem may have to be rescaled. An amplifier about to go
out of range would be adfusted'to prevent it from going out of range.
Data being acquired must also be rescaled. The condition of aﬁ ampli-
fier output being scaled too low must also be checked. The error of
the amplifiers is a percentage of full scale so small outﬁuts have-thé-
largér per cent error. |

2) It may be necessary to calculate new initial conditions and
restart the problem. This would be necessary in boundary wvalue prob-
lems in which the shooting method was used.

3) It may be necessary to change the gains of various blocks in
the problem being solved. The software may have to rescale in both
amplitude and time when this is done. An example of this would be in
the simulation of adaptive control systems.

4) The problem may be reconfigured by the use of analog switches.
This might be necessary in the simulation of nonlinear (;elay type)
prqbléms.

5) Lastly, it may be necessary to stop the solution and store
the end conditions. This might be done because the solution is finished
or has gone unstable.

The tasks listed above are only a part of the software problem.
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The digitally set inputs must be controlled. Data must still be ac-
quired and stored. Also, it would be highly desirable to have soft-
ware to help set up the problem. This is especially true with the
digitally controlled components of the system.

In conclusion, it appears that the major obstacle to overcome in
completely hybridizing an analog computer is the software problem. The
software is a large enough problem to make the complete hybridization’
of an analog computer unfeasible.

Tt is shown, however, that an analog computer can be improved
through the use of a digital computer and,&igital circuitry; -Particu;ar,
advantages were readily apparent in putput'data colleqtion and presenta-
tion. The ability to prevent the problem from geoing over-range and
the ability to acquire data in digital form were added to the s&stem
without undue expense and Without the need to develop extensive soft-
ware.

Finally, although a PDP11/03 microcomputer is used in this system,
a much smaller and more compact system could be realized using a micro-
computer such as the Billings Microsystem System which employs a Z80A
microprocessor, display, floppy disks, and input/output processor all

in a single terminal.

4.2 Suggested Future Projects

This section gives some ideas on improving the system without

completely hybridizing it.-
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Although the sample p:ograﬁ is easy to adapt to any problem it
would be-desirable to have a program that required no manipulations to
work on any problem (to the limits of the hardware). Such a program
would have inputs such as number of A/D channels needed, sampling
rates for A/D channels used, how long to run the problem, and on what
condition to stop tﬁe'problem.

It would be desirable to have.a program that converted the data
from the binary representation used by .the A/D converter to the actual-
units of the system being simulated. Thisvprog¥am woﬁld have for
inputs scaling factors and the output files from a solution run. It.
would also be desirable for this program to have plotting capabilities.

Although it would most likely be ﬁnfeasible to implement the
complete hybrid system suggested in Chapter III, it might be useful to
use some of the hardware suggested to implement a special purpose
system. For example, if a complex system (one using a large percentage
of the analog computer components) was being simulated and it was
desired to develop a digital controller for the system, it would be
desirable to have a D/A converter. The additioﬁal software required

would only involve software to realize the controller.
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The A/D Converter Distribution Panel

Calibration Program

In order to run this calibration‘prpgram jumper together channels
10 through 15 of the distribution panel; Next, apply about‘five volts
tO»these jumpered channeis and run the program. The name of the Loaé
Module is PNLTS. SAV.

The program will compare channels ll.thrqﬁgh 15 to channel 10 and
instruct the user which way to turn the pots on the -distribution panel. .
The number'given fo? each chaﬁnel by‘the’pr6g¥amAcan be used té esti;
mate how many times the particular pot should be turned.. Divide .this
number by two. to get'£hé estimatef

The program should be run until all numbers output are less than
or equal to omne.

To leave the program, hit control "C".
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7

s THE FOLLOWING FROGRAM IS USED TO CALIBRATE THE
sA/0 CONVERTER DISTRIRBUTION PANEL. CHANNELS
11 THROUGH 15 ARE DIVIDED RBY TWO CHANNELS AND
sEACH HAS A FOT THAT IS USED TO CALIBRATE THE

s CHANNEL .

4

sTO USE THIS FROGRAM AFFLY FIVE VOLTS

yTO CHANNELS 10 THROUGH 15. THE FROGRAM

sREADS THE VALUE OF THE VOLTAGE AT EACH

s0F THESE CHANNELS AND CALCULATES HOW EACH FOT
sMUST RBE TURNED IN ORDER TO MAKE THE VDLTAGES
AT CHANNELS 11 THROUGH 1% EQUAL TO HALF THE
sVOLTAGE AT CHANNEL 10,

SRUN THE FROGRAM UNTIL ALL VALUES OQUTFUT TO THE
FFRINTER ARE EQUAL TO 1 OR O.

y
sTO GET BACK TO THE MONITOR HIT CONTROL C.
y
v
RO=%0
R1=%1
R2=%2
R3=%3
R4=%4
REG=%5
Ré&=%b
R7=%7
OMCQLL QPRINT’QTTYIN’OOUQOOVOTTYOUT
o A
START: CLR @#402 sOUTFUT MEG AND WAILT
ILOOF13 JFRINT #MSG +FOR A LINEFEED TO BE
s FiRGEN s INFUT
+FRINT #HEAD sFRINT THE HEADING
+TTYOUT #SFACE »
MOV #INTRL»R@#400 sSET THE A/D VECTOR
MOV #5100,2#170400 FSET A/L STATUS REG.
INC @#170400 FSTART CONVERSION

WAIT sWAIT FOR INTERRUFT




MOV #INTRZ2,E#400
INCR @#170401
TETE @#170401
BEQ - LOOFPL

INC @#170400
WAILT

BR LOOFZ2

LOOP23

A

s INTERRUFT ROUTINE TO READ
s CHANNEL 10

?

INTR1: MOV 170402sR1
ADD #4000 R1
Rtk

.

y

50

s CHANGE A/D VECTOR

s CHANGE A/D CHANNEL
sALL CHANNELS TESTED?
sRESTART IF DONE
sSTART CONVERSION
sWAIT FOR INTERRUFT

s CHECK NEXT CHANNEL

IN VOLTAGE ON

sR1 GETS A/l INFUT

sAND 4000 TO R1
FRETURN TO FROGRAM

s INTERRUFT ROUTINE TO CHECK CHANNELS 11-135
sAND OUTFUT CALIBRATING INSTRUCTIONS

y

INTR2: MOV
MOV
ASL

SUR

170402yR2
4y R4

R2

R1sR2

EGT GRTH

NEG R2

+FRINT #RIGHT
+TTYOUT #SFACE
BR RETRN
+FRINT #LEFT
+TTYOUT #SFACE
ROL R2

ROL R2

ROL R2

ROL R2

ROL R2

ROL R2

ROL ‘R2

ROL R2

MOV R2sR3

ROR R2

GRTHS

RETRN?S

LOOFS?

sR2 GETS A/D INFUT
$LOAD 4 INTO R4
FMULTEPLY "R20EY S
sSUBTRACT R1 FROM R2
s RRANCH IF POSITIVE
sNEGATE R2
SFRINT THE WORID
$TO THE PRINTER
s BRANCH TO RETRN
sFRINT THE WORD
sON THE FRINTER
yROTATE R2 FOUR
s TIMES IN ORDER
P FORS BT T T PR R E
sOUTFUT AS ASCII

s CHARACTERS

RIGHT

Era:

= @r N

s MOVE R2 TO R3
sROTATE R2




RICR #370sR3
RISE #602R3
+TTYOUT R3
DEC R4
REQ RTRN
ER LOOFS

RTRN: TTYOUT #SFACE
RTI

MEGL s RYTE 15y l2
YASCTZ ML T A
+ EVEN

5L

sCHANGE R3 TO ASCII
sCHARACTER

sDUTFUT  CHARACTER
s DECREMENT R4

$ IF DONE RETURN

s BRRANCH TO LOOFS
sOUTFUT A SFACE
FRETURN TO FROGRAM

LINEFEED KEY TO S8TART TEST/

HEAD?: LASCII / CHANNEL 11 CHANNEL 12 CHANNEL/
+ASCIZ 7/ 13 CHANNEL 14 CHANNEL 15/

+EVEN

ot iy ) o o LEFT
+BRYTE 200
+EVEN

RIGHT: +ASCII / RIGHT /

+BYTE 200
+ EVEN
SRACE S seRARU LD /T
+EVEN
+END START




APPENDIX B




53

Circuit Description and Schematics

for the Real Time Clock

This appendix describes how the PDP11/03 uses the bus signals to
control the real time clock. See Section 2.6 for information on how to
use the real time clock.

In the schematics all inputs that start with a B and end with an L
are inputs from the PDP11/03 bus. All other labeled inputs can be
found as outputs somewhere in the schematics.

Figure B-1 shows the layout of the'béard. Each chip is labeled
to identify it. The schematics of the board are given in Figures B-2a
through B-2e. All components are labeled with the chip iﬁehtifier S0
that their physical location can be located by use of Figure B~1l. The
pin numbers of éll inputs and outputs to components aré also labeled.
All resistor values are in kilo-Ohms. Power supply leads are not
labeled. These can be found by use of any TTL data book.

The circuits work in the following way. The CPU will put the
address sn the data/address lines (BDAR$ through BDR15 are shared as -
data and address' lines) and also assert line BBS7L if a device is being
addressed. (All signals on the bus are ground true.)

The data/address lines are buffered tﬁrough 8641 transceiver chips.
. Ailugther bus inputs are buffered through 8640 recgiver chips; The
address is compared (Figure B-2a) to the address set in the DIP switches

(Figure B-2e).
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Next, the CPU asserts BSYNKL. If an .address match occurs a flip-
flop is set. If-there is no match nothing is done and the timer board
will not react to the assertions of the signalsAmentioned below. Add—‘
ress bits A and Al are saved.

If the CPU is outputing data the BWBNL line is asserted at the same
time that the BSYNKL line is asserted.

The CPU will then remove the data from the data/address lines.

If the CPU is outputing data it loads the data on the data/address
lines and c;ears BWBNL if a word is being written (leaves it set if a
byte is being output). Next the CPU will assert BDOUTL.. The timing
board uses the BWBNL along with A@ and Al to decide which Byte of
which register is to be written into (Figure B-2a). The assertion of
the BDOUTL line will cause the data to be loaded into the proper .
register and b&te.

1f data are to be input to the'CPU the CPU will assert BDINL after
clearing the address from the data/address lines. The right register
is loaded through the use of the logic shown in Figure B-2d and 74153
multiplexer chips (Figure B-2b). The same chips multiplex the interrupt
vector when it is to be output. The multiplexers are only used on the
-lower byte because only one bit in the upper byte is used by the status
register and none by the interrupt vector. A separate bus driver is
used for this one bit.

After the data are loaded or output, the real time clock .asserts

BRPLYL. All signals output (except data) are asserted using 8881
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chips. These chips are capable of driving the required 70mA.

BRPLYL and the data/address lines are cleared when the CPU clears
.BSYN_CL .

The interrupt request and acknowledge logic is shown in Figure
B~-2d. This circuitry does nothing if S6 (fhe interrupt enable bit) is
not set. When Sé is set a clock overflow (Figure B-2c) will cause the
real time clock to assert BIREQL (thé interrupt request line). |

When the CPU acknowledges an interrupt request it will assert
BIAKIL. If the real time clock did not request an interrupt it will
pass the signal down the daisy chain'by asserting #IAKOL. If the real

‘time clock did requesthanﬂinterrupttittw;ll set a flip-flop.- Next the
CPU will assert BDINL. This will cause -the real time clock to Ioad its
‘interrupt vector onto the data/address lines and to assert BRPLYL.

When the CPU clears BDINL the real time clock clears BSYNCL and the
data/address lines.

The counter will always be loaded with the contents of the buffer
register until SO is set (Figure B-2c). When SO is set the counters
are counted up by the clock. The clock frequency is determined by S3,
S4 and S5. These lines are used by a 74151 multiple%erﬂx>selectone of
eight frequencies (Figure B-2e).

When an overflow occurs in the counter the counter is reloaded,
bit S7 is set and a signal is sent to the interrupf logic. 1If a

second overflow occurs before 57 is cleared, S12 is set.
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When the PDP11/03 system is brought up it will assert BINTLL.

will clear the buffer and status registers.

This
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Circuit Description and Schematics

for Over-Range Circuitrz

This appendix gives a description of the over-range detection
circuitry along with schematics. See Section 2.7 for a description of
how to use the circuitry.

The circuitry in Figure C-la is repeated three times. The one
shown monitors amplifiers @ through 15. The other two monitor 16 through
31 and 32 through 47. The LM324's are used~as buffers so that the
amﬁlifiers,of the analog computer are not loaded. The voltages are
divided by two at this point Also; |

One of the sixteén amplifiers is‘multiblexed to a comparator
through the use of 4016 analog switches. Figure C-1b shows how SEL®
through SELL5 are selected. One of the sixteenrlines is selected by
use of a 74154 4 to 6 line demultiplexer. The LM324's in Figure C-1b
are used as level converters. In order to minimize leakage in the ana-
log switches théy are switched at lévels close to but not exceeding
the power supply voltages. The LM324's convert the TTL levels to =14
for low and +14 for high. Zener diodes are used to clamp this to about
£7 volts.

The 74i54 multipiexer has its inputs supplied by a 74193 ioadable
counter. If bit 7 of the DRV1I parallel board is set the 74193 is
1oéded with bits @ through 3 of the DRV11 parallel board. This allows

the digital computer to look at a specific amplifier output. If bit 7
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is zero, the 74193 is counted by use of a LM555 timer chip. This
causes the amplifiers to be scanned.

Bits 4 and 5 of the DRVl parallel board are used to multiplex
one of the three sets of multiplexers output into a single analog out-
put (Figure C-le).

Each of the three multiplexer outputs-(Compl, Comp2, Comp35 is
brought into magnitude comparators. Each magnitude comparator is
realized by the use of two sections of a LM339 quad comparator (Fiéure
C-1lc). The outputs are open collector and are OR—tiéd'together. The
transistor and diode circuit of Figure C-lc is used to convert the
LM339 outputs to TTﬂ levels. If an over-range is detected and bit 15 of
DRV11 parallel board is not set, a flip-flop is cleared. This céuses
an interrupt to be-requested. It also causes the analog computer té
~go in HOLD. This is done by removing & negative voltage that is ap-
plied to a relay. The transistor used to switch this voltage is
isolated from the rest of the circuit by an optical isola;er (the
relay is very noiéy). The transistor used to put the analog computer
in HOLD can be bypassed by use of the bypass switch.

If bit 8 is set the analog computer will be put in HOLD but no

interrupt will be requested.
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Program Listing for Demonstration Program

Following is the program used to demonstrate the use of the system.
The program is well documented and demonstfates all the capabilities

of the system.




7l

&

¥

sTHE FOLLOWING FROGRAM IS A TEST FROGRAM
sFOR THE INTERFACE BETWEEN THE FDF11/03
§ANDE THE TR-48 ANALOG COMFUTER.

SETTING UF THE FROGRAM

Wy Er er Car

sON THE ANALOG COMFUTER SET UF A DECAYING
FEXFONENTIAL AND AN INCREASING EXFONENTIAL.
sCONNECT THE OUTFUTS OF THESE FUNCTIONS

$TO CHANNELS 14 AND 15 OF THE A/D CONVERTER.
sCONNECT THE ANALOG OQUTFUT OF THE OVER RANGE
s TEST CIRCUITRY TO CHANNEL 10 OF THE A/D
sCONVERTER .

FRUN THE FROGRAM AND FOLLOW THE INSTRUCTIONS
sOUTFUT ON THE FRINTER.

THE FROGRAM FLOW

I

s THE QUTFUT FILES FOR EACH OF THE THREE

s CHANNELS BEING USED ARE SET UF. 2346

s WORD BUFFERS FOR EACH CHANNEL ARE CLEAREI.
s THE INTERRUFT VECTORS FOR THE A/D CONVERTER
PAND THE OVER RANGE TEST CIRCUITRY ARE SET
FUFCINTR AND INTRZ2) .

SWHEN THE SOLUTION IS STARTED VOLTAGES ARE
sREAD ON CHANNELS 14 AND 15 OF THE A/D

s CONVERTER EVERY .03 SECONDS. THESE VOLTAGES
sARE COMFARED TO A TEST VOLTAGE(S.44 VOLTSE) .
$1IF THE TEST VOLTAGE IS EXCEEDED THE OFERATOR
318 ASKED IF THE SOLUTION IS TO CONTINUE.
3IF THE FROGRAM IS TO CONTINUE IT WILL RUN
FUNTIL AN OVER RANGE INTERRUFT OCCURES.

AT THIS TIME ALL THE AMFLIFIER VOLTAGES
JARE READ IN., LASTLY THE THREE BUFFERS ARE
sOUTRUT TO DISK.

¥




1

RO=%Z0
R1=%1
R2=%2
R3=%Z3
R4=74
RES=45
Ré&=%b
R7=%Z7
+MCALL +CSIGENy WRITWy EXITy .CLOSE» sFRINT» TTYINys. V2.,
OOK)EQO

-

y
SSET THE TEST VOLTAGE TO 5,44 AND HALT THE
sANALOG COMFUTER.

?

START: MOV #4040,@#TEST
MOV ¥#400sR#167772

> e

THE FOLLOWING FOUR LINES SET UF THE FILES
sFOR THE DATA TO BE QUTFUT.

?

RIC #10000,44

SFRINT #MSG1

+COSIGEN #DEVSFC» #DEFEXT» #0

RIS #10000544

CLR R3

CLR BLOCK

?

P ERUFFER IS THE ADDRESS OF THE RUFFER FOR
$A/D CHANNEL 15, THE BUFFER IS CLEARED
HERE BY THE USE OF AUTO-INCREMENT MODE
$0F ADDRESSING.

y
BUFCLR?: MOV #RBUFFERyR1
CLRLPR . GLIR AR T +
CMF R1s#RBUFEND
BLO CLRLP
MOV #BUFFERsRL




-

v

s #RUF3 I8 THE ADDRESS OF THE BUFFER FOR
sCHANNEL 10, IT IS CLEARED HERE.
y
MOV #BUF3sR4
CLRLP3: CLR (R4)+
CMF R4y #BUFED3
ELO CLRLF3

F#FRUF2 IS THE ADDRESS OF THE RUFFER FOR
CHANNEL 14, IT IS CLEARED HERE.

Er S W

MOV #BUF2,R4
CLRLP2: CLR (R4)+

CMF R4y #BUFED2

BLO CLRLP2

MOV #BUF2:R4

SET THE OVER RANGE INTERRUFT VECTOR.

wr ey e

MOV #INTR2,R2#300
MOV #100,@4#302

w@r wr e

SET THE A/D STATUS REGISTER AND INTERRUFT
VECTOR .

-

MOV #7520,@%170400
MOV #INTR»@%400
MOV #100,24402

SET THE REAL TIME CLOCK BUFFER AND WAIT
FOR A LINEFEED TO START THE SOLUTION.

wr er ar

A

=

MOV #-226,04170422
FRINT #MEG4
+TTYIN

-

¥

FSTART THE ANALOG COMPUTER BY PULSING THE

yAUTO~0FERATE RIT.
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-

MOV #100000,R@%167772
CLR @¥167772

START THE REAL TIME CLOCK AND ENARLE THE
fOVER RANGE CIRCUITRY INTERRUFT.

| wp e

-

MOV #31,@Q%#170420
MOV #100+@%167770

» e

sWAIT FOR AN INTERRUFT FROM EITHER THE AZD
s CONVERTER OR THE OVER RANGE CIRCUITRY.
v

WAITS: WAIT

5IF THE FROGRAM IS TO STOFs THE A/D CONVERTER
5STATUS REGISTER WILL EBE ZERO.

;

CMF @%#170400, %0
BNE WAIT

’
$ THE SOLUTION IS TO BE STOFFED.
JSET A NEW FREQUENCY ON THE TIMER AND CHANGE
$THE A/D INTERRUFT VECTOR.
3
MOV #20,0%170420
MOV #INTR3»@#400

~

y

FLOAD #BUF3 INTO R4 TO USE IN AUTO-INCREMENT
sMODE TO SAVE THE AMFLIFIER OUTRUTS.

i

MOV #BUF3sR4

y

s LOAD THE OVER RANGE CIRCUITRY MULTIFLEXER
JWITH ADDRESS ZERO. RESET REAL TIME CLOCK
JRUFFERy SET A/D STATUS REGISTERs AND ENABLE
# THE REAL TIME CLOCK.

?

MOV #600,@%1467772




i

MOV #-300,@%170422
MOV #5120,0%170400
INC B%170420

WAIT FOR AN INTERRUFT FROM THE A/D CONVERTER.

ar e e

WATIT2: WALT
;
SCHECK TO SEE IF THE OUTFUTS OF ALL THE
sAMFLIFIERS HAVE BEEN STORED.
;
CME $6460y0%167772
ENE WAITD
;
5ALL THE AMFLIFIER OUTFUTS HAVE EEEN STORED.
SCLEAR THE A/D CONVERTER AND REAL TIME CLOCK
iSTATUS REGISTERS.
. CLR @4170400
CLR @#170420

OQUTFUT THE RUFFER CONTENTS TO DISK.

wr E@r

+WRITW #AREA» #0» #RUFFER » #4000 » BELOCK
+CLOSE #0

JWRITW #AREA2y#1»#¥BUF2, %400y BRLOCK
+CLOSE #1

JURITW #AREA3y #2y #BUF3» #400 BLOCK
+CLOSE #2

JFRINT #MSGS

TO MONITOR.

“r Er S
A3
LEE
-
=
i
.5

s E X
i
$THIS INTERRUFT ROUTINE IS CALLED WHEN AN
$OVER RANGE INTERRUFPT OCCURS. THE A/D
sCONVERTER STATUS REGISTER IS CLEARED AND THE

FINTERRUFT FOR THE OVER RANGE CIRCUITRY IS




76

sODISARLED,
y
INTR2: CLR 170400

CLR @P¥167770

RTI
i
$THIS INTERRUFT ROUTINE IS CALLED WHEN THE
PSOLUTION IS BEING STOFFPED AND AMPLIFIER
sVOLTAGES ARE RBEING READ IN. THE OVER RANGE
PMULTIFLEXER ADDRESS IS INCREMENTED AND THE
FVALUE IN THE A/D CONVERTER BUFFER IS STORED.
»
INTR3: INC @#167772

MOV @#170402y (R4)+

RTI

f
FTHIS INTERRUFT ROUTINE IS USED TO ACQUIRE
snaATA.  IT ALSO CHECKS THE DATA FOR THE TEST
VOLTAGE AND STOPS THE SOLUTION IF IT IS
sEXCEEDEID .
’
s THE A/D BUFFER IS READ AND COMFARED TO THE
s TEST VOLTAGE., IF IT IS LOWERy EBRANCH TO CNTUE.
»
INTR: MOV @%#170402sR2

CMF R2,R#TEST

RLE CNTUE
¥
$IF HIGHERy HALT THE ANALOG COMFUTER» SAVE
sTHE A/D CONVERTER STATUS REGISTERs AND CLEAR
STHE A/D CONVERTER AND REAL TIME CLOCK 8TATUS
FREGISTERS .,
’

MOV#400,@E167772

MOV R#170400,@%SAVE

CLR 2¥170400

CLR R#170420
y

;LO0AD TEST WITH A HIGH VALUE S0 THAT THE TEST
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SWILL NOT BRE FOSITIVE AGAIN.

MOVELOO00» RETEST

a

L4
FFRINT MSG& AND WAIT FOR A CHARACTER TO ERE
s INFUT FROM THE CONSOLE.
y

+FRINT #MSG4&

CLR @#177560

LOOF: TSTR @R#177560

BRLFLO0R
’
sREAD IN THE CHARACTER AND COMPARE IT TO *"Y*".
$IF IT IS NOT A "Y', BRANCH TO RETURN. THE
$A/0 CONVERTER STATUS REGISTER HAS REEN
fCLEARED AND THUS THE SOLUTION WILL BE
FSTOFFED .,

»

y
MOV @%177562yR5
MOV #100,Q@%1775460
CMF RS»#331
ENE RETURN

P

$THE SOLUTION IS TO CONTINUE. RESET THE A/D
JCONVERTER STATUS REGISTER AND FULSE THE
$AUTO OFERATE BIT OF THE OVER RANGE CIRCUITRY
3TO RESTART THE SOLUTION. THE REAL TIME CLOCK
1S ALSD RESTARTED.
v

MOV @#SAVE»B#170400

MOV #100000,@%147772

CLR @#167772

MOV #31,@%170420
v
TEST TO SEE WHAT CHANNEL THE DATA CAME FROM.
$ IF FROM CHANNEL 15y BRANCH TO FIRST.
3
CNTUE: CMP @%#170400y%7320

REQ FIRST




! :
| sCHANGE THE CHANNEL ANDI STORE THE A/U
| sCONVERTER BUFFER REGISTER IN THE BUFFER FOR
| sCHANNEL 14,
y

‘ INCE @#170401

MOV R2y (R4)+

BR RETURN

r

4
}CHANGE THE CHANNEL AND STORE THE A/D
$CONVERTER BUFFER REGISTER IN THE BUFFER FOR
fCHANNEL 135,
¥
FIRST: MOV R2sy(R1)+
DECR @#170401
RETURNS? RTI
TEGlis O
BUFFER? +=.,+1000
BUFEND?
DEFEXT?

RLOCK?
AREAS
RUF 23

BUFED2:3

DEFX23

AREA2: +=.+12
BUF3: .=.,+1000

RUFED33

DEFX33

AREAZ?




SAVE:
MSG1L 3

MSG41
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0

+ASCII /INFUT THE NAMES OF THE THREE /
+ASCII /0UTFUT FILES IN THE FOLLOWING/
+ASCII / WAY./

+RYTE 15+¢12+12

+ASCITI /DXLIFNAMLI.DAT»DX1IIFNAM2. AT/
+ASCITI /yDXLIFNAM3.DAT=/

+BYTE 135+12+12

+ASCII /THE FIRST FILE IS FOR /
+ASCII /CHANNEL 135./

+BYTE 15+12

+ASCII /THE SECOND FILE IS FOR /
+ASCII /CHANNEL 14./

+BYTE 15,12

+ASCIT /THE- THIRD FILE I8 FOR /
+ASCII /CHANNEL 10./

+BYTE 15,12,12,200

+EVEN

+ BYTES199 152

LASCII /0N THE ANALOG COMPUTER HIT/
+ASCII 7/ RESET. LET THE VALUES/
+BYTE 15,12

+ASCII /SETTLE IN AND HIT OFERATE./
+ASCII / NEXT INPUT A LINEFEED TO /
+BYTE 15,12

+ASCII /START THE SOLUTION./

+BYTE 15+,12+12,200

+EVEN

+ASCII /THE SOLUTION HAS BEEN STOFFED /
LASCII /RY FROGRAM CONTROL OR QUE TO/
s B TR Oy 122

+ASCITI /AN OVER RANGE INTERRUFT. /
+BYTE 12,15

LASCII /THE END VALUES OF ALL AMFLIF/
+ASCII /IERS ARE STORED IN THE /
+BYTE 15,12

+ASCII /0UTFUT FILE ASSIGNED TO/
+ASCIT / CHANNEL 10. /

+BYTE 15+12,12,200
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+ EVEN

M8G&6: LASCII /THE TEST VOLTAGE HAS BEEN /
+ASCII /EXCEEDED., TO RESTART THE /
+BYTE 15912
+ASCII /SOLUTION INFUT A ‘Y's /
yBYTE 19218
+ASCII /TO STOP THE SOLUTION HIT /
+ASCII /ANY OTHER CHARACTER./
+BYTE 15125125200
+ EVEN

NEVSFC?

+END START
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