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Preface

We, the authors, must agree with the words of Professcr Gary
B. Lamont, "A master's thesis is an educational experience." Innumerable
bits and pieces of diverse information have begn garnered in tie
accompiishment of this work. Hopefully some of these w11 provide the
setds Tor future maturation in the field of engineering.

Professor Lamont, who supplied the original idea for this thesis
project and advised us throughout, must share our grateful appreciation
with Lt. Joseph Theriault o rendered.invaluable assistance in learning
to use the &.7R camputer.

As always. sur w'ves and familiss aée due a substantial amount
of credit for their support during this teyiag period.

Raymond V. Cicirelli
sochn M. Hill
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REUTILIZATION OF THE MINUTEMAN GUIDANCE COMPUTER
AS A RUMERICAL/PROCESS COMTROLLER

I. Introcduction

The D178 and the D37C guidance and control computers are integral
components of the Minuteman I and II missiles, respectively, which form
a part of the United States ICBM arsenai. The Minuteman 111 missiles,
which us2 D370 computers, complete the 1000 missile deployment of this
system. Due to the modernization of the Minuteman I system, the United
States Air Force has declared approximetely 1060 outdated inertial
guidance s}stems unserviceable (Ref I:i). Each of these surplus guidance
systems ~entains a D178 computer, unclassified parts of the stable plat-
form, and power supplies. These systems are available to colleges and
other qualifying agencies for the cost ¢f shipping. In addition, as
the Minuteman III missiles replace the Minuteman II missiles, the D37C
computers wiil become available as surplus diéita] computers. It is
expected that some D37C computers will be aveilable as early as the
fall of 1973.

The initial cost of these computers ranges from about $133,000
(D37C) te $250,000 (5178B). Since a large number of these computers have
been or will be declared excess, a substantial savings could be realized
if these computers could be reused in other appiicaticns. This thesis
will investigate the feasidbility of using these computers in the areas
of numerical control and process contrsl. This chapter will cover a
brief background descripticn of numerical control and process control,

the assumptions that were uced, and tle organization of the thesis.

i
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Problem Analysis

the problem that exists is to reuse surplus avionics computers to
effect @ savings of the money originally invested. Official Air Force
policy is to discourage the procurement of computers except in certain
designated application areas. Air Force Logistics Command (AFLC) is
interested in the possibiiivy of using surplus computers which are being
phased out alung with their parent missile syséems. As mentioned pre-
viously there are a number of D17B computers available for use in areas
that would benefit from the specialized features of a guidance and control
computer. A thesis {Ref 15) has been writtén on the general feasibility
of using riumerical control-in Air Force depot-level cshops and work centers.
It also presents some of the special appiications in the Air Force which
are particularly suited for numerical control. There are several prod-
lem areas which should be considered if surplus minicomputers are to be
reused.

Among these problems is the relatively small main memory capacity
of the 0178 computer. Its memory is approximately the same as the
smallest availabie memories in current minicomputers. This imposes a
limitation on total program lengths and computationai capabilities. In
addition, the memory access time is comparatively long since it has a
serial access memory (disk) rather than a random access memory. Compu-
sations take longer than desired due to this feature and to the seriai
operation of the computer. 0Data are transferred into and out of the
computer serially, again imposing time constraints. A full grasp of the
pecuiiar characteristics of the instruction set available with this com~

puter is necessary to implement its use to maximum efficiency. The
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unique instruction set on this computer could prove to be a distinct
acvantage in this applicatien.

An operational D17B computer is available at AFIT and will be
used for experimentation and study during this investigation. A D37¢
computer recently became zvailable, but it ic not operational at this
time. This requires that the study be based on the D17B computer and
iater be extended to the D37C computer.

A final problem is the acquisition or generation of & suitable
system to demonstrate the control applications of the computer. Initia}
investigations determined that the Air Force has surplus numerical con-
trol machines which can be obtained through DIPEC (Defense Industrial
Plant Equipment Certer); however, the lead time necessary to obtain such
equipment, four to five months, was prehibitive in this case. In addition,
cnarges for transportation, packing, handling, and crating would amount
to several hundred doitars. Another aspect to be considered is the
condition of a machine which has been stored for quite some time.

With these consiverations in mind{ standard laboratory and educa-
tional devices such as analog computers or motor-control trainers would
be quite suitable for demonstration ¢f the control characteristics of
the computer. The use of the analog computer requires the generation of
a mathematical model of the system to be simulated. A tws-axis linear
positioning system based on numerical control parameters wili be simulated.

The simulation will be developed fully in 2 subsequent chapter.

humericai Control

In the last 25 years many sophisticated new techniques have been

developed in the machine too! industry for the purpose of increasing thke

3
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productivity and efficiency of machine shop processes. MNumerical control
is one of the most outstanding of these new techniques. Numerical con-
trol (NC) is the technique of controliing 2 machine or process utilizing
command iastructions in symbolic form which are converted inte automatic
servomechanism control.

The first majer efforts to implement a numerical control system
were sponsored jointly by the U.S. Air Force and the Parsons Corporation
of Traverse City, Michigan, in 1949, The project was carried out in the
Servo Mechanisms Laboratory of the Massachusetts Institute of Technology.
The nroject was not completed until 1953. A functional block diagram of
the system.is shown in Fig. 1. A feasibility demonstration in March
1952 sparked further work by the Air Force and private industry (Ref 25:1).
This demonstration was performed using a three-axis Cincinnati Hyvdrotel

vertical mill, a machine which shapes metal using rotary cutters.

e
Desired _ Tool Position
lComputer Pasition Z Servomotor | Slices >

S

Possible Actual Measured Position

Feedback

Fig. 1. Functional Block Diagram of Eariy NC System (Ref 25:4)
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Early Applications. In the middlie and late 1950's the aircraft

industry was the primary user of numerical control processes. The most
practical way for the aircraft incdustry to implement numerical control
was to retrefit existing machines for numerical control. I.. the late
1950's, large numerical control machines vere manufactured for applica-
tions such as skin milling, the removal of small layers of surface metal.
At the same time multiple-tool machines were developed. In 1956 the
automatic tool changer was introduced. A drill with punched tape-
controlled table positioning was announced in Cctober 1961. Because of
the low price of the system, its introduction represented a major economic
breakthrough. By the end of 1962 all major machine tcol manufacturers
were engaged in numerical control {Ref 11:13).

In the early stages of its development, numerical control required
close coordination of such things as input codes and input formats. By
1958 the need for standards was critical. The Electronic Industries
Association (EIA) Ted the efforts toward standardization. They deveioped
a single standard (RS-244). Although this standard has been almost
universally accepted ir the recent past, the American Standard Code for
Information Interchange (ASCI1) wi1! probably supplant it in the near
future due to its more widespread acceptance in other fields, and its
greater flexibility (Ref 11:13).

Early Programning Procedures. Manual prograrmming, being the most

straightforward way to obtain program tapes, was used extensively in the
early days of numerical control. Huwever, it suffers from computational
complexities necessary to determine the appropriate commands required to

direct the machine properly. Calculations such as surface intersections
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were quite tedious to compute by hand. Early programmers needed a
knowledge of analytical geometry, advanced algebra, trigonometry, and
computer programming as well as machine tool operation, tooling, and
machine practices (Ref 11:14).

Starting in 1956, several computer programming languages were
developed which allowed the generation of compiex command sequences
through the input of simple statements and macﬁining parameters. This
advance was & critical step in promoting the development of continuous-
contouring to its fullest potential. Continuous-contouring requires
moving the cutting tool along a specified péth rather than moving the
tool from'point-to-point Qithout regard to the path. HMost point-to-
point (PTP) applications did not present such severe programming burdens,
however (Ref 23:194).

Humerical control programs were the first attempts at creating a
communication language between men and machines with the aid of a com-
puter {Ref 11:15). The first language to be ‘developed (Ref 26:193) was
APT (Automatically Programmed Tools). APT was soon follewed by AUTOPROMT
{AuTOmatic PROgramming of Machine Toois) and then by ADAPT (Air Force
Developed APT or ADeptation of APT) (Ref 26:193). The inception of the
smaller minicomputers led to the development of AUTOSPOT (AUTOmatic
System for PLsitioning Tools}, in 1262, for point-to-point applications.

The Present. Presently in use are huge, multi-processing machine
tool centers which can perform many different machining operations, almaost
tc the point of manufacturing a complete article {Ref 11:20). Two general
methods, both of which eliminate the tape reader, have teen developed to

jncorparate the use of & computer into a2 numerical control system. The
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first method is computerized numerical control (CNC). This method
involves the use of a controller (a device which converts coded commands
into servo control signals} with limited information-storage capacity.
Instead of feeding a punched tape directly into a numerical control
machine, the program is stored in a centralized computer and fed to the
controller in blocks. The contrcller then directs cpsration of the
machire until it reaches the end of that particular block of imstructions
at which time the computer transfers in a new block of the program to the
contrnller. The single computer can control several machines in this
manner, obviousiy resulting in a more efficient utilization of the com-
puter and'e]iminating the -need for a tape reader for each machine.

The second methad is ONC (Direct Humerical Control). In this
method there is no tape reader or intermediate controller. Feedback and
control lines go directly between the computer and the machine togl
rather than to a controiler. The advantages of this method are (1) costs
are reduced by the absence of tape reacers and controllers and by simpli-
fied electronic equipment, (2) the computer can be located remotely from
the tool, {3) programs can more easily be adjusted in real-time in
response to adaptive controi, and {4} the computer can control more than
one machine simuitaneously or shift from one machine to another as the

situation warrants.

Process Control

The digital computers used in process control are generally
general-purpose computers similar to those used for business or scien-
tific data processing. In addition they are provided with analog 1/0

systems and relatively sophisticated priority interrupts.
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One of the first large-scale process control systems using a
computer was at a Texaco refinery in 1954, Since that time hardware
and software have changed considerably. Many larger systems now emplioy
problem-oriented languages and on-line compilers and assemblers compared
to the original efforts using machin2 language programming (Ref 27:84).
Boiler-turbine-generators rated above 250 megawatts almost invariably
use computer control for startup and shutdown (Ref 27:84).

Although the early use of computers in process control was in data
logging, data analysis, and empirical model-building, the more recent
attempts have been in closing the controi leops through the computer
itself (Rgf 27:84). Even more recently the emphasis has been piaced on
direct digital control (DOC) (Ref 24:85). In this application the com-
puter replaces a majority of the analog elements of the system and applies
activating signals directly to the final contro! elements of a process.

Although analog process controllers can implement cascade, feed
forward, and feedback control algorithms, they are generslly rot édaptive,
In addition, it is difficult to implement scme forms of nonlinear control
and to integrate the contralling function with sequence control or
cptimization strategy. The-e functions can readily be implemented by
digital computers.

In addition to the technical advantages of using computers, there
are associated intangible benefits which sometimes accrue, such as more
accurate prccess knowledge, greater safety, or better control of product
qualitv. Better contrcl of the product, coupled with a more accurate
knowledge of the process, can result in more quality in the finished
product, resulting in fewer complaints and fewer rejects. Conversely,

tighter control of product quality can ailow & lower average quality,

8
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(,. with a low reject rate, resulting in lower production costs.

Levels of Control. Figure 2 shows a division of process control

into four separate levels. The first level indicates the more conventional
type of control of such things as temperature, pressure, and flow. The

second level includes schemes to compensate for pracess disturbances,

Level 4 0%5;%;:}?9
C . i (;p;p;:;:;; --------
T FC ;;é’r;f}; --------
éi Process

Fig. 2. Control Levels in Process Control

to eliminate the interaction of cne control loop with another, and to
implement various unconventional control schemes in order to improve per-

(: formance by maintaining plant balances. The third level includes both
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supervisory and advanced control. The supervisory function automatically
changes conditicns as warranted by examination of plant performance. Also
included in this category are sequence control for batch coperation as
well as automatic startup and shutdown of continuous subsystems. The
advanced control function includes adaptive control to enable automatic
compensation for such things as aging catalysts in chemical reactions.
The fourth level optimizes operating conditions in the plant using such
factors as inventory prediction, economic scheduling, and dynamic pro-
gramming. It should be noted that higher levels could be added to include
the divisional and corporate level management information systems.

F‘gyre 3 shows the relative complexity (based on memory require-
ment for sach control level) and computer loading (based on the summmation
of the number of tasks times their frequency of occurrence). Computer

loading increases rapidly at first but levels off later because of the

Computer Loading {I tasks x frequehcy)

w—-3System Complexity
(I'emory requirements)

Magnitude

Seconds Minutes Hours
Period of Operation

Fig. 3. Comparison of the Complexity and Loading Present in the
Four Levels of Procass Contrel (Ref 6:96)

10
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decrease in frequency at higher levels. On the other hand, complexity
increases rapidly with the control levels because of increased memory

requirements.

Assumptions

This thesis is written with the assumption that the reader has a
basic familiarity with computers and control engineering. It will be
assumed that the D17B computer at AFIT will be available, in suitable
operating condition, for experimentation during the period of the inves-
tigation. It will be further assumed that the control functions can be
applied by the computer irn a dedicated status, rather than being inter-
rupted at.random, to perfor.. other tasks. Since the D37C has a3l of the
features of the D17B plus others not available to the D178, the final
assumption will be that the operations of the D17B computer can be per-
formed by the D37C. The additionail capabilities of the D37C are discussed

in Appendix A.

Thesis Qutline

Chapter II of this report presents a physical description of the
D17B computer with 2 detailed treatment of the inputs and outputs.
111 discusses the formulation of & modei of a machine positioning system
and implementation of the contrel system. Chapter IY rresents the
experimental results obtained, and Chapter V presents conclusions and

recommendations for future investigations.

n

Chapter
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II. D176 Computer

RERTIR 7SR TRV
-

To give the reader an understanding of the capabilities of the

D17B computer this portion ef the report will start with the physical

& Py
B

description followed by the functional description which will include

; discussicns of the control unit, the arithmetic unit, and the memory.

b Next, computer word format and prograrming will be described. Included

3 in this section will be the instruction word format, full and split word
formats, and the phases of operation. - The next two subsections will
describe the input and output functions including special features appli-
cable to numerical control. The final subsection will describe control

(:j features usable for numerical control as well as certain specifications

of the D178 which are applicable to numerical control.

R T e G s A e 2N

The general specifications for the D17B computer are listed in

O T
o

Table 1.

Phyvsical Description

Size and Composition. The D178 is a guidance and contrci ayionics

=

W
.

computer built by Autonetics, a division of North American Rockwell, as part

i ol p )

of the Inertial Guidance System {model NS-10Q) of the LGM 30/Minuteman

ICBM Missile. The Inertial Guidance System also includes the associated
stable platform and power supplies. The D17B computer occupies one half of
a 12-sided, right-polygonal sheli, as sketched in Fig. 4. This shell is 20

. inches high, has a maximum radius of 29 inches, and is five inches in depth.

12
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Instruction word length 24 bits

3 TABLE I

5 (:> General Specifications of D178 Computer

;5 Manufacturer Autonetics

;g , Year 1962

fi Type Serial, synchrecnous

fé Humber system Binary, fixed point, sign plus ?'s complement
'i: Logic levels False (0 voits), True (-10 voits), negative
E logic
ﬂf‘ Data word length 24 bits (full word)

'i 11 bits (split word)

Number of instructions | 39

Execution times

Adgd 78.125 usec
f Multiply 1015.625 usec
; (:j Divide Software
i
. Civck frequency 345.6 kHz
1 Addressirg Direct addressing

Tvio-address {unflagged)
Three-address (flagged)

Memory Farrous-oxide coated disk
Hon-destructive readout
2727 (24 bit) word capacity
78.125 psec cycle time

5 Input/Cutput 48 digital lines {input)

26 specialized incremental inputs

28 digital lines (output)

12 analog lines (output)

- 3 pulse lines {cutput)

e 25,600 words/sec maximum I/0 transfer rate

~
ERTROT R S ot a

cataitte

P

Physical characteristics

AL AL

E: & Dimensions 20 in. high, 29 in. diameter, 5 in. deep
;_ E, Power 23 VDC at 25 A
- Circuits DRL and DTL
. . Weight 62 pounds
b (Adapted from Refs 4:2 and 1:4)
. AR
g i3
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The power supply for the complete NS-10Q guidance system is contained in
the other half of the shell and the stable platform is in the cavity formed
by the computer and power sup;lfies.

The D17B veighs approximately 62 pounds, contains 1521 transistors,
6282 diodes, 1116 capacitors. and 5074 resistors. These components are
mounted on double copper-clad, engraved, gold-piated, giass fiber laminata
circuit boards. Thera are 75 of these circuit boards and each one has
baen coated with a flexibie polyurethane compound for moisture and vibra-
tion protection (Ref 18:16),

Since an airborne, computer-contreiled missile only gets one chance
to execute its mission, the design specifications of the D178 required
very high reliability. Tnis was achieved by using DRL (diode-resistor)
logic extensively and only using DTL (diode-transistor) logic where gain
was required in this fully solid-state computer. In the early 1960's when
the D17B was designed, transistors were not as reliable as they are now,
thus the designers used transistors oniy when necessary. The rotating
disk memory, with non-destructive readout (NDRO}, also enhanced the
reliabilit of the computer. In actual,'rea1-t€me situations involving
Minuteman missiles, the mean time between fzilures (MTBF) was over 5.5
years.

Power Requirements. If the power supply included in the NS-10Q

guidance system is used for the D178, a 28 VDT regulated power supply
capable of supplying 25 A is the only external power supply needed for
operation of the computer. OCther required voltages are obtzained by
converting 28 YOC into secondary pcwer using solid state circuitry in
the power supply section of the Inertial Guidance System. The current

drawn from the 28 VDC puwer supply will vary from O to 25 A with a

15

l




M‘n,:«‘ ;¢ T 'A\\y ’..";, .,. o

Lo . . - '
LY \l“,‘z.l 7Y or

2
e,

.
X3 T BAS M P 00

o7 40 20

A Armitoes -

s

oy

i

oy N o merness

GE/2E/73-5

steady-state value Jf 12 A (Ref 4:25). The computer may be operated
without the associated power suppiy: however, it would then be necessary
to supply 14 separate DC voltages as well as 1200 Hz and 400 Hz alter-
nating current supplies. The secondary pover requirements are shown in
Fig. 5. Power consumpticn for the computer is approximately 350 watts

(Refs 4:25 and 1:3).

Functional Description

The D17B computer is a general purpose, serial, binary minicomputer
with the foliowing general capabilities.
1. Sampling and processing of input.data in the form of control
' signals, binary data, discrete signals, or incremental signals.
2. Logical decision-making, performance of aritimetic operations,
and a iogical AND operation using «n instruction set of 39
machine language instructions.
3. Transmission of output data in the form of analeg, binary,
single character, or discrete signals under program control.
There are five basic functionai divisions to the D17B: the Control
Unit, Arithmetic Unit, Memory, Input, and OQutput. This functional division
is shown in Fig. 6, witn the Central Processing Unit {LPU) enccmpassing
the Contrel Urit and Arithmetic Unit.
Terminoleogy of the [178. The terminology of the D178 consists of

a number of basic terms which are common to the five functional divisions
ef the computer. To help clarify the descriptions of these divisions, the
basic terms will be explained first.

Bit is the name for the amount of information that is contained in
a number which can only take the value 0 or 1. The word "bit" is a con-

traction cf "binary digit" {Ref 16:21). A word, consisting of 24 information
16
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bits and 3 timing bits, nay be used as data (input or output), an instruc-
tion, or a coentrol signal in the Di78.

R bit may be stored in 2 basic storage unit, a celi; the flip-flop
is the most widely used type of celi in modern technology. A collection
of cells joined together is called a register. Thus a 24-bit word can be
stored in a 24-cell register (Ref 7:11). Most registers are constructed
as coilections of flip-Tlops to allow simultaneous or parallel access %9
all bits in the register. Since the DI7B i{s a serial computer, simul-
taneous access to all the bits of a register is not nzcessary, thus
flip-flops are not needed for the entire register. Registers er

recirculating loops are composed of flip-flops and storage cells (on the

magnetic disX memory) as jllustrated in Fig. 7. This example of 2 recircu-
Tating loop is the A-ioop used in the Arithmetic Unit. Ac, Ap, Azgw,

and Ax are fiip-flops and the rest of the loop is on the memory disk.
Infermation is read through the read flip-fiop Ax’ then fed to the input

of the write amplifier and is rewritten on the next consecutive portion

of the disk. This forms a closed loop with the informetion recirculating
through this joop. The infcrmation first written on the disk remains on
the disk as that portion of the disk moves out of the loop, then it is
erased by the fixed erase heads (Ref 18:30).

The term vord-time is derived from the length of time required to
circulate the compiete 27-bit word in a one-word loop, and is 78-1/8 usec.
A word-time can be divided into 27 bit-times since one bit is one twenty-
seventh of a word {Ref 1:7).

7he 24 information bits in a computer word may be subdivided iato
fields of various lengths. These fields may be deccded to indicate

specific information such as operation cades, operand addresses, and

18
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next instruction addresses. The various fieids will he explained in
detail in the Computer Hord Format and Prograrming portion of this report.
Contrel Unit. The Control Unit processes and interprets all
machine functions and controls two incremental inputs. Generally, in
computers with sequential operations, the Control Unit goes through three
cycles: the fetch cycle, the execute cycle, and the defer cycle. The
defer c/cie is used for indirect addressing which does not exist in the
D178. Computers with delay type memories 1ike the D17B divide the fetch
and erecute cycles into phases. iIn the D172 the fetch cyclie consists of
the iastruction search phase and the instruction read phase. Tne Control
Unit must search for the instruction location as the disk is rotating
and then transfer the instruction from memory to the Instruction Register
or he I-loop. Then the execute cycle, which is sub-divided into the
ope ‘and search phase, operand vead phase, and the execute phase, is entered.
Dui ing the execute cycie the Contrel Unit searches for t@e cperand location
as the disk is rotating and then transfers the operand to the Number Regis-
ter or N-locp within the Control Unit. Then the instruction is executed.
The main component of the Control Unit is the Instruction Register
I ( ee Fig. 8). The Instruction Register or I-ioop contains a 27-bit word
which is composed of one delay flip-flop Ip, one write f1ip-flop 124w,
one -ead fiip-flop Ix, and 24 other bits viritten on the magnetic disk
memo y. MNew information may be entered into the I-loap when the contrel
flip flop Ic is "one" set; otherwise, the information circulates from the
magnetic disk through the flip-flops and is rewritten on the disk in a
cont’ nuous loop (Ref 1:9).
Instructions are transferred from memory to the !-loop where the

instruction is held for part of the interpretaticn process. The instruction

21

r A o




sdoon pirk Su¥Isibay Auvway °g *6id
X Xty dy w 1 sugez M I
(v£) OV3Y ILVIOIWYILNI-SQUOM 9L (S) dOU-H 318YSSIHAAY-NON 431S193Y NOTLINYLSNI
* - .
X3 Xy . dy . X osug 9z Mgy dy
(9£) Qv3IY JLVIOIWYIINI-SGUOM 8 (95) d007-3, 319YSSIUAAY-NON (99) ¥31SI93Y YIgWNN
S
Xy 43 Xq 07 sitagz ¥ dq
SQYOM ¥ (2S) d001-4 (#9) ¥OLYVINWNIIY Y3IMOT
Xn  sug 2 dn| Xy s sz Mezy b2y dy
- )
hd ¥OM L (09) d007-N (29) HOLYINWAIIY
ol
S
&




by~ TN T Al A i St S A~ e S N ] FeernT e A THARL TR N N8 YL T TR ST RS ST G T YTRY SSAENE B T £ RS YIRESYIS

4
N

]
|
|

GE/EE/73-5

<::) word is separated into fialds such as the operation code, bits 21-24;
and the operand channel information, bits 8-12. These bits of informa-
tion are transferred to buffer registers for temporary storage and then

to storage registers to be held until they are executed. Once the infor-

i i D P
LU AP e TR W RATTR T PP LS IR

mation is transferred to the buffer registers, the Instruction Register
is free to receive the next instruction (Ref 2:16).
The operation code is transferred serially from the I-lcop to the

Operation Code Buffer Register (¥1ip-fleps Ip, Obs-0Ob;). This ccde 1is

+
S v vt s et L S PIRY

then parallel loaded into the Operation Ccde Storage Register (flip-flops

o

03-0;) where the operation code is held for, and during exscution. In a

S0 AN RS

similar manner the operand chanrel information is serially lecaded into

[

the 9Jperand Channel Buffer Register (flip-flops Lbs-Cby) and then parallel
lcaded into the fperand Chasmme! $iorage Rsgister {Fiip-Fiops £5~C:j. For
(:: register referance instructions which do not require operands, the channej

storage flip-flops may be used as additicnal hardware to execute the

ot e b

.
s
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¥
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instruction. Character output operation ‘s an exampie of this application.

ulin it

Four bits of the accumulator are shifted into the Channel Storage Register,

7

DR B 5

then output on the character cutput lines.

{ Flag storing is a special operation which ailows the executicn of
2 store operation with the initiation of other operations (such as add

:if 4 or multiply) during one word-time without requiring an additional

ﬁ instruction. Using the flag store capability saves one word of memory
and one word-time because a store instruction does not have to be used.
The pravious contents of the Accumulator are stored in a channel specified
by the code in Tyg, T, and Ty; which indicate bits 19, 18, and 17, res-

pectively, in the instruction word as shown in Fig. 11, page 32. This

23
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code is read into the Flag Code Storage Register at the first bit-time
(:: of execution. Flag storing will be explained in more detail under
Computer Word and Programming.
When an operand is read from memory it is loaded into the Number
4 Register or N-loop (see Fig. 8). The N-loop is in the Control Unit and
) consists of three flip-flops, Np, Nz“w’ Ny, and 24 bits of memory. The
i flip-flop Np is used for delay, Ny, for writing on the memory disk, and
Ny for reading from the N-loop. A fourth flip-flop Nc controls the entry
of new information into the N-locp {Ref 1:19).
The Phase Register consists of flip-flops Py, P,, and P3. It is

. . used to select one of four external positions for each of the three analog

; voltage outputs. The Phase Register can also modify the operand channel

address of the multiply-modified and the spiit-word multiply-medified

RO S Lagityadal

¢ Phg gt gt sl fo caifls Vo ALV
-~
( .

instruztiors. Further, the Phase Register has an }nput function as a
seiector switch for zhoosing one of two pairs of inputs ?o cne of the
incremental puise-type input loops, Y or R. .

Other registers in the Control Unit are tnree voltage output
registers of 8 bits each which are used as inputs to D/A converters, and
a Discrete Output Register (Ds-D;) which, together with a Discrete
3 Output Matrix, controis the 28 Discrete Outputs. &l1so, there is a Binary
| Output Control Register which consists of three flip-flops, G3, G,, and G,.

A bit counter that is controlled by the sector track of memory {s
used for timing control in the D17B computer. The dbit counter is a set
of 6 flip-flops that are used to distinguish bit-times for the serial
operations of the computer. These flip-fiops are designated B;, B,, Bj,

By, Bg, and Bg. Three additional flip-ficps, Tp, Tx, and T4, are used

e
b
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b
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(: with By-Bg to form the logic used to count from i to 27 during one word-time.

= 24
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By is used to distinguisnh between even and odd bit-times and B, is "ecne"
set at alternating two-word-time periods. B; is “one" set only during
the right and left split-word bit-times. B, and Bg are counting flip-
flops that are used in conjunction with the other flip-flops of the bit
counter. Bg is "zero" set during the first half of the word-time and
“one" set during the sacond half (Ref 19:23-24).

Summarizing, the major components of the Control Unit are: the
Instruction Register; the Number Register; the Operand, Channel, and
Flag Code Buffer and Storage Registers; the Phase Register; the Output
Control Registers; and the Bit Counter.

Arithmetic Unit. The purpose of the Arithmetic Unit is to perform

the calculations as directed by the Control Unit. There are two one-word
registers in the Arithmetic Unit: the Accumulator and the Lewer Accumulator.

Tne Accumuiator, or A-register, accumulates the results of all the
arithmetic functions and the one logical function. It also serves as an
output register for voltage outputs, binary qutputs, character outputs,
and telemetry (Ref 18:17). The A-register as shewn in Fig. 8 is composed
of two delay flip-flops Ap and Ay, a write fiip-flop Azgw, a read flip-
flep Ay, and 23 bits on the magnetic disk memory. When the control flip-
flop A; is "one" set, new information may be entered inte the A-lcop, but
when A. is “zero" set the loop recirculates and new information cannot be
rea. in (Ref 18:30).

The Lovier Accumulator or L-loop is used in conjunction with the
Accumulator for certain arithmetic and logic operations. It is used in
all the multiplication operaticns, Muitiply, Split-Word Multiply, Multiply
Modified, and Spiit-Hord Multiply Modified. The mu tiplier which was in

the Accumulator is shifted intc the L-loop in reverse order {the LSB {is

25
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in the MSB position)j. The Logical AND to Accumulator operation logica'ly
ANG's the contents of the Lower Accumulator to the Accumulator. Another
function of the L-loop is tc receive character inputs during loading
operations and transfer these inpufs to the Accumulator or the Instruction
Register. The L-loop also sesves as a rapid-access loop which allows

data to be stored into or accessed frum the L-loop in one word-time. The
L-register, as shown in Fig. 8, consists of 23 bits in memory, two delay
flip-flops Ly and Lp, one write flip-flop Loy, and a read flip-flop Ly
(Ref 18:31).

Memory. Memory in the D17B is a rotating magnetic disk using
nen-return-to-zero recording. The disk is driven at 5000 rpm *y &

400 Hz, 3:phase hysteresis-syncitronous motor. Information is transferred
to the magnetic disk by 68 stationary read and write heads and remains

on the disk until new data is recorded. This information is in non-
volatile storage and remains s.ored even when power is removed from the
computer. This is not true of the rapid-access lceps which are partially
on the disk. These loops are considered as velatiie storage becausz the
fiip-flops thal are a part of the loops or registers will be activated

in a rzndom state when power is restored.

The memory disk is divided into 32 concentric tracks {channels)
and each channel is divided into 128 radial sectors as shown conceptually
in Fig. 9. The 32 channels are numbered in even-octal progression from
00 to 72 plus the I-loop and the sector track which are not numbered.
Only even numbers are used because the least significant bit of the octal
number used fo.' channel addressing is reserved for the sector address.
The sector numters zre permanently recorded on a special sector track §,

one number out of phase with the sactor. This difference is used for

26
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timing purposes in the computer. The sectors are numbered octaily from
00N to 177. Efach address, 03735 for exampie, designates the channel and

sector as shown below:

]
0 3} 7 3 | ocTaL
000 01l m 011 l BINARY
| |
CHANNEL SECTOR .
000 010 061 111 on pseudo binary
0 2 1 7 3 pseudo octal

Thus when 0373g is deccded as channel 02g sector 173g it can be located
in memory or in a cenceptuyal layout of memo}y such as Fig. 9.

Program security or memcry protection can be maintained by disabiing
the write heads to channels 00-4€, thz “cold-stcrage" channels, resulting
in a read only memory. The various rapid-access loops and chsnnel 50
{(the "hliot-storage" channel} could s:ill be written on.

In addition to channels 00-50, there ire ten recirculating loops
which are used as input, arithmetic, and rapid storage operations as
shown in Table II.

There are 2727 programmable wards in memory (21 channejs of 128
words plus 8 loops with 39 more words). The memery cycle time is 78-1/8
usec if the memory location is coincident with a read head This {s the
time required to read one 24-bit serial word and is defined as one word-
time. The cycle time for all one-word loops is one wor i-time or 78-1/8
usec. The worst-case cvcle times for the é-, &-, and 16-word lcops are 4,
4, and 8 word-times, respectively. This is due to the intermediate read
heads in the 8- and 16-word Joops. The worst-case cycle time for the

21 main memory channels is 128 vord-times or 10 msec (Ref 4§ :16).

28
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TABLE II
Recirculation Lcops in the D178 Computer

Channel Loop Words in Channel Function
52 F 4
54 H 16
Rapid access loops
56 E 8
60 U 1
vl A 1
64 L 1 One-word arithmetic ard
rapid-access lcops
66 N i
- I 1 Instructior loop
ncnaddressable
70 v 4 Input buffer loops for
72 R 4 incremental inputs
74 Hm
Intermediate read heads*
76 En

*H. and Ep are not separate loops--they are part of the H and £ loops,
respectively.

29
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Inputs and Cutputs. The Inputs and Outputs of the D178 Cemputer

@

will be covered separately under Inputs and Qutputs because of its impor-

tance to numerical! control applications.

Computer lord Format and Prograoming

Word size ir this computer is 27 bits, but 3 bits are used for
timing, resulting in a 24-bit, programmable word. 7! .s 24-bit word is
presented in three basic formats: whole number, split number, and
instruction. These formats are shown in Fig. 10. The two forms of the
instruction woerd format--unflagged and flagged instructions--are shown
in fig. 11.

Un%1agged Instruction. The unflagged instruction will be discussed

irst since it is used as a basis for the flagged instruction. The unflagged

fnstruction is identified by the flag tit T;; set tc zero as illustrated

<
R
.
. 'E
© %
b

(:: in Fig. 11. The unflagged instruction has five fields as shown in Table III.

TABLE III -
Unflagged Instruction Fields

TR
ATGATN G Y

4

8it Position Field

: Tou ~Toy Operation Code

; Tap Flag (always zero)
Ti19-Ty3 Sector of rext instruction
Ti2-Ty Operand address:
T12~Ts Operand channel

; T2 -Ty Operand sector

i

/‘\
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This format is cormonly calle¢ a two-address instruction although it could
(:> be called a 1-1/2 address instruction. The two addresses given in the

instruction are the next instruction address and the operand address.

Only nalf the address for the next instructiocn is explicitly shown; the

channel is assumed to be the same channei that contains the present

instruction. The unflagged instruction format may be used with all 39

instructions listed in Table B-1I, AppendixB.

Flagoed Instruction. The flagged instruction format is used when

the programmer wants o0 simultaneously store the previous contents of
the accumulator into a specified loop and execute another instruction,

such as an ADD, MULTIPLY, or STORE. The six fields of this instruction

are shown in Tabie IV.

(bon (s ettt &

TABLE 1V
(:; Fiagged Instruction Fields
N\
Bit Position Field
» Tou -T2t Operation Code

7T.'.§‘ Tao Flag (always one)
g Tia-T17 Flag storage location
S ?3’ Tis -T13 Sector of next instruction
h 1;: Tiz-T; Operand address:
-3 . Ti2-Ts Operand channel

. E T, -1, Oparand sector

33
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(:j The Tlag-store location refers to a 3-bit code as shown in Tabie V. The
address of the next instruction Sp is shortened to four bits since the

flag-store location code uses three bits. This 1imits Sp to the 16 sectors

following the operand address specified in the flagged instructfon. The

. flagged instruction is considered a three-address instruction.
TABLE V _
Flag-Store Location Code
Ins%::ctigfekorglgits Loop Channel Description
6 o0 o0 - - ldie
0 G 1 F . 52 4-word loop
0 1 0 T - Telemetry
0 1 1 - 5C Hot channel
(f\ ] 0 0 E 56 8-werd loop
- 10 1 L 64 1-word Toop
1 1 0 H - b4 16-word logp
1 1 1 y 80 1-word loop

Instruction Hord Format. In both the unflagged and the flagged

instruction ward format the operand address {channel and sector) is 12

bits, which allows direct addressing of 4096 words. Since the D17B only

h2s a 2727 word addressable memory, all locations in memory can be addressed
directly. In the unflagged instruction the next instruction address is
seven bits which allows every secter {177 octal) within the channel to

be addressed. A transfer instruction is needed to transfer from an

b D ai e LR VAT st i0 00 et 2 b L R ATBEE

instruction in one channei to an instruction in a different channel.

(:j 34
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(:; The operation code field in both cases is 4 bits long, which

Timits the D178 to 16 unique 4-bit op codes. The 13 instructions which
address memory, use these 4-bit op cecdes and 12-bit operand addresses.

Two of the remaining 4-bit op codes are used for register reference
instructions such as control, logic, 1/Q, and shifts. The channel portion
(Ty12-Tg) of the operand address is used &3 an extension of the operation
code in instructions which do not access memory. Op code 14 is not used,
which would allow another memory reference instruction. Also, there are
numerous, unused 5-bit op code extensions wpich could expand the instruc-
ticn repertoire {Ref 4:14).

Fuli Word Operand. A1l 24 bit§ may be used to store one operand.

Bit 24 is the sign bit and T;3-T; represent a 23-bit fraction in two's
complement form {see Fig. 12). Tps Tg, and Ty are timing bits used by

(:; the computer and they are not programmable. Examples of the number repre-
sentation in the D17B aregiven in Table VI.

Split-Word Operand. Two numbers may be stored in one 24-bit word.

The left haif-werd is formed by bits Vs,-Ty, and the right half-word is
formed by bits Ty;-T;. As shown in Fig. 12, bits T;, and T;3 are not
used, and bits T,, and T;; represent the sign hits. Examples of split-
word operands are given in Table VI.

The D17B has the capability of simultaneous execution of twe
identical add, subtract, or multiply instructions on the left and right
half-words. This increases the speed avaiiable for a solution to a
probiem but with a loss in accuracy because only 11 bits are processed

for 2ach half-word rather than 24.
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(::. TABLE VI

Examples of Number Representation Used in the D178 Computer
{Octal numbers are presented for convenience;
the computer vses binary numbers)

S e N

Type of Format

% Type of humber Split-¥erd Format

. Fuil-Word Forma* -

' Left Half-Word { Right Half-Word
f Maximum positive number 3777 71777 3776 1777

; Maximum negative number 4000 0900 4000 2000

} Mininum positive number 0009 00C0 0000 0009

i .

Minimum negative number 7771 7177 7776 3777

Phases of Operation. This computer has five phases of operation

(_~ which are common to delay-type memories. These phases are instruction
search (IS), instruction read (IR), operand sgarch (0S), operand read (OR),
and execute (EX) as noted earlier. The upper part of Fig. 13 jllustrates
how these phases would be performed in normal sequential operation. The

Tower part of the figure illustrates how the D17B computer can perform

2GR A 3Bt 7T AL L ey R e 24 b S0 e 3T 2 e 4 s

several of these phases simultaneously. This figure assumes mininc’ delay
coding of instructions which require one word-time for execution. The

advantage of a minimal dealy code program is that, once the program is

poporm.

initiated, the effective completion time of any instruction is equal to
§ the basic execution time of that particular instruction. Minimal delay

coding means piacing the next instruction in the memory location which

ot

will be read next, following the execution of the present instruction.

Plereredavad oo iid
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Modes of Oneration. The modes of cperaticn can be considered as

the types of operation that the computer may perform. The D17B has two

basic modes, compute and non-compute. Compute mode involves the execution

of instructions and the non-compute mode involves operatiaons such as

NP s, e

synchronization and reading instructions (Ref 1:59). These modes are

s,

s

divided into submodes as indicated in the Veitch Diagrams (Figs. 14 and

15). Reference 1 presents the state description and the associzted

§ register transfer equations for the modes and submodes if a more detailed
' ; presentation is desired.
_ % ? ' Inputs
g : Because the Inputs and Outputs of the D17B were designed for use

in the Minuteman I ICBM, many of the Inputs and Outputs are special pur-
(; pose signals. Another factor to consider is that the D17B provides
' :“ ’ access to approximately 550 lines through connecters Jy-J;;. These lines

£ | include the Input/Output signals, control signals, power monitoring signals,

and some spare lines.

The input 3ines as illustrated in.Fig. 16 can be divided into four
classes of inputs: Discrete inputs, Character inputs, Incremental inputs,
and Control inputs. The Discrete and Character inputs are used for data
inputs, whereas the Control inputs are usually signals from a control
console. The Incremental inputs are independent of program control and

are used in highly specialized applications.

Control Inputs. The Control inputs consist of eight signals:

Master Reset (MR}, Run {KR), Halt (KH). Single-step (KS), Initiate Load
(FS), Halt Prime (IM), Enable Write (EW), and Disable Discretes (DD).

39

o a——— ) amcsa




§
¢
¢
t
.

'

GE/EE/73-5

(N} roua3uol apow ainduo)

‘vl *6id

SYIHLIO TV Y04 3WIL 118 L
30 Y04 IWIL QYOM L .
Wo ¥o4 IWIL QuoM 2L-9
o 403 InIL quoM LE-1
:SI 30 40 NOILV¥nQ

3nYL NIVWIY T11IM 300W @31nI3X3
JHL “G3003 ATIVHILAO WY¥I0¥d HLIM

3

W,

d),Pa(214%1)

31N23X3 3WIL
119 LSYId
40 3WIL

G¥OM Y3HLO

A

|

d:

1215

1PN

31n33%3
JWIL
QuCM 1SV

— G
d1PN{21+%1)

HJYY3S
NOIJINYLSKI

Xy P2y
A

b

LEL
NOILONYLSNI
ANV
HOYY3¢
YIGWON

40




TSI T T Ve o

Ll Yo

T ST

bk e VTR A R e AR T

Eahbad = A

GE/EE/73-5

weaberg yo31o8 apoy dyndwoosucN gL °Bid
T ] 17VH
— e R T T B R TR S TR T T T R Ty \
| ) R E A~
| 40 3LNdWOD LYV1S
| — 1790443 AJT43A
| 4 x_« ﬂ i
) ~ _ o \ _ — —
{2 3701} 251 Sl L 3001| P21 g NOOTHIINT| > 2] NS,
dy, Y — -t B *
|| N — K 0L My 285 | Lt (e o [ e
Wvooud | | Lo 5215 dy My _ dy i)
_ b2 1 “ 7"
_ bz, Hy 28¢ g | Fo—_— A
| TINAW0) avo1 _ Sdy  Elyy
oL 0L _
| 34y 4d 3UYdIng
HOWYIS | _ |
YIWON = .
NN S — - .
31¥83d0 L "ON 2 "ON e 3000 [y
oL ¥3LNNOD ¥anoy - _ 1awvs |8
2WYdIYd | 119 o 118 3Yvd3yd -
dj| oMAS [S2; ¢| oNAS _ €2y
l...lﬂlnl f.lu.l/\.ll...\ N P >
U lo {av01) 4

a4




GE/EE/73-5

INPUTS
X1 > ~—I1p0113
, ~<—124:128
X19 > INCREMENTAL lee—I34,13g
DISCRETE
DR FLIP-FLOP — = IFUTS " leat—Ig0,109
_ INPUY )
FINE COUNTDOWN F/F -l e 1 —Ispsisg
PHASE REGISTER 3 —zmn eI+ 1gg
P, —m  DIA
Py —== IS SO OO {
VARIAELE w1114
------- T a—Ion, 197,104
INCREMENTAL 12" 12]'12‘
; THPUT —~—Iays141-144
TYPE2 L —
yog SPECIAL  [~—IBC
- > B INCREMENTAL |1

MR, MASTER RESET

I] > ) -—KR, RUR
1 - CHPUTER | xu, wALT
CHARACTER CONTROL  |ee—KS, SINGLE-STER
I3 ™ INRUT SIGHAL  |~e—FS. INITIATE LOAD
I HALT PRIME
la - INPUTS | EW, ENABLE WRITE
PARITY =) wc—DD,DISABLE DISCRETE

Fig. 16. D178 Computer Inputs
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The Master Reset (MR) control signal primariiy fnitiaiizes all the
major mode genera*tors into a knoim mode. The Tlip-flops are also set in
a random state during iR, thus any infoimation in the rapid-access ioops
is loct. MR aiso causes 2 transition into Sync Bit Counter 1 mode and
then into 3ync Bit Counter 2 mode. Finally, an unconditional transfer
to channel 00 sector 000, instructon 5000 9005, is placed into the
Instruction Register. This process takes approximately 30 msec, and the
processor will be *n the Prepare to Compute submcde unless the Halt control
signal had been issued. If KH (Halt) had been issued the processor wouild
be in the Interlock mode and would remain in this mode until another
control signal was issued. .

The Run ard Halt control signals are mutually exclusive and usually
are generated from the same switch on a contrcl consofe. The Run centrol
signal is on for program executicn and may be switched off to halt the
computer during program execution. Switching KR (Run) off is equivalent
to switching KH (Halt) on, so either terminology may be used.

KS. the Single-step control signal, is used to execute the instruc-

ion presently in the Instruction register and then return to the Manual
Halt mode after the next instruction has been read into the I-register.
To uc2 KS, the Halt control signal must be on, or equivalentiy, KR off.

The Initiate Load {FS) control signal is used to sequence the
processor intc the kait submode from the Interlcck or Idle 2 submodes
in those cases vihere the transition would not otherwise occur (Ref Z&)
This transiticn is necessary if the computar is going to execute any
fi1l/verify operations.

If IM, Halt Prime, is on, the processor will cycle between ldle

and Interlock submodes until IM is switched off or FS is switched on.

43
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Then the computer will proceed with fill/verify operations {Ref 29).

The Enable Hrite control signal serves as a memory praotect device
for channels GO through 46. When EW is on, these channeis may be written
into, but when EW is off, writing in channels 0C through 46 is disabled,
although reading is still pussibie. The main advantage of the EW signal
is to allow the computer to be turned on or off without affecting the
memory. If the Enable Write control signal is‘on vher the computer loses
power, spurious signals will be written into channels GO through 46
when power is restered, thus changing any program which may have been
in those channels. Dluring the start-up or Qhen power is restored, the
write fiip-Tlops are enabled in random states scmetimes causing unwanted
signals to be written into a channel. _

The final control signal is the Disable Discretes {DD) coniioi
signal. The DD signal has three functions, although the main function
is to disable the discrate outputs. VWhen 0D=0, the DOA instructicn
changes the D-register, but all outputs are inhibited. [D=0 alsc inhibits
writing into channel 50, although reading is still possible. This serves
as & orotection against spurious writing during shut-down and start-up
procedures Tor channel 50. The third function of the Discrete Disable
control sigral is to disable terminal 1 of the voltage outputs. Thus,
when DD=0, the outputs Vy4, Vo4, and V3y are disabled; the other voltage
outputs are unz2ffected.

Character Inputs. The Character Inputs are used to load the memory

during 3 cold start and also to cause the computer to transition into the
proper submode to load or verify incoming octal characters. The Character

Inputs are a set of five lines, I;-Ig, where 1; is the least significant

4%
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<::} bit and Is is a parity bit as shown in Fig. 17 The four signals, I,-I,

comerise the load codes; all 16 combinations are used.

P TR

The Fill, Enter, and Lecation load codes are used most often since
they are the codes involved in entering programs and data. F{il11 is used
to sequence the camputer into the Fii1l mode so that octal digits end other

codes will be decoded by the computer. An example will probably ciarify

IO s A

the operation of these load codes. First the Fill code is entared to
: ;i\; ensure the Computer is ready. Hext, an octal address (0000 405G) is
entered, followed by the Location code. The Locatien code would cause

0000 4050 to be lcaded into the Instructior register indicating the

"’1 } ) address ir memorv. Then a deta wurd or an instruction is entered in
j: octal, 70705161, folloved by the Euter code. The Enter code causes
707061615 to be written into memory at channel 40, sector SG (4050) and
:; (:j3 the Instruction register is incremented by one to G0GO 4051g. Thus, if

data or an instruction were to be entered in the next locaticn in memory

(4051) then the octal digits would be entered followed by the Enter code.

Jan .
GRR G s

3 ) It is not necessary to enter the location again since the I-register is

incremented each time an enter code is processed. This process would be

engiads lv,l‘,‘

continued until the compiete program had been entered.

When octal digits are entered they are shified intv the Lower
Accumulator three binary digits at a time into the three low-order bit
positions. At the same time the three high-order bits are shifted out
and lost. The Location code transfers the octal digits to the Instruction
register, where the Enter code transfers the octal digits to the Accumulator
and ther to memory. In both cases the octal digits remain in the Lower

Accumulator.
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The other load codes are used less frequently. Verify is similar
to Enter except the octal digits are not entered into memory, but are
compared with the octal digits in memory at the specified location and
if they are not the same an error is indicated. Clear simply clears or
zeroes the Lower Accumulator. The Delete lcad code is used as a rubout
or spacer and is disregarded by the processor. The Compute load code is
used to transition the processor from a Fill submode to the Idle 2 submode,
where it will remain until the Halt control signal goes to zero, then it
will enter the Prepare “o Compute submode and then into execution (Ref 29).
If a tape reader or some other autcomatic input device is used to input
information, the Halt load code is used to stop the filling or verifying
operations at a particuilar point in the input stream. .

Discrete Inputs. The Discrete Inputs enter the D178 computer on

48 separate lines which are divided into two sets, X-inputs and Y-inputs.
Only X;-X;o of the X-input lines are available external to the computer.
A1l 24 lines of the Y-inputs are available externaily.

The instruction DIA transfers X;-¥;3 to A;-A;q of the Accumulator,
and A,;-A,, come from monitoring signals internzl to the computer. The
input into A comes from the DR flip-flop which can be set externally.
khen DR is set (DR=1) two Discrete Qutputs, Dy, and D,,, are inhibited.
This does not affect the operation of the computer, but it does cause an
operation independent of the computer to occur. The instruction RSD will
reset the DR flip-flop.

The D17B has a Fine Countdown mode which it enters with the EFC
instruction and exits with the HFC instruction under program control.

The Fc fiip-flop monitors this cendition (Fc=1 in Fine Countdown) and

is the input to A,, when DIA i5 executed. Fine Countdown was used by the
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computer in its original configuration to integrate velocity inputs to
give position information. The phase register (P;, P,, P3) provides the
inputs to the remaining bits in the Accumulator when DIA is execuied.
P3, P;, and P, are inputs to A;;, Ap3, and Ay, respectively.

The instruction DIB transfers Y;-Y,, into A;-A,, of the Accumulator
which allows monitoring of the 24 external signals avajlable to the com-
puter. This Discrate Input could be used to ihput 24-bit words into
the computer. Reference 29 describes a system designed and implemented
by J. Theriault at AFIT which uses the Y Discrete Inputs as the primary
input lines. .

Ineremental Inputs. As the Incremental Inputs are processed inla

the computer they are accumulated in two 4-word input loops, V and R.
Six pairs of inputs I 4 and I;g through Iga and Igp are available for
the V- and R-loops as shown in Table VII. The same table shows a total
of 26 possibhle Incremental Inputs when the specizl and R-variable inputs
are included.

Resolver decoding is used to determine the inputs to the V-lcop.
A modulo-four counter, flip flops Wy and Wp, i3 used to determine which
group cf inputs will be sampled and which word of the V-logp will recelve
the resylts of the sampiing. I, and I,p are sampled every other word-time
and I, I,g as well as Ip, I,p are sampied every four word-times, resulting
in the sampling pattern: I,, I;, I3, I3, I, I}, I3, . . . . The sampling
and decoding prccess determines if there has been a positive or a negative
change fn the input based on the previous sampie. If there has been a
positive change, the appropriate word in the V-loop {as determined by L\
ang HB) is incramented by one; a negative change would have decresmented

the same word ty one. This decoding was done when the processor was not

48




T = T P——h. Wl =t . 0 —~

Sc/EE/73-5

- - - - TE - - wETAT we T = T T e T TS ST s T TR T TR A S S T L TR ek,

TABLE YII
Incremental Input Specification
Class Input Group Sampling Device sampling Rate
g v (sampies/second)
v IIAC’11BC V-loop, word 0 and 2 6500
) IZAC’IZBC V-loop, word 1 3255
R  PUVRS | R-loop, least significant 3250
4AC>"4BC half of word 3
R Ioansl R-100p, most significant 3250
SAC*758C half of werd 3
R Iopesl R-loop, most significant 3250
BAC*“6AC half of word 2
2 . i
R-variable I1NC’IIIC’1143 R-3cop, lg?itoiigglgigant 3250
R-variable I3NC’13}C’I34C R-1cop, gg?g g}ggéi}cgnt 3250
R-variable IZNC°IZ!C’124C R-loop, lgggtozigglgf?ant ' 3250
R-variable | I,,~slqqprsl X-1oop, most significant 3250
GHC?741C" "44C half of word 1
Special Ipe D Continuous*
Special I7c R-1o0p, least significant 1625
half of viord 0

*If Dy is in the "0" state.

22
g
-
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in the Fine Countdown mode so that errors in the velocity meters could
be calculated. When Fine Countdown was entered resolver decoding con-
tinued, but with a few changes. The Y-loop was no ionger modified by
the decoder outputs. When the inputs changed, the appropriate viord in
the Y-loop {determined by 4, and %B) was added to or subiracted from
the U-loop. a one-viord loop. In this mode of oparation the V- and U-loops
formed a digital integrator with V as the Y reéister, U as the R register,
and the incremental inputs as the dx input (Ref 18:64). When a Solution
is reached, U goes negative, DS of the Discrete Qutput register is set
enabling D16 i€ the D register had been zeré set prior to the U-lcop going
negative. ' )

The R-loop only procesces sglit werds, thus it has the capnability
of receiving eighi different inputs, three resolver inputs, four variablzs
inputs, and one pulse input. The R-incremental Inputs or resolver inputs

are I4A' and 14B through IGA and IGB' Resclver decoding is identical to

the ¥-loop except for the timing which is changed because of the split-

4 . . ~
[ .. . .
. foedye 43S 0T 24 S b o AN S VALACE o e 21, Py T NP PSS S
3 377 " b " X S r d ot ey 2%l oA o
1 %1 s 4 BRIV L A i HAT TRV Dkl A % S8 7, G
boemdotoored soye it (o140 uanie

word inputs. The results of sampling are processed the same as the

V-incremental Inputs with FC=0. The second aroup of inputs to the R-lcop

ST .
gt b i

are the R-variatle Incremental Inputs. In general these inputs are preo-
cessed the same as the V-incremental and the R-incremental inputs. The
majcr difference is indicated in Table VII, three inputs instead of two.
These three inputs are used differently also. IiN {i=1-4) determines if
addition or subtraction will occur while Iﬁ and qu determine the magnitude.
If Iﬂ is true the operand is 1 or if 1., is true the operand is 100 binary.
If both Iﬂ and Ii4 are true, the operand is 101 binary. Another difference

is the use of the Pz flip-flop of the Phase Register to select the inputs.
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If P2=1 then IZi and I41 (i=N, 1, 4) will be selected whereas if P2=05
Ili and 13i wiil be selected.

The final inputs to the R-loop, 17 and IB’ form another group of
inputs called the Special Incremental Inputs. IB is a binary signal
¥hich sets tie DR flip-fiop which in turn inhibits two Discrete Outputs,
010 and D21. DR can be reset using the Reset Detector (RSD) instruction.
The final input, 17, is sampled once every fou} vord times. If I7 is a one
when it is sampled, the right split-word of word zero of the R-loop will
be incremented by one. This split word, the Coarse Time Counter, can
enly be incremented every eight word times. When I7 is sampled and I7=i,
then Rx is set so that four word times later when 17 is sampled and found
set, the Coarse Time Counter won't be incremented. The 1z2ft half of word
zero is the Fine Time Counter which is incremented every eight word times
unless the Coarse Time Counter is incremented. In this case the Fine
Time Counter is reset to a -1(1C000000000,) and continues counting. The
Coarse Time Counter counts the number of pulses sampied and the Fine Time
Counter counts the number of word times that have elapsed since the last

pulse was sampled.

Qutputs

The Outputs of the D178 computer are varied and specialized for
the same reasens as the Input signals. The Output signals will be func-
tionally divided into seven grcups as show in Fig. 18. These signals
are all processed by the 10 circuitry so that external devices may use
them without overicading the internal circuitry {Ref 29).

Discrete Qutputs. The Discrete Outputs are used tc output 28

"on/off" signals through program control. The Discrete Output A {DOA)

81




GE/EE/T3-5

QUTPUTS
1110) T —— = V19
002 —————== Vg
D03 —————] Vg
OUTPUTS
008 w—u | VOLTAGE | a V7
bOA OUTPUTS Vay
VOA ‘
VOB —— V12
| Voo L V22
031 —-————
——————— V23
=V
61} —-———————— BINARY
6og CUTPUTS 33
—f—————— — ]
BOA
9] BOB Ag
€10 —-———— B0C
: TELEMETRY
o= QUTPUTS
¢ —-—————— L Ay
X2 = CHARACTER S S——
MODE CONTR |
3 = WPV wonr ooTeut|
COA
] —
INCREMENTAL A
SCc (PARITY) —e— uTPuT - %21
Fig. 18. D178 Computer Gutputs
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instruction transfers a code in the sector address portion of the
instruction to the D register. This signal is then decoded and one of
the 28 possible Discrete Output lines is enabled. There is one exception;
004 may be enabled at the same time as DO1, D02, or D-03. Since these
three combinations can be deccded externaliy to form D05, D06, D07, the
Discrete Qutputs are numbered D01-DO4 then D08-D31 for a total of 28
lines.

There are several other conditions or signals which will modify
the D-register outputs or the Discrete OQutputs. The Disable Discrete
control signal will disable all the Discrete Qutputs without affecting
the D-register. When the Detector flip-flop is set (DR=2), D10 and D21
are disabled, although %he other outputs are not affected. Another con-
dition which will modify the D-register, and thus the outputs, occurs
during Fine Countdown. If the U-Toop goes negative, D5 is set and the
D-register may be changed, disabling at least half of the‘outputs as indi-
cated in the VYeitch diagram in Fig. 20.

Binary Outputs. The Binary Outputs consist of three signals,

G11 (i=1,3), and their complements, Gi0 (i=1,3). These signals are

illustrated in Fig. 19.

BOA — BOB —» BOC —»

Fig. 19. Binary Qutputs
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| = The Binary Output instructions, BOA, BOB, and BOC, are used to

: enable these signals. The Binary Output sigral, BOA for example, will
increment the contents of the Accumulator if Gll=1 or decrement the

contents of the Accumulator if GIG=1. After the contents of the A-register
are modified, the Gl flip-flop is set if A<(C (Gn=1), or reset if A20(610=1).
Once the respective G flip-fiop is set it will remain in that state until
changed by another Binary Output instruction, a Master Reset control signal,

or 2 power loss. The last two cases result in & random setting of the

flip-flops so it is assumed the signal is lost.

Character Qutputs. The Character Qutputs use a set of six lines,

Scl'scs and Sct’ to output 4-bit character information. Lines Sc1°sc4
determine the 4-bit character, line Scs holds the parity bit, and line

Sct is used for timing. The Character Qutput A (COA) instruction is used
to output one 4-bit character. Hhen tne COA instructicn is executed,

the Accumulator is left-shifted four bits, an odd-parity bit is generated,
and Sct is set for the time Scl-sCs is available on the output iines. The
time this signal is available is determined by the low-order five bits

in the COA instruction, thus the maximum time the outputs are available is

31 word times (2.4 msec).

Voltage Qutputs. The Voltage Outputs consist of four sets of out-

puts with three signal 1%nes for each set as shown in Fig. 21,
The Phase Register (Pl‘ PZ’ P3) is used tc select which set of
analog signals will be used. This selection is illustrated in Table VIII.
The Voltage OQutput instructicns, VOA, VOB, and VOC, cause the high-
order eight bits of the left or right split-word to be trancferred into
Register 1, 2, or 3, respectively, as illustrated in Fig. 21. B8it four of

the instruction determines which spiit-word to transfer intc the register.

55




U TN Y o v
Lad TR DTVTITOT L. ST Ty Tl e TR e MO T DTS TR NN
- - -~ - o S A R LT

GE/EE/73-5

- L Vol0
o V020
o V030
VS0
V1A
vorrace outeet | V! PN . I
REGISTER NO. 1 l/ P, P, Py,0D"
Vo1
o 021
J Vo031
- Vst
y VZA
VOLTAGE ouTRuT | Y2 ‘
REGISTER MD. 2 ool b,
> _—vor2
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. | —vo32
vs2
V3A
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A
Vg3
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Fig. 21. Voltage Outputs
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TABLE VIII
Voltage Cutputs as Determined by Phase Register Settings
Phase Register
Voltage OQutputs a
Vis Vons Voo 1 o 1
10° 20 39 2
Yiie Yarr Vi 10 4
V13. VZ3, V33 0 1 d

b

& "d" indicates a don't care state, F3 may be a G or 1.

bThe Discrete Disabie contrcl signai wiil disable V,n, Van, and V
when DD=1. 10° 729 30

The centents of Register 1, 2, or 3 are shifted intc a D/A converter
which outputs an anales voltage signal propc%tional to the digital value
of the 8-bits in the register. The output of the D/A cconverter ranges
from -5 VGC to +5 VDC and is amplified to 220 VDC at the output lines
(Ref 18:47).

Figure 21 shows that YOA enables VlO’ VII’ VIZ’ or ?13; Y08 enables
VZO’ VZl’ VZZ’ or V23; and YOC enables VSO’ V31, V32, or V33, depending on
the Phase Register setting.

Telemetry Qutputs. The Telemetry Qutputs were usad by the Minute-

man I missile to telemeter the +nternal operations of the Di7B to ground
control stations. Telemetry can cutpu: any onz of seven signals during

on2 word time. The contents of the Accumulator can be read cut continucusly
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or periodically under program control by flagsicring the Accumuiator into
the T-loop (Telemetry). The clock can be read out provided the memory
disk is in position against the read-write head piate (Ref 22). The
Discrete Qutputs Monitor signals are specialized outputs which were
originally used to monitor the orogress of the missile during flight,
These signals are available as Telemetry Cutputs. They are sim3ly pre-
selected Discrete Qutput signals logically ANDEd togethar as shown in
Tabie IX. The Discretes Disable control signal will disable thase

moniter signals by disabling the inputs te the AND gates.

TABLE IX

Composition of Discrete Qutput Monitor Signals
Legical AND of Discrete Discrete Cutput
Output Signals Monitor Signal

\
(P15)- (%17)- 01y) D41
(12)-("16)- (P19) ~ Dy
/
(°103-(P13)-{P18) : De3
(%14)-(°20)+(°21) Dys

The Memory Multipiexer flip-flop Mox is another Telemetry Cutput.
This f1ip-fleo copies and outputs serially one cnannel of memory curing
one disk revojution. Extarnal logic =ould be used to monitor the sectors
and display tne output of Mox when a specified sector is read. In this

manner any word in memory could be displaysd cn ar exterpal device.
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Another output signal is Origin Timing. ihen the processor is in
compute mode a 2.9 us pulse at Tp of sector 177 is issued which indicates
the start of one disk revolution (Ref 29). Program Timing and Sector
Charriel are the final two Telemetry Outputs. Program Timing is an external
signal used to indicate that the contents of the Accumulator have been
flagstored into telemetry (Ref 2:68). The Sector Channel outputs are
the sector numbers 000 to 177, octal, which are recorded on one channel
of the disk called the Sector Chanpel.

Mode Control Monitor Signais. The Mode Control Monitor Signals

are seven outputs which are amplified and processed for external use

to monitor and display the modes of tﬁe processor {Ref 29). These seven
signals aée: Compute mode; Fill mode; Manual Halt mode; Parity Error;
Parity or Verify Error; Program Hait mode:; and Verify mode. If these
signals are displayed they can help the srogrammer in entering or debugging
a program.

Incremental Output. The Incremental Output consists of only one

sigpal, HZI’ which goes true ence every four word times starting at sector
onre. This output was originally used to control the devices monitored by
tne Incremental Inputs (Ref 29).

Qutput Summary. The outputs are summarized in Fig. i8 at the

beginning of this section. B8riefly, the number of useful output iines

availabie ar2 tabulated in Table X.

TABLE X
Useful Output Lines Available
Qutput Signals Lines Available
Discrete 28
Binary 6
Character 5
Voltage 12
Telemetry 24
Total 75
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Specificatiens and Features Applicable
To Control QOperations

Certain specifications of the D17B computer are applicable to
numerical controi and process control. The most general specification
or feature of the D178 which is applicable is the overlapping of several
modes of operation, such as instruction search and operand search occurring
during the same word-time. The 24-bit word length is advantageous in
numerical control because it offers very high accuracy is a necessity
for certain operations. «hen high accuracy is not needed the D17B can
operate as a dual processor for the arithmetic operations. For this situa-
tion, the'24-bit word can be split into left and right 11-bit words,
including the sign bit. Direct addressing is another desirable feature,
but it is of limited value due to the small wemory on disk. The split,
compdare, andé limit instruction can be used to keep split-words from out-
putting vaiues which are out of range.

Inputs. The character, discrete, and incremental inputs are appli-
cable to controi operations. The character inputs are used to enter the
programs and data needed by the programs. The incremental inputs were
used G integrate velocity inrputs to determine position irn the Minuteman
I ICBM. These inputs »A11 still be integrated when the computer is in
fine countdown so that the proper inputs and constants should result in
position information. Alse, when a solution is reached, D5 of the Discrete
Output register is enabled which could be used to stop whatever operation
i; in progress.

There are 43 usable discrete inputs that can be used to enter data
{with added external logic), to monitor different conditions in a process,

or to receive data from A/D converters. Twenty-four of these 43 inputs
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can be read into the computer with one instructicen and the other 19 with
one more instruction. This results in an effective input rate of 3.64
usec per discrete input.

Outputs. There are three categories of outputs that are appli-
cable to control operations: analog, binary, and discrete. Analog or
voltage outputs are usually needed in cortrol applications, such as
a valve or positioning a tabie on a drili presg. The D17B analog
outputs only have 8-bit resolution which is not accurate enough for
most numerical control applications, but may be sufficient for specialized
operaticns. Therz are 12 separate analog ohtputs, all under program
controi. °

The birary output signals {pulse linesj are 61 Gy1s and G3q plus
the complement for each of these binary outputs. All six signals are
available for cutput. These signals stay on until they are turned off
by the program. for example, G11 ma; be true (which makes GIO’ the
complement, false) and it will stay true until an instruction is issued
to chenge it. Then Gn will be false and G10 will be true. By proper
programming the Binary outputs can be used as a puise output, osciliating
between true and false for a specified time.

The third set of outputs, the 28 discrete cutputs, could be used
to turn switches on and off. As stated previcusly, only one discrete
cutput can be on at any one time with the exception of D04 which can be
on with 501-D03. 1If D011 was issued, turning switch one on, it wouid
remain in the true state until a different discrete output was issued.
Then D011 would have to be issued agein to turn switch one off. To use
the discrete outputs this way necessitates using a switch that requires

a positive or negative going pulse to turn it on and another pulse of the
61
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same polarity to turn the switch off. Using this type of switch requires
the program to keep track of which switch is on and when.

General. In gereral the D17B computer has all the inputs and out-
puts that are used in centrol applications except voltage inputs. But,
the slow speed, Timited memery capacity, and 8-bit accuracy in the D/A
converters make the use of the D17B in general control applications
questionable. The D178 computer cculd be used to advantage in certain
specialized applications such as data acquisition and preprocessing data
in process control applications and simple point-to-point numerical control
applicatiqns. Chapter V discusses some possible numerical control con-

figurations using the D178 computer.
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I{I. Model Formulation and the Implementation
0f a Machine Pgsitioning System

As mentioned previously it was not possible to obtain 2 machine

3
.‘
3
>
7
Z
-
-
=
£3
%

A

of the desired nature in the time available. This necessitated the

Al
Radilidl

formulation of a modei as an alternate procedure. A digital computer

gty

model of the machine was a possibility; however, an anzlog computer

B e
Sl (et

g simulation was considered a more direct solution. This approach

reguired a direct connection between the D17B and the machine made)

B ) with the proper interfaces.

Servos_and Drive -

B = Several different devices are available to drive the woritable

(the table which holds the part to be machined) in accordance with the

desired commands. Electrohydraulic servovalves can be used to <ontrol
hydraulic moters. fiiyZraulic power sources are frequently used when large
power is required. Another method of moving the worktable is w'th the

use of electric motors. These motors can be either armature-ccntroiled or

field~controlied.

Fieid-Controilad Motors. Since less power is required o control

the field of the motor, this method i3 frequently adopted (Ref 11:47).
The simpiified diagram of a field-controlied dc motor ic shown in Fig. 22.
ror a constant armature current, im, the torque, 7, is proportional
to the flux,d, which is in turn proportional te th: field current, if.
Hence the torque equation is
T-= Kfif (1)
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. |

FIELD ARMATURE

."? ’ Fig. 22. Simplified Diagram of Field-Controlled dc Motor

where K¢ is the proporiionality constant between torque and current.

| The equation for the field circuit voltage, ef, is

o4 ~

e (sLf +Rg)is = ef : (2)
}.} where s is the differential operator, L¢ and kf are field inductance and

resistance, respectively. For an inertia-viscous friction load as depicted
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in Fig. 23, the torque equation is given by

(sd+8)y, = T (3)

where J s inertia, B is the damping coefficisnt, and o js the arma-

ture velocity.

Now the equation for motor velocity can be written as
{sLf+Re)(sI+B)uy = Keeg (4)

by combining £qs {1), {2), and {3). In practice a constant armature

(: current i c¢ifficuiv %o ottaln. If a constant voltage is applied to the
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Fig. 23. Friction/Inertia Load for dc Moter

armature, the current is given by

i = 8 m \
C TR R i
o where
em = back emf,
Ea = armature voltage,
Rp = armature resistance, and
Ko = flux/field current conversion constant.
For E3 >> e, we can approximate ig as
im =~ Ea/Rn (6)
The angular rotation of the motor shaft must be transformed into
: linear motion to move the worktable. In actual practice very sophisticated
: '% devices are used to eliminate backlash and epsure accurate positioning.

For modelling purposes a system of rotary and worm gears will suffice to

¥

effect the transformation. Figure 24 shows a simplified view of the
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gearing required to transform rotary motion to iinear motion. Only cne

@)

axis is depicted. A similar arrangement is required for the other axis.
For small loads such as & printed-circuit board, the inertia of the work-

piece can be ignored. If larger loads are considered, the inertia eof

i
R §
. |
|

the table and workpiece can be included as a load on the moter (cerrected
by the transformation of the gearing ratio). Assuming ideal coupling by
the gears, this load can be transformed into a Toad in parallel with the
original load on the motor shaft {Pef 12:91).

Now the angular velocity, wy, and angular position, 8, are

related by

Wm = S8y (7)

Similarly, assuming perfect coupling, angular position and linear posi-

tion, xi, are reiated by

C,
X = ¥8, (8)

-

where Kg represents the gear-coupling constant between the motor and the

table. Hence

um = sx/Kg | {9)
and we can rewrite Eq (4) in terms of the linear position
(sLf +Rf){sd +B)sx = KgKgeg (10)
or, in transfer function form
X ok (11)

es  s{sLf+Rg){sd+8)

Steady-State Response. The Final VYalue Theorem {Ref 12:11) states

that the final steady-state response is given by
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X{=) = 1im S3(S)E¢(S) (12a)
s+0
Ke/(R¢B
X(=) = 1im § Kgke/(ReB) ! (125)
s+0  S(T;S+1)}(T,5+1) S

where S is the Laplace Transform of the unit step input. From this

it can be seen that X goes to infinity as time increases when a step
input is applied. This can be remedied by negative feedback as depicted
in Fig. 25.

Armature-Controlled Motors. Although field-controlled motors have

the advantage of allowing control at a2 lower power level, they have the
disadvantage of speeding up at lower applied voltages vhen one wculd want
them to rotate quite slowly. For this reascn armature-controlied motors
are frequently used in applications in which it is desired to operate at

very slow speeds for portions of an operational cycle.

(2]
1}

&in ’zjj &f
+

o®
—hl"‘

Fig. &6. Closed-Loop System
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Since an armature-~controlled motor is better for our application,
we shall generate our model to conform to that configuraticn.
In the armature-controlled configuration, the torque equation
is
T = Kadig (13)
where
¢ = field flux,
im = armature current, and
Ks = a constant for a given motor.
In an armature-controiled motor the field has a fixed voltage and hence

a constant flux, ¢. Thus Eq (13) becomes

T = K (14)

m
where K; is the torque constant. Figure 26 shows a simplified schematic
cf an armature-contrclled motor.
The counter-emf, ey, is given by
em = Kywp = KyS6g. (15)

where Ky is the generator constant. The voltage equation in the input

circuit is given by
ea = {LpS ~Rg)ip ten {16)

Again, assuming > damping and inertia load, £q (3) portrays the ioad
torque eguation

T = {JS+B)y (3!
Comtining £q (3) with £qs (14) through {16) results in

L{IS +B) (LS +Rp)/Ky + Kyduy = 25 (172)
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or in terms of X
[{S%0La/Ky + S{Jan + BLm)/K¢ + (BRm+KyKe)/KeJSX/Kg = €a {17+)

A block diagram of the system incorporating unity feedback and
an smxlifier of gain K is shown in Fig. 27, and € is the transfer func-

tion X/e, as defined 5y Eq (i7b).

Fig. 27. Armature-Contralled Feedback Svstem

Analog Computer Model of a ivo-Axis Positioning Svsiem

Parameter Selection. Before implementing the model on the analog

computer, one important step remains--that of parameter selection in
accordance with some reasonable guidelines.
The first group of parameters which we might select are the ones

associated with the motor itself. Selecting a {ive horsepover motor
for its high torque capability, we could obtain a 240-volt dc, armature-
controlled Ceneral tlectric motor with the follewing parameters (Ref 23:22):

Ry = 0.615 chms

Ly = 0.0045 nenries
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K¢ = 0.7 15-ft/amp

Ky = 1.21 volts/rad/sec

150 watts = power for full fieid
Jp = 0.050 1b-ft sec?

O

. aat it Sa e . .
Al P ravi > Glasigutiszs e,
4
- ——— e wm.....,,~.,....w«nwmmnﬂa’""‘.ﬂ!ﬁ?ﬁ@ 4
-
n

= motor inertiail time constant = 0.03% sec

-y
8
!

Ny

rated speed = 1750 rpm

Tha only remaining parameter to consider ic the gearing ratio, Kg.
The constraint which is placed on this parameter ‘s that adeguately high
table slew rates may be attained when moving the table from point to
peint. This ensures that time will not be wasted in moviny long distances.
Although ;ndustrial systenms sometimes'attain speeds of 1000 ipm in high

performance applications, we will incorporate & figure of 100 ipm for

. . . o . . . . . -
PN . . ¢ - N . . . N
. R .. ‘ A . . . L .
. " ) P . s . . o . .
- . ™ ] Lo tisam b ad, e hthe e e oy T TR T [Ped o ST e crag et AP, N e
4 gy aledi ik ¥ AR ialic oy, ettt i ANTLR & a8 Fraal £ ALV B 5) 39 H 7
e st > 4 St et ' . = e o™ h
.

~ modelling purpcses as a figure more representative of industrial use.
hd Considering £q {8) and differentiating, we obtain
X=Kbp - (13)
Therefore, in consideration of the rated speed of the motor, we get
Kg = 0.00758 ft/rad
Inserting these parameters into Eg (17b) and solving fTor the
highest order derivative yields
; & X = 17.7e5 - 15.65% - 404X (i9)
:1'- { ﬁ Assuming an amplifier gain of 12 which will produce the rated
. ;; a armature voitage with the maximum of 20 volts out of the D-178 computer
' “;-- results in a closed-lcop transfar function of
XU = — : 212 (20)
(: $° + 15.655° + 404S + 212
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Figure 28 shows the root locus plot obtained with the aid of
the Root Locus program at AFIT (Ref 17).

An analog computer diagram of the plant is shown in Fig. 29.
The variables shown in the various portions of the circuit ars amplitude
scaled as indicated by the square brackets. This is necessary in order
that the maximum voltage available at the output of the various ampli-
fiers will not b2 exceeded (Ref 14:36).

Assuming a solution of

X[t) = A sin wpt {213}
for the second order part of the system resﬁanse, we obtain

X(t) = Ao cos w,t (21b)

X(t) = -Awnz sin o t ' {21c)

X(t) = P ? cos wt (21d)

Since w, =20 and Xpay =A =5 inches we can obtain conservative maximum
values Tor X and each of its derivatives and subsequently determina each

of the scale factors, a;. As an example, X-ax =5; hence

g = computer maximum voltage _ 18/5 = 2 (22a)
Xmax
Similarly,
ay = 10/%gax = 0.05 {22b)
a; = 10/Xpax = 0.0025 (22¢}
¢y = 10/Xp,y, = 0.00012 {22¢)
a. = 10/es_ .. = 0.04 (22e)
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The final form of the positioning system was implemented on a
TR-10 analog computer. Figure 30 shows selected analog compuic> symbols
and thei-~ defining equations. The complete system diagram with feedback
is shown in Fig. 31. The upper half of the figure represents the X-channel
while the lowsr hali represents the Y-channel of the system. The portions
of tne circuit to the right of Function Switches, FS1 and FS2, represent
the inputs to the positicning system. Potenticmeters 21 and 24 are the
manual controls while potentiometers 3 and 12 attenuate the computer
voltages (20 voits maximum macnitude) down to the scaled voltages used in
the analog computer. FS1 and FS2 switch between manual control and auto-
matic conirol. The inmputs to potentiometers 21 and 24 are switched by
means of paick cables between +i0 volts and -10 volts to afford positioning
in 2)) four quadramts. Amplifiers 7 and 17 are not actually part of the
bzsic system, but are used o precondition the signals fed to the ADC's as
explaimd in the raxt section.

Most of the variables shown in the diagran are amplituda scaled as
inficated Dy the square brackets. The wltage present in the circuit is
squal o the indicated veriatle multipiiec by its associated scaling factor,

Q.

. lonversely, if the veitage at a psfrt in the circuit is known, the

&zy.eoriate variable can be fourd &y ¢ viding it by its associated scale

farioe.

Lommaterized Control

Aft=r a general familizizastior of she DI7B was attained, compuier
programs were written to generzte coere sicnals which could be used as
inputs tc a pesitisning device. Fimre 32 shwovs the zcordinate system

4S2C as we'l as the cooputer ostpatc eimck w11 procuce fuli-scale movement
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at
POTENTIOMETER Y=2aX, 0<2<l1.0
Ld/
INWERTING  *1 Y Y=o (e by
3 AMPLIFIER |, b
& n 2, ...,b~3.1 to 100
' r usually <4
X t
’ Y=-Xo+ (aX; +...+ bX,) dr
T
Xz—-a
INTEGRATOR : Xo = - Y{0)
x,,—'l! )
; a, ... , b~0.7 to 100
n usually <4

Fig. 30. Selected Analog Computer Symbols
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+20 V
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NOTE: D178 osutput voltages required to give full-scale deflections
in each direction are given in the squares.

Fig. 32. Coordinate System of Simulated Positioning System
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GE/EE/73-5

of the positioning device. In both axes voltage outputs from the DI7B
will produce proportional deflections aleng the X and Y axes.
The initial pregrams prodiuced a square ir the first gquadrant
and a rough approximatiorn of a circle. More sophisticated programs were
developed which would generate a more precise circle and a square using
either PTP or incremental positicning. These programs are presented in
Appendices C and D. The algorithm used to generate the circle is also
contained in Appendix D. These programs were used at first to control
an X-Y plotter directly. At times the voltage outputs were displayed on
an cscilloscope as a means of viewing the results of the program. In this
way it could be determined whether the proper voltages were generated.
After the programs were tested in this manner for proper seauencing,
"tﬁe outputs of the computer vere applied to the analog computer. This
provided a test to determine if the programs developed the apprepriate
patterns at a proper speed, i.e., were the patterns generated slowly
enough to be followed by the analcg computer model of the machina posi-

tioning system?

Finally, feedback was provided to the computer so that the com-
puter weuld have information as to whether the system responded to its

cermands or not. This feedback was provided by using analog-to-digital

converters (ADC's). The converters used were Analog Devices, model
ADC-12QZ. The specifications of these devices are given in Table XI.

The feedback system utilizing the ADC's is shown in Fig. 33.

In the initial attempts feecback to the computer vias used only to determine
that the positioring system had responded completely tc the previous

command before the subsequent command was generated. The reason for this

IR S e T X S o Ry
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TABLE XI
Electrical Specifications of ADL-12QZ Analog-to-Digital Converters

2 3 R E VAR TR, S LT, i ey e T L o T Ty B S
o N T TAAITAT LSO AT N A (e, ST DN S SRS P atm»w::mpi-ﬁ:&memym Tl e D R VIR ,.Mmaﬁ%
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Resolution

Accuracy

Conversion time
Input voltage ranges

Input impedance
10 V pp ranges
20 V pp range
0 to +5 V range

Convert command

Output codes {positive true)
Unipolar
Paraliel or serial
Bipolar
Parallel
Serial

Logic outputs
Status
Status
Strove

Power supply
Analeg
Digital

12 bits
£1/2 LSB max
40 usec, max

5V, :x10V,0to+5V, 0 to +10V

5 ke
10 k2
2.5 k@

Positive pulse, 100 nsec min width;
rise and fall time 1 usec max

Binary

Offset binary or 2's complement
Offset binary

"1" during ccnversion
"0" during conversicn
Serial data synch
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sort of positive positioning control was to ensure that the positioning

- b ) : . )
A Bt s AT

device went to the ¢irrect position before performing the work (such as
drilling a hole) which was to be dene at that lccation.

The next attempt at computer control involved using the D17B in
the feedback path as the comparator ir addition to providing the position
cormands to the positioning system. In this configuration the present
positicn of the anaicg computer model was <ompared with the commanded
position by the D178 and the position command signals were altered in
accordance with the error signal. This corresponded to normal com-
parison of positicn information in analog positioning systems with the
exception that it was done by digital means, with the aid of analog-tec-
digital converters and digital-to-analog converters.

Sometimes 2 sample-and-hold device is needed at ths input of
an ADC to keep the signai from changing during the conversion grocess.

A sample-and-hold device is one for which thz input/output relationship

is xout(t) = Xin(kT), for kT < t < (k + 1)T, whare T is the sampling
interval and k is an integer.

In this appiication such a device is not necessary because of the
low response of the signals being converted and the fast (40 usec) con-
version time of the ADC. The output of the converter was automatically
held by the register wihin the encoder.

The hookup of the ADC's into th2 overall system is shewn in Fig.

34 for the X-axis. The Y-axis hookup is identical. It can be seen
that e one-shot multivibratcr was used to generat2 a convert conmand pulse

of <cven usec duration. Once the discrete output, D23, is generated, it

must remain true for one fuil wordtime (78 usec). This would extend
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peyond the 40 usec conversicn interval. The one-shot was used to avoid
inadvertent ¢.bsequent triggering of the ADC. A very simple method was
used to enable the NAND gates which buffered the digital output onto the
data bus. The STATUS output was used to enable two of the gates directly
while the remainder of the gates were driven by the inverted STATUS output
since the fanout of the STAITUS and STATUS signals was enly five. The X
and Y con  ter channels were treated identically except that the X out-
puts we'e put onto the 12 most significant positions of the data bus and
the Y outputs were put onto the 12 least significant positions.

At this point it can also be noted that the analog inputs to the
enceders are X-5 and Y-5, respectively. This was necessary due to the

offset voltages used in the logic circuits to be compatible with the

‘iexisting I/0 cabinet and Centrol Console (Ref 29). The difficulty arises

from the fact that the logic in the existing consoles uses O volts for vcc
on the logic modules and -5 volts for the-normai ground input to the modules.
These same voltages were used in the encoder logic and the analog input

to the encoder had to be tied to the digital ground {actually -5 velts).
Therefore, the anaiog output of the model had to be shifted by -5 volts to
compensate for the shift in logic levels. Tre ground on the anaiog com-
puter could not be tied to the -5 volt digital reference since the analog

outputs of the computer were referenced to G volits.

Motomatic Hockup

As mentioned previously, the Motomatic system is a small armature-
controlled dc motor which comes in modular form so as to facilitate
unique connections for specific applications. This system allowed a

demonstration of a “"real-worid" control situation with the Di7B.
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Essentially, the Motomatic is the same system as modeled on the
analog computer except on a smaller scale. In addition the rotary shaft
motion was not converted into linear motion as in the modelled system.

A potentiometer connected directly to the cutjut shaf: .'ed back angular
position information for closed-ioop control.

Through standard testing procedures {Ref 12:£60), the closed loop
transfer function was found to be

281
(S + 7.5)(s + 37.5))

output angle
input voltage

:.e-z
v

Results for controlling the Motomatic are given in Chanter IV. The real-
vorlid application simelated was that of changing the angular pesition of
the worktable so that a different side of the material could be shaped,

stamped, etc.
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IV. Results of Control Implementation

As was originally assumed, it was possiblz to exert control over
both a modeiied system and a “"real-world" system {the Motomatic trainer)
using the D178 computer. This chapter summarizes the results of imple-
menting control with the D17B using three separate methods. Method A used
point-to~-point contro! to generate a square. Method B improved upon Method
A in that the ccmplete path was under control and an auxiliary work function

was added. #ethod C imnlemented a closed-loop within the computer.

Method A, Point-to-Point Control

Method A was the simplest of the three metheds used. Under this
method the DI7B was caused to compute and output an analog voltage to the
ﬁodelled machire positioning system (MPS). It would then wait in a loop
for a period of time required for the MPS to reach the commanded position.
The MPS moved the simulated slide of a méﬁhina teol 2 distance propertional
to the input voltage without any further assistance from the 0178B. This
method allowed the computer to control the MPS in a point-to-point (PTP)
manner. The distance between points could be varied from zero tc the
maximum dimension of the MPS worktabla. The restriction on this method
is that the D178 must be caused t6 wait in a delay loop iong enough for the
MPS to respond to the input. The upper square in Fig. 35 was drawn on an
x-y plotter using the X and Y voltage outputs of the MPS as inputs to the
plotter.

tathod 8, Continuous Path Contrel

Method B added a degree of sophistication .o the comauter control

process. Figure 35 shows a slightly modified square. Inside the square
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;?;i (:: are two hash marks indicating holes that might have been drilled at the
4:2 prescribed locations as the MPS stopped in that position. The hash marks

;"fz were also generated by the computer, which had to control the lifting of

; the pen on the plotter as well 4s implementing position cemmands.
. 3 In this method the computer knew at all times where the machine was
g:-;’: positicned due to the feedback incorporated for tnis purpose. When the

g MPS was within a specified range of the desired value, the D17B calculated
a new value to reposition the MPS. This method ailowed faster control of
the MPS since calculation of 2 new value could begin as soon as the MPS
was ciose enough to the desired position. In method A the computer was
required to wait a given length of time between each command.

' Method B will not be as accurate as method A uniess the MPS is
gllowed to complete the positioning before a new signal is generated. The
tolerance specified in method B is dependent on the accuracy of the D/A
and A/D convorters, the stability of the D17B output voltages, and the
capabi}}ty of the MPS.

Figure 36 shows several circuiar a}cs of arbitrary radii and
arbitrary central angles. The coordinates of the points on these arcs
were generated by the circular interpclation program tisted in Appendix D.
The plots were obtained as in method A, with the x-y plctter receiving
the X and Y voltage outputs of the MPS. The initial and final points of
the arcs were input to the program manually for each arc. A limitation
on this arc-generation routine is that the coordinates of the initial and
final points must be precalculated and be consistent points on a circle
about the origin. A suitable mcdification in the program could undoubtedly

be made to cause the circular arcs to be drawn around an arbitrary center.

. . 'i
N
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Method C, Closed-Loop Control

. A3 Ky L 4 A
BERRUNADIRIAG AR
j

Method C is more complex than method B since the D178 was actively
involved in a feedback loop. In this method the D17B checked the position

of the MPS, compared it to the desired value and applied an error signal

DA AT IOy

SN
b

based on the difference between the desired and the actual positions.

As in method 8, wnen the position of the MPS came within a certain speci-

il b faa
% o \.f?ﬁ"}(. ]

fied range of the desired value, the D17B calculated the next position

okl v

TN

and repeated the process.

)

Figure 37 shows, in quadrants one and four, an approximately semi-

o ap o1 O Ty
RN

circular arc generated by method C. On the left is an arc generated by
method B.

Figure 38 shows a plot of the angular position of the shaft of the
tMatomatic servo system as a function of time. The position commands were

generated under program control in such a manner as to effect step changes.
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in the angular position of the moter. This procedure would correspond to

the rotation of a machine tool worktable about its z-axis, holding in a
given position for a length of time necesséry to accomplish the desired
work functicn, and then proceeding to a different angular position for a new

task.,

Error Analysis

Since the primary goal of this study was to determine the feasi-
bility of implementing computerized control with the D178 ccmputer rather
than to design a complete, accurate control system, there were several
sources of error present which were not corrected. In any practical
system, tnese errors woujd have to be eliminated or compensated for in

order to obtain an acceptable degree of accuracy. The sources of these
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Comparison of Arcs Generated by Methods B and £
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errors viere the analog computer, the D17B, the A/D .onverters, the X-Y
plotter, and the software.

During prolongad periods of operation, the analog computer tends to
drift, causing variations in analog computer outputs. Similarly, the
questionable accuracy of the X-Y plotter could have caused variations in
the plots made of the system performance.

In the 1/0 interface developed at AFIT,'the voltage output lines
were unshielded. Because of this and the proximity of the voltage lines
to many of the control signals in the control console, some noise was
developed on the voltage lines. The inaccuracies in the analog signals
were furtler compounded by.a lack of calibration of the ADC's. These
were not calibrated because a highly accurate voltmeter necessary for
the calibration was not avaiiable.

The programs used in the demonstration of computer control wvere
not compietely debugged in all cases. The time required to complietely
debug programs written in machine language would not have been worth
the added accuracy since the overall objectives were attained in most
cases. In some instances error terms wre added to the pregrams to com-
pensate for inaccuracies in the analog signals.

Altnough the above errors were not corrvected in our demomstrations,

they would have to be corrected in any practical control application.
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vV, D17B Software Analysis

Software for the D178 computer is practically non-existant. The
Minuteman Computer Users Group (MCUG) has published a programming manual
for the D17B and there are individuals in the MCUG who are writing
assemblers, loaders, and subroutines for use with the Di7B. Although
software is being developed, there is no organization to this development
and dissemination of results is poor. Most of the software developed takes
advantage of the interfaces developed at each facility that has & D17B.
Thus an assembler developed at AFIT might not be useful at another location

because tﬁe I/0 interfaces differ considerably.

Programming Development

To develop an efficient program for execution on the D17B requires
a knowledge of the special features inherent in the D17B. There are several
programming features which make grogramming the D178 computer different
from other generai-purpose computers. '

First, there is no assembler or compiler available for the D178
so all programming has to be in machine language. %5econdly, computer
operation is Tinked to a disk memory which necessitates very careful coding
of a ~wrogram to insure the minimum time between instructions and between
an instruction and the dats it operates on. Next, there is the “"flag-store"
operation which permits simultaneously storing the previous cantents of the
Accumulator in a specified location coincident with the execution of au
instruction., Finally the D176 can add, subtract, multiply, or shift two

11-bit spiit-words simultaneously. This aspect provides the possibility
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of performing operations effectively twice as fast as nermally possible if

it is desired to operate on two data sets in ar identical manner.

Proaramming Tezhniques

Pragramming is covered in detail in Ref 3, which also covers some
programming techniques not covered here. GCne technique to consider when
programming large pregrams i3 to store the instructions in the cold
channeis (00-46) and enter data in the hot channel {50) and the rap’d-
access loops. Flag-storing can be used in both channel 50 and the rapid-
access loops. "y sto-ing the prcgram in the cold charnels, the program
can be protected frem accicdental overwriting by turning the ENABLE WRITE
control sigral off.

Another possibiiity is te store small Do-ioops in the rapid-access
loons. For example, suppose a 15-word Do-loop was stored in the H-loop
(i6~word loop). For every disk revolution there would be eight and one
half {126 words divided by 16) iterations of the Do-loop. If this same
Subroutine were stored in any channel from 00 to 50, cne disk revolution

would result in one iteration of the Do-loop.

Prograrming in Numerica! Contreol Appiications

Numerous progi-arming languages have been developed for numerical
contrcl applications such as APT, ADAPT, and AUTOSPOT as mentioned in
Chapter I {also Ref 26)}. These programs have bezn written for medium-to-
large-scale cemputers and are extremely useful in numerical control.

Post-Processor. When an APT or similar program is used, the output
must be precessed by another program called a post-processor, which pro-
cesses the data for an individual N/C machine. Thus, if the D17B computer

viere to be used with an N/C machine, a post-processor program would have
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to be written for the large-scale computer which uses the APT program.
Another possibility is to write a post-processor program for the D178 and
execute it on the D17B. This way the D17B couid do its own post-processing
and free the iarge-scale comp.Jter for other work. A different post-processor
program would have to be written for each N/C machine controlled.

Possible Configurations. Three possitle configurations invelving

the D17B are considered in this section. The first configuration uses the

computer as & controller as shewn in Fig. 39.

READER .
b
O0R < > N/C
» D178 o
> > MACHINE
LARSE-SCALE - < > '
CONPUTER e

Fig. 33. D17B as a Controller

The reader could be a magnetic tape unit or a punched-tape reader
for all three configuratiors. The D17B would receive a block of the
program from the reader or another computer, store the program, and then
exacute it, This cycle would be continued until the program was completed.
The D178 would only receive part of the program at a time because most of

the memory would cortain subroutines used to execute the inceming instructions.
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It is doubtful that this configuration would work with the D17B because
of the limited memory capacity and the slow speed of the computer. How-
ever the D37C's larger memory capacity vould make it a more likely candi-
date for this application. This configuration is similar to method C
as discussed in Chapte{ I¥.

The second configuration, called supervisory controi, is shown
in Fig, 4C. The program is read irto and storéd in the D178 and then

the computer ou*puts blocks of information to the controlier. The oniy

READER >

y

: B/C
D178 CONTROLLER > ACHINE

COMPUTER

-+

ic. 40. Supervisory Control

difference between this configuration and a third configuration is that
the third one could have ancther program stored in memory alcong with a
small supervisory program. This would allow the computer to direct the
N/C machine te drill 10 circuit beards of type A, then 5 circuit boards
of type B, then bark ‘o type A boards and so on. Thus only a program to
drill one circuit board of type A and one of type B would have to be
entered along with the numbers 10 ané 5 and the computer could continue

the sequence indefinitely.
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(:} The third configuration, as mentioned previously, is the same as
the second except for the added supervisory control. When compared to
conventional numerical control, the third configuration is advantageous
only if the same program is to be repeated. In this case the reader
(usually a punched-tape reader) is eliminated from the reruns, thus
bypassing the most susceptible part of the N/C system {Ref 9:35). if a

program is to be executed only once, the third configuration merely adds

o AL I
hela + i

to the data stream ancther link which does nothing. The computer would

TR N
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be helpful if a second execution with changed parameters was desired.

In this case only a few constants would have to be changed and a new
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V1. Conclusions and Recommendations

The D17B and D37C digital computers are sturdy, reliable com-

puters. These two characteristics would seem to be impertant considera-

tions in precess and numerical control applications. The previous use

of the D178 and D37C as guidance and control computers in ICBM's

o m——— e

attests to their worthiness in these respects. However, software deveiop-
ment and documentation is extremely lacking and presents the biggest and
most difficult problem to soive in implementing the D178 and D27C
computers in control applications.

A detailed investigation of the software capabilities and the
implementation of these abilities would be necessary before these com-

puters could be used in contrclling a process or machine. The instruc-

8

tion sets of the two computers are specialized for 2 navigational
guidance and control application. These specializations should be usable

in other contrel applications and should be investigcated before using

them for centrol purposes.

The centrol demonstrations presented in Chapler IV did not use
these specialized instructions such as fine countdown, split-vword shifts,
and cdified multipiication.

An investigation should be made into using these computers in
control systems which use electric or electro-hydraulic stepping motors.

These motors are limited to about 5000 pulses-per-second (Ref 8:82-88).
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This is within the theoretical capability of either computer. Theoretically
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cne pulse could be outputted every word time <r equivaiently--126,000
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Our experiments with the D17B computer indicated that the com-
puter provided better control in the method A or methed B configuration.
(See Chapter 4.) Methods A and B represented supervisory control in which
the computer is not the feedback element, but provides the set-point for
the 2nalog controller (Ref 20:9}. Thus error correction is relegated to
the analog controller while overall contral is maintained by the computer.

The difficulty with toth of these methods is the lack of software.
Programs would have to be developed for each application. Another prob-
lem would be that of interfacing the D178 to an H/C machine since the
D178 uses negative logic and generally has -10 volts for a logical one
and -1 volt for a iogical zero. The D37C does not present this problem
since its outputs are generally compatible with standard TTL logic.

A final possibility would be to put the computer in the cata
stream between the tape reader and the controiler. In this cenfiguration,
programs could be stored in the computer and rerun as often as desired--
eliminating the most susceptible item in N/C systems, the tape reader,
frem the reruns (Ref 10:35). The tape reader should only be used tc read
the program in initially and not used in the remainder of the reruns.

This would also allow set-points to be changed by just entering & few
points into the computer without repunching a tape.

These computers could be used in a data acquisition system (DAS)
in a process control system. The primary functions of DAS are monitoring,
alarm checking, and data logging. The computer could scan a set of
analog inputs such as flow, temperature, position, weight, or pressure;
check to see if they were within Timits; and log certain values periodically
(or after an alarm was issued). The hardware requirements would include
analog and digital inputs; digital outputs to drive lights and cther
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arnunciators; and analeg outputs for visual display and strip cnarts
(Ref 26:8). Tha D37C has all of these features while the D17B is only
missing the voltage inputs. Appendix E summarizes the characteristics
of the D178, D37C, and a selected group of minicomputers.

A system with approximately 50 input points, no data reduction
required, a few conversion subroutines to convert data to engineering
units, and an sutput subroutine cam be programmed cn a computer with 8K
of core and a 16-bit word length, This is about equai to the D37C
capability, but the D178 could probably only handle about 20 points based
on i‘s smaller memory.

The D176 and D37C computers couid be used in coentrol applications,
but software limitations, interface probleas, slow speed, and limited
. ~memory restrict these computers tc specialized applications and a feasi-
bility study might be reguired for each application.

It is recommended that more extensjve investigation into software ‘
for these computers be done before further attempts in control applica-
tions are tried. Because the specialized instruction sets and capa-
bilities of these computers ars not well-documented, we believe that an
investigation which would explore the instruction sets, and explain
methods of utilizing instructions such as split compare and limit,
multiply, modified, and the fine countdown procedures would benefit any

future applications-oriented study.
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APPERDIX A

D37C Computer

The D37C computer is essentially a micro-miniaturized version
of the D17B computer with extended capabilities. The basic extensions
are increased memory capacity (about 2.6 times); a more varied instruc-
tion set (58 vs. 39 instructions); and the use of integrated circuits.
The latter rosuited ir a much smaller physical package than the D17B
computer. Table A-I lists the general specifications of the D37C
digital computer. A similar 1isting for the D178 is contained in

Table I, page 13. The difference in programmable memory capacity is

illustrated in Table A-1I,

Although integrated circuits are used, the D37C is not any faster
than the D17B since both computers are limited by the magnetic disk
memory. This disk rctates at 6000 rpm which results in word-time or
cycle-tire of 78-1/8 usec for both computers.

The instruction set for the D37C includes 27 instructions from
the D17B instruction set plus 32 new instructions for a total of 59.

The D37C instruction set is listed in Table A-III, Twelve of the D178
instruction set viere deleted, but six of these instructions are included
in other instructions in the D37C. The remaining six instructions can be
implemented by combinations of other instructions. Therefore, the D37C
can perform all the operations that the D17B can; thus any functions the

D178 can perform can be extended to the D37C computer.
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General Specifications of D37C Computer

TABLE A-1

———

Manufacturer
Year

Type

Humber system
Logic levels

Data word length

Instruction word length
Number of instructions
Execution times

Add
Hultiply
Divide

Clack frequency
" Addressing

Memory

Input/Qutput

Physical characteristics

Dimensions

Power Requirements
Circuits

Weight

Fowar Consumption

———— e

Autonetics
1964
Serial, Synchronous

Binary, fixed point, sign plus 2's complement

False (0 volts), True {6 volts), positive
logic

24 bits (full word)
11 bits (split word)

24 bits
58

78.125 usec
1015.625 usec
2031.250 usec

345.6 kHz

Direct addressing
Tvo-address (unflagged)
Three-address (flagged)

Ferrous-oxide coated disk
Non-destructive readout
7222 (24 bit) word capacity
78.125 usec cycle time

78 digital lines (input)
10 specialized incremental inputs
32 voltage input lines
1 cable input (maximum data rate 1600
bits/sec}
1 radis input (maximum data rate 109
bits/sec)
48 digital lines (output)
4 binary lines {output)
1 cable output
4 voltage output lines
25,600 words/sec maximum I/0 transfer rate

20.9x6.9»9,5 inches, 0.43 cu. ft.
400 Hz, 28 YOC at 15 A
Integrated circuits

39.9 1bs

315 watts
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TABLE A-II
h Differences in Memory Capacities Between the D17B and the G37C
% Nome Use 175 "ba7c | Chammer
» Main memory | Generai 27 56 128

. H-Toop Rapid Access and Voltage Output® 1 1 16
.. E-1lcop Rapid Access 1 1 8
' F-Tlocp Rapid Access 1 1 4
V-Toop Velocity Input 1 1 4
R-loop Incremental Anput i 1 4
:_ L-Toop Lower accumulator 1 i 1
i ; A-Toop Accumuiator 1 1 1
-U-loop Rapid Access,,Fine Countdown,

E Cable Count 1 1 1
C G-loop Incremental Cutput, Radio Input,

* : Rapid Access . ¢ 1 4
Y-loop - Conditional Load, Rapid Access 0 1 4
: W-1o0p Rapid Access 0 1 1

qoltage output is not included in D178

Beable count is not included in D178
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TABLE A-1I1

Comparison of D37C and D178 Instruction Sets

Code Description Coce Description
Basic Set Common to D17B and D37C
TRA Transfer STO Store Accumulator
™I Transfer on Minus ADD Add
HPR Halt and Proceed SAD Split Word Add
SCL Split Compare and Limit SuB Subtract
ANA Logical AND to Accumuiator SSu Split Hord Subtract
LPR Load Phase Register MPY Multiply
EFC Enter Fine Countdown SMP Split ¥ord Multiply
HFC Hait Fine Countdown COoM Compleinent
RSD Reset Detector MIM Finus Hagnitude
DIA Discrete Input A ALS Accunulator Left Shift
DIB Discrete Input 8 ARS Accumulator Right Shift
DDA | Discrete Qutput A SAL | Split Accumulator Left Shift
coa Character Gutput A SAR Split Accumulator Right Shift
CtA | Ciear and Add '
Adied Instructions D37C Only
DIV | Divide sPM | Split Plus Magnitude
GB8P Generate Bit Pattern FCL Full Compare and Limit
GPT Generate Parity Bit ALC Accumulator Left Cycie
AUC Add Hithout Carry ARC Accunulator Right Cycle
ORA Or to Accumuiator TZE Transfer on Zero
MAL Hodify A and L TSM Trannsfer Sector on Hinus
PLM Plus Magnitude TSZ T-ansfer Sector on Zero
SFL Set FL Flip-Ficp VIA Voitage Input A
RFL Reset FL Flip-Flop ViB Voltage Input B
SRD Simulate Transient Vic Voitage Input C
DIC Discrete Input € vVID Voltage Input D
D08 Discrete Output B VIE Voltage Input £
109
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(- TABLE A-III (continued)
Code Description Code Description

Added Instructions D37C Only (cont'd)
ECI Enable Cable Input VIF Voltage input F
’ £CG | Enable Cable Cutput VIG | Voltage Input G
EPP Enable Platform Power VIH Volitage Input H
bpPp Disable Platferm Power RIC Radio Intercommunication
Deleted Instructions D178 Only

MPM 1 liultiply Modified VOA | Voltage Output A
SMM Split Word Multiply Hodified V0B . Voltage Output B
SLL Split Left Word Left Shift Voc Voltage Output C°
LR Split Left Word Right Chift BOA Binary Output A
SRL Sp1it Right Word Left Shii: BoB Binary Qutput B

(f SRR Split Right Word Right Shift BGC Binary Output C

110




GE/EE/73-5

APPENDIX B

TABLE B-1
Di7B Comwputer Instruction Set
Code Description Numeric Code Hord Time
ARITHMETIC
CLA CLEAR AND ADD 44 c,s 1
STO STGRE ACCUMULATOR 5 c¢,s 1
ADD ADD 64 c,s 1
SAD SPLIT WORD ADD 60 c,s 1
SUB SUBTRACT 74 c,s 1
SSu SPLIT WORD SUBTRACT 70 ¢,s H
MPY MULTIPLY 24 c,s 13
SKHp SPLIT YORD MULTIPLY 20 c,s 7
MPM MULTIPLY MODIFIED 34 ¢,s 13
SKM SPLIT WORD MULTIPLY MODIFIED 30 c,s 7
conm COMPLEMENT 40 46,s 1
MIM MINUS MAGNITUDE 40 44,5 1
SHIFT
ALS ACCUMULATOR LEFT SHIFT 00 22,s s+l
ARS ACCUNMULATOR RIGH1 SHIFT 00 32,s s+l
SAL SPL'T ACCUIULATOR LEFT SHIFT 00 20,s s+1
SAR SPLIT ACCUMULATOR RIGHT SHIFT 00 30.s s+l
ARN SPLIT LEFT WORD LEFT SHIFT 06 24,s 3+1
SLR SPLIT LEFT WORD RIGHT SHIFT 00 34,s s+]
SRL SPLIT RIGHT WORD LEFT SHIFT 00 26,s s+l
SRR SPLIT RIGHT WORD RIGHT SHIifFT 00 36,s s+1
CONTROL
TRA TRANSFER 50 ¢,s 1
™I TRANSFER ON MINUS 10 ¢,s 1
HPR HALT AnD PROCEED 40 22,s 1
SCL SPLIT CCGMPARE AND LINMIT 04 c,s 2
ANA LOGICAL AND TQ ACCUMULATOR 46 42,s 1
LPR LOAD PHASE RFGISTER 40 7-,s ]
EFC ENTER FINE COUNTDOWRI 40 62,¢< 1
HFC HALT FIRE CCU.ITDOWN 40 €0,s 1
RSD RESET DETECTCR 40 20,s 1

m




GE/EE/73-5

=3 ¢
[ O
L& TABLE B-1 (continued)
j Code Description Numeric Code Word Time
o - INPYT/QUTPUT
R BIA DISCRETE INPUT A 40 52,5 i
-k DIB DISCRETE INPUT B 40 50,s 1
S DOA DISCRETE QUTPUT A 40 26,s 1
o V042 | VOLTAGE OUTPUT A A0 30,s ]
A V03 VOLTAGE OUTPUT B 49 32,5 1
: voC VOLTAGE GUTPUT C 40 38,s 1
BOA BINARY QUTPUT A 40 10,s 1
BOB BINARY QUTPUT B 40 12,s 1
BOC BINARY QUTPUT C 40 02,5 1
-4 COA CHARACTER OUTPUT A 00 40,s s+1

12
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APPENDIX C

Square Generation Subroutine

This subroutine was written to generate a square by outputting
the voltage values for the corners of the square to the posftioning

system simulated on the TR-10 analog computer. The program caused the

‘Y

5 c
(10,20 (12.16) |(20,20)

(15,12)*
A 8
(10,10) (20,10)

- X

Fig. C-1. Square to be Generated

D178 to cutput 10 voits on both axes (point A) then go into a delay loop

for approximately 10 seconds to ensure that the Positicning System (P.S.}
was in the proper position. Then the coordinates for point B would be
issued and the pen lowered to simulate engaging a cutting blade. The
feedback from the Pesitioning System would be checked by the D178 every

10 msec to determine when the P.S. was within 0.5 inches of point B, then
the ccordinates for the next point, C, would be issued. This same procedure
was followed for points D and A as well. The output of the P.S. was
monitored on an X-Y plotter and a square as {llustrated in Fig. 35b in

Chapter IV was drawn except for the cresshatches.
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Once the P.S. returned to point A the pen was raised to simulate
the halting of a cutting motion. Then the Positioning System was moved
te the point (12, 16) to simulate drilling a hole at this point. Similarly
the P.S. was moved tc the point (16, 12) for the same reason. The cross-
hatching drawn at these points simulated drilling the hole.

The actual program used is not included since thzre are numerous
ways the D17B can be programmed %0 output z square. A Fiow chart of

the progran is included on tae following pages.
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FLOW CHART OF THE

INCREMENTAL SQUARE SUBROUTINE

INITIALIZE
VARIABLES

1

Y

CUTPUT
X=10
Y=10

L

= DELAY SUB-R

]

PEN DOWN

l
1

ouTPUT
X=20
Y=1G

L

—s~ DELAY AND CHECKING

suB-R

¥-

QuTPUT
X=20
Y=20

{

—= D&C SUB-R

2

ouTPUT
X=10
Y=20

= D&C SUB-R

QUTPUT
X=Y=19

= D&C SUB-ROUTINE

PEN UP

—0
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ouTeuT
X =12 -<-—-—®
Y=16

- DELAY S-R

A e

» CROSS-HATCH sUB-R
r SIMULATE DRILLING BY PUTTING +

ZESIVI7 R TR O R DR

S
age
aa sl

s DELAY S-R

Es
.
:v

r » CROSS-HATCH S-R
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DELAY SUBROUTINE

ENTER

SET COUNTER

6

=1 ADD 1

Is
M0/ counter

ZERO
?

DELAY AND CHECK SUBROUTINE

X COMMAND
=X ACTUAL
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CROSS-HATCH SUBROUTINE

i PEN UP
READ (Xi,¥1) OUTPUT X1,V

E&

!
¥
DLLAY
PEN DOWN[™—""7 suBROUTINE l
OUTPUT X$+aXi,Y1 |l OUTPUT Xi-AX{,Yd
DELAY © DELAY

{

QUTPUT Xi,Yi+AY (@ OUTRUT Xi,Yi-AY
DELAY DELAY :

RETURN

118
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- APPENDIX D

E Circular Interpolation Subroutine

The basic algorithm used in this subroutine is derived from the

ol Qulick vt

geometry of a circle and the equations for rotation of coordinates.

The central argle is written as 48 to 1nﬂicate a small angle as shown

L\‘fé: &

in Fig. D-1. This algorithm was developed by C. Bergren of Potter
Instrument Co. (Ref 5).

U

Y "ln,.‘::

& - X
o .
A »
AN

B

S (%4415 Vi)

.(Xj,Yf)

1A

=X

Fig. D-1. Geometric Representaticn of the Algorithm

Let (Xy, Y;) be the 1™ point on the circle, that is, the i

step in the arc AB as shown in Fig. D-1. The next point (X4, Yi+1)
can be obtained from this point §f 48 is known (Ref 5:57):

. Xi+1 = Xj 05 48 - V{ sin 29 (b-1)

. Yisp = X§ sin 48 + Yy cos 4@ (0-2)

The central 2ngle, 26 (in radians),is assumed to be a small angle and can
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be approximﬁted by a truncated Maclaurin series (Ref 5:57):
sin A8 = A9 {D-3)

28)2
ZI

cos A6 =1 - (D-4)

0
AR

Now substitute Eqs D-3 and D-4 intc Eqs D-1 and D-2:

2 ) ‘%‘.1:0)‘; A

2
X341 = X4 ('l - 56—21—) - Y; 46 (0-5)
4 Yiep = Xg08 + ¥4 {1 - i‘lg-)i) (0-6)

Eqs D-5 and [-6 require four multiplications each, but if A6 were restricted

to inverse posers of two, the multiplications could be reduced to shift

W' Na S oo R VA T AR TR,

>4
e

_ Uperations.

o In going from one point to tne next or the circular arc, three
calculation errors are introduced. First, inaccuracies in evaluating
the sine and cosine (E.); secondly, accumulative point-to-point arc

traverse error, E.p; anc thirdly, round-off error due to a finite number

representation (Ref 5:58), The first two errors are related by

Thus if A6 < é%‘ then Ep <E ., and E¢y is the dominating error. The
value of 48 can be determined by

alid it L
"‘C. t:\“. ‘}‘ AR

=R (Ae)2 = ]
8 om+3

Ech (0-8)

£ p Al
Lt .\:‘4:\ Ay

AYiR

if a8 13 restricted tc reciprocal powers of 2 (A9=2"") (Ref 5:59). The

o
¥

Y

variable m must be greater than or equal to 3 to insure A6<1/2n.

The circular interpolation subroutine written for the D178 uses

86 =275, thus £qs D-5 and D-6 can be rewritten as

00 "" . ,".’ »“."'..-
AT LN

S T
.
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xi+] = Xi - Xillzla - Y‘;/ZG (D‘g)

Yo = Yy Xq/28 - yy/oe (0-10)

4 ' The solutions to Eqs D-9 and D-10 generated the values for the arc desired,
but an algorithm is needed to step the arc at the precise point desired.
A simple procedure for completing a circular arc at a given point is

given in Ref 5. This method assumes that the first computed step does

PCNTPTIRRINS.
TP 10 A L

not carry past the final step. The next to last computed point {s desig-
nated (X1, Y1); the last computed point is designatea (X, Yz); and the
desired final point is designated (Xf, Yf). Then, if X;-Xf and Xz -X¢
have opposite signs and Y, -Yf and Y, - Y have opposite signs the point
(Xz, Y2) has passed tne final point. Wher this is determined (X2, Y2) is
- replaced by (Xf, Yf).

The program implemented on the D17B used the above algorithms and
the initial program was written using minimal delay coding techniques.
The program on the following pages was taken from the original program,

but rewriiten in a manner which is easier to follow. The second program

was not tested, but it was adapted from the original working program. Figures
D-2, D-2 and D-4 or the pages vollowing the program present fiow charts
of this program.

The special characters listed in Table D-I are used in this
program. A statement in this assembly language would appear as:

A: CLA X , *+1 /L ; Add X

or B: 47265000

In the first case, A is the symbolic locaticn and CLA X is tha mnemonic

for the instruction, in this example clear and add the value in location X.
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TABLE D-I
Special Characters for D178 Assembler*

Character Definition

Symbol preceding is symbolic lecation

s Symbol following is next instruction sector
address

/ Flagstore into loop indicated by the fol-
Jowing symbol

; Commant follows

* Present location

Address Arithmetic
+ Add
- Subtract

. *Developed by D. Henson in Ref 19.

Fode o

The expression “*+¢1” foilowing the special character “," means tne next
instructicn address is the present 10cati6n plus one. Tne "“/L" means
to “lagstore the previous contents of the accumulator into the L-loop.
The rest of the statement is a comment which is ignored by the computer.
The second case simply indicates that a constant value of 4726 5000 is
tc be assigned to symbolic location 8. Al1 numbers used in this program
are in octal representation.

The following is an adaptation of the program used for circular

interpolation for the D17B computer.
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0000-0020 Setting of end points and initialization of FLAG

G000

X1

Y1

XF

YF

CLA x+1, *+2
0700 0000

CLA *+1, *+2/L
7420 0000

CLA *+1,*+2/U
0400 0000

CLA *+]1,*+2/E
0700 0000
DOA-4,*+1/E
CLA*+],*42
060G 0060

STO F(2), *+1
CLA =+], *+2
4000 0000

CLA *+1, *+2/F
<000 0000

STO F(0), Loop

]

Starting Point X-Axis
L=X1

Starting Point Y-Axis
u=Y1

Final Point X-Axis
E(7)=XF

Final Point Y-Axis
E{1)=YF, Pen Down
Initialize the FLAG

Store Flag in F(2)

F(3)=4000 000G

; F(0)=2000 GOGO

0021-0046 is the basic Toep or group of instructions which calculate the

new Xi+1 and Y§+1.

0021
00622
0023
5024
0025
0026

LOOP

CLA L, *+1
STO E(3), *+1
ARS-6, *+1
STO E(4)
ARS-7, *+]
COM, *+]

123

Get Xi {old Xi+1)

E{3)=Xi

Shift Xi to Right 6 bits
E(4)=Xi Shifted

Shift Xi to Right 7 more bits
-Xi(2-13)

1



C T S LIA T T RIS N U G TR IV T Aty (Y GOSN AT AN TN TR o 4 0 I L Al o i & S AN yr..
& T e g A R R o A B e AR N R S A S e R e

GE/EE/73-5

0027
G030
0031
0032
G033
0034
0035
0036
0037
0040
0041
0042
0C43

0046

ADD L, *+1
CLA U, *+1/L
STO £{0), *+1
ARS-6, *+1
ST0 E(2), *+1
ARS-7, *+1
COM, *+1

ADD U, *+1
ADD E{3), *+1
S0 E(6), *+1
CLA L, *+1/y
SUB £{2), *+1

SUs E(7), *+1/L

STG F{1}, *+1
CLA L, *+1
STO E(5), *+1

?

0047-0076 is where the test variable (T) is

23 are the cnly bits with information.

test variable is based on Xi+1 - Xf, X.

0047
0050
0051
0052
0053
0054
0055

CLA *+1, *+2
4006 0030
TRA *+1/L
CLA E(3),
SUB E(7),
ANK, *+]

*+1

*+1

STO £(2), *+1

%
¥

24

Bits 22-1 are all zero.

- Xf, Y

L=Xi - Xi{2713)

Get Yi

E(0)=Yi

Shift Yi 6 bits to Right
£{2)=Yi(2-€)

Shift Yi 7 more to Right
-Yi(2-13)

Yi-¥i(2713)

Yi-Yi(2-13)+Xi 2-6 =Yi+l
E{6)=Yi+1 (Mew Computed Value)
Get Xi-xii2—13)

Xi-Yi(2-6) - Xxi(2-13;=Xi+l
L=Xi+y , Xi+1-XF

F(1)=Test Value Xi+1-XF

; E(5)=Xi+i (Mew Computed Vaiue)

Bits 24 and

The

constructed.
= Yf’ and Yi - Yf-.

i+l

Mask

; Mask into L

: Gat Xi

.
]

Xi-XF

fask out all values except

; bit 24 and stores in E(2)
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0056 CLA F(1), *+1 s Xi+1-XF
-j 0057 ANA, *+1 ; Mask out all except bit 24
0050 STO F(1), *+1 ; and store in F(1)
3 ) 0061 CLA *+1, *42
J 0052 2000 00CO ; Mask
i 0063 CLA U *+1/L ; Get Yi+], put mask into L
- 4 0064 SUB E(1), *+1 ) Yi+l-¥E
I J 0065 ARS-1, *+1 ; Right shift one to put Ay,
- 0065 AHA, *+1 ; into Ay, then mesk all but Ay,
"é 0067 ADD F(1), *+1 ; Combine two test variables
? 0070 ' CLA £(0), *+1/U . ; Store test value in
; 0071 SUB E(1), *+ 5 Yi-YF
:;:1 0072 ARS-1, *+2 ; Save bit 24 in position A23
C 2073 RNA, *+1
E 0074 ADD £(2), *+1 ; Second set of variables
. 0075 ADD U, *+} ; Combine both sets into one
it;g_ ) 0076 CLA F(2)/L C 3 C;Test variable {combined)

£077-0104 is where the flag is tested to see if X is set. If not, T is

tested. If bit 24 is a 1, the flag is X-set. If bit 24 is 0, go tc A.

0077 THI A, *+1 ; Test Fiag in F{2), if Flag=1
Go to A, if not continue
* 0100 CLA L, *+1 ; Gat test variablc

0101 THI *+1, A ; If test variable=l contiaue

if not go to &
~ 0102 CLA F{2), *+: s Add 40G0 C000 to
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0103 ADD F(2), *+1 ; Flag to Set X
0104 STO F(2), *+1 ; Store modified flag

0105-0115 Test flag to see if Y is set. If so, go to B; if not, check T.

IT bit 23 of T is 1, Y-set the flag. If not, go to INT.

1.
l
{
g

0116-0126 Test flag. If x-set, go to C. If not X-set and not Y-set, go

015 A CLA F(2), *+i ; Get Flag for test
0106 ALS-1, *+} ; ?répare to test bit 23
0107 THI B, *+1 3 If A23=1 (the Flag is set)
_Go to B, othervise continue
0110 CLA L, *+1 ; Get test variable
o111 ALS-1, *+1 |5 Shift to test Ay,
0112 THI *+1, INT ; If A23=1 want to set Flag,
i, go to *+1, otherwise to INT.
g 0113 CLA F(2), *+1 ; Get Flag
3 0114 ADD F(0), *+1 ; Set ¥
}E 0115 STO F{z), *+1 ; Store Flag
1

to INT. But if y is set, get Yf and output Xi+1, Yf.

0116 B CLA F(2}, *+1 ; Get Flag

0117 ™I C, X+1 ; If X is set go to C
0120 AiS-1, *+1

0121 THMI *+1, IWT ; If Y is set continue

If Y is not set go to INT

(B ¥ b s o we

0122 CLA E(1), *+1
0123 CLA E(5), *+1/U ; Transter YF to U-foop
U124 D VOA, *+1/L ; Transter Xi+l to L, output Xi+i

126 i
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0125 CLA U, *+1
G126 V0B, *+1 ; Output YF

0127-0164 includes DELX and DELY which are subprograms which accept the
commanded X and Y pesitions, respectively. The A/D converter is pulsed,
then read so as to obtain the actual X and Y positions. When the actual
X position equals the commanded position plus or minus the tolerance
(error range), the Y position is checked in the same manner and then

control is returned to the main program.

6127  DELX CLS *+1, *+2 ; Mask to save 8 MSB

G130 : 7760 000C

0131 CLA E(5), *+1/L ; Mask into L, Get Xi+l
0132 AHA, *+] ; Mask 211 but 8 MSB

0133 TRA *+1/U

0134 L2 DOA-7, *+1 ; Send out convert command

to A/C converter

0135 DIB, *+1 ; Read converted data
0136 ANA, *+1 ; Mask all but 8 MSB
0137 SUB U, *+1 ; Compare ordered position

with actual position

0140 HIM, *+1 ; Check to see

ci41 ADD *+1, *+2 ; if the actual position is

0142 0160 00GO ; within the error

0143 DOR-4, *+1 ; range of the commanded

0144 TMI L2, *+] ; 1f it is go on, otherwise Leop
0145 DELY CLA E(6), *+1 ; Get Yi+l

0146 ANA, *+] ; Mask 211 but 8 XSB

127
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0147 TRA *+1/U

0150 Li DOA-7, *+1 ; Send out convert command to AGC

0itl DiB, *+1 ; Read converted data

0152 ALS-12, *+1 ; Left shift to get proper bits
in 12 MSB

0153 ANA, *+1 H Ma§k out all but 8 MSB

0154 SUB Y, *+1 + Ccmpare ordered position

0185 MIM, *+1 ; Check to see if actual

0156 ADD *+1, *+2 ;'position is within the

0157 0100 0000 ; error range of the

0160  °  DOA-4, *+] " commanded position. If it is

0161 TMI L1, *+1 ; continue, if not Logp to L1

0162 CLA E{5), *+1 ; Set up L and U so

0163 CLA E(6), *+1/L ; that they contain the new

0164 TRA LGOP/U ; Xi and Yi {old Xi+l, Yi+l)

0165-0172 The INT subprogram soutputs X,.+1 and Yi+1 and stores these

values in L and U, respectively.

0ies INT CLA E(5), *+i

0166 LPR, *+1/L ; Transfer Xi+l1 into L
0167 CLA E(E), *+1 ; Transfer Yi+l into U
C170 VOB, *+1/U ; Output Yi+l

0171 CLA L, *+1

0172 VOA, DELX ; Output Xi+1

0173<0207 1f Y is set, output X¢ and Y, then stop program. Ifyis
not set, get Xf and Vi+1 ready for outputting.
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01723 ¢
0174
0175
0176
0177
020
0201
€202
0203
0204
G205

0206 E
0207

ALS-1, *+]
THI *+1, E
CLA E(7), *+1
LPR, *+1/L
TRA 0200

CLA E(1), *+1
VOB, *+}

CLA L, *+1
VOA, *+i

HPR, *+1

TRA 0020

CLA E(6), *+1
CLA E(7), D
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; Check flag to see if Y is set
; If Y is set output XF and YF
3 Transfer XF into L

s o ansfer to another channel

3 Output YF

; . Qutput XF

; Halt program

+ Allows programmer tc rerun

program by issuing a Hait

then Run command

; Get Yi+l
; Get XF
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INITIALIZE VARIABLES
FOR STARTING POINT

!

CALCULATE:
> X{+1=Xi-X1/213-Y{/26
Yi+l=Yi+Xi/26-Yi/213

SUBR POINT POINTS FOR OUTPUTS

: BAST
DELAY & CHECK <<:::j;ﬁg YES SUBSTITUTE END

? . {
NG .

DELAY & CHETK S-R

OuUTPUT
Xi+1, vi+]

STOP

TRt T 00y

Fig. D-2. Flowchart for the Circular Interpolation Subroutine

A Aty :r'
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D AP it s b i B o S g i .
B BN Nee e ety . w (’-‘..l.

S
o

ORISR A P psi) mr CPIRE

CALCULATE -
Z = COMMANDED - ACTUAL °QSITION

IS
Z
WITHIN
ERROR
LIMIT

meu-nihnwrm*mhlﬂ%m »

rig. D-3. Flowchart for the Delay and Check Subroutine
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STORE L
TEST =T
X YES
ET
?

YES

SET Y |

END -

Y{=YF
Xi=X{+1

Yi=Yi#+
Xt =XF

= VOA

|

Vo8

i

LOOP

INT

Fig. D-4.

Flowchart for End Point Determination
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APPENDIX E

Comparison c¢i Minicomputers

Five minicomputers were chosen for ccmparison with the Di7B and
D37C computers as shown in Table E-I. These five minicomputers were
chosen because they are presently in use in either process contrel or
numerical control applications.

The HP-21168 minicomputer is used for nondestructive testing of
coating thickness by the Ncrton Company. The computer aiso records data
and then outputs a data summary at thg end of each run {Ref 21:165).

The PBP é/I or 8/l computer is used in process control at Fort St. Vrain
Nuclear Generating station. The PDP 8/I minicomputer contrcls the
automatic refueling operations (Ref 21:161). The MDP-100G is used for
supervisory controi of a remote power substation. It monitors the state
of 65 points every 4 msec (Ref 21:164). Digital Systems; Inc. usés an
SPC-12 minicomputer for numerical control of'a circuit-board drilling
machine (Ref 24:172).

133

A P AL LA b 28 8 Aok o i B ®




— —— A D A et vt it

GE/EE/73-5

e/u 09y e/u ote e/u WLy d4eM3z0s & upod paxid
e/u 09¢ e/u 0st e/u ML) 34eMISOS x Jutod paxid
- v/u - 8°0¢ v/1-£202 / ®/u (o9sr) awiy : jujod paxid
- /U - 2°61 8/5-sL0l (oasrt) awi3 x jujod paxid
ou ou ou ou ou apiaLp ‘jujod bupiroly
ou ou ou ou ou Lyd3nw ‘jujod buyaroly
nu ou/fydo ou 3do sak/ou apiALp ‘juiod paxid
ou ou/3do oy 3do SOA Aidpygnw “jvjod paxiy
A ece/e : [AS 4 e'€ 8/1-8¢ 23srt *(pJom ||Nng) Swid ppy
ey 2e/e 8v'9 - c'e 8/1-8L J9snt ‘aw3 84035
. 1€335 U0}IoNUISUL
916uys 9| 6uis abuys aldiainu auou s19nd| bBujssadppe 3da4Lpul
Ad A 8/ 2E A b b R4 auou ALqessasppe A130341pu} SPAOM
bR ; 95°¢ bR A2 XeL/Le #1qessasppe AL3034Lp SPAOM
2L (et)s/(sL)8 Al oL 2t SS9Jppe 404 SIig
8 £ 8 b b 8pod do 403 s3ig
£ Aaowsy @ £ 0 1 s4935 63y xapug
8 e/u 6 L KUouRY #/AM0WAY 2 sJ4935 163y
b L S 2 Kaowsy | s4030 | Nund3Yy
9L/8 (veret el o9t 12 436U paoM uoLIONUTSU]
1S84n30d4 nNdd
¢L=2ds 18 d0d/18 dad 0001 ~dOW g9t1e dH 34£0/8L10

s493ndwodju il 40 uosjseduo)
I-3 378Vl

134




000°S$ | 005°8$/008°2L$ | 005°8$ (% 8) 000°ves (% £°2) 09% (AqcwaW % p + NdI) 3500 wWaIsAS
ou pJaepues ou 1do paepuels 323304d Auoway
jdo 1day ’ ou 3do . ou Bugyoayds A3taed
X9t % 8/% 2€ > TR ¥ 2¢ A 2L L2 3paoM *3Zis Aiowsw wnuxey
Xt Ay At %8 N2 LM LE SpAOM ¢3Z}s AuouBw wnwiuLy
8 . el 8 9t ¥2 319 ‘yibusy paoy 3
0°2 9°1/g°1L 0°2 9L 8/1-8L 2951 ‘awi3 3LIA)
sKaowdy
M Z1-0dS | 18 d0d/18 d0d | 000L-dQW 29112 dH 2L£0/8L4L0

(panuijuold) -3 318Vl

0w -
1
™
~
S
[ ¥3)
(73]
~.
Led
(-}
hY ; 1
. O . - (L - e
. *‘g‘l% o T v 4 pverb eyt ies 4 0 Toe A s £
et 1t
: o AR d s ny bots (T 5
aigt Lk

£\ AT (L R TN UMY & 3 , , ,
R S U B A G R At T i e e R A A gk syl A)




ShK TR TN R0 pa r AT MW W s T AR A TGS

GE/EE/73-5

VITAE

John M. Hill was born on 12 February 1941 in Taylorville,
Ilinois. Af.ev graduating from Taylorville High School in 1959, he
has served on active duty in the United States Air Force until the
present time. After a period of part-time colliege work, he attended
Oklahoma State University under the Airman Education and Commissioning
Program. He received the BSEE degree in 1971 and subsequently received
a Reserve cermission in April of 1971 prior to attending the Air Force

Institute of Technology.

Raymond V. Cicirelli was born on 17 September 1942 in Wilmington,
Delaware. He graduated from high school in Hialean, Florida, in 1960.
Upon graduation freom the United States Coast Guard Academy in 1965,
he received a BS degree and wvas commissioned_as an Ensign in the U.S,
Coast Guard. He served on the USCGC WINNEBAGO, USCGC MACKINAW, and at
a merchant marine safety office prior to his assignment to the Air Force

Institute of Technology.

This thecsis was typed by Mrs. Virginia Blakelock.
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