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ABSTRACT

A representation of the Univac AN/UYK=20 computer sys=
tem has Dbeen emulated on the Burrouahs D Interpreter-Based
System. The entire AM/UYK=20 instruction repertoire has
opeen emulated with the exception of the 'math pac' option
(floating point arithmetic and cordic functions), clock and
interrupt codes, and input/output operation codes. Modular
cesign with extensive documentation has been implemented
throughout oroaram develooment allowing for ease of modifi=
cation and further extensions to the existing emulation,
Emulation and the harcware architecture of the AN/UYK=20 and
the Burroughs D=machine, are discussed in conjunction with
the AN/UYK=20 emulation itself. Methoas of testing and
debuqqinq, samole test proarams and recommendations for con-

tinued design modifications to the emulation are oresented.
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I. INTRODUCTION

A, STATEMENT OF THE PROBLEM

The Navy has been <challenaed with maintaining the
newest, most efficient tactical data systems consistent with
the continually increasing demands and requirements of the
real-time environment. There is an extensive conversion
effort reauired to change from existing systems to newer
more sophisticated technology such as the AN/UYK=20,
Inherent in uparading to a new system 1is the complex
software redesign and modification orocess which is often

hingered by tnhe absence of the new computer svstem,

Unfortunately, the demands of a military 1installation
require software aeneration orior to imolementation of an
upgraded comouter system. One solution to this probtlem is
to utilize for software develooment an intermediate computer
system which has the capability of emulatinc the anticipated
target machine. This provides a vehicle for software
design, development, anad testing prior to transitioning to

the new system.

Currently, the Naval Postaraduate School (NPS) Comouter
Science 0Department maintains a Burrouaghs Interpreter=-Based
System known as the Burroughs D=machine. The D=machine 1is

capanle of veina microporoarammed to emulate any of a miriad




of taraet machines. It effectively enables students to
create their own comouter knowinag only the machine instruc-

tion repertoire for the control unit in the target machine.

The problem presented was to develoo a feasible working
mode | of the AN/UYK=20 on the microprogrammable Burroughs
D=-machine. The project nrovided an opportunity to obtain
practical experience with contemoorary hardware anag to mani-
pulate writeaole control stores to imitate a Navy tactical

computer.,

B. APPLICATIONS OF THE AN/UYK=20

The Univac AN/UYK=20 minicomputer is a general purpose
militarized agigital computer adaptable to numerous tactical
applications. The AN/UYK=20 has teen successfully wutilized
in many time=~critical, real=time systems including fire con=
trol radar, communication controllers, sicnal oprocessing
analyzers for sonar and beacon signals, and numerous weapons
control systems. A subsequent chapter will be devoted to

the technical aspects and internal desiagn of the AN/UYK=20,

Because of its size, rugaedness, and comouting capabili=
ties, the ANM/UYK=20 has been desianated the Navy's standard
tactical minicomputer [lb)]. It was selected for emulation
in order to oprovige a feasible platform for software
develonment to those military installations either contem=

olating or in the orocess of receiving an AN/UYK=20,

A




A workable emulation would allow military apclications
such as data reduction, navigation, telemetry, sensor pro=
cessing, ranage tracking and logistics to have software pack=
ages developed, testea, and modified prior to arrival of the
AN/UYK=20, Furthermore, it would permit personnel to become
familiar with the machine by providing advanced training,

thereby easing the transition phase to the new system,

€. PROJECT DESIGN '0OBJECTIVES

Several design techniques were used thrcughout the
gevelopment of this oroject: 1) modularity, &) structured
programming, and 3) extensive documentation. These desian
features wiill aid the interested reader as well as simplify
any future extensions or mogifications to the existing emu=

lation.

Modular design was utilized by creating independent pro-
gram seqaments which were individually developed, detuaged,
and tested. These mocules or subroutines crovided a strong
tfoundation which were readitly moagified throuahout the entire
proaramminag effort. Conceontually, the emulation was divided
into relatively small entities which were further reduced to

program seaments rarely exCceeding one page in length.

Structured proaramming was demonstrateo by utilizing a
limited number of control flow structures and maintainina a
common loaical desian throuaghout the entire emulation.

Comprehensible code held porecedence over extremely efficient

11




code.

In addition to mocularity and structured programming,
the entire programming endeavor was suoplemented with exten=
sive commenting to provide the necessary self=documentation
to promote and facilitate orogram translation, modification,
and fusing with the other independent modules. These con=-
cepts oromoted the extensive team effort required to achieve
the research goals. In aadition, it will provide ease of

program maintenance and modification in the future.

12
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IT. EMULATION

A, HISTORICAL BACKGROUND

The term microprogramming was first utilized in an arti=
cle by Professor M, V. Nilkes of the Cambridge University
Mathematical Laboratory in 1951 (241, His paper concen=
trated on a control section within the comouter which, when
programmatically controlled, performea register=to-register
data transfers sequentially and in parallel for the execu=
tion of a single machine instruction. A sequence of opera=
tions (microinstructions) requirec for execution of a

machine instruction i1s considered a microprogram.

Traditiorally, the computer has been composed of essen~-
tially five comoonents: the arithmetic/logic unit, the con=
trol unit, memory or storage, input, and output (Figure
tI=l). Thre <control! section sets the proper conditions for
the ocening 3and closing of required gates in the logic net=
wOPL- Historically, the control section has been hardware
consisting of a series of decoaders and flip=flops along with
their associated circuitry. Therefore, every machine

instruction haa 3 fixed interpretation which was hardwired

within the control unit,

In 1957, wdilke's detftinition of microproaramming was

slightly modifiea. It was defined as a techniocue of designe-

1S
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ing the control circuits of an electronic digital computer
to 1interpret and execute a given set of machine ooerations

as an equivalent set of micro-operations [(15].

The hardwirea control section can be modified by inter=
changing ROM modules 2r other hardware components, by
replacina the control section with a programmable (dynami-
cally writeable) control store which in itself is a separate
word=organized memory (Fiqure II=-2) or by combining both
approaches. A oprogrammanle control store allows rapid
changes in the machine's instruction repertoire while main=-
taining maximum design flexibility, The resulting computer
system is microorogrammable and capable of storing a series

of changeable machine oersonalities.

The computer control store can thus be modified to allow
the execution of machine languaae programs intended for a
variety of machine architectures. This process can be com=
pared to replacing hardware ccmponents foung in convention=
ally designed computer systems. The orimary advantage of
microorogrammed loaic is the capability to perform various
control seauences without hardware moaifications. The pro-
cess throuah which the hardware components of one machine
(host) are made to imitate the specific hardware charac-

teristics of another machine (taraet) i1s known as emulaticn.

14
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Emulation allows the computer scientist to create vari-
ous machine architectures from a single microprogrammable
host. The comolete set of microc;oqrams (firmware) and the
necessary hardware, as well as the required software, added
to one computer system enabling it to execute programs

designed for annother system is known 3s an emulator.

B. MICROPROGRAMMING

Computer manufacturers have made available numerous
microproarammable machines which permit the user to tailor
his instruction repertoire to meet the needs of his particu~
lar acelication, Scme examcles of microorogrammable com=
cuter systems are tne Burroughs D-machine, the NMNanodata
GM=1, the Varian 73, the Standard Logic CASH=8, or the
Hewlett=Packard 2100. These microproarammable systems pro=
vide the benefits of flexibility, lower system costs and a
systematic aoproach to system desiagn it utilized effec-

tively.

#“hen a3 manufacturer desians a dynamically writeable con=
trol store, the amount of oarallelism to be allowed must be
determinea. Parallelism is defined to be the simultaneous
control of numerous hardware resources. There are basically
three forms of control: wvertical, horizontal, and residual.
In wvertical microprogrammina, each instruction controls a
single ooeration with proaram flow being seaquential, unless
the instruction was a conditional or unconditional branch.

By contrast, a horizontally microoroqgrammed machine s

16




programmed via instructions which simultaneously control
multiple resources includina condition testing and microin=

struction sequencina.

Horizontal microinstructions wusually are not encoded
which means each bit controls one machine re§ource or opera=
tion. They usually have a wider word than vertical instruc=
tions and consequently consume more memory. Vertical
instructions are usually encoded with one or two levels,
Encoaing means the value of a control field in the microin=
struction is a binmary code soecifying which resource or
operation 1is to be performed. The horizontal microinstruc=
tions nave the opotential of being much more efficient
resource ma;éqers and conseauently are more difficult to

optimally design than their vertical counterparts,

Combinina the attrinutes of horizontal and vertical
microorogrammina results in residual control. This method
saves memory by wusing vertical microinstructions while
simultaneocusly controllina multiple parallel resources via

setup registers.

Mjcroinstruction implementation severely effects the
speed of microprogram execution., In serial implementation,
one microinstruction is fetched ana fully executed porior to
fetching the next instruction. This techniaue offers the
advantage of lngical simeclicity while suffering from iack of
efficiency since it cansumes the maximum amount of time,

'Parallel' implementation permits fetching of the next

17




instruction before termination of the previous instruction,
The oobvious advantage is execution speed which is of utmost

importance when emulatinag another machine (Fiqure 11-3) (2].

Another significant microorogramming characteristic is
the numpber of phases used in the execution of each microin=
struction. A monoohase system means there are no subdivi=
sions of the rasic clock oulse and consequently each
microinstruction is controlled by the transmission of the
leadina edge of 3 clock cycle, In a polyohase implementa=
tion scheme, the basic clock cycle is subdivided into minor
phases which are independently generated via haroware,
Althouqgh polyphase omerations are more comeplex and require
complicated control, they do oermit faster resource manipu=
lation when they are efficiently coded by allowing multiple

operations to be performed during the same phase(s).

The microporogrammability of a given computer and the
capabilities of its associated micronrogramming lanquaqe are
directly effected bv the the presence or absence of each of
the alternative microorogramming characteristics described

above. The microprogramming language spectrum ranges from

the Jlowest level or microlanauage throuah the assembly
lanquaaes to the high level procedural lanquaaes.
18
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The problems of microprogramming can be significantly
reduced if suitable software supoort exists and is readily
available. This support is usually in the form c¢f simula=-
tors and debugagers. Tyoically, a simulator provides an
alternative to assembly level coding by permitting the wuser
to code in a higher level lanquage and yet achieve the same
results at the expense of some added memory and execution
time. Debuggers are extremely useful in the developmental
stages of microprogramming especially for new and experimen=
tal system design. bDebuagers permit dynamic access to the
machine status and register contents at the instant they are
employed, i.e. a trace feature., Some debuggers offer the
opcortunity of assembling in=line, This option can drasti=

cally reduce reauired detuqgging time.

The primary aoolicat;on of microorogramming is to imple=
ment the necessary control structure required for the
analysis and execution of machine level instructions by
means of oproarammed control stores rather than hardwired
logice. Therefore, a aynamically microprogrammable computer
can provide a software develooment system which can be a
cost-effective aoproach to experimentation with potential
candidates for reolacement computer systems or the design of
completely new systems to fit the needs of unicue applica=

tionse.

20




C. THE GOALS OF EMULATION

A well=desianed emulation can provide an opportunity to
experiment and create software for new Computer systems
before the actual harcware is available. The.utilization of
an emulator can almost eliminate reorogramming, consequently
smoothing the system transition period. In addition, emula-
tion has provided a worﬁable model of new systems under con=
sideration for procurement, oroviding a much more detailed

cost=penefit analysis of system conversion.

Furthermore, it is often economically sound to emulate a
second generaticn comouter with 3 third generation system,
This orovides agrowth to a contemporary system while fulfil=-
ling the reaguirements of the past in a cost-effective
manner. However, this can pe a disadvantage if the orogram=
ming statf uses the emulaticn as a link to the old system
and consequentlv fails to take aavantage of the gttributes

of the new system, i

Do EMULATIOWN VERSUS SIMULATION

To accomplish the emulation objectives, certain idesign
features must be incorporated into an emulation. Naturally,
execution time and allocated memory are the two foremost
considerations. Tragitionally, the <concept of mimicking
another computer has been accomplished by either a simulator
or an eaemulator, twoc concepts often confused with one

another.

21




A simulator is a series of high level lanquage (HLL) or
assembly lanquage statements which individually do not
behave like the targcet machine instructions, The host
machine executes 1its oOwn native instructions in order to
imitate the target machine operations. Consequently, simu=
lation is a rather slow technigue because it requires an
intermediate translation. In addition, simulation of cer=
tain instructions such as bit manipulation and shifting
operations can require an enormous amount of intermediate
code gaeneration demanding a significantly larger memory

allocation.

An emulator is 3 microprogram that is executed on the
host machine, performing machine instructions of the target
machine. Since an emulator accepts the binary cbject code
of the target machine and directly executes these instruc=
tions, it can be extremely efficient in terms of time and
space requirements, The execution time of an emulation is
gepenaent upon many factors: clock rates of the two
machines, frecuency of memory references, high speed shift=
ing compatibility, recuired register maoping between taraget
and host machines, bit manioulation capability of the two
machines, congition code selection and testina, flexible
data oath selection c3pability, 1interrupt similaritites,
input/ocutout compatibility, ana microprogramming efficiencye.
I[f tne haraware features between target and host machines
are extremely comoatible and hianrly efficient microprcgoram=

ming has been emoloyea, an emulation performance ratio (host

ee




to target) of nearly cne to one can be attained. This emu=
lation performance ratio (EPR) has been demonstrated by the
emulation of the SKC=2070 on the Nanodata OM=1 computer. It
is possible to achieve an EFR better than one to one under
ideal situations, when the host machine has a much faster

internal operation execution rate [11,

Several distinct advantages can be realized using emula-
tion as compared to simulation. The execution speed is sig=
nificantly better by at least an order of maanitude, The
target machine recresentatjon in firmware is closer to the
actual hardware agesign and total access to the lowest
machine - level is achrievanle. Perhaps most noteworthy, emu-
lation provides the opportunity to raoidly create test bheds
for numerous machine architectures and provide a basis for

new system development.

E. EMULATION TECHNIQUES

Traditionally, there have been tnree approaches for emu=
lating machine instructions: 1) hardware or firmware assis-
tance to a3 software simulation as demonstrated <©y the IBM
360/6S emulation of the IBM 7090, 2) inderendent host system
hardware or firmware which crovides for compliete execution
of the tarqget machine's instruction repertoire of which the
Burroughs D=machine emulation of the AN/UYK=20 is an exam=
ole, ana 3) an auxiliary orocessor which is operated in con=
junction witn the host machine to execute target machine

instructions (14].
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Software=-controlled emulation is wusually characterized
by cateqorizing the target machine instructions into three
distinct classes: easily emulated instructions, complex
instructions not readily emulated, 3and those instructions
not deemed necessary for the desired application. Instruc=
tion wusage 1is significant in thts classification process.,
Each class of instructions becomes a candidate for direct
hardware or firmware imolementation. The first emulated
function in this aporcach is usually the fetch and analysis
operation, After the i1nstruction is analyzea, the appropri-

ate opcode subfunction can be executed.

An altermnative emulaticn technique 1is the firmware=
controlled method. This approach is identified by having
system control reside comoletely in firmware or hardware
during the emulation crocess. All instructions are executed
on the host machine as if they were indigenous to the taraget
machine. Tnis method is much more efficient than the
software=controlled technique; however, it 1S more expensive
and the <cost differential 1is directly related toc the
requiread performance level, Performance i5 derendent uypon
the number of required data paths, arithmetic units, and
other additional logic circuitry which must suoplement the

host machine architecture,

Upon entering the emulation moade 1in a firmware=
controllea emulator, the machine performs like the target
machine until encountering an exit situation. There exists

three exit modes: 1) poriority interrupt, 2) not impliemented
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instruction, ana 3) deliberate exit because of a debugging

routine.

The third emulation technique consists of utilizing aux=
iliary nardware electronically attached to the host computer
for the sole purnose of executina tarqget machine 1i1nstruc=
tions. In effect, a taraet machine is composed of host
machine hardware with the necessary additional components

requirec to create an effective emulator.

Foe EMULATION HARDWARE

: The develooment of writeable control sitoirels and
microprogrammina techniques have significantly influenced
computer design., This section will describe some of the

availavle Adynamically microoroarammable hardware (Fiqure

II-U).
The Hewlett=Packard 2100 is a general purpcse minicom=
puter. It has a unicue control store divided into two seg=

ments. One section is ROY and the other section is wuser

programmaole, The machine 1is vertically microorogrammed

L b s

using a standard 80 instruction machine language repertoire.
A  debugger and Aassembler assist the user in microprogram

development (2],

The Standard Logic CASH=8 js a high speed oqgigital con=
troller with a secarate control store. It consists of 16
aeneral purnose reqgisters and an accumulator. The CASH=8 is

vertically microprogrammed but does not support any language

&




above microlanquaqe (2].

The Varian 73 is a general purpose minicomputer that has
a 150 instruction set. The horizontal microinstruction con=-
sists of 64 bits with 25 fields, some of which indicate
register transfers, ALU operations, shifting, control store
addressing, condition testing, [/0 control and memory opera-
tionse. The Varian 73 contains both a ROM control store and
a writeable control store loadable from main memory, A
microprogram assembler and interactiveisimulator are avail=-
able (2]. :

&

The Nanodata QM=1 is unique in that it contains both a
control store and a nanostore which are both loaded under
user oroqgram control. The 18=bit vertical microinstructions
are stored in the control store, fetcheag and then inter=
preted under nanoproaram control. A horizontal nanoinstruc=
tion is 360 bits which is subdivided into five 72-0it vec-
tors. Assemblers for both microproarams and nancprograms

are availacle [2].

The previously described machines represent a small sam=
ple of the available microprogrammable computer architec=
tures., The availability and flexibility of these computer
systems h3s stimulated demand for these devices. Conse-
auently, hardware manufacturers have been compelled to pro=
duce writeable control store equioment to satiate the needs

of the computer market,
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CONTROL STORE MICROPROGRAMMED USER MICROPROGRAMMABLE

L O e e
Main Memory e Burroughs B1700
e IBM S/360 Model 25
IBM S/370

o Nanodata QM-1

Interdata 85 o

®
varian 73

°
Fast Read/ Hewlett Packard 2100
Fast Write
o
DSC Meta 4
e e Interdata 80
IBM S/360 Models 30,40,50,65
RCA Spectra 70 Model 45
None Preparation of Provision of
User Microprograms Translator or
Simulator

SUPPORT AVAILABLE TO USERS

Note: Relative microprogrammability is the distance from the oriain
to the machine point in two space.

Fiqure II=4 (2]
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ITI. AN/UYK=20 ARCHITECTURE

Constructing an efficient emulation requires a precise
understandina of the architecture and perfcrmance charac=
teristics of the machine being emulated. An emulation must
attempt to match the target machine's features and maintain
its flexibility of hardware design as closely as possible,
Althouah it is not recuired, an ooerational demonstration of

the emulated machine can solve many emulation Questions,

In emulating the AN/UYK=20, architecture and perfor=
mance criteria were derived from technical oublications,
since an actual machine was unavailaole. Wwhen 1nconsisten=
cies appeared in the documentation, specific guestions were
posed to a UNIVAC fiela engineer, who often tested programs
on the AN/UYK=20 to resolve inconsistencies. Documentation
coupled with an expert consultant provided sufficient infor-

mation for emulating the AN/UYK=20 successfully.

The intent of this chapter is to outline those features
of the AN/UYK=20) significant to the emulation. A detailed

hardware descriotion can be found in Refs. 20, 22, 28.
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| A, HARDWARE DESIGN

The AN/UYK=20 was 1designed for the Navy to fulfill the
i requirements for small or medium size general purpose data
| & processing in shiptoard, mobile shelter, or other military
environments. Sperry Univac incorporated minicomputer tech=
noloqy in constructing the AN/UYK=20, including MSI circui-
try c«esign, micruprogrammed control, memory mogularity, and

asynchronous or synchronous incut/outout channels,

The AN/UYK=20 had to te extremely tlexible in its apoli=
cations, offering a wide ranae of confiquration possibili=
ties which were derivatives of the basic design. Modular=
ity, a concept highly desirable in a military environment,
was achievea by offering options that coulc bte easily addea

using printed circuit cards and/or memory modules.

The AN/UIYK=20 can accomodate up to eiaht 8K, sixteen=bit
word boards of magnetic core storage with an access time of
750 nanoseconds. The central processor 1s controlled by a
programmaple micromemory which can be excandea by an addi=
tional S12 words. The migroorooram controller is proarammed
at the factory, but the additional micromemory option is
user defined. Both sections of micromemory are programmed
using fusible links, and once orogrammed they are completely

static (Figure IilI=1).

A memory interface is responsible for the transfer of
data to memory trom the central orocessor (CP) and

1input/outout controller (I0C). Both the I0OC ano the CP are
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capable of accessing all of memory (65,536 words maximum),
The addition of direct memory access (OMA) provides a second
memory interface and an addaditional access port which is con=

nectea to each of the two 32K memory segments.

The input/outout controller permits the central proces=
sor to communicate with the external devices without
interfering with program execution. The IOC has a maximum
of 16 parallel or serial channels. Parallel agata transfer
takes place asynchronously using 8=bit, le=0it, or 32=pit
transfers. Serial interfaces are either synchronous or
asynchronous, with word=to=serial or serial=to=wocrd conver=
sions occurring 1in the IGC. The I0C ana CP compete for
memory access throuah the memory interface with oporiority
given to the [0C in the event of a simultaneous request.
The I0C is permanently assianed several memory aaddresses for

command word and interrupt word storaaqe.

The addressable high=speed registers available in the
AN/UYK=20 include the orogram address register (P-register),
two l6=bit status registers (SRl ana SR2), a real=time clock
register (32=pits), a monitor clock reaister (l6=bits), and
3 set of sixteen l6=-cit ageneral registers. An adaitional
stack of 16 cgeneral reqgisters 1is an available hardware

option.

The sixteen general reqgisters were included to enhance
the speed and performance of the AN/UYK=20, allowing most

programs to use 3 areat proportion of reqister=to~reqgister
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instructions. These ceneral registers can be used as accu=
mulators for arithmetic, shift, or logical functions, as
index registers, or as temporary storage locations, The
secona set of general reqisters can be readily employed via
3 status bit. This status bit designates which general
register stack is to oe'utilized. The duplicate set of gen=
eral registers yields dividends in a multi=-task or heavy=-
interrupt orocessina environment. This agditional register
set can pe used to provide high=speed temporary storage,
thus avoidinag slower main memory storace of working vari=

ables.

The two l6=-bit status reqisters ana the program address
register represent the machine status of the AN/UYK=20,
Wihen these reaisters are collectively referenced, they are
called the program status word (48=bit PSwW). The P=register
indicates the next instruction to be executed. This
instructicn may be a lo=bit single=word instruction or a
32-bit gouble=worad instruction. Proaram control <can be
modified by using an instruction which manipulates the con=

tents of the P=reqister,

Status register 1 contains bit information concerning
condition code settinas, overflow, ana carry bits, interrupt
codes., and numerous other machine indications (Figure

Itl=2).
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AN/UYK=-20 FUNCTIONAL ARCHITECTURE
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STATUS REGISTER 1

6 ]s a!alafrlo]

T T
rIS Iu 13 |2|n!|o'9 017

1

!

R ENABLE (1) OR DISABLE
1 | {0) DMA
|
|
|
.
|
;
'

; ALLOW (1) OR LOCKOUT (0)
CLASS i1l INTERRUPTS

ALLOW (1) OR LOCKOUT {0)
CLASS Il INTERRUPTS

|
|
l ALLOW (1) OR LOCKOUT (0)
|
!

CLASS | INTERRUPTS

NOTUSED

| ENABLE FLOATING POINT ROUND (0)
| OR PROVIDE RESIDUE (1)

|
|
| ENABLE (0) OR DISABLE (1) CHARACTERISTIC
{ OVERFLOW-UNDERFLOW INTERRUPTS

CONDITION CODE DESIGNATOR

QOVERFLOW DESIGNATOR

| CARRY DESIGNATOR

i : NDRO (0) OR MAIN MEMORY (1) REFERENCE FOR ADDRESS 00-77, 300477

NOT USED

GENERAL REGISTER SET 0 (0) OR SET 1 (1) ACTIVE

NOT USED

CONDITION CODES
SR BITS
8angd 9 ARITHMETIC COMPARE
00 0 R = (R ) or (Y)
01 >0 (POS) (R} >{R ) or (Y)
10 Not Used Not Used
1" <0 (NEG) (R,) <R )or (Y)

Fiaqure I1I11<2 [23)
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Status register 2 holds control bits for direct or
indirect addressing, and holds interrupt codes. Interrupt
processing routines set bits in the interrupt code field

corresponding to the I0C interrunt (Figure III=3),

STATUS REGISTER 2

15 Mjl:! !2:[11 IOTQ 8T7 6 5 4 3 2 1 ﬂ

: | INTERRUPT CODE

| }

| ' INDIRECT CONTROL BITS FOR Ryq

| INDIRECT CONTROL BITS FOR Ry,

_ INDIRECT CONTROL B1TS FOR R,

INDIRECT CONTROL BITS FOR R, ¢

INDIRECT CONTROL BIT MEANING
00 Normal Addressing.
01 Normal Addressing.
10 Indirect Addressing w/o indexina:
IWl at ¥ = y.
13 Indirect Addressing with indexing;

IWl at Y = y + (Rm).

Fiaure III=3 (23]

The real=time clock and monitor clock registers provide
program=controlled interrupt capability which is useful for
timing and synchronizing oroaram seaments with real=time
events. The real=time clock (RTC) i1s a 32=bit register used
as count=up storaqge while the monitor clock (MON) is a
t6=bit count=down register., & one «xHz internal oscillator

controls the counting speed of both registers. An optional
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external clock operating at a frequency up to 50 kHz is also

available,

Interruot orocessina in the AN/UYK=20 is conducted using
a priority level scheme which classitfies interrupts into
three oriority levels (classes). Interrupts within the same
class are assigned a rriority ranking and a code which iden=
tifies which processing routine to execute. Durina inter=
rupt handling, all interrupts of the same level or lower
level are lockea out until the CP 1is comoleted processing
the current interrupt. Hicher priority interrupts can over=
ride the lockout and cause the CP to honor them first, hold=
ing tne lower level 1interrupts 1in abeyance until higher

level i1nterruot brocessing is comoleted. The highest prior=

ity interruots are hardware malfunctions, followed by
software interrupots, and at the Jlowest level, I0C inter=
rupts.

Permanent locations 1in memory corresoondinac to each
interrupt <class holc the PSW and RTC when an interrupt is
being honored. Likewise, other permanent memory addresses
assigned to each interrupt class hold the appropriate inter=

rupt routine entrance location to be loaadea into the PSw.

Memory addressina is accomplished usina 6d4 page aadress
registers which separate memary into 1024=word paces. Abso=
lute addresses are formed by isolatina the upper six bits of
the relative address to find the o©age address register

number, and then concatenatina the lower six bits of the
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page aadress reqister contents with the lower ten bits of
the relative address (Fiaure TII=-4). Any operation that
stores into memory sets the most significant bit of the page

address reaister used in generatinag the aqgdress.

Some adaditional hardware features of the AN/UYK;ZO are
those functions available on the maintenance panel of the
machine itself. These include a breakpoint feature which
allows an operator to insert from the panel an address which
causes the AN/UJYK=20 to stop execution when the selected
address is reterencec. Other available tocales allow halt-
ing execution programmatically using Key 1| or Key 2 on the
maintenance panel., These additional hardware features are

useful debuaaing tocls.
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MEMORY ADDRESS GENERATION
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e
!
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f | "
ABSOLUTE ADDRESS 1S s — 0]
; ' sl
PAGE MOOIFICATION INDICATOR

Ficure [I[=d (22]
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B. INSTRUCTIUN FORMATS AND REPERTOIKRE

1. Repertoire of Instructions

The AN/UYK=20 instruction set is composec of nearly
260 separate instructions designed to be both versatile and
comprehensive. ©Both sinale=-word (lé=pit) and double=word
(32=-bit) instructions are available., Some of these instruc=~
tions are svecifically desianed to meet the reauirements of
a real=-time environment., A few sample instructions include:

a. Local jumo = used to facilitate looos, sav=
ina several steps in orogram execution.

b. Reverse register = used in & communication
environment when data is received in one
sequence but must be transmitted in reverse
sequence.

c. Set pbit, clear bit, and test bit = wused to
test inadividual pits in reqgisters saving
consigerable execution time 1n proagrams that
communicate via flags anmd status words.

Lacitional flexibility is oroviaes wnen the 'math
pac' haradware option 1s included in the AN/UYK=20 conficura-
tion. Some 33 additional opcodes are addeda to the instruc=
tion set in order to increase the computaticnal capabilities
of the machine. An instruction for square root, double pre=
cision multiply/oiviace instructions, as well as hardware
trigonometric and hyperbolic functions which utilize coorai=

nate conversion alcorithms (cordic) are included.




Single=word instructions are generally employed when
manipulating operands in high=speed registers. 0Oouble=word
instructions are used in operations involving direct or
indirect addressina with or without indexing, or supplying
16=-bit constants to programs. Typical instruction speeds

for a single=-word versus a double=word instruction are:

SINGLE =wORD DOUBLE=WORD
ADD .75 = 1.5 usec 15 = 2625 usec
LOAD <15 = 1.5 Usec 15 = 2,25 usec
MULTIPLY 3.8 = 4.0 usec 4.4 = 4.6 wusec
DIVIDE 6,8 = 7.0 usec 7.4 = 7.5 . usec

Nearly all instructions affect <conaition ©Dpits in
status reaqgister 1, The AN/UYK=20 sets tnese bits as a
result of two tvpes of operations. Most instructions that
do not involve compare loQgic are categorized as arithmetic
instructions. when the result of the arithmetic operation
1s determined and is about to be stored in memory or a
register, a congitinn code is set indicating whether the
result 1s posittve, negative, or zero. Compare instructions
set the condition bits based on a greater than, less than,
or eaqual to comparison of two registers or a register and

the contents of a memcory address.

Two other bits in SR are set as a result of compu=
taticnal or shifting instructions. The overflcw cesjanator
is set whenever an arithmetic or shift operation requires

more bits than are provided for in a reaister (16 bits).
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The carry designator is set when an arithmetic operator gen=
erates a carry beyond the most significant bit of the regis-

ter.

The AN/UYK=20 allows five different types of operand
formats: sinale-length, byte, literal, ootional floating
point, and double=length. Sinale=-length operands are lé6=bit
values with the sian bit assumed to be in the most signifi=
cant bit. In arithmetic <calculations, the single=length
word 1is assumed to be a3 two's complement integer. Byte
operands are considered B8-pit unsigned integers, and can be
the most significant or least significant half=word of a
memory location. Literal operands are 4=bit unsigned
integers agenotec by the 'm' field of a literal type instruc-
tion. Floating point ooerands are formed usinc two adjacent
registers or memory locations with fields containing the
sign of the fracticn, the characteristic, ana 24 bits of the

fraction.

Douole=length ooerands are concatenatea from two
adjacent registers or two adjacent memory aocdresses. The
most significant half of the double=length operand 1is con=
tained 1in the low=orocer reqgister or memory aadress, and the
least significant half in the next sequential register or
address. The sign bit for both words resides in the high=
order pit position of the most significant half=word and
when used in an arithmetic calculaticn, the double=length
operand is treated as a two's complement infeqer. Instruc=

tions 1nvolving double=lenath operands require the low=order

an




register or memory adaress to be even, since the adjacent
cell addaress is formec by 'OR'=ina a | in the least signifi=

cant bit of the address.
2. Instruction Fcrmat

The AN/UYK=20 has five different instruction word
formats, designated by two=-letter mnemonic coces. These
codes are: RR (Reaister=-Reqister), RL (Pegister=Literal),
RI (Reg}ster-lmmediate). RK (Register=Constant), and RX
(Register=Inagex). Each of these formats are desianateag 1n
the 1instruction worc by a combinaticn of the ceccode field
and the subfunction cose. Reqgisters are identifiea in the

‘a' ana 'm' fields of tke instruction, and are referred to

by the notation ka ana PRm, The 'v' field 1s treated as an
address or arithmetic constant, depencinac on the instruction

(Figure II1I=-5).

The format BRR single=word instructions perform
operations 1involvina the reaisters sopecified by the 'a' ang
'm' fields. Mo memory referemnces are made to access
operands, causing considerable savinas in execution time.,
The 'a' or 'm' fiela may be used to index special ooerations

on registers.

Format RL instructions wuse a3 lo=bit instruction
words wusSina one or two aeneral reagisters. The 'a' designa=-
tor §elects the general reaister R3a or register cair Ra, !

c S 1 The 'm' desicnator contains the d=bit literal value

which will be used in the instruction.
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INSTRUCTION FORMATS

RR

AL

RI-1
Local
Jump
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R1 format single=-word instructions are separated
into two cataqories. RI Type 1 instructions are local jump
instructions w~here the P=-register is increased or decreased
by the 'a' field 1in the instruction. The ‘'d' field
represents the two's complement deviation value and allows
the P=reaister to be altered a maximum of +177 octal or =200
octal., RI Type 2 i1nstructions involve operations that wuse
the general registers Ra and Rm, and a memory address speci=

fied by the contents of Rm.

The format RX instructions contain 32 bits of infor=
mation. The upper 16-bits contain the oceration code and
the designator fields. The 'a' field selects the general

register Ra, and the 'm' field denotes how the next word,

containming 'yv', is to be used. If 'm' eauals zero, then the
effective ooerana aodress Y, equals 'y'. 1f 'm' does not

equal zero, then Y is formed by aading the contents of Rm to

Y o

Format RX are double=-word instructicons similar to
the RK instruction that use direct and indirect addressing
techniques getermined by the 'm' field. If tne 'm' field
equals zero. then agirect addressing without indexing 1s
employed, with the offective overand address formed from the
'y' fielgc itself. [f the 'm' field eauals 1l through 7, 11,
13, 15, or 17 (octal), then direct addressing with 1indexing
is emcloyeqa. The effective operand address is formea by

adoing the cortents of Rm to 'y'. An 'm' field value of 10,

12, 1d, orFr 1& (octal) indicates indirection 1S to be
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employed, and the indirect address control fielas in status
register 2 contain informatior which is usea to generate the
effective operand address or 3 pair of indirect words. When
the control fields eaual 0 or 1, then direct addressing with
indexing results. If the control field equals 2, then the
contents of the first indirect word (In1) is locatea a2t ‘y’,
Finally, if the control field eauals 3, then IWl is loccated

'v' indexed by the contents of Rm, Indirect word format

at
is shown in Figure IIl-6. Cascaded indirection is posSsible

provided that the indirect words are properly encoded.

Byte aadressing 1is accomeclished wusinc RX format
instructions. A byte identitier (B8) is used to determine
which half=word (8=bit) is to be refarenced. If B equals 0,
then the most significant half=wora 1in acdress Y is the
operand byte. If B ecuals 1, then the least sianificant
byte at Y is the operand. The least sianificant bit in the
indexing reqister i3 used as the byte identifier, ang the
remaining 15 bits are used as the ingexing value for finaoing
Y. Indirect byte ooerand aadressina formulae are included

in Figure IlIl=-o. ine followina formulae apply for airect

byte operand addressing:

m=0, Y=y, and B8=0
’ﬂ=1‘7' Il; lsr 15, or 17 octal

Y=y 4+ (Rm)/2 and B=LSB of (Rm)

ad




The oreceding section has described the fundamentals

ot the AN/UYK=20 instruction formats. FReferences 21 and 23

should be consultea for further information concerning

instruction formats and decodinag.

INDIRECT WORD FORMATS

15 14 13 12 11 w0 9 8 7 (] 5 4 <) 2 1 0

[noT [ J l NOT USED X ] w1
JUSED !
? W 2 1w
OCTAL J
VALUE ADDRESS DETERMINATION

0 Y = IW2; if byta mode, upper byte s used .

1 Y = IW2 + (Rx); if byte mode, LS8 of Rx determines dyts. *

2 Y = IW2 + (Rm); it byte made, LSB of Rm <ets munes dyte. *

3 Y = IW2 + (Rme1); if byte mode, LS8 of Ame) determines byte. *

| =0, DIRECT ADDRESSING, OPERAND AT ADDRESS Y

I =1, CASCADED INOIRECT ADDRESSING, NEW INDIRECT
WORD 1 AT ADDRESS Y

* To determine the operand address when in byte mode, the conrerss 1f R or Rm, or Ry are
nght shifted 1 bit pomition and zero hiled in the left most position

Fiqure 111=6 (23]
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Iv., BURROUGHS D-MACHINE

A. HARDWARE DESCRIPTIUN

The microproaramming facility at the Navél Postgraduate
School is composed of a Burrouahs Intercreter=-Based system.
This system possesses the characteristic of being dynami=
cally microprogrammable and 1is designed using a simple
puilding block structure. A typical systerm is mace up of a
number of interoreters (processors), main memory modules,
and input/output devices, alona with a switch interlock dev=
ice (SwI) controlling data flow on tne data bus connecting
the interpreters to main memory and oeripheral devices. The
heart of the system is the interpreter, also referred to as

the D=machine.

A D=machine possesses five functional modules: the
logic wunit (LU), the control wunit (CU), the memory unit
(MU), nanomemory (NM), anmd microporogram memory (MPM), The

system opresently i1nstalled in the Computer Science Departs=-
ment combines nanomemory and microorogram memory 1into one
functional wunit. The architecture of the D=rachine is
designea around B8=bit word slices. word lenaths from 8 bits
to 64 bits are permissible usina the same functional unit

(Figure IV=1),
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INTERPRETER BLOCK DIAGRAM
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Microprogram from
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Fiaqure [V=1 I[o]
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The D=machine usecd for this thesis has been configured
as a3 32-bit word crocessor. Reference 17 provides a
thorough and concise cdescripotion of the architecture of an
interpreter=pased microproarammina system, reference 6
details the specifics of D=machine microprogramming which

must be thoroughly uncerstood by the prcgrammer,
l. Logic Unit

The U=machine's 1logic unit oerforms shifting, arith=
metic, and logic functions and contains scratch £caa regis=
ters and agata interfaces for the switch interlock, Al
adaer operations are performed usinag two's comclement arithe
metic, ana shifting is accomplished in a matrix of gates

callea the varrel switch.

The scratch pcad registers Al, A2, andAAB are jyoenti=
cal in function. They act as temporary storace registers
within tne D=machine ang serve as orimary 1nputs to the
aader, The control unit determines which register will be
an input tc the adaer. Any of the A=reaisters can receive

the output from the parrel switch.

The B register functions as the orimary external
input interface from the switch interlock., It acts as the
secona inout to the adder and can receilve certain direct
inputs from the aader's arithmetic operations. The B regis=

ter can be loaceda fro~ any of the following sources:
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a. The barrel switch output.

b. The aader outcut.

c. External cata from the switch interlock (or con=-
trol panel switches).

d. The memory information register (MIR),.

e. The complements of four bit or eight ©bit car=-
ries.

f. The barrel switch ORea with the adder, external

data from the switch interlock, or MIR,

The outout of the 8 reaister is filterec orior to
gating into the adder., The 'filter' consists of
true/complement selection Qates which are divided into three
sections: the most significant bit, the least significant
bit, and all the remaining central pits. The output of this
filter 1is the indecendent result ot these sections and may
be either all zeroes, all ones, or the true contents or
one's complement of the contents of the resoective bits of

the B register,

The memory information register s the interface to
the switch interlock. M1R  functions as a bufter to main
memory or to a perioheral device. [t is an outout destina=
tion of the barrel switch and its output can be sent to the

B=register or the switch interlock.

The adoer in the loagic unit performs all arithmetic
functions and <can be cateqgorized as a version of a carry

look=aneadg acager. The control unit can Qate various combi=
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nations of A, B, and Z inouts to the adder. An 'A' input is
definea as an input from one of the three scratch pad reqis=
ters. A 'B’ input is the outecut of the B register's
true/complement filter aates. A '7' inmput is an external
input to the loqgic unit ana can originate from one ot the

following sources:

a. The outout of the counter in the memory control
unit (MCU) wnich is gatec te the most signifi=
cant eight bits of the acder with the remaining
bits zeroeaq.

b. The outout of the literal reaister in the MCU
which is gated to the least sianificant ei1ght
bits of the adder with the remaining bits
Zeroed.

C. An octional input which is gatea into the miadle
bpytes of the adder with the most and least sig=
niticant btvtes zeroead.

d. The output of the alternate microcrogram count
register (AYPCR) in the MCU whicnh is qated into
the least sianificant 12 bits of the aader (13
pits for EK micromemory machines) with all other
bits being zeroed.

e. A}l zeroes.

Two incuts, selected from the A, B, or [ sources,
are always qated to the adder. These inouts are referred to
as X=select arad Yeselect. An x=select inout may bpe either

an A ynmput or a [ input. 1If it is not soecified, it is
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assumed to be zero. A valid Y-select has eitner a B, Z or 1
as 1its input. Some Z inputs, however, are valid only as Y=
select inputs. Any combination cf valid X-selects anag Y-
selects are oefmissicle addends, with an oction of adging a
one to the least significant bit. For subtraction opera-
tions, the wvalue to be subtracted must be a Y=select; the
Y=select inmput is subsequently two's comolemented and gated
to the adder. AV binary Boolean operations between two
adder inouts are allowed, and daynamic condition bits for
overflow (AOV), all bits true (ABT), and most/least signifi=
cant bit test (MST/LST) are available to the control unit
tor testing. Bit testina is a valuable feature for decoding

instruction w~ords.

The barrel switch 1s a matrix of gates that accepts
oarallel data from the adder and shifts the data any number
of places to the left or riagnt with zero fill., It also can
right shift the w~orc in amn end=around fashicn. The output
of the barrel switch may be directed to any of the following

destinations simultaneously:

a. TIhe A registers,

p. The B register.

c. The memory information register.

de The least sianificant 16 bits to the MCU reais-
ters.

e, Tne least sianificant three to six bits tc the
control wunit shift amount reaister (bit length

1epending on the word size of machine).
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2. The Control Unit

The cantrol urit has five major sections: the shift
amount reaister (SAR), the condition register (COND), part
of the control register (CR), the décoder for microprogram
memory content, and clock control. This module of the D=
machine managdes the functions of the orocesscr, and 1is

directly responsible for logic unit ooeration.

Ka

SAR ard its associated loaic control shifting opera=-

Vtions oy ]oadinc shift amounts into SAR and generating the
- 5 w S';‘ . 3 h ' )

required_ cent®ols inadicated by the current microinstruction

for the barfel switch. In addition, the SAR's logic gen=

'word lenath complement' of the SAR contents

erates the
where the complement 1is defined to be that amount which
woula restore the pits of a2 word to their original position
after an end=arouna shift of N followed by an end=arocunag
shift of the 'complement' of N. For example, 1f an end-
arocund right shift of 20 Qas required in a 32=-bit D=-machine,

another end=around snift of the complement of 20 (12) would

be reguired to restore the contents tc its oriqginal value.
The condition reagister has four major functions:

a. It stores 12 resettable bits which are wused as
error indicators, interrupts, status, and
lockout indicators.

b. It selects one of 16 condgition bits for perform=
ing conditional coeraticns. These 16 bits are

composed of the 12 condition bits of the
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condition reaister plus the 4 dgynamic conditions
generated by the LU adder auring the present
clock time.

c. It decodes bits from the memory for resettinag,
setting, or reauesting the setting of designated
pits of the condition register.

d. It resolves oriority between interpreters in the
setting of global condition bits (GC), thereby
croviding a3 method of controlling inter=

interoreter lockout.

The control reaister stores the control btits of the
Sé6=pit microinstruction that are not teing used in the first
phase of the execution cycle. The control register is sub=
divided into secticns which are used by the memory control
unit, the logic unit, and the control unit during the execu=
tion pnase of a microinstruction. For a descripotionr of tim=

ina and ohases, see section C of this chanter.

3. Memory Control Unit

The memory control unit orovides tre basic aaddress=
ing 1interface vretween the De=machine and both main memory
(S=memory) ana microoroargm memory (Mememory). One MCU can
address 64K words (256K bytes) of main memory, and i1f the
D=machine 1s confiaured with a second MCU, a maximum of 128K

words can be agddressea.

The memory control unit has three major sections:
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The microprogram address section controls the
addressing of microprogram memory and the
sequencing cf microinstructions. It contains
the microprogram count register (MPCR), tHe
alternate microprogram count register (AMPCR),
the incrementer, the microprogram address con=
trols register, and their associated lcagic. For
standard 4K M-memories, the MPCR and AMPCR are
12 bits long. For BK Mememories, MPCR ang AMPCR
are 13 bits in length (the D-machines installed
at the Postaraduate School employ 8k M=
memories). AMPCR is a VY=select input to the
loaic unit adder.

The memory/device address section contains the
B=pit memory address register (MAK), two lE=bit
base reaisters (BR1 and 2R2), outout selection
aates, anc associated control logic. Wwhen form=
ina a memory address, the lowe<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>