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Bbstract

Various methods have been used in the past to implement the
control'structures of digital computers. Microprogramming is
regarded as the most versatile approach to this end. It reduces
the complexity and increases the flexibility of the control unit.
Furthermore, dynamic microprogramming allows modification or re-
construction of the system architecture as viewed at the machine
language level; such a system can be based on the "emulation" con-
cept which utilizes microprogramming techniques to interpret
various system architectures at the machine language level.

A study of the process of emulation is the subject of this
thesis. The thesis describes the main features of both the target
and the host systems that affect the emulation process. The prin-
ciples underlying the design of an emuiator are also discussed.
For this purpose, a Data General NOVA system has been emulated on
the MICRODATA 1600 and evaluated. The thesis concludes with

some recommendations for further work.



CHAPTER 1

BASIC CONCEPTS

1.1 Introduction:

Changing from an existing computer system to another one with
a different architecture is not a matter of simply removing the
older system and plugging in the new one. The process is invariably
full of problems and often requires a considerable amount of effort.
In most cases, it is not economically feasible to discard the
existing software, specially if a significant software library
has been built up for the old system. Software development costs
are much higher compared to the cost of hardware, and it may be
prohibitively expensive to rewrite all the existing software to
fit the new machine. Scme relief is provided with the use of high
level languages; if the user programs ére all written in high level
languages such as FORTRAN or COBOL, basically they can be run on
the new system if a compiler is provided for these languages. But
the problem is that high level languages have not been universally
standardized. For example, programs written in ANSI FORTRAN ox
COBOL will not run on a machine which has a different version of
FORTRAN or COBOL. Furthermore, the high level language programs
may be mixed with machine or assembly language coded routines, so
a degree of reprogramming is still required. However, despite
these shortcomings, high level language coding can be a significant
aid in conversion. In order to obtain a smooth transition from
one machine to another, there are several approaches that can be

followed. These techniques cover the range from reprogramming,



code to code translation, simulation and emulation [1]. A brief
description of these approaches follows.

Reprogramming: While reprogramming the old system's workload for

the new system, one can take advantage of any favorable features
of the new machine. But this process is very time-consuming,
error-prone, expensive, and usually the effort required is prohi-
bitive. This is the least desirable solution to the problem of
conversion.

Code to Code Translation: Prior to execution in the new machine,

each instruction in the source program for the old system is

replaced by one or more instructions of the new machine, which

would execute the same operation intended by the old instruction.

The resulting source program for the new machine is then assembled

and executed. But it is difficult to automate the translation of :
an instruction that is modified according to the data or machine

state before its actual execution. For instance, suppose a user
program contains a segment in which one of the instructions is

replaced by another instruction (which is specified as data in the
program) , if a certain machine state is met prior to the execution

of that program segment. In this situation, any automated code

to code translator will fail to do proper translation. Because

the replacing instruction in the user program is specified as data,
during translation no code conversion is required. Therefore, the code
produced by the automated translator will not perform the same
operation as intended by the old program. Solving a problem of

this kind requires programmer assistance in defining the problem

and reprogramming it by hand. In the preceding example, the pro-



grammer may need to create two non modifying program segments for
the new machine to the modifiable segments of the old system.

This approach can be successful only for systems with very similar
structu;e; as machine differences increase (difference in bytes,
word or file formats), so do translation problems.

Simulation: An image of the entire state of the simulated (target)
machine is maintained on the simulating (host) machine i.e., the
simulated machine is mapped on a bit-for-bit or character-for-
character basis on the host system. Each instruction (of the
simulated machine) is interpreted in sequence at execution time

to alter the machine image in the same manner as the instruction
would have done in the simulated machine. The simulator must
interpret an instruction each time it is executed. Due to this
interpretive overhead, programs may run more slowly on the host
machine than on the original machine. ‘One reason for longer execu-
tion time could be the failure of the simulation program to effec-
tively preserve any parallelism that might exist in the target
machine, and to interpret the parallel operations in an efficient
sequential manner.

Emulation: Emulation may be defined as hardware, microprograms
(firmware) , and software* added to one computer system to enable

it to execute programs written for another system. Any of these

*
Rosin [2] defines emulation as implementing a target machine

entirely by firmware (microprogramming) in the host machine. How-
ever, efficient emulation may require hardware/software/firmware

tradeoffs and for this reason, we will not use Rosin's definition.



components may be absent in a specific case, but as a minimum
either added hardware or added microprograms must be present.
Without one of these, we say we have a simulator [2]. The system
which supports emulation is known as the host machine while the
other system is known as the target or virtual machine.

A study of the process of emulation is the subject of this
thesis. For this purpose, a bata General NOVA system emulator
has been implemented and evaluated; the host machine is a
MICRODATA 1600 . In the rest of this chapter, fundamental con-
cepts of microprogramming and emulation are described.

Chapter 2 deals with the details of implementation and eval-
uation of the emulator for the CPU instruction set (Arithmetic
and logic instructions, and memory reference instructions) of the
NOVA system. Chapter 3 deals with the emulation of the input/out-
put (I/0) subsystem and Chapter 4 descfibes the integrated emula-

tion for the NOVA system.

1.2 Fundamentals:

A conventional digital computer is functionally organized
into five basic units, namely:
(1) Input
(2) Output
(3) Memory
(4) Arithmetic and logic unit (ALU)
(5) Control section

These five units communicate with each other through electronic



signals that represent data, instructions and control information
as shown in Fig. 1.1.

The control unit of the computer governs the operations of
the various sections and directs the flow of information by
emanating control information (signals) in a predetermined time
sequence to open or close a subset of control gates throughout
the system. The general control functions consist of fetching and
decoding the machine instructions from main memory, gating
data paths to perform the desired operations on data fields, and
changing the state of the computer to allow the next required
operations to be performed.

Practically, computers are required to perform complex opera-
tions as defined in the repertoire of their machine language i.e.,
addition, subtraction, shifting, etc. These operations can be
synthesized by performing sequences of.primitive operations.

These primitive operations are governed by the control signals
from the control unit, and generally completed in one or two basic
clock cycles.

The basic primitive operations can be any of the following
items: (1) Move Operation, (2) Unary Operation, (3) Binary Opera-
tion, (4) Convert Operation. They are constituted by connecting
some basic building blocks in a variety of combinations as illu-
strated in Fig. 1.2. The basic building blocks are:

1. Transformation unit, which performs a specific transforma-
tion or operation on data, e.g., a hardware adder unit.

2. Storage element, which is capable of retaining informa-

tion over a period of time, e.g., a register or a word in main memory.
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3. Links, which are paths (simply the wires) used to transfer
information among storage and transformation units.

The hardware structure of a computer system can be described
in terms of these elements.

One method of implementing a complex operation is to design
combinational and sequential logic networks (control unit) which
generate sequences of control signals to activate the primitive

operations which constitute the desired complex operation; this

method is known as hard-wired or conventional control implementa

tion. But this design method is somewhat ad hoc, and as the
machine functions become more complicated, it results in a very
complex control unit. Also computers whose control units are
designed in this fashion can perform only those operations which
have been built {wired) into the control unit.

An alternative method of implemenfation that can reduce the
complexity and increase the flexibility of the control unit is

the use of microprogramming. The word "microprogramming" was coined

by Professor Maurice Wilkes in his 1951 paper "THe Best Way to
Design an Automatic Calculating Machine" [6].

Microprogrammed implementation of control functions is achieved
by using microinstructions to represent unigue primitive operations.
The microinstructions are stored in a control storage from which
they are fetched, decoded and executed to generate the control
signals required to activate the primitive hardware resources to
achieve the defined primitive operations. In other words, the
hard-wired control is replaced by a microprogrammed control section.

Control signals (or control information) are stored in a fixed or



dynamically changeable control memory (ROM or RAM), which is
traditionally separated from main memory. A complex operation
can thus be represented by a sequence of stored microinstructions
(microprogram) in control store. Executing a complex operation
(machine instruction) reduces to executing the appropriate micro-
instructions in sequence.

The role of microprogramming would become more evident if a
computer system is visualized as a hierarchical structure of nested
virtual machines as illustrated in Fig. 1.3 [4]1, [5].

Problem oriented language level consists of a wvirtual machine
that accepts languages designed to be used by applications pro-
grammers with problems to solve, e.g., COBOL, FORTRAN, GPSS, etc.
The assembly language level is a symbolic form for one of the
underlying languages (level 2 or level l). An assembly language
program is first translated to level 1 or 2 language and then
interpreted by the appropriate virtual machine. The operating
system machine level supports or manages all the other virtual
machine levels. The conventional machine level represents machine
language instructions carried out interpretively by the micropro-
grams (e.g., 4180 000A, 1BCC represent LA 8, 10 and SR 12, 12
instructions, respectively, in IBM 360 assembly language). The
microprogramming level represents the level at which the computer
electronic circuits are directly activated to affect data flow
within the hardware.

A physical machine is functionally defined by a set of
external attributes: an instruction set, storage media (main

memory, disks, tapes, etc.), interrupt system, channel configura-
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Problem Oriented
language level
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Interpretation (microprogram)

\

Microprogramming level

microprograms. are executed
directly by hardware
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Data :::::i:> (Host) /;> Result

Fig. 1.3

Five-level Nested Virtual Machine Stxructure
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tion and so on. Such a system is called a host system. Programs
written in this system's language (in its defined machine code)
can be run directly in this machine.

Based on the host system, a virtual machine or a numbexr of
nested virtual machines can be created through the agency of pro-
gramming that transform the host's attributes to give the user
the illusion of existence of a hypothetical computer system or
virtual machine. Generally, the hypothetical system can use the
power of the computer system more effectively and often rxeduces
the total problem solving time in special areas. For instance,
on a time-sharing interactive information retrieval system (e.qg.,
an air-line reservation system) the operator can use an applica-
tion oriented language to access the information from the system
and to communicate with it. The user gets the feeling that the
computer accepts commands in this 1angﬁage. In this case, what
the user sees is really a hypothetical or virtual machine. To the
user, it does not matter whether the commands are directly executed
by the hardware or whether they are translated to an intermediate
level language and then executed.

There is an important relation between a language and a
virtual machine; each virtual machine has an associated machine
language and all programs written in that language can be executed
by the virtual machine. Conversely, a language can also define a
virtual machine.

A machine with N levels can be regarded as consisting of N
different virtual machines, each with a different machine language.

Only programs written in the base level (level 0) can be directly
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executed by the electronic circuits without the need for inter-
vening translation or interpretation.* But the programs written
in a higher level language (i.e. level 1, level 2, ... level N)
must either be interpreted by an interpreter running on a lower
level, ér translated to the language corresponding to a lower
level. For instance, in a conventional 2 level machine as shown
in Fig. 1.4, programs written in assembly language {(level 1) have
to be translated by the assembler into the machine instruction
code (level 0). Then the machine instructions are fetched and
decoded, and control signals are generated to activate the hard-
ware resources to perform the desired operations.

The programmer writing programs for the level N virtual machine
need not be aware of the underlying interpreters or translators.
He only knows that his programs, written for the Nth level wvirtual
machine, can be executed.

As shown in Fig. 1.3, a microprogrammed machine (a machine
whose control unit has been implemented using microprogramming
techniques) can be visualized as a hierarchy of virtual machines.

As mentioned earlier, the machine instructions (level 1) which are

x
The difference between translation and interpretation is as

follows: in translation, an instruction in the level N language
is translated into an equivalent seguence of instructions in the
level N-1 language. The translated program (in level N-1) lan-
guage) is executed instead of the program in level N. 1In inter-
pretation, an instruction in the level N language is examined and
decoded, then a sequence of equivalent level N-1 instructions is

executed immediately; no translated program is generated.
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LEVEL 1 Assembly language level

Translation {Assembler)

LEVEL O Conventional machine level

Machine instructions are executed
directly by hardware

|
l hine X
! Data N Machine > Result

Fig. 1.4 Two-level Nested Virtual Machine Structure
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stored in the main memory, are fetched and interpreted by the
microprograms in the control store. In this structure, a new
jevel 1 virtual machine can be defined by changing the contents
of the control store.

A new term "nanoprogramming" has been coined recently, but
it is simply a matter of creating another lower level virtual
machine, and raising the microprogram level to an upper level.
The only thing one has to bear in mind is that the programs written
in the base level (the lowest level, level 0) can directly acti-
vate the primitive hardware resources and carry out the operations

without either translation or interpretation.

1.3 Emulation of a Target Machine:

Before discussing the details of éhulation, let us recall
some basic definitions for microprogrammed processors.

A microcycle is the quantum of time required to exeacute one

microinstruction.

A microcommand causes the hardware to generate the electronic

signals required to perform a single primitive micro-operation

during one microcycle.

A microinstruction is a collection of one or more microcommands,

which performs a single micro-operation or several micro-operations
during one microcycle. Such a microinstruction set is less powerful
than the machine instructions of a conventional general purpose
processor. Implementing a conventional machine instruction would

require a sequence of mieroinstructions (microprogram). Sometimes,
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a microinstruction is more complex than a conventional machine
language instruction (e.g., microinstructions of IBM 360 system)
and a considerably detailed knowledge of the computer architecture
is needed to microprogram these systems.

A control store contains microinstructions, and usually has

a faster access time compared to the main memory access time. It
may consist of a Read Only Memory (ROM) or/and writable memory
(RAM). In order to execute a seguence of instructions (micro-
program), the system must fetch the instructions from the control

store in the desired sequence.

A microprogram is a sequence of microinstructions which per-

forms a useful task. A machine instruction is executed by
initiating the associated microprogram execution. A static micro-
programming system implements a machine instruction repertoire by
means of fixed programs in a Read Only Memory. Usually, the pro-
cessor is closely tailored (in word size, arithmetic conventions,
etc.) to the machine vocabulary which it is to implement. A
dynamic microprogramming system uses a read/write control store
for storing the microinstructions. Such a system allows modifi-~
cation of the system architecture as observed at the machine lan-
guage level. The same hardware can be made to support a variety
of system architecture.* In a larger sense, the term micropro-

gramming really means interpretive programming. The source lan-

guage, the lowest level language into which user programs are

*
Architecture of a system is defined as the attributes of the

system as seen by the programmer.
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translated for the interpreter can be called a directly executable

language, DEL. The object language consists of the microinstruc-

tions. The DELs may be extensible and changeable with the notions

of emulation (which will be discussed in the following sections) .

It is important to have a thorough understanding of the
following items in order to properly define the image of the target
machine on the host. These consist of:

(1) The structure, size and addressing of main memory,
registers, stacks, etc.

(2) Machine language formats, including effective
operand address calculation.

(3) Operation codes and their functional meanings.

The process of designing an emulator involves the mapping of
the emulated machine onto the host machine. This consists of:

1. Main storage mapping.

2. I/0 system mapping.

3. Mapping of registers, triggers, counters, accumulators, and
all other resources in the target machine that are addressable
by the programmer.

Generally, two approaches have been used for emulation, namely,
software-controlled emulation and firmware—confrolled emulation.

scftware-controlled emulation: In this approach the designer first

developzs and analyzes a pure software simulator of the tarxget sys-
tem. Certain host machine instruction sequences will stand out
as being very frequently used, or as being awkward ways to perform
simple functions, or both. These sequences become prime candi-

dates for hardware or firmware support. This support is provided
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by defining new instructions, each replacing such a sequence.
These new instructions are in addition to the standard instruction
set of the host machine and they aid the emulation process. This
hybrid approach to emulation reduces the size of control store
needed to provide emulation. Each instruction of the target
machine is interpreted by a subroutine contained in the main
memory of the host machine, and the subroutine uses special
instructions as well as the conventional instructions of the host
system to initiate the operations, as in the IBM 360/65 emulator
for the IBM 7090 machine (see Fig. 1.5). One of the most notable
of the special instructions devised for this purpose is the DO
Interpretive Loop (DIL) instruction which is added to the conven-
tional machine language of IBM 360/65 machine. The DIL instruc-
tion, implemented in ROM, is a single instruction replacing the
subroutine that a pure software simulator would use to:

1. Fetch the simulated Instruction Counter (IC).

2. Convert the IC value to the address of the storage
cell that contains the next instruction to be inter-
preted.

3. Fetch this next target instruction.

4. Update and store the simulated IC.

5. Perform any indexing required for the target instruc-
tion.

6. Convert the effective address obtained to the address
of the storage cell containing the target operand.

7. Interpret the target instruction operation code and

branch to the appropriate simulator routine that will
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360/65 machine
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emulation routines
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for 7090 emulation
(DIL, ECLA, EAXT, etc.)

Fig. 1.5 Main Memory and Control Store Map

of IBM 360/65 for 7090 Emulation




19

simulate the instruction.
The DIL instruction is used cnce for each instruction emulated.

Example 1.1: 360/65 emulation of 7090 instructions.

7090 Instruction 360 Emulation Routine
AXT (address to index rEAX‘I‘ Microroutine that does address
true) to index true.

4DIL Microroutine that does fetch
and interpretation of next
instruction.

CLA (clear and add) ECLA Microroutine that does clear
J and add.

\DIL Microroutine (see above).

AXC (address to index LCR 360 instruction that comple-
complement) ments that address.

EAXT Microroutine (see above).
DIL. Microroutine (see above).

Firmware-controlled Emulation: For a dynamic microprogramming

system, the computer can be restructured to emulate any computer
instruction repertoire by loading the associated microprograms in
the control store, so that programs of the target machine can be
run without changing their object code. The emulator can take
advantage of any favourable features of ths host machine to achieve
efficient performance. The actual performance achieved also
depends on the degree of added hardware and software in the host
machine. Software still has an important part to play in the
emulation process, since in some cases 1t becomes uneconomical to
implement a function by microprogramming, such as error recovery,

code translation by table look-up, etc.



CHAPTER 2

EMULATION OF CENTRAL PROCESSOR INSTRUCTIONS

2.1 Introduction:

The central processor instruction set of most computers is
functionally similar. It involves data manipulation, transfer
of data among addressable registers and memory cells, changing
instruction execution sequence, and sc on. The machine instruc-
tion format is tailored according to the machine architecture and
usually it varies from one machine to another. The length of
operands, data representation and memory addressing mechanisms
are usually in a variety of formats. All these components affect
the emulation process.

Before discussing the central processor emulation in detail,
a general survey of the conventional machine language of a typical
system is provided to give the reader some idea about the various

instruction formats and their functional meanings.

2.2 Conventional Machine Language:

2.2.1 Instruction Formats:

The information stored in the memory locations of a machine
consists of two types: i) The instruction word which is used to
determine the sequence of primitive operations which the machine
would perform, and ii) the data word which is operated on by the

machine in the process of executing an instructioii. The job of
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the control section is to fetch the next instruction word from
the memory, decode the instruction and perform the desired opera-
tions. In order to fulfil these tasks, the instruction worxds
must contain the following basic information:

1. The operation code: To specify what action (operation) is to

be performed.

2. The addresses of the operands: To specify the location of

data which is operated on by the instruction.

3. The address of the next instruction to be executed: This is

not always necessary since the instructions are usually sequen-
tial; it is needed only in case of branch operations.

The design of the instruction repertoire reflects the archi-
tecture of the computer system and the availability of the hard-
ware resources. In some systems, all ipstructions may have the
same length (e.g. NOVA instructions are 16 bits long), Wwhile in
others they may be of variable length, as in MICRODATA 1600 or
IBM System/360. The operation-code part of the instructions may
be of a fixed or variable length depending on the.system. In addi-
tion, the number of operands in an instruction may vary according
to the design of the machine instructions. Generally, a machine
can be classified according to the number of addresses that are
used in its instructions:

1. Three—address machine

Instructions specify the location of the two operands for a
binary operation and the location where the result is to be stored.

2. Two-address machine

Instructions specify two operands and the result is stored
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in one of the predetermined operand locations.

3. One-address machine

Instructions only specify one operand; a special register
(accumulator) provides the other operand, and the result is
usually stored in the accumulator.

4. Zero-address machine

Generally, the instructions contain only the operation code;
the operands are taken from a stack. Such an instruction set is

typically used in a stack oriented system.

2.2.2 Addressing Structure:

Data stored in the main memory have to be fetched and manipu-
lated to execute the desired operations as specified by the opera-
tion code. The addressing information for this purpose is speci-
fied in the operand field(s) of the instruction. Two typical
memory reference formats are:

(a) Memory Word Addressing

Address Mcde Displacement

(b) Register Addressing

Address Mode Register number

In the former one, the effective address is calculated
according to the address mode and the displacement value specified
in the instruction. In reéister addressing, the address field
contains the register designator and the operand address is deter-

mined by the address mode and the contents of the selected register.
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Displacement field is a signed integer and gives the displace-
ment from a specified memory location, which is determined by the
address mode. Address mode field is used to specify how the dis-
placement field is to be used in computing the effective address
or how the contents of the selected register are to be used to
locate the operand. There are typically five addressing modes
used in most computer systems. In the following discussion "the
contents of the selected register" may substitute the word "dis-
placement" where register addressing is concerned.

1. Direct Addressing:

The displacement field specifies the absolute address of the
operand. Some mini-computers divide memory into fixed pages of
256 or 512 words and allow direct addressing of the first page
only.

2. Indirect Addressing:

The displacement field or the result of some address compu-
tation gives the memory location that contains the address of the
operand. Usually indirect addressing may be used as a means of
obtaining a full length memory address.

3. Indexed Addressing:

The displacement field is added to or subtracted from the
contents of an index register. In some computers the contents of
the index register may be automatically incremented or decremented
after each operation. This scheme allows for efficient address
calculation when operating with sequential locations of memory.

4. Relative Addressing:

The effective address is obtained by adding the displacement
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field to one of the registers in the computer. Typical registers
that are used are:
(a) Program Counter: This allows the programmer to have
a "floating" page which represents a fixed number
of memory locations preceding or following the
address of the current instruction.
(b) Base Register: Where the base register contains the
starting address of the memory segment assigned to

the data or instruction being referenced.

5. Immediate Addressing:

The address part of the instruction actually contains the
operand itself rather than an address, thereby eliminating the
need for effective address calculation and fetching of data.

Most machines allow a combination of two or more of the -
stated techniques in their addressing mechanism to enhance their
addressing flexibility. 1In addition to the addressing technigques
that have been discussed, stack aidressing capability is provided
in some computers. They have the facility to puéh/pop the con-
tents of memory locations or registers into/from the stack and
update the stack pointer automatically. Except for the instruc-
tions to fetch from memory or store information into memory the
instructions in these machines specify no addresses at all. A
diadic operation operates on top two levels of the stack by
popping these two operands from the stack; after the specified

manipulation the result is pushed on top of the stack.



25

2.2.3 Instruction Types:

In a conventional machine, every machine instruction repre-
sents an algorithm for changing the status vector of the processor;
some instructions change the value of one or more memory words or
registers, others may merely change the program counter etc. How-
ever, the functions of most instructions among different machines
are basically similar. In this section the major types of general
purpose instructions will be discussed in detail:

1. Data Movement Instructions:

These instructions require both the source and the destina-
tion of the data to be specified either implicitly or explicitly
in the instructions, and also indicate the amount of data to be
moved. The execution of these instructions results in data being
moved from one place (a particular memory word, register, stack
or immediate data) to another. In some systems, certain "move"
instructions not only move data but also set condition codes within
the system depending on whether the data is zero, positive or
negative.

2. Dyadic (Binary) Instructions:

Dyadic operations require two operands to produce a result.
Most of the arithmetic and logic instructions (e.g., ADD, SUB,
AND, OR, etc.) are classified into this category. Typically,
condition codes are updated after each operation.

3. Monadic (Unary) Instructions:

Monadic instructions operate on only one cperand to produce
a result. Generally, these instructions provide the capability

of shifting or rotating t+he contents of a register word or byte,
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and typically, condition code updating is also involved.

4. Conditional Branch Instructions:

These instructions are used to test a specified conditicn
and alter the instruction flow sequence if the condition is satis-
fied. A common method is to test some condition set by the previous
operations and jump to a particular memory location if the condi-
tion is met; otherwise the following instruction in sequence is
executed.

5. Subroutine Call Instructions:

A subroutine call instruction saves the return address, then
causes a jump to the subroutine starting location. In some
machines the return address is placed in a single fixed memory
location or stored in the first word of the subroutine prior to
the first executable instruction. Another method involves a stack
of registers used for saving the return addresses.

6. Loop Control Instructions:

Some machines have instructions to facilitate the execution
of a group of instructions a fixed number of timés. This involves
using a counter (a register or memory word) that is incremented
or decremented by some constant value and the counter is tested
each time through the loop. If a certain condition holds the loop
is terminated.

So far, conventional machine instructions have been discussed
with the exception of Input/Output (I/0) instructions. The emula-
tion of non I/O instructions of the virtual system (central pro-
cessor instructions) is comparatively straight forward, since this

does not involve any timing, data conversion or machine dependent
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features. In the following sections, the hardware resources of
the host system that affect the emulation process and the mechanism

for CPU instruction set emulation will be discussed in detail.

2.3 Central Processor Emulation:

The hardware resources of the host machine play a signifi-
cant role in the process of emulation. In essence the emulation
process involves mapping the addressable resources of the target
machine and the links between those resources on to the host.

The better the mapping of the target resources onto the most
appropriate host resources and also, the more similar the host and
target machine structures, the better the performance of the emu-
lator.

In order to properly transfer the target machine attributes
onto the host, the primary characteristics of the hardware features
of the host system (microprogrammable computer) must be carefully
examined. These are:

1. Data Path Structure:

The data paths are used to connect the various functional
components in a computer. Data may be transferred over them in
one direction or in both directions. If the host and the target
machines have different data path widths, then a virtual match
through proper manipulation of the available facilities must be
created. If the data path width of the host system is wider than
the target's then it h=s to be reduced to the desired number of

bits, usually by masking out the unwanted bits. On the contrary,
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if the data path width of the host is smaller than the target's,
iterative multiples of the host data path width are required to
achieve a virtual wider path.

2. Functional Processing Unit (FPU):

This unit generally provides basic functional operations
using full binary operands, and often a decimal arithmetic mode
(4 bit BCD mode) is also included. Shift/rotate capabilities may
either be provided in the airthmetic and logic unit (ALU) or in
a separate unit. The simplest form of such a unit is the two
input, one output ALU that performs simple arithmetic and logic
functions. In some systems, in addition to shifters, the FPU may
contain masking units which can selectively mask certain bits
from the input operands or the result.

In addition to the fundamental (primary) functions (e.g.
ADD, SUBTRACT, AND, OR, etc.) that should be implemented in a
functional processing unit, some special functions (or non-primary
functions) such as hardware multiply/divide facility may be pro-
vided in some systems. If the standard instruction set of the
target machine includes hardware multiply/divide instructions,
for example, and if this facility is not implemented in the host
system, then they can be realized by a sequence of primary opera-
tions in the host control storage.

In a downward emulation, the FPU in the host machine is more
versatile than that in the target system or the processing func-
tions of the target machine FPU constitute a subset of the host's
processing functions. If the hardware structure of both systems

is similar, then not only the emulator can be implemented conven-
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iently, but also the performance of the virtual system may be
improved. On the contrary, in an upward emulation, not only is
the implementation elaborate, also the performance of the virtual
system may be highly degraded.

3. Local Storage:

The local storage is a set of registers used to hold infor-
mation to be routed to other functional units and, generally, has
very fast read/write times. Typically, the number of addressable
registers is less than the total number of registers in a local
storage. During emulation, in addition to the mapping of addres-
sable registers, the non-addressable registers (e.g., instruction
register, status register, etc.) also have to be mapped onto the
host system. If the host machine has insufficient local storage
for this purpose, then the slower main memory has to be used along
with the available local storage, with a resulting loss of effi-
ciency in terms of speed.

4. Main Memory:

The number of available words of main memorf is usually limited
by the addressability of the system (the size of the memory address
register). Mapping of target machine main memory to host memory
has a significant affect on the efficiency of the emulator. If a
direct one-to-one mapping is not possible, a virtual match between
the two different memory width systems, by using iterative multiple
or masking method, is required to obtain the proper data and
instruction width. The relatively slow access time of main memory
degrades the efficiency of an emulator if the iterative

multiple method rather than the masking method has to be used.
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At this point, it would be appropriate to discuss an example
of emulation of an actual system (Data General NOVA) on a MICRO-

DATA 1600 microprogramming system. However, before giving any

details of the emulator, a general introduction to these systems

is necessary.

2.3.1 NOVA Series Computers

The NOVA line computers are general purpose computers with a
16-bit word length. All machines are organized around four accumu-
lators which are used for temporary data storage, data manipula-
tion in all arithmetic and logic class instructicns, and also as
part of the I/O system. The 15-bit address of the next instruc-
tion to be fetched is held in the PC (Program Counter). These
five registers are accessible to programmers. Even though the
internal organizations of various machines within the NOVA family
are different from each other, the same instruction set is used
among them and the programming for all machines is completely
compatible.

Instruction Formats

In the NOVA series machines the bits of a word are numbered
from left to right as 0 to 15; the same numbering scheme is used
in registers. By convention, all numbers representing instruction
words, register contents, codes, addresses, and any data appearing
in programs are always octal unless otherwise specified. The

whole word is partitioned as follows:

0 1 34 6 7 9 10 12 13 15

There are four basic types of instruction formats:



(a)

(b)

{c)

(a)

Jump and modify memory commands

0

23 4 5 6 78 15

000

Displacement (D)
Index (X)
Address type (I)

Function

Move Data commands

0 1 2 3 4 5 6 7 8 15
0
4 l *
Displacement (D)
Index (X)

Address type (I)

Accumulator address

Function

Input-Output Commands

0123 45 6 78 9 10 15

011 \

0

}

Device code
Function control
Function transfer

Accumulator address

Arithmetic and Logic commands

1 2 3 45678 9 10 11 12 13 14 15

1

I Skip
No load
Carry
shift
Function
_ Destination accumulator address
Source accumulator address
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Addressing Mechanism

The effective address in the memory reference instructions

depends on the values of I, X, and D:

5 6 7 8 15
I X D
where I: indirect bit
X: index bits
D: displacement
Derivation of address

[

00

0l

10

11

Page zero addressing
D is an address in the range 000008 to 003778

Relative addre
D is a signed
that is added

Base Register
D is a signed
that is added

Base Register
D is a signed
that is added

ssing

displacement (-200, to +1778)
to the address in PC

addressing
displacement (-200, to +l778)
to the address in AC2

addressing

displacement (-200, to +177 )

8

t+to the address in AC3

The calculation of operand address can be classified into

four types.

If I=0, the effective address of the operand would be:

dress =

or

1. Direct Addressing:
Effective ad
2. Indirect Addressing:

location s

the contents of index register
& Displacement

Displacement D if X=00

If I=1, the processor retrieves another address from the

32

pecifiéd by the address already determined according to
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the information in the instruction. The O bit of the retrieved
new word is the indirect address bit. If this bit is zero, bits
1 to 15 are the effective address, otherwise they specify a loca-
tion for another level of address to be retrieved. The process
wmmmsmﬂlmmrﬁamwdbwdmismmdmmazaom
the O-bit position. Then bits 1 to 15 of the location are the
effective address.

3. Auto incrementing/decrementing addressing:

If any memory location in the range 208-378 is accessed by
indirect addressing, the processor will retrieve the contents of
that specified memory location and increment or decrement the
word retrieved, then write the altered word back into the same
location and use the altered word as the new direct or indirect
address.

- If the word is taken from’locations 208—278, it is
incremented by one.

- If the word is taken from locations 308—378, it is
decremented by one.

4. Subroutine Jump

Execution of a JSR (Jump subroutine) instruction will load
the return address in AC3 and cause a jump to the effective

address and continue processing from there.

2.3.2 MICRODATA 1600 Computexr

The MICRODATA 1600 is a microprogrammable digital computer
with 8-bit word length in core memory and up to 64K byte memory

capacity in the basic enclosure. The standard CPU has capacity



34

for up to 4K words x 16 bits of control memory and, optionally
can have an alterable control memory of up to 16K words. Each
16-bit word in the control memory contains a single microinstruc-
tion.

The architecture of the MICRODATA 1600 CPU is illustrated
in Fig. 2.1. The major processing facility of the processor is
the arithmetic logic unit (ALU). It performs addition, subtrac-
tion, data transfer, logical AND, OR, exclusive OR and shifting.
Inputs to the ALU are from the B bus and/or from the selected file
register, and output is via the A bus to the selected destination
register.

A status register consisting of file register 0, common to
both the primary and secondary files, is used for various internal
flags like overflow, negative or zero conditicn etc., generated
by the ALU.

All registers except the file registers have specific functions
in the machine. A brief description of the processor registers
follows:

T Register:

The 8-bit T register serves as the operand register for most

operate-type commands, and as a buffer for data being written into

or read from core memory, and for output on the byte I/0 bus.

M and N Registers:

The 8-bit M and N registers hold the current 16-bit address
of the location being accessed in core memory. The M register

holds the 8 high order bits of the address, and the N register

holds the eight low order bits.
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U Register:
The 8-bit U register is used to modify the 8 high order bits
of the control memory output.

File Registers:

Two files (Primary and Secondary) of 16 registers each pro-
vide storage for internal flags and user's data. Register O (in
both files) is available to the user and is used for internal
flags.

L Register:

The 12-bit L register holds the address of the next micro-

instruction to be read from control memory.

L-Save Register:

The 12-bit L-Save register saves the incremented contents of
the L register when a Jump Extended microinstruction (JE) is
executed, unless storage was inhibited by a previous Inhibit
L-Savé microinstruction (ILS).

Link Register:

The 2-bit Link register contains storage‘for an arithmetic
link bit and a memory link bit.

Microinstruction Formats:

There are five basic formats used for the microinstructions.

(a) Literal Commands

15 12 11 8 7 0
op F nIT
15 8 7 0
op LIT
15 12 11 0
op LIT
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(b) Operate Commands

15 12 11 8 7 4 3 2 0

op F c * Y

(c) -Generic Commands

15 0

op

where OP : Operation Code
F : File Register Designator
C : Control Field
LIT: Liternal
* : File Inhibit
r : Destination Register Designator
Lists of the NOVA instruction set and the MICRODATA 1600
microinstruction set are provided in Appendix A and B respectively.
For more detailed information about both systems, the reader is

referred to the manufacturer supplied documents [7] [8].

2.3.3 NOVA Emulator on the MICRODATA 1600

In order to map the NOVA machine onto the MICRODATA system,
the following items should be considered:

1. Mapping of NOVA registers onto MICRODATA registers: This step

is shown in Table 2.1.

In the NOVA computer, the PC register is automatically incre-
mented by one, after the execution of the current instruction or
the effective address is loaded into the PC if a JMP or JSR instruc-

tion has been performed. MICRODATA primary file registers 4 and 5
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Table 2.1

MICRODATA File Register Assignments for NOVA System

File bank

File Register

Corresponding NOVA Régister

Primary

0
1 (bit 1)

MR OOQWW® W20 U~ Wwh

MICRODATA condition flags

Carry bit

Upper byte of Instruction Reg. (TU)
Lower byte of Instruction Reg. (IL)
Lower byte of Program Counter (LL)
Upper byte of Program Counter ()
Lower byte of ACO {(A0L)
Upper byte of ACO {AOU)
Lower byte of ACl (al1L)
Upper byte of AC1 (alvu)
Lower byte of AC2 (a2L)
Upper byte of AC2 (a20)
Lower byte of AC3 (A3L)
Upper byte of AC3 (A30)
Lower byte of Operand Register (OL)
Upper byte of Operand Register (ou)

Secondary

o

vl wNn

O EHOOW®Wwono--aon

MICRODATA Condition flags (common to
both files)

Temporary Storage

Temporary Storage

Temporary Storage

RTC Counter

Selected Clock Frequency (Initial RTC
Counter value)

TTO Buffer

TTI Buffer

PTR Buffer

Temporary Storage’

Low Byte of Mask Register

PTR Busy/Done Byte *

ID Byte **

RTC Busy/Done Byte *

TTI Busy/Done Byte *

TTO Busy/Done Byte *

NOTE : ** Bit 7 assigned as interrupt flag (IF bit)

Bit 7=1 interrupt flag on

Bit 7=0 interrupt flag off

Bit 6 assigned as NI indicator

Bits 0, 1, 2 and 4 are used to reflect the Done flag
Conditions of TTO, TTI, RTC and PTR respectively

(1 indicates Done flag on, 0 indicates Done flag off)

Bit
Bit
Bit

Bit
Bit

7 indicates the Busy flag condition
7=1 Busy flag set

7=0 Busy flag clear

Bit O indicates the Done flag condition
0=1 Done flag set

0=0

Done flag clear
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are assigned as the image of the NOVA program counter, and updated
by a microprogram called LUP after execution of the current NOVA
instruction.

~Bit 1 of primary file register 1 is used to store the emulated
carry bit to reflect the resulting state of the carry after execu-~
tion of any arithmetic and logic instruction of the emulated
system.

2. Memory Mapping:

NOVA family machines are 16é-bit machines whereas the MICRO-
DATA 1600 is a 8-bit byte oriented machine. Therefore, in order
to represent a NOVA word, two bytes of MICRODATA memory are used.
During instruction fetch, two consecutive bytes are retrieved
from the MICRODATA memory and stored in a pair of file registers,
corresponding to the NOVA instruction register.

After the operand address calculation for a NOVA instruction,
the address is loaded in the operand register (MICRODATA file
registers 14 and 15). The contents of the operand register are
multiplied by two and the address is then transferred to M and N
registers if memory read/write is required; otherwise the contents
of the operand register are transferred to PC register if a JMP
or JSR instruction has been executed.

Before the emulator is activated, the virtual NOVA machine
must be initialized by placing initial values into the emulated
PC and other registers. At the same time, I/O device interfaces
requiring setups - e.g., record format control, baud rate control,
and so on must also be initialized. Once emulation mode is entered,

the MICRODATA central processor behaves as if it were the emulated
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(NOVA) central processor.

The FET microsubroutine fetches the simulated PC and converts
the PC value to the address of the storage cell that contains the
instruction to be interpreted; it then retrieves the NOVA instruc-
tion from memory and places the subject instruction in the emulated
Instruction Register (primary file registers 2 and 3). The NOVA
instruction is then interpreted by the emulator. Some of the
microroutines used for this purpose are MRE, IOA, IDA etc. After
the NOVA instruction is executed and the PC is updated, control
passes to the INT microsubroutine which handles internal house-
keeping e.g., I/0 data transfer, and interrupt handling. If no
1/0 interrupt is detected then the next NOVA instruction is fetched
and the whole cycle repeated.

The FET and INT microsubroutines are the most significant

routines in the emulator, and are used once for each NOVA instruc-

tion. The basic flow-chart and the memory mapping diagram for
the overall emulation process are shown in Figs. 2.2 and 2.3
respectively. A detailed flow-chart for the MICRODATA emulation

of NOVA LDA and STA instructions is shown in Fig. 2.4.
Table 2.2 lists the emulator execution times for the NOVA

instruction set, along with the corresponding timings on a real

NOVA.

2.4 Conclusion:

Tt is clear from Table 2.2 that there is a performance penalty

to be paid for using the MICRODATA 1600 to emulate the NOVA. This
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9 Fig. 2.2 The Basic Flow-Chart of NOVA Emulator
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Table 2.2

Execution Times for the NOVA Emulator

and the NOVA 1200 {(in microseconds)

Instruction Emulator NOvVA 1200

1. Memory Reference Instructions
(Direct Page Zero Addressing)

JMP 5.0 1.35
JSR 6.0 1.35
1sZ 12.0 3.15
DSZ 12.0 3.15
LDA 9.0 2.55
STA 9.4 2.55
2. Arithmetic and Logic Instructions
COM 16.8 1.35
NEG 18.0 1.35
MOV 16.8 1.35
INC 18.0 1.35
aDC 18.0 1.35
SUB 19.4 1.35
ADD 18.6 1.35
AND 18.4 1.35
3. Input-Output Instructions

SKP__ TTI 8.4 2.55
NIOS TTI 9.0 3.15
NIOC TTI 9.6 3.15
DIAS AC,TTI 10.8 2.5

DIAC AC,TTI 11.4 2.5

SKP__ TTO 8.6 2.55
NIOS TTO 15.2 3.15
NIOSs TTO 11.4 3.15
DOAS AC,TTO 16.6 3.15
DOAC  AC,TTO 12.8 3.15
SKP__ PTR 8.6 2.55
NIOS PTR 27.2 3.15
NIOC PTR 11.4 3.15
DIAS AC,PTR 29.4 2.55
DIAC AC,PTR 13.6 2.55
SKP_ RTC 8.6 2.55
NIOS RTC 9.0 3.15
NIOC RTC °.8 3.15
DOAS AC,RTC 13.8 3.15
DOAC AC,RTC 14.6 3.15
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is somewhat inevitable, since the two systems employ different
design philosophies. For every NOVA instruction and operand, the
MICRODATA must go through two cycles of memoxry addressing. In
addition, the NOVA instructions are implemented for optimum utiliza-
tion of NOVA hardware. But on the MICRODATA 1600 , the highly
condensed information contained in the NOVA instructions has to be
interpreted by a significant piece of microcode. Furthermore,

the MICRODATA 1600 is not a high speed microprogrammable com-
puter {one microinstruction is executed every 200 nsecs.), so the
decoding and execution of target instructions takes a significant
amount of time compared with the hardwired NOVA 1200 system.

Several instructions were timed and are listed in Table 2.3
in order to compare the speed of the NOVA emulator with the MICRO-
DATA instructions which perform similar operations. The average
ratio of execution times for these instructions between the MICRO-
DATA native mode and NOVA emulation mode (except JMP and JSR inst.)
is approximately 1:1.5. If the NOVA system is simulated at software
level on the MICRODATA the execution times for the simulator will
be much longer compared to the execution times for the firmware
emulator.

Apart from the difference in data path widths, the processor
functions of both the target and the host systems are very similar.
Some improvement in emulation speed would result if the MICRODATA
1600 were a 16-bit machine, i.e., if its memory word size and
data paths were 16-bit wide. For example, target instruction fetch
would then require only one memory cycle instead of the present

two. However, the process of interpreting the target machine



Table 2.3

Execution Times for Similar Instructions on NOVA

Emulator and MICRODATA 1600/30 (in microseconds)

‘"Instruction

NOVA Emulator

MICRODATA 1600/30 [9]

JMP
JSR
ISR
DSR
LDA
STA
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instructions would more or less remain the same. Therefore, the
overall speed of the emulator would not be twice the speed of the

present emulator; however, there will definitely be some improve-

ment in speed.
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CHAPTER 3

EMULATION OF I/0O SYSTEMS

3.1 Introduction

By means of the input/output (I/O) system and peripheral
devices, the computer can communicate with the outside world, and
the user can access the resources within the computer system.
Peripheral devices are usually asynchronous to the processor and
may be widely different in their speeds of operation, so some form
of "hand shaking" or protocol is necessary for processor-device
communication.

In order to identify an individual device, each device attached
to a computer is assigned a device address which can be unique or
shared by more than one device. The device address field usually
consists of two parts: a device congroller {(interface) address and
a subaddress indicating the selected device among the identical
units connected to the controller. A device is selected when the
device controller recognizes its address; then the device is able
to transfer data as specified by the computer program.

Data transfer between a peripheral device and the processor
may be affected either under program control or under the control
of the external device. If the data transfer is affected under
program control, transfer occurs whenever an I/0 instruction is
issued by the program. Usually the program examines the status
of the external device until it is ready to receive or transmit
data, then the I/O instruction is sent.

Interrupt technique is another means to handle data transfer
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that is independent of the computer program and the data are trans-
ferred at the clock rate determined by the external device. 1In
fact, the interrupt may be regarded as a mechanism for synchronizing
the central processor with its external environment.

Just as it is necessary to create a mapping of target CPU
facilities in the host CPU resources, it is also necessary to
create a similar mapping of target I/O system in the host I/0
facilities. The overall effect of the execution of target machine
commands on the host machine should be to produce the desired end
result. In the emulation of central processor instructions, the
processor state transitions are well-defined and resources are
localized to a set of local storage or memory locations; further-
more, there are no timing dependencies in the process. Unfor-
tunately, none of these factors apply to the emulation of I/0 opera-
tions. The order of state transitiogs during I/0O operations depends
on the timing relationships between the particular processor and
its I/0 devices, as well as the final state of the machine is not
determined until the completion of the I/O opefations. This, along
with the differences in the interrupt structures of the host and
the target machines, makes I/O emulation much more difficult than

the emulation of central processor instructions.

3.2 I/0 Emulation Process

Before discussing the emulation of I/0 instructions in detail.
it is appropriate to examine the factors that influence the mapping

of target I/0 resources onto those of the host machine.
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3.2.1 I/O System Structure

There are two basic I/0 system structures used in most com-

puter systems.

A. Single Bus Structure:

In thils structure a single bus interconnects all system elements
as shown in Fig. 3.1.

The data transmission protocol between any two elements of
the system is identical, and data can be transferred between any
pair of elements. This makes it possible for two input/output
devices to communicate with each other or for input/output devices
to send or receive data directly to or from memory without pro-
cessor intervention. This scheme offers a single type of inter-~
face for all system modules, and the processor can address a peri-
pheral device in the same way that memory locations are addressed,
so no special I/O instructions are needed. The PDP-1l organization
is an example of this approach.

B. Multiple Bus Structure:

This is the most common computer structufe, and a typical
example of this scheme is shown in Fig. 3.2. A separate I/O bus
is used for each input/output method employed. A program 1/0 bus
is used for devices that use interrupt based or programmed I/O.

A DMA (Direct Memory Access) bus is used for devices that transfer
blocks of data to or from memory at high speed. The protocol sig-
nals for each bus are designed accoxrding to its I/0 transfer
features.

Cbviously, the I/O bus structures of the host and the target

systems play an important role in I/O emulation. If the I/O struc-
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tures are different, then it is necessary to simulate the target
bus structure on the host system and to interpret the target I/O
protocol signals properly. For example, if a multiple bus system
has to emulate a single bus target machine, then besides the firm-
ware implementation, added hardware or front-end processor may be
necessary to assist the simulation. On the contrary, if a single
bus host system has to emulate a multiple bus target machine, the
emulator I/0 performance is highly degraded because of the nature

of the target I/0O bus structure.

3.2.2 Interrupt Structures

On some computers the interrupt facilities are very basic.
The task of saving the contents of processor registers and/or memory
cells, determining the cause of interruption, and establishing the
service routine priority are left tg the programmer. On more
sophisticated computers, some or all of these tasks may be directly
achieved by hardware, so the interrupt handling is more efficient
from the programmer's viewpoint. Typically, in such an interrupt
system, when an interrupt occurs, it interrupts the running program
on completion of the current instruction and inhibits further
interrupts. Processor hardware automatically saves the contents
of the incremented program counter in a predeterminated memory
location, then causes a jump to a specific trap location which con-
tains the starting address of the main service routine. (Typically,
location zero may be used to store the program counter and location
one for the trap address.)

The main service routine must save the contents of processor
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registers, identify the peripheral device which caused the interrupt,
and branch to the appropriate sexvice routine for that device.

After the device is serviced, the main service routine must restore
the registers, enable interrupts, and resume the interrupted program.

In a more sophisticated interrupt system, the device service
routines may be interrupted by other interrupts of higher priority,
and each service routine will independently preserve and restore
processor registers and return links. Interrupt handling in these
systems is usually nested in a priority sequence, so a stack is
generally used for queuéing the suspended lower priority activities.
After the higher priority routine is completed, it must restore
the processor registers, and access the return link from the stack
in order to continue the interrupted process.

In a microprogrammable computer, interrupts are usually "soft"
rather than "hard"; that is, when an interrupt occurs, it only sets
a flag to signal the processor instead of executing any hardware
functions like trapping the program into a specified memory loca-
tion or saving the contents of program countef, etc. The interrupt
is subsequently processed by a microprogram according to the defined
interrupt structure of the system. Therefore, in I/0 emulation the
interrupt handling strategy defined by the target machine can be
directly implemented by firmware. However, added hardware may be
involved in order to perform certain functions strictly under hard-
ware control instead of performing these by sequences of micro-
instructions in order to reduce the firmware complexity or improve

the system performance on the host system.
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3.2.3 Input/Output Instructions

The analysis of target I/0 commands is essential in order to
properly interpret each meaningful command bit or field so that
equivalent actions can be executed on the host system. A typical

I1/0 instruction format is shown as follows:

Class Code Device Select
ti d o) d
(1/0 Operation) Operation Code peran Code

The class code specifies an input/output class of instruction.

The device select code identifies which external device is being
addressed, the operation field specifies the action to be taken,
while the operand field specifies the data or command that is
transferred via a selected register or memory location from (to)
the processor to (from) the external device. In some target sys-
tems, there may be an I/0 status wofd associated with the I/O
operations. In this case, it is essential to analyze the status

word in order to properly emulate its function on the host system.

3.2.4 Data Representation and Record Structure:

Host and target machine incompatibility in data representa-
tion for I/0 is an important factor to be considered in I/O system
emulation. For example, the host system may require the I/0 data
to be in EBCDIC form, whereas the target system may require ASCII
representation for the same purpose. Therefore, the emulator must
convert the input/output data into the appropriate representation.

The most straightforward scheme for this conversion is table

look-up. Some saving in the use of control store can be made by
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storing the conversion table in main memory. Firmware/software
tradeoff may also be achieved by writing a software subroutine
which is executed by the host to provide the code conversion.

. The structure or format of I/O records for various peripheral
devices 1is another important factor that affects I/0 emulation.
For example, the formats of disk records for the host and the
target system may be different; again here, the emulator must

create a virtual compatibility between the two systems.

3.2.5 Time Dependencies in I/0O Processing

Many programs written for older systems use programming
techniques which depend on the timing relationships between the
central processor and peripheral devices [2]. The most common
type of time dependent programs assume that the processor will be
able to execute a certain minimum number of instructicns before
an 1/0 operation reaches a given stage. It is almost certain that
the host machine and its peripherals do not have the same timing
relationships as do the target machine and ité peripherals. Once
again, the emulator must ensure the virtual preservation of these
timing relationships so that time dependent target programs are

executed properly.

3.3 Emulation of NOVA I/0 System on the MICRODATA 1600

In this section, NOVA I/0 system emulation on the MICRODATA
1600/30 is described in detail ; the purpose of this is to show

the detailed mechanisms of I/0O emulation. However, before discussing
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this I/0O emulation example any further, it is appropriate to intro-
duce the I/0 systems of both the NOVA and the MICRODATA 1600 in

order to put the emulation details in the proper perspective.

3.3.1 MICRODATA 1600 Input/Output System

The MICRODATA 1600 system provides an extremely fast elemen-
tary input/output capability. The data paths and control functions
are simple elements that can be sequenced from the control memory.
Microprograms in the control memory can implement facilities with
a high degree of versatility in timing, data paths and I/0
capabilities.

The I/0 facility consists of:

A. A three-bit I/O Control Register.
B. A byte input bus and input cont;ol lines.
C. A byte output bus and output control lines.
A brief description of these facilities follows:

A. Input/Output Control Register

The I/0 Control Register can be loaded of cleared by the I/0
control microinstructions; the contents of the I/0 Control Register
define an I/0 bus mode. The byte I/0C control instructions and con-
trol modes are shown in Table 3.1.

During the execution of I/0 control microinstructions, the
three low order bits of the C-field are placed in the I/0 Control
Register. The I/O Control Register output may be decoded to form
individual contrxol signals defining the type of transfer to be
performed on the byte I/0 bus (e.g. CIO, DIX, etc.) and the state

of the serial interface output (e.g., SOX). Of the eight possible
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Table 3.1

I/0 Control Microinstructions and Control Modes

Command Format

15 14 1312 11 109876543210

Op. code=7 f c * r
. Operand C Field Mode or e
Mnemonic Field (in Hex.) Contents of Control Activity
I/0 Control Register

CIO* £,(r) 8 0 Clear I/0 Mode
COX* £,(x) 9 1 Control Output
DOX* £, (r) A 2 Data Output
SOX* £, (r) B 3 Spare Output
CAK¥* £,(x) C 4 Concurrent Acknowledge
IAK* £, (r) D ' 5 Interrupt Acknowledge
DIX* £, () E 6 Data Input

~J

SIX* £, (xr) F Stack Input
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states of the I/O Control Register, one represents no activity on
the I/0 bus (CIO), three are output medes (COX, DOX, SOX) and four
are input modes (CAK, IAK, DIX and SIX).

Whenever the value in the I/O Control Register is set to 4,
5, 6 or 7, the input bus is substituted for the T-register in any
command (e.g., ADD, LOR, etc.) that selects the T-register or its
complement.

B. Input Lines

The input data lines (byte input bus) are input to the B bus
(ref. Fig. 2.1) to transfer data from a peripheral device to the
CPU under firmware (microprogram) control. The input control lines
are input to the bits of file register 0 (zero) to reflect the
service request by an external device. The flag bits of file
register 0 are defined as shown in Taple 3.2,

C. Output Lines

The output data lines (byte output bus) originate with the
output register (OD register, Fig. 2.1) to carry data from the CPU
to an addressed peripheral, operated under firm&are control., The
output control lines originate with the I/0 Control Register to
generate the relevant signals (concurrent acknowledge, data output,
etc.) for the external device.

Input/Output Microinstructions

Before giving any detailed description of the I/C microinstruc-
tions, we examine the control byte that directs the basic function
of the MICRODATA 1600 I/0 system. The control byte provides a

3-bit device order and a 5-bit device address as follows:



Bit Number

Table 3.2

File Register 0 Flags

Description
Overflow Condition
Negative Condition
Zero Condition
Concurrent I/0 Request (or Spare)
Internal Interrupt
I/0 Reply * (or Spare)
Stack Overflow (or Serial TTY)

External Interrupt

* This flag is normally not used in MICRODATA 1600

I/0 units.

61
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7 6 5 4 3 2 1 0

Device Order (f) Device Address (DA)

Device Address

Each device on the byte I/0O bus is assigned a unique 5-bit
number or address. The numbers are assigned by means of selec-
tively placed jumper wires on the printed circuit board of the
device controller. The assigned device address is used by the
device ccntroller to compare against the device address of the con-
trol byte to determine if it is being addressed, and for identifying
the device to the processor when requesting an interrupt or con-
current I/0 transfer.

Device Order

The 3-bit device order specifies the type of I/0 operation to
be performed. Standard device orders- designate the operations
shown in Table 3.3. Order codes are shown with their standard
assignments, but they may be changed depending on the individual
interface requirements. The device order accompanies the device
address, and is sent prior to each data transfer.

Status Byte

The 8-bit status byte input as the result of a status order
(Ref. Table 3.3, order code = 1), has four bics whose functions
are common to most devices; the four high order bits have device
dependent functions. The functional meaning of the status bits is
given in Table 3.4.

Interrupt Mechanism

The interrupt facility on the MICRODATA 1600 consists of:
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DEVICE ORDERS 63

DESCRIPTION

ORDER
PE

CODE OPERATION
0 Data Transfer
1 Status/Function
2 Block Input/INT
3 Arm Interrupt
4 Disconnect
5 Disarm Interrupt
[ Block Output/INT
7 Unassigned

A data byte will be transferred
between the addressed device and
the processor. Direction of the
transfer will depend on whether
the instruction is an input or an
output.

A status byte will be input from

the addressed device or a function
byte will be output to the addressed
device, depending on whether the
instruction is an input or an output.

The addressed device will start a
concurrent block input to memory and
will generate an external interrupt
at the conclusion of the transfer
unless the interrupt has been subse-
quently disarmed. This order is
normally sent by an output instruc-
tion.

Permits the addressed device to make
an external interrupt request upon
the satisfaction of an interrupt
condition. This order is normally
sent by an output instruction.

The block transfer in progress by the
addressed device is stopped and end

of block interrupt will occur unless
the interrupt has been disarmed. This
order is normally sent by an output
instructiecn.

Inhibits the addressed device from
making an external interrupt request
under any condition. This order is
normally sent by an output instruction.

The addressed device will start a con-
current block output from memory and
will generate an external interrupt
at the conclusion of the transfer un-
less the interrupt has been subse-
quently disarmed. This order is nor-
mally sent by an output instruction.

This order, if assigned, may perform
any required function as interpretted
by the individual interface. If a
byte transfer is desired the order
may be sent by an input or an output
instruction.

NOTE: This table should be.used only as a general source of informa-
tion. Documentatinn of specific controllers should be consulted
before programming for that controller and related I/O device

is attempted
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TABLE 3.4

STATUS BYTES DEFINITION

DESCRIPTION

BIT NUMBER STATUS
0 Ready
1 Input Flag
2 Output Flag
3 Error
4-7

This bit is a 1-bit when the external
device is in a ready state.

This bit is a 1-bit when the external
device has a byte ready for input to
the computer.

This bit is a 1l-bit when the external
device is ready to receive a byte
from the computer.

This bit is a 1l-bit when an error has
occurred during a transfer. Errors
may be timing, or device malfunction.
This bit is cleared when the status
byte is input.

Device dependent

NOTE: This table represents typical controllers only.
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1. Internal interrupt.
2. External interrupt and concurrent interrupt.

Before discussing the interrupt system, a brief description
of the interrupt control microinstructions is given as follows:

DEI - Disable External Interrupts

This command causes the external interrupt system to be dis-
abled. Interrupts are not lost when the interrupt system is dis-
abled, but cannot be recognized by the processor.

EEI - Enable External Interrupts

The external interrupt system is enabled allowing the processor
to recognize external interrupts.

DRT -~ Disable Real-Time Clock

The real time clock and interrupt are disabled.

ERT - Enable Real-Time Clock

The real-time clock and interrupt are enabled. The first
interrupt will occur after a full interrupt interval.

Control Byte

Sending the control byte (arm/disarm for éxternal interrupt;
block input/block output for concurrent interrupt) via COX instruc-
tion, directs the individual external device controller to respond
to the interrupt system.

AS soon as an external device requests service or an internal
interrupt is generated, it sets the pertinent bit in file register
0 and internal status byte to gain attention of the computer.

The internai status byte reflects the status of the internal

interrupts. When an internal interrupt is present, bit 4 of file
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register 0 is set. The firmware normally responds by executing an
Enter Internal Status (EIS)* microcommand which places the internal
ctatus byte on the A bus. The panel, real-time clock, and power
fail interrupts are reset when the EIS command is executed. fter
sensing a flag bit ON, the corresponding internal interrupt routine
is initiated to handle the interrupt. The format of the internal
status byte is given in Table 3.5.

External interrupts are associated with peripheral devices
and are used to indicate such conditions as data ready, error, or
end of operation condition for a device. Individual interrupt
may be handled by an external interrupt module which provides for
arming/disarming individual interruptsS and enabling/disabling
recognition of interrupts.

The external interrupt system contains a single interrupt
line, a priority line, and a select iine; in other words the exter-
nal interrupt system is organized in a daisy chain. A device may
initiate an interrupt request when service is required only if it

has the highest priority or priority has been received from higher

* Note: EIS Enter Internal Status

15 0
7 f 4 (*| x

By executing this command, the eight internal status bits are placed
in the file register designated by £, if * is zero, and in the
register designated by r. The internal interrupt flag in file
register 0 is reset by this command, along with the console interrupt,

real-time clock interrupt, and power fail/restart status bits.
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Table 3.5

Internal Status Byte

Bit Number Status Meaning
0 Panel Interrupt
1 DMA Termination (or Spare)
2 Real Time Clock Interrupt
3 Spare
4 Spare
5 Spare
6 Panel Step Switch

7 Power Fail/Restart Interrupt
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level interrupts on the priority chain. Devices not requiring
interrupt service will propagate priority to the next device in
line.

As an external interrupt occurs, it will automatically set
bit 7 of file register 0 to signal the CPU accordingly. When the
processor recognizes the interrupt signal, it enables the select
line for the interrupt system. An IAK (Interrupt Acknowledge)
microinstruction should be sent to respond to the interrupt.

By executing the IAK instruction a value of 5 is placed in
the IC register, which enables the interrupt acknowledge signal,
and device polling is started. Each device in order will interro-
gate the select line and, if not requesting, will propagate this
signal to the next device in line. When the select signal is
received by the requesting device, it will input its address on
the I/0 bus. This externally suppliéd address (ESA) has the
following format.

7 6 5 4 3 2 1 0
0 O |[Device Number|{ O

The interrupt acknowledge signal is not removed until a clear
I/0 command is executed. Upon removal of this signal the requesting
device interface controller will reset the external interrupt
reguest flag bit in file register O.

Conventionally, (in MICRODATA supplied firmware), a band of
memoxy locations is reserved for storing the addresses of indivi-
dual external device interrupt handling routine (from location
0100 to O17F). The ESA is used to locate the appropriate interrupt

handling routine address in memory. The address of the first of
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two memory locations containing the interrupt subroutine address
is formed by using the contents of ESA multiplied by 2 as the low
order byte and 01 as the high order address byte. This is schema-
tically shown in Fig. 3.3.

Concurrent Input/Output

The concurrent I/0 allows for block transfers (e.g. transfer
of 80 columns of data from a card reader) between an external device
on the byte I/0 bus and memory. Once started, it proceeds without
program intervention until the whole block is transferred.

Concurrent I/O operations are started by executing the instruc-
tion COX with the proper control bvte (device order code and
address) in T register; for the standard controller, order code = 2
is used for concurrent block input; order code = 6 is used for con-
current block output. After a concurrent I/O operation is
initiated, as the data (e.g. a column of data from the card reader)
are ready for transfer to/from the memory from/to the specified
peripheral, bit 3 of file register 0 is set to gain the attention
of the processor. After sensing the concurrenf interrupt flag,
the CPU responds to the regquest by executing the CAK (Concurrent
acknowledge) microinstruction.

During execution of the CAK command, a value of 4 is placed
in the IC register which enables the concurrent interrupt acknowledge
signal; polling of external devices starts in order to identify the
requesting peripheral. When the reguesting device is reached, it
inputs an externally supplied address (ESA) on the byte I/0 bus.

The ESA is used by the processor to define the type of concurrent

I/0 operation request and to locate the appropriate address contrxol
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words. The format of this ESA (different from external interrupt's
ESA) is shown as follows:

7 6 5 4 3 2 1 0
I/0 1|0 Device NO. (DN) 0] ESA

bit 7 0, signifies an input transfer

1, signifies an output transfer

The concurrent acknowledge signal is not removed until a CIO
command is executed. Upon removal of this signal, the requesting
controller will reset the concurrent request flag bit in file
register 0.

Conventionally, (in MICRODATA supplied firmware) concurrent
I/0 is directed by the following items:

1. ESA: Externally supplied address from the requesting
device (described earlier).

2. Address Control: Concurrent i/o addresses for each external
device are controlled by a pair of two-byte address words. These
two words are located in memory starting at an address equal to
four times the device number. The first word is the current address
(CA) and contains the address of the next memory byte to be used
for the transfer. The second word is the end address (EA) and
contains the address of the last byte of the block. Conventionally,
the first 128 locations in memory are reserved for storing concur-
rent I/0 addresses for control of up to 32 external devices. The
four bytes for each device have the following format:

15 0
4*DN Current Address (CA)

4*DN+2 End Address (EA)
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Fig. 3.4 shows schematically how the ESA is mapped to obtain
the current address and the end address for concurrent I/O.

After a concurrent I/O operation is initiated, byte transfer
proceeds automatically until the last byte of the block is trans-
ferred. Following each transfer, the current address is incre-
mented by one. When the current address (CA) is greater than the
end address (EA), the disconnect order code should be sent to the
device; this order code causes the concurrent I/0 operation to

cease, and the block transfer is finished.

3.3.2 NOVA Input/Output System

The I/O system of the NOVA computer consists of two main parts:
input/output bus, and device controllers.

A. Input/Output Bus

The I/O bus is the communication link between the CPU and input/
output devices. It consists of:

l. 6 device selection lines used to address the selected device.
Only the selected device responds to controi signals generated
during an I/0 instruction execution.

2. 16 bidirectional data lines. Via these 16 lines all data and
addresses are transferred between the processor and the devices
attached to the bus.

3. 19 control lines from the processor to devices govern the syn-
chronization of all transfers on the data lines, start and stop
device operations, and control the program interrupt and data

channel.

4. 6 control lines from a device to the processor. Over these
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control lines a device can indicate the state of its "Busy" and
"Done" flags, and request a program interrupt or data channel
access.

B. Device Control Unit

Every device connected to the I/0 bus has certain fundamental
circuit networks used to communicate with the processor to reveal
its current status or to ensure the device will respond when it is
selected.

Each device has a 6-bit device code which may be unique to it
or be shared by more than one device. A device will respond when
and only when it is addressed by the CPU over the I/0 bus. There
are "Busy" and "Done" flags associated with each peripheral device
to denote the device state and interrupt request. When both "Busy"
and "Done" are clear the device is idle. As the program sets the
"Busy" flag it places the device in operation. When the device has
processed a unit of data, it clears "Busy" and sets the "Done" flag
to indicate that it is ready to receive new data for output or it
has data ready for input. If the "Interrupt Disable" flag is clear
and "Interrupt On" is set, the setting of the "Done" flag will
signal the program by requesting an interrupt.

Input/Output Instruction Set

Instructions in the input/output class direct data transmission
from and to the peripheral devices, and also perform various opera-
tions within the processor. The format of an I/0 instruction is

shown below:
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0123456789 1011 12 13 14 15
Function
T |cC

”~ -~

011 AC DC

Device Code
Control Field
Transfer Field
Accumulator Address

If the transfer field contents are 0 or 7, there is no data
transfer between a device and the CPU. In this case the control
field specifies a control ox skip function respectively. If any
number from 1 to 6 is assigned to the transfer field, it will
select one of three buffers in the device and govern data transfer
between the accumulator addressed by bits 3 and 4 (AC field) and
the device specified by the DC field. Device code 00 is not used
and 77 is used for a number of special functions.

Interrupt Facility

The interrupt facility of NOVA provides for enabling and dis-
abling of devices from requesting service, establishing levels of
priority interrupts, and servicing devices only when they request

service. The interrupt system is enabledby the instruction INTEN,

which sets the "Interrupt On" flag to allow the processor to respond

to interrupt requests; it is disabled by the instruction INTDS,
which clears the "Interrupt On"™ flag to prevent the processor from
responding to further interrupt requests. Interrupt request by a
device is governed by its "Done" and "Interrupt Disable" flags.
When a device completes an operation, it sets the "Done" flag, and
this action requests a program interrupt if "Interrupt Disable” is
clear. The service request signal is a level signal, so once it

is set, it will remain on the I/0 bus until the program clears the
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"Done" flag or sets "Interrupt Disable". If the program does set
the "Interrupt Disable" flag in a device by the instruction MSKO,
that device cannot cause an interrupt when its "Done" flag is set,
and any request it may have already made is disabled; however, if
the "Done" flag is left set, clearing "Interrupt Disable® will
restore the interrupt request.

At the beginning of every memory cycle, the processor tests
for any interrupt request. If a request does exist, the processor
clears the "Interrupt On" flag, thus disabling any further
interrupts, then saves the contents of the program counter in
memory location 0. It then executes an indirect jump through
location 1 (hardwarxe function). Therefore, location 1 should con-
tain the address of the interrupt service routine or an indirect
address that will get it there.

The interrupt service routine has to determine which device
is requesting interrupt. This is done either by using a polling
technique which involves checking the "Done" flag of every device
in descending orxrder of priority, or by a broadéasting technique
which uses the INTA AC (Interrupt Acknowledge) instruction. When
this latter command is issued, the device requesting an interrupt,
which is physically closest to the processor, responds with its
device code which is deposited into the specified accumulator.

Once the intexrupt service routine has determined the device
to be served, it executes a jump to the specific device service
program. Generally, a device service routine will save the con-~
tents of any accumulators, carry, or memory cells that may be

destroyed by the service routine. The service program can simply
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leave the interrupt off while serving the device by leaving
"Interrupt On" clear, or it can enable interrupt and establish a
priority structure that allows a higher priority device to
interxrupt the current device service routine. This priority is
established by a new MSKO instruction that controls the states of
the "Interrupt Disable" flags in the various devices. After serving
a device, the device service routine should restore the processor
to its original state prior to the interrupt, turn on the interrupt
and jump to the interrupted program to continue processing.

The device priority mechanism of NOVA system is very flexible.
There are several ways in which priorities are determined for or
assigned to a device on the I/0 bus. The most significant method
is by specifying which devices can interrupt a service routine
currently in progress. This is done through the use of a MSKO AC
command. The "Interrupt Disable" flaé of each device is wired to
a particular data line on the bus and is effectively connected to
one of the 16-bit positionsin the accumulator AC. If the bit posi-
tion in the AC contains a 1, all "Interrupt Disable" flip-flops
connected to it are set, thus disabling the devices from requesting
interrupts. If, however, the bit position contains a 0 (zero), all
"Interrupt Disable™ flip-flops connected to it are reset. This
enables the corresponding devices to request interrupts and, there-
fore, these devices are regarded by the program as being of higher
priority. By means of the MSKO instruction, programs can establish
any priority structure, and because accumulator AC has 16 bit posi-
tions, there are 16 possible levels of interrupt priorities.

For further information on both systems, the reader is referred
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to the manufacturer supplied literature [7], [81, [9].

3.3.3 NOVA I/0 Emulation on the MICRODATA 1600

The I/O instruction set of NOVA computers can be classified
into two types:

1. Peripheral device oriented instructions (device codes range
from Ol8 to 768).
2. Special function instructions (device code = 778).

In the former class of instructions, the programmer can select
the device buffers (named A buffer, B buffer, and C buffer) for
holding the information being transferred. The number of device
buffers available to the programmer is device dependent. Typically,
all the simple data handling devices, such as Teletype or paper
tape readex, have only the A buffer. 1In crder to emulate this
feature, local storage is used to simulate the device buffers for
an individual device. For instance, the MICRODATA secondary file
register 6 is assigned as the Teletype output (TTO) A buffer.

Similarly, the "Busy" and "Done" flags of én individual device
are mapped into the host system to indicate the status of the
emulated device to the emulator. The major resources of NOVA I/0
system are mapped to most of the secondary file registers on the
MICRODATA system. This mapping is shown in Table 2.1.

Besides these basic mappings, there is an additional virtual
match created for the NOVA real time clock (RTC) instruction. The
real time clock rate of MICRODATA 1600 is fixed at 1000HZ
However, in the NOVA system it is possible to select one of four

clock frequences: AC line frequency (60 HZ), 10 HZ, 100HZ and 1LOOOHZ.
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Therefore, for emulating NOVA RTC frequencies other than 1000HZ,
a counter has to be set up in order to generate the RTC interrupt
at the selected rate.

In NOVA the special function instructions facilitate various
operations within the processor such as interrupt enable/disable,
or read switch etc. Instructions for testing interrupt on or off
conditions (SKPBN CPU, SKPBZ CPU) are provided in the repertoire.
But there is no such facility in the MICRODATA system; the NOVA
interrupt flag (IF) has to be emulated. Bit 7 of secondary file
register 12 is assigned for this purpose. The IF bit can be used
to distinguish whether the emulated system (NOVA) is actually in
the interrupt mode or program mode in order to govern the emulator
to take proper actions (whether to emulate NOVA interrupt mode
operation or not). More details on this aspect are provided in
the next section.

In the NOVA system, the interrupt enable command cannot take
effect until the next instruction has been executed, allowing the
return jump to be made successfully after the interrupt service
routine is finished. This feature should also be faithfully incor-
porated in the emulator. Bit 6 of secondary file register 12
(NI - No Interrupt) is used to indicate whether a NOVA interrupt
is to be serviced or not. (If NI = 0, then NOVA interrupts are
serviced, otherwise they are not serviced.)

In the present version of the emulator, a basic NOVA system
has been emulated. It includes the emulation of CPU and some
fundamental I/0 devices: Teletype input/output, high speed paper

tape reader and real time clock. In NOVA, reassignment of priority
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levels for these devices can be achieved by specifying a mask
pattern in an accumulator which is then transferred to the mask
register by a MSKO instruction. The high order byte cf the mask
register contains the mask priority bits for the disk pack and
16 line TTY multiplexor; the low order byte contains the mask
bits for other devices e.g. Teletype, paper tape reader etc.
Since the present version of the emulator does not emulate the
NOVA disk pack or TTY multiplexor, a MICRODATA file register
(secondary file number 10} is sufficient to emulate the low order
byte of the mask register.

Before the emulator is entered into the emulation mode, it
is necessary to initialize the host (MICRODATA) I/O system.
Establishing an individual peripheral device's character format,
baud rate control, and processor interrupt enable place the host

I/0 system in its operating mode. Subsequent initialization of
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the virtual system (NOVA) will clear the control flags (e.g. "Busy"/

"Done" flags of all devices, NOVA interrupt flag etc.). The NOVA
program counter is then initialized to the appropriate starting

address after which the emulator begins its major function by

fetching a target instruction from the main memory and interpreting

the instruction. The INT microroutine is executed immediately
after the execution of each NOVA instruction. The major functions
of this routine are to examine the status of the I/0 devices,
carry out any data transfer, and update the status flags of
emulated I/O devices. If input data from a device is ready, the
INT routine will issue I/O microinstructions to accept the data

from the device and store it in the simulated device buffer. On
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the contrary, if data is to be output to a specified device, the
actual output operations are also carried out by the INT micro-
routine when the device is ready to receive data. Flow-charts
for the INT routine and NOVA TTI instruction emulation are shown

in Fig. 3.5 and Fig. 3.6, respectively.

3.4 Summary

It is often the case that the peripherals of the host and the
target systems are not compatible. In the simple case, achieving
virtual compatibility may involve data conversion and/or record
reformatting as mentioned in Section 3.2.4. In a more complex
situation, it may even be required to achieve a virtual match
between two completely different dev%ces e.g., emulating a magnetic
tape device on a disk in the host system. Therefore, I/0 emulation
requires not only a thorough understanding of the I/O0 control func-
tions of both the target and the host machines, but also requires
some knowledge of the devices themselves, such-as a device's data
representation, record structure, control sequence, timing, special
functions and so on. I/0 emulation process is not like the central
processor emulation. Generally, different CPU's perform basically
similar functions which are not time dependent and not influenced
by any factors external to the CPU. This makes CPU emulation
relatively straightfoxward. On the other hand, I/0 emulation is
much more involved and complex because the I/0 system provides a
link between the CPU and the outside world, resulting in time and

device dependent operations.
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The configurations of the emulated (NOVA) and the emulating
(MICRODATA 1600 ) machines are shown in Table 3.6. At the
present time the MICRODATA system of the University of Ottawa
does not have a Teletype connected to it, instead a CRT display
and keyboard are connected to the machine via the Teletype inter-
face. The CRT display and keyboard are used as the operator's
console in our system. A virtual match is created to simulate
the Teletype functions on the operator's console — the keyboard
simulates the TTI operations, and the CRT display simulates the
TTO functions. Another version of the NOVA emulator provides the
opticn of emulating the TTO functions either on the CRT display
or on the Texas Instruments Silent 700 data terminal by setting/
not setting sense switch 1 on the MICRODATA console. Because of
a hardware restriction in the MICRODATA, only 8 lower console
switches can be read into the machine. This factor makes it
difficult to use the MICRODATA console switches to emulate the
16 NOVA console data switches which can be input into any accumu-
lator (DIA -, CPU). Therefore, the "Read Consble Switch" function
of the NOVA has been emulated by the keyboard/display combination
on the MICRCDATA. A prompting character (s) is output on CRT dis-~
play when the emulator executes the Read Console Switch command.
In response, the operator must enter the NOVA console data switch
values in octal via the keyboard.

The hardware features of the host system play a significant
role in the emulation process. Sometimes added hardware and/or
modifications to the host system may be needed to assist emulation.

If this is not done, then it may be necessary to accept some
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Table 3.6

Target Computer

NOVA
Console input
TTY input

TTY Output

Paper tape reader (PTR)

REAL TIME CLOCK

Host Computer

MICRODATA 1600

MUMAC M2480 Keyboard

MUMAC M2480 Keyboard

MUMAC 2480 Display or TEXAS Instruments
Silent 700 Data Terminal

Digelab PTROl Paper tape reader

REAL TIME CLOCK
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reasonable compromises in emulating certain target machine functions.
For example the MICRODATA real time clock rate of 1000 Hz makes it
impossible to emulate the 60 Hz clock rate (one of NOVA's real time
clock frequencies). So 50 Hz AC line frequency is assumed in the
emulator in order to conform to the restriction imposed by MICRO-
DATA's real time clock rate.

As mentioned earlier, the I/O transfer operations, in general,
can be handled either in program mode or in interrupt mode at the
conventional machine level. Both modes may be implemented
separately in the emulator in the form of separate modules. How-
ever, in the implementation of the NOVA emulator, data transfer
is always handled in the MICRODATA interrupt mode and the INT
(internal house keeping) microroutine takes care of all data trans-
fers. The routines for emulating a device's I/0 instructions only
set or reset some flags (e.g. Busy/Done flag etc.), or perform
test and skip functions (e.g., SKP — instruction). This approach
is based on two main factors:

1. In the emulation of program mode operatioﬁ, the data transfer
routines have to examine the status flags of a device before
issuing a data transfer command. Similarly, in the emulation of
interrupt mode operation, checking the status flags of all the
devices is necessary between two NOVA instructions. Therefore
duplicated status checking operations will be performed if the two
I/0 modes are implemented in separate modules, resulting in unneces-
sary usage of control storage and redundant operations. For this
reason, the INT microroutine handles both the interrupt and program

mode data transfers. Interrupt driven I/0 emulation is the only
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way that the MICRODATA as the host machine can handle both the

interrupt and program mode data transfer operations. In the emulator,

a special fiag — called the interrupt flag (IF) — has been used
to indicate the program mode/interrupt mode status of the target
machine. If the target system is in program mode (IF=0), then no
interrupt functions are simulated, and the INT routine only handles
the data transfer functions. On the other hand, if the target

system is set in interrupt mede (IF=1l), the INT routine not only

handles the data transfer functions, but also simulates the interrupt

strategy of the NOVA computer.

2. Because of the loop structure of the MICRODATA I/0 system,
once a device requests service and the request is acknowledged, no
other device can get CPU attention before this device is served.
In other words, request for service py any other device is com-
pletely ignored. The NOVA I/O system is more versatile, for it
allows some kind of parallel control over all the I/0 functions.
For example, the MASK OUT (MSKO) instruction can disable a set of
devices from interrupt request, but all device§ can signal their
Busy/Done status to the CPU simultaneously. The I/0 system will
not be locked up by any individual request. The CPU's response

to these requests depends on the NOVA interrupt service routine.
The parallelism of NOVA I/0 functions has been emulated in the
NOVA emulator. As stated earlier, the INT routine is designed to
examine and update the status of individual device flags, and per-
form data transfers. As a result, when an emulated NOVA interrupt
occurs, a snap shot of the target I/O status and data is already

available in MICRODATA's local memory. Following this, when a
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NOVA I/0 data transfer instruction is executed, the data is retrieved
from the MICRODATA's local memory without directly communicating
with the emulated device.

In the specific case of NOVA I/O system emulation on the MICRO-
DATA, it is not efficient or convenient to use MICRODATA software
to handle emulated I/0O data transfers. This is because executing
the INT routine in software would involve constant swapping between
the native (MICRODATA) mode and emulation (NOVA) mode between pairs
of NOVA instructions, and this would involve time-consuming over-

head.
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CHAPTER 4

CONCLUDING REMARKS

4.1 _Introduction:

In the previous chapters, the emulation of both the central
processor and the I/0 system has been discussed and illustrated
using the NOVA emulator. In any emulation process, functions of
the target machine have to be faithfully performed on the host
system. However, there is a performance penalty for using a machine
to execute a foreign (non-native) instruction set. The actual per-
formance achieved normally depends on the degree to which new data
paths, or function units, and other related hardware are added to
the host. In addition, the performance is also affected by any
new software and firmware added to the host system to facilitate
emulation. Therefore, some form of ﬁardware/software/firmware
trade-off may be involved in the emulation process.

The main reasons for the trade-off among hardware, software
and firmware are usually based on the following factors:

1. To achieve an otherwise unattainable performance goal.

2. To optimize overall control storage and/or main memory usage.
3. To reduce firmware and/or software complexity.

4. To optimize instruction execution time.

5. To decrease overall emulation cost.

A trade-off between these three components can significantly
affect the performance of the emulator. For instance, as mentioned
in Chapter 3, conversion from one coding scheme to another may be

achieved by either firmware or software; however, both of them are
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time-consuming and require a significant amount of control storage
or main memory, respectively. If code conversion hardware is
added in device's I/0 interface, it will save the coxresponding
stor;ge space or simplify the firmware complexity for data inter-
pretation as well as speed up the associated instruction execution

time; the only penalty is higher implementation cost.

4.2 Trade-offs in the NOVA Emulator Design:

In this thesis, the firmware-controlled emulation process has
been adopted to emulate the NOVA system on the MICRODATA 1600 .
Similarity in the structures of these machines has simplified the
design of the emulator.

Instruction execution time and control storage usage are the
main concerns in the present version'of the NOVA Emulator. 1In order
to make the emulator more readable and structurally organized, the
overall design is modular (Fig. 4.1). For I/O instruction inter-
pretation, an individual device not only has its own interpretation
microroutine, but also the relevant Busy-Done flags in the local
memory (Ref. Table 2.l1). Obviously, code optimization can be
attempted to optimize the use of control store and local memory,

but it will not result in a well-organized modular structure.

4.3 Outlook and General Discussion:

The development of the experimental system (NOVA) on MICRODATA

1600 shows that with the help of microprogramming we can create
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a virtual system based on the existing hardware resources. However,
a given virtual machine may not be efficiently emulated by a host;
in a majority of commercially available microprogrammable computers,
the primary objective is to provide efficient emulation for the
native-mode machine. The hardware resources and microinstruction
repertoire of such machines are often specialized for this emulation
and thus may be difficult to adapt for emulating other virtual
systems. For example, a machine whose registers and operations
were designed to handle 32-bit integers in two's complement nota-
tion would probably not be a good host for emulating a machine whose
basic data type is 36-bit integers in sign-magnitude representation.

Even though microprogramming provides flexibility in defining
a virtual machine, its utility as a general purpose emulation
vehicle entirely depends on the organization of the hardware
resources of the host machine. Ideaily, a universal host would
be equally efficient in the emulation of all target machines. As
stated in previous chapters, the structure of the target machine's
central processor unit and I/0 system, as well as the format of its
instructions play a significant role in the emulation process.
Therefore, the design of a truly universal host machine must have
some features to accommodate a range of target machine architectural
parameters (e.g., data path width, processing functions, interrupt
facilities, etc.).

Data width and functional processing facilities of the host
have a significant impact on the efficiency of emulation of a given
target machine. 1If all memory in the host is addressable to the

bit level, in other words data addresses in main memory need not be
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aligned on a byte, half word or word address, and there is no fixed
word size of data items (i.e. data may have a length varying from

1 bit to any number of bits), then the instruction length or data
formats of the target machine can be handled efficiently.

In addition, the capability of the host machine to handle
diverse type of operations is an important aspects of its suitability
as a universal host. For example, its ability to extract a field
of arbitrary length from a register or memory location is a factor
contributing to efficient decoding and analysis of target instructions.

The number of general and special purpose registers, availa-
bility and size of stacks etc., in the host machine affect the effi-
ciency of emulation. If the host machine has fewer special and
general purpose registers compared to the target machine, the pro-
gram