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CHAPTER 1

INTRODUCTION

As computer industries grow in both quantity and specificity, a great
number of special purpose languages have been created to fill individual
needs., Ironically, not until the advent of a language known as S-machine
language had any attention been paid to stack manipulation,.

The compound meanings of stack and simulation are represented by the
"S" in the name. S-machine instructions are written using zero-address
and one-address instructions, creating operations and language character-
istics that are extremely functional and easily assimilated,

The term simulation refers to imitation of one system by another, in
this case one computer by another.l The entire patterned basis of computers
in general, results in their self simulation being an extremely logical
process., Whole machines or finite systems can be modeled. Many problems
are difficult to solve analytically, but adequate criteria for success can
be deduced from trial-and-error processes in which the model is dynamieally
studied.

The stack is a linear list for which all insertions and deletions are
made at one end of the list.2 A stack operation operates by using the top
of two registers, putting the results in the second level and discarding

the top level, leaving the results as the new top level,

lGear C. Willian, Computer Organization and Programmlﬂg (New York:
McGraw—Hlll Book Co., 1969), PP 172,

anuth E. Donald, The Art of Computer Programming (Addison- Wesley
Publishing Co,, 1969), I, PP 235 — 238,




Any program which is used in order to accomplish the execution of
a single instruction in the user machine is called a micro—program.3 A
micro-program can be written in any way that provides a unique repre-
sentation of each micro-imstruction. The use of the microprogramming
technique allows one to modify the actions of any and/or all of the
S-machine instructions., It also provides a means to implement additional
instructions,

An interpreter is a program that examines each statement or instruction
in the language and causes the desired action to be taken immediately.4
The main reasons for using an interpreter, or interpretation, are the
following:

1) Interpreters are easier to write than compilers.

2) Interpreters are smaller and more compact than are comparable

translators,

3) Interpreters are more informative during diagnostic stages of

program running than compilers.

When a program is run on a computer often, run-time or object code
efficiency is important, but during program debugging the effectiveness of
error tracing is much more important.

A trace is often used to help in debugging since it prints out the
contents of certain registers or memory locations everytime a branch is
executed in the program. Thus when something goes wrong it is easy to
follow the course of events leading up to the problem if a trace has been

used.

3Wilkes, M. V., The Growth of Interest in Microprogramming (Comp.
Surveys, Sept. 1969), I, No. 3, PP 139,

4Knuth, E. Donald, The Art of Computer Programming (Addison-Wesley
Publishing Co., 1969), I, PP 197-198,




When the machine language of one computer is used on an other type
machine by using an interpreting routine, the interpreter is often called
a simulator. In other words, a simulator: (1) models all internal
registers and data paths, (2) generates the sequences of operations that
are identical to the control signals in the machine ii is simulating.

One might ask, what is the difference between a computer simulator
and an interpreter of a machine language? A simulator is a more involved
than an interpreter. If the only desire is to interpret a language, it is
of no importance to the user as to how this is done. However, a simulator
should mimic the machine it is simulating as closely as possible in order
to derive performance measurements,

The purpose of this report is to introduce a portion of the S-machine
machine language and to demonstrate how microprogramming techniques can be

used to simulate a computer system,

I. OBJECTIVES OF THE STUDY

The objectives of this study were:

1) To implement and test a computer program to simulate the
S-machine.

2) To use the interpretation of the micro-program to simulate the
execution of the S-machine instructions.

3) To write the simulator which acted as an interpreter to execute
the micro-program, where the micro-program described the action
of the S-machine instructions,

4) To write and test programs in the assembler language of the
S-machine which has been implemented by using the macro facilities

of the 0S/360 Assembler Language.




II. DESCRIPTION OF THE PROGRAM

The simulation of the S-machine language was accomplished by means
of three separate programs: the simulater program, the S—-machine program
and the micro-program. The simulator program, which is shown in appendix A,
was written using the IBM 0S/360 assembler language. The S-machine program
presented in appendix B, was written using zero—-address and one-address
instructions. Finally appendix C contains the microprogram which was
written by means of one-address and four-address micro-instructions. The
macro facilities of the IBM 0S/360 assembler were utilized extensively in

writing all three segments.




CHAPTER 11

MICROPROGRAMMING

Microprogramming is used to implemént the control portion of a
computer by effecting a number of register-to-register transfers of in-
formation, Some of these transfers take place directly and some through
an adder or other logical circuitry in the process of carrying out the
execution of a single machine instruction. Each of these steps can be
thought of as the execution of én instruction for some machine. The steps
needed to execute a single instruction in the user machine can be thought
of as a program, usually called a micro-program, A micro-program can also
be used for other necessary operations which are in a sense transparent to
the programmer. For instance, fetching the next instruction or computing
an effective addresses. In brief, microprogramming is a means for imple-
menting the control function of a computer.

There are at least two approaches to the micro-program control of
computers.5 One called "vertical or sequential microprogramming', relies
on the more traditional concept of programming in which an instruction
contains an operation code, perhaps with some secondary modifiers, and one
or more address fields. This was the method used in the simulation program
presented in this report. The other approach, called "horizontal micro-
programming', is to conceive of the micro-instructions as control words
whose individual bits are used to select specific data paths within the
machine. In this case there are no addresses other than implicitly specified

by the bits of the control words,

5 - ;
Rosin, R. F., Contemporary Concepts of Microprogramming and Emulation
(Comp. Surveys, Dec, 1969), I, No. 4, PP 202-203,




In either case the micro-~instructions are generally held in a memery
whose cycle time (the time to fetch and execute an instruction) is usually
faster than main memory. The majoritv of such systems use a nondestructive
read-only memory (ROM) for micro-programs for reasons of speed, econcmy and
memory protection.

The reasons for using microprogramming techniques in designing a
particular computer system vary from situation to situation.

There are several interesting features why microprogramming is used,
such as:

1. Microprogramming allows the redesign of an instruction set and
offers the opportunity to provide instructions and features to the system.

2. New OP codes are easily implemented,

3. It is possible to structure a new system and simulate it with
much less effort than is often required in the typical simulation scheme.
(In the simulation program presented in this report there were one-hundred-
twenty micro instructions needed to simulate twenty-six S-machine in-
structions.)

4, Microporgramming provides an economical means of having a large
instruction set in a small machine,

5. Microporgramming is often easier to check out during the design
state because the micro control can be easily simulated.

The following are some of the limitations of difficulties involved
microprogramming,

1. Execution speed is slow due to inefficiency. For instance in the
S-machine language, for one place shifts, there are at least six step actions
to be taken.

2. The concept of machine interrupts is not easy to handle with

microprogramming,




CHAPTER III

IMPLEMENTATION
As indicated earlier, the simulation of the S-machine was accomplished
by means of a computer program divided into three separate segments; the
S-memory segment, the,micro-frogram segment, and the simulator segment.

These segments will now be discussed separately,

I. S-Machine

The organization of the S-machine in the simulation program is class-
ified into two parts, the memory and the control processing units (CPU for
short)., The S-machine processes information from the stack memory, through
the CPU, and stores the results back into the stack memory.

The memory unit of the S-machine is a word., The length of the word
is thirty two bits (four 8-bit-bytes). Each bit of a thirty-two bit word
can be a 0 or a 1 independently, so that a word of the stack memory can
store any one of 232 different states.

The S-machine has byte addressing, the smallest addressable unit of
the S-machine is one 8-bit-byte in memory. The bottom 2 bits of an address
are ignored in memory READ and WRITE operatioms.

There are two registers which serve for READ and WRITE operations in
the S-machine. They aré the memory data register (MDR) and the memory
address register (MAR). The MDR can store one word while the MAR can store
enough bits to represent any address in the stack storage.

If the S-machine is instructed to read a number from memory (READ) the
contents of the memory location specified by the address in the MAR are

copied into the MDR., If the S-machine is instructed to store the information




into memory (WRITE) the contents of the MDR are copied into, and replace
the contents of, the memory location specified by the address in thefAR.

There are six registers in the control processing unit (CPU) of the
S-machine. Each register contains thirty-two bits except for the in-
struction register (IR) which is a five-bit register. The A and B
registers are two working registers, The A register contains the data
from the top of the stack and the B register holds the effective address
which is to be used by the instruction. The X register is the single index
register, The CC register is the control counter which is increased by
four each time a micro-instruction is executed, The IR resister is the
instruction register and is used to extract five bits from the bottom of
the branch address bits in a micro word, and the result is transferred to
the micro control counter, The STK register is used to hold the address
of the top of the stack,

There are three data paths connecting the registers in the S-machine.
These are called buses, two for input to the logical unit, and one for
output, The logical unit is used to form logical and arithmetic combin-
ations of the input buses, The latch, a thirty-two bit register, is in-
cluded in the logical unit and serves to retain the output of the logical
unit after the inputs are turned off, This way it is possible to return
a result to a register which contained an input operand, Figure 1 shows
the data paths for S-machine.

Gating controls the movement of data from one register to another,
If there are two registers to be connected, the gate controls the in-
formation flow., When the gate is open a copy of the information in the

first register is placed in second register, The S-machine is controlled
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by such a sequence of géte signals and these signals are generated by the
control section of the computer.

Each S-machine instruction occupies a thirty-two bit word, which means
its location address is a multiple of four bytes. The formats of the in-
structions are shown in Figure 2, There are two types of instruction
formats, one-address and zero-address instructions. They are distinguished
by the first bit of the instruction code, that is, bit two of the thirty-
two bit word. The code is zero for one-address instructions and one for
zero—address instruction. The code for one~address instruction is between
000000 and 011111, whereas the code for zerc-address instructions is from
100000 to 100000 to 111111 because of the bit significance of the top bit.
The code of one-address instructions and zero-address instructions in the

program are shown in Table I and Table II,

ADDRESS

INSTRUCTION

INDEX

INDIRECT

Figure 2, S-Instruction Format
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TABLE I

ONE-ADDRESS INSTRUCTIONS

Code Bit Position Mnemonic Action
0 000000 LOAD Load stack from memory location,
000001 LDI Load immediate., Loads top of stack
with address.
2 000010 STORE Stores top of stack in memory.
0600011 TRA Transfers control to specified locationm.
4 000100 TPL Transfers control if top of stack is
positive or zero,
5. 000101 TMI Transfers control if top of stack is
negative (non-zero).
6 000110 TZE Transfers control if top of stack is
zero,
7 000111 TNZ Transfers control if top of stack is
non-zero.
8 001000 ENTER Enter a subroutine by placing CC on
top of the stack and transferring
control,
9. 001001 LDX Load index with contents of memory
location.,
10 001010 LDXI Load index immediate, that is, with the
address in this instructionm.
ir . 001011 LOOP Increment index register by 4 and trans-—
fer control if it is non-=zero.
12 - 001100 s Left shift N places, where N is the
address,
13. 001101 RS Right shift N places.
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TABLE II

ZERO-ADDRESS INSTRUCTIONS

Code Bit Position Mnemonic Action
32 100000 ADD Add top two levels of stack,
33 100001 SUB Subtract top two levels of stack.
34 100010 AND AND top two levels of stack.
35 100011 OR OR top two levels of stack.
36 100100 EOR Exclusive OR top two levels of stack,
37 100101 NOT Complement top level of stack.
38 100110 XTS Index to stack. Puts contents of index
register on top of stack.
19 100111 STX Stack to index., Removes top of stack
and places it in index register.
40 101000 ADX Adds top of stack to index,
41 101001 SBX Subtracts top of stack from index,
42 101010 RET Transfers to address contained in top
of stack,
43 101011 POP Discard the top level of the stack,
44 101100

STOP Stop run,
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In the one address S-machine instruction format the first bit and
second bit represent indirect and index bits. If the index bit is 1 the
address of the one-address instructions is formed by adding the contents
of the X register to the twenty-four-bit address in the instruction, and
then performing indirect addressing with the resulting address if the
indirect bit is also a 1. Indirect addressing is related to indexing. If
this bit is on then a new thirty-two-bit word is fetched from emmory and
it is also checked for indexing and indirect addressing.

The contents of the accumulator stack are actually stored in memory
starting from the maximum available address and working down. The current
top level of the stack is kept in the memory location contained in the STK
register, If an item is to be pushed into the stack then STK is decreased
by 4 and sent to the MAR as the address of the new top lavel, The bottom
level is always in location 212 - 4, For instance, a stack machine pro-
vides an instruction SUB which combines the top two levels of the stack
by subtraction and stores the result back into the second level, sub-
sequently discarding the top level. Prior to the execution of the SUB
instruction, the STK register contains the address of the top of the stack,
The second level is in location numbered 4 larger as shown in Figure 3. In
order to execute the SUB instruction the address in STK must be sent to
the MAR register. A READ can be used to access the top level of the stack
and place it in the MDR register. This execution should be as the following

sequence;




MAR <— STK. READ
MDR <— STORAGE (MAR)
A <— MDR
STK <— STK - 4
MAR <— STK, READ
MDR <— STORAGE (MAR)
MDR <— MDR - A
MAR <— STK, WRITE
STORAGE (MAR) <— MDR
LOCATION S MEMORY
0
i
8
e 51:
(sTK) TOP LEVEL
(STK) + L SECOND LEVEL
} L
- -1
4088
kog2
Figure 3, Stack Memory

14
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Having fetched the next instruction from emmory into the MDR it
is necessary to decode the instruction bits in order to determine their
type. If it is a one-address instruction it is also necessary to form
the effective address in the B register, Since this is a requirement
for all one-address instructions it should be done before the remaining
5 bits of instruction code are examined, If the first bit of the in-
struction code is a 1 a zero-address instruction was fetched, If it is
a 0 a one-address instruction was fetched, The decoding step is written
as shown in Figure 4,

The S-machine consists of the S-instruction set. There are two types
instructions; one-address and zero—addréss instructions. The code for
one-address instructions is between zero and thirty one, whereas the code
for zero-address instructioné is between thirty two and sixty three. Each
S instruction occupies a thirty-two bit word so that its location address
is always a multiple of four bytes. There are eight registers used in the
S-machine data flow, The purpose of the program written in the S-machine
language was to test for the proper execution of S-machine instructions by

simulation,

II. MICRO-PROGRAM

The second source module of the simulator is the micro-program module,
which was written by means of one-address and four-address micro-
instructions. TheVHacro assembler was used to assemble the micro-program.
The one-address and four-address micro-instructions are shown in Tables III
and IV, respectively. In these tables Il represents the input bus 1 (IN-1),
I2 the input bus 2 (IN-2), OUT the output bus and Z is either P,R, or W,
meaning process only, process followed by READ, or process followed by

WRITE, respectively.
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Fetch MAR « (0 + CC)
i read
Instruction MDR <« (MAR)
Update "cCC" CC « (CC) + &
Save
Instruction IR « (MDR)
S Branch o
Zero-addres
Instruction
NO hit _nan = (

Read Word
Containing
Address

YES
jbit "2“ = l

2k bits of
address to B| L MDR and MASK
Indexing NO bit "1" = 0
YES
[T -
Index bit 1 =1
B « B+X
ndire 4

MAR « (B)
— read

MDR +« (MAR)

Figure k.

NO bit "0" = 0

Addressing

Flow-chart for decoding instruction
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The micro machine is shown in Figure 4. It contains a memory in which
the micro-program is stored. Each step in the micro-program is stored as
a word in the micro memory. The micro memory can be read but not written,

The micro control counter serves as an adder for the micro machine.
Each time when the simulator executes a micro instruction the micro control
counter is incremented to the next micro-instruction,

The micro address register is only used for accessing micro instructions.
It always contains the address of the next micro-program step to be executed,
Each micro-instruction is fetched from the micro memory in turn and decoded
from the memory data register to determine which gates to open or which
conditions to test, If conditions are tested and are true, then a new ad-
dress is gated from the data register to the address register in the micro
machine,

There are two different types of micro-instruction formats, one for
operation steps and one for testing steps, The way in which each of these
is stored in the sixteen-bit-wide micro memory is illustrated in Figure 5
and Figure 6, If the left bit is a 0 then the word represents an operatiom,
Each group of bits, called a control group, contains a coded representation
of an action, The codes used for each of these control groups are shown
in Tables V through IX. If, on the other hand, the top bit is a 1, the
sixteen-bit word represents a test action, In this case the micro machine
examines the indicated bit or bits in the S-machine data flow and performs
a branch if the condition is met. This branch is effected by placing the
bottom twelve bits of the micro word into the micro control counter. The
conditions tested for each of the eight code values of bits 1 through 8

of the micro word, are shown in Table X.




MDR and IR

bit from
S-data flow

Gate signals
to
S-data flow
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3 3 3 L Number of bits

‘“——— QOutput

Function

Input 2

Input 1

Memory

Figure 5. Micro instruction format for operation

3 12 Number of bits

Branch address

Test conditicn

Figure 6. Micro instruction format for testing
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ZERO-ADDRESS INSTRUCTION

Operation Address Comment
TO J Test MDR bit 0, branch to Micro location J if O,
Tl J Test MDR bit 1, branch to Micro location J if O,
L2 J Test MDR bit 2, branch to Micro location J if 0.
TMDR J Test MDR for all Os, branch if true.
T1 J Branch on 5 bits of IR,
TRM J Always
TABLE IV
FOUR-ADDRESS INSTRUCTION

Operation Address Field.

ADDM 11, 12, OUT, Z

SUMB 11, 12, OUT, Z

ANDM I1, 12, OUT, Z

ORM I1, 12, OUT, Z

NOT I1, 12, OUT, Z

EOR 11, 12, OUT, Z

LS 11, I2, OUT, E

RS I1, 12, OUT, Z
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TABLE V

MEMORY CONTROL (2 BITS)

Code Value Action Comment

0 NEXT Go to fetch next micro instruction

1 ' READ The READ or WRITE action is taken after
rest of the micro instruction execution
occurs

2 WRITE

3 DUMP Print out the contents of all register

TABLE V1

INPUT BUS 1 (3 BITS)

Code . Register or Number gated onto bus
0 0
MDR
2 X
a ~4
4 ZERO
5 ZERO
6 2ZERO




TABLE VII

INPUT BUS 2 (3 BITS)

22

Code

Register or Number Gated Onto Bus

N O s W N H O

0
1

FFFFFFFF (MASK)
A

CC

B

STK

-5

TABLE VIIL

OUTPUT BUS (4 BITS)

:

Out Bus Gated To

DD N Oy W = O

15

ZERO




TABLE IX

FUNCTION (3 BITS)
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Code

Output Function

N oUW N RO

IN1 % IN2 (Twos complement)

IN1 - IN2 (Twos complement)

IN1 "AND" IN2

IN1 "OR" IN2

NOT (IN1 + IN2)

IN1 "EXCLUSIVE OR" IN2

Half (IN1 + IN2) (RIGHT shift 1)
Double (IN1 + IN2) (Left shift 1)

TABLE X

TEST CONDITIONS (3 BITS)

Code

Branch If

~N Oy N O

AIWAYS
MDR BIT 0 O
MDR BIT 1 O
MDR BIT 2 O
MDR O
ABEND1
ABEND2

The 5 bits in the IR register are added with the
bottom 5 bits of the branch address and used for
a branch,
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In the one-address micro-instructions the first bit (should be 1)
indicates that it is a test step, the next 3 bits indicate that MDR bit
0 is to be tested, while the final 12 bits are the address. In the four-
address micro-instructions the addresses provided will have to have the
appropriate values from the tables of codes. Hence the first bit should
be 0, the next two bits are the Z part and the next three bits each should
be I1, I2 and the value from the tables of codes. The last part, consisting
of four bits, should be OUT.

In the micro-program (appendix C) statement numbers from 68 to 73 (in-
cluding generated macro) are the 'FETCH' actions to fetch an instruction
from S memory and then increment the instruction counter. The next statement
numbers (from 74 to 91) are to 'INTERPRET' and test whether it was a one-
address instruction or zero-address instruction, and if there was any in-
dexing or indirect addressing to be done. The statement numbers from 93
to 120 and 122 to 150 are the zero-address and one-address jump-tables
respectively. The last part of all operations was 'EXECUTION' to execute

the micro-instructions.

ITI. THE SIMULATOR

The available memory in the S-machine was divided into sections so
that the various pieces of the S-machine could be represented. Words were
allocated to each of the registers in the data flow and a block of memory
was allocated for storing the micro program. The remainder of the memory
was used for the simulator., Figure 7 shows the allocation of memory for
the S-machine.

The simulator program was written in the IBM 0S5/360 conventional usage
assembler language. The micro control counter was kept in general purpose

register TWO, the micro-instruction, which is assumed to occupy a sixteen-bit
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halfword, was fetched into register THREE, and the sign bit was examined

to see if it was a test micro instruction. If it was not the five contrel

groups were extracted and placed in registers FOUR through EIGHT, each

multiplied by four in order to the byte. The contents of input bus 1 and

input bus 2 cegisters were placed in general purpose registers FOUR and

FIVE prior to a branch to the program segment which handled the operation,

If the sign bit was negative then the test control group was extracted and

placed in register RIGHT, After addressing to the byte, it moved the

branch address to register Five, and then jumped to the test condition

program segment, The flow of the simulator is outlined in the following

steps.

81, Fetch next miecro instructiom,

S§2. Increment micro control counter,

83, Test sign bit. If negative go to S7. If positive go to S4.

S4, Extract function and register addresses.,

85, Check function group, If ADD go to Al, If SUB go to A2, If AND go to A3
If OR go to A4, If NOT go to A5, If EOR go to A6, If RS go to A7,

If LS go to AS8.

Al, OUT --- IN1 + IN2 go to S6,

A2, OUT -—- IN1 - IN2 go to S6.

A3, OUT --- IN1 AND IN2 go to S6.

A4, OUT --— IN1 OR IN2 go to S6.

A5, OUT -—- —(IN1 + IN2) go to S6.

A6. OUT -—— IN1 EOR IN2 go to S6.

A7, OUT —- HALF(IN1 + IN2) go to S6,
AB, OUT --- DOUBLE(IN1 + IN2) go to S6.

S6. Check memory group., If zero go to S1. If READ go to Bl,
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If WRITE go to B2, Otherwise go to DUMP to print all register contents.
B1l. Extract 12 bits from address and add address to start of MEMORY
then fetch word from memory and store in MDR. go to S1.
B2, Form the address in a similar manner with READ and then copy the
contents of the MDR register into the address location. go to Sl.
§7. Extract condition and register addresses.
S8, Pick up the lower 12 bits of the miecro word,
59, Test bits 0 through 7 of MDR., If bit 0 go to S11. If bit 1 through
6 go to 510, If bit 7 go to 512,
510. Test bit, If 1 go to 51, Otherwise go to 511,
S1l. ADD address of start of memory to micro word then go to Sl.

S1Z, ADD five bits of IR to micro word then go to S11,

A
X
______________ S registers
MDR
Micro program } Represents micro memory

S instructions and data Represents S memory

Figure 7, Memory use in simulator of S machine
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SIMMARY

In this report the S-machine and its machine language have been
described., The method of controlling the S-machine which required the
writting of a program which was then used to control the data flow of
the S-machine so that S—-machine programs could be executed was also
described., The S-machine instructions which were used to test the
S-machine language were described by the micro-program and executed
properly by the simulator program, The contents of all registers used
in the data flow were printed by the tracing routine (appendix D), The
results of this study showed that the microprogramming techniques have
several advantages. Some of these advantages are flexibility, easy im
plementation of new OP codes and economical means of having large in-

struction sets on smaller type machine.
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It was the purpose of this study to introduce a portiomn of the
S5-machine language and to demonstrate how microprogramming techniques can
be used to simulate this computer system.

The objectives of this study were:

(1) To implement and test a computer program which would
simulate the S-machine language.

(2) To write and test programs in the assembler language of
the S5-machine, which had been implemented by using the
macro facilities of the 05/360 assembler language.

(3) To use the interpretation of the micro-program to
simulate the execution of the S-machine instructions.

(4) To write a simulator program which would act as an in-
terpreter, to execute the micro-program, where the micro-
program describes the action of the S-machine instructions.,

The simulation of the S-machine was accomplished by means of a
computer program divided into three separate segments; 1) the S-machine
instruction segment 2) the micro-program segment and 3) the simulator
segment. The macro-facilities of the IBM 0S/360 assembler were utilized
to assemble the three segments and when the segments were linked together
at run time they simulated the S-machine.

The results of this study showed that when each S-machine instruction
was executed the simulator interpreted the micro-program properly and
the output was made by the macro assembler to trace and print out the

contents of all registers in the data flow of the S-machine.






