General Register Organization:—

When a large number of registers are included in the CPU, it is most efficient to connect them through a common bus system. The registers communicate with each other not only for direct data transfers, but also while performing various micro-operations. Hence it is necessary to provide a common unit that can perform all the arithmetic, logic and shift micro-operation in the processor.

A Bus organization for seven CPU registers:—
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The output of each register is connected to true multiplexer (mux) to form the two buses A & B. The selection lines in each multiplexer select one register or the input data for the particular bus. The A and B buses forms the input to a common ALU. The operation selected in the ALU determines the arithmetic or logic micro-operation that is to be performed. The result of the micro-operation is available for output and also goes into the inputs of the registers. The register that receives the information from the output bus is selected by a decoder. The decoder activates one of the register load inputs, thus providing a transfer both between the data in the output bus and the inputs of the selected destination register.

The control unit that operates the CPU bus system directs the information flow through the registers and ALU by selecting the various components in the systems.

R1 ( R2 + R3

(1)
MUX A selection (SEC A): to place the content of R2 into bus A

(2)
MUX B selection (sec B): to place the content of R3 into bus B

(3)
ALU operation selection (OPR): to provide the arithmetic addition (A + B)

(4)
Decoder destination selection (SEC D): to transfer the content of the output bus into R1

These form the control selection variables are generated in the control unit and must be available at the beginning of a clock cycle. The data from the two source registers propagate through the gates in the multiplexer and the ALU, to the output bus, and into the into of the destination registers, all during the clock cycle intervals.

Control Word:

There are 14 binary selection inputs in the units, and their combined value specified a control word. It consists of four fields three fields contain three bits each, and one field has five bits. The three bits of SEL A select a source register for the A input of the ALU. The three bits of SEL B select a source register for the B input of the ALU. The three bit of SEC D select a destination register using the decoder and its seven load outputs. The five bits of OPR select one of the operations in the ALU. The 14-bit control word when applied to the selection inputs specify a particular micro-operation.

Table: Encoding of Register selection fields.

	Binary Code
	SEL A
	SEL B
	SEL D

	000
	Input
	Input
	None

	001
	R1
	
	

	010
	R2
	
	

	011
	R3
	S
	S

	100
	R4
	A
	A

	101
	R5
	M
	M

	110
	R6
	E
	E

	111
	R7
	
	


Table: Encoding of ALU operation
	OPR & elect
	Operation
	Symbol

	00000
	Transfer A
	TSFA

	00001
	Increment A
	INCA

	00010
	Add A + B
	ADD

	00101
	Subtract A-B
	SUB

	00110
	Decrement A
	DEC A

	01000
	AND A and B
	AND

	01010
	OR A and B
	OR

	01100
	XOR A and B
	XOR

	01110
	Complement A
	COMA

	10000
	Shift right A
	SHRA

	11000
	Shift left A
	SHLA


Examples of Micro-operation for the CPU

Symbolic Designation

	Micro Operation
	SECA
	SEC B
	SEL D
	OPR
	Control Word

	R1 ( R2 – R3
	R2
	R3
	R1
	SUB 
	010
	011
	001
	00101

	R4 ( R5 V R5
	R4
	R​
	R4
	OR 
	100
	101
	100
	0101

	R6 ( R6 + 1
	R6
	-
	R6
	MCA
	110
	000
	110
	00001

	R7 ( R1
	R1 
	-
	R7
	TSFA
	001
	000
	111
	00000

	Output ( R2
	R2
	-
	None
	TSFA
	010
	000
	000
	00000

	Output ( Input
	Input
	-
	None
	TSFA
	000
	000
	000
	00000

	R4 ( SHL R4
	R4
	-
	R4
	SHLA 
	100
	000
	100
	11000

	R5 ( 0
	R5
	R5
	R5
	XOR
	101
	101
	101
	01100


Stock Organization

A useful feature that is included in the CPU of most computers is a stack or last-in first out (LIFO) list. A stack is a storage device that stores information in such a manner that the item stored last is the first item retrieved. The operation a stack can be companied to a stack of trays.

The stack in Digital Computer is essentially a memory unit with an address register that can count only (after an initial value is loaded into it.) The register that holds the address for the stack is called a Stack Pointer (SP) because its values always points at the top item in the stack.

The two operations 
– PUSH (insert) 




- Pop (delete)

Register Stack:- A stack can be placed in a portion of a large memory as it can be organized as  a collection of a finite number of memory words as register.
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In a 64- word stack, the stack pointer contains 6 bits because 26 = 64.

The one bit register FULL is set to 1 when the stack is full, and the one-bit register EMTY is set to 1 when the stack is empty. DR is the data register that holes the binary data to be written into on read out of the stack.

Initially, SP is decide to O, EMTY is set to 1, FULL = 0, so that SP points to the word at address O and the stack is masked empty and not full.

PUSH  
SP ( SP + 1

increment stack pointer



M [SP] ( DR

unit item on top of the Stack



It (SP = 0) then
(FULL ( 1) check it stack is full



EMTY ( 0

mask the stack not empty.

POP

DR ( [SP]

read item trans the top of stack



SP ( SP –1

decrement SP


It (SP = 0)

then (EMTY ( 1) check it stack is empty



FULL ( 0

mark the stack not full.

Instruction Formats:

The most common fields found in instruction format are:-

(1)
An operation code field that specified the operation to be performed

(2)
An address field that designates a memory address or a processor registers.

(3)
A mode field that specifies the way the operand or the effective address is determined.

Computers may have instructions of several different lengths containing varying number of addresses. The number of address field in the instruction format of a computer depends on the internal organization of its registers. Most computers fall into one of three types of CPU organization.

(1)
Single Accumulator organization 
ADD X  AC ( AC + M [×]

(2)
General Register Organization ADD R1, R2, R3 R ( R2 + R3

(3)
Stack Organization 

PUSH X

Three address Instruction

Computer with three addresses instruction format can use each address field to specify either processor register are memory operand.

ADD
R1, A, B
A1 ( M [A] + M [B]

ADD 
R2, C, D
R2 ( M [C] + M [B]    X = (A + B) * (C + A)

 MUL X, R1, R2
M [X] R1 * R2

The advantage of the three address formats is that it results in short program when evaluating arithmetic expression. The disadvantage is that the binary-coded instructions require too many bits to specify three addresses.

Two Address Instruction
Most common in commercial computers. Each address field can specify either a processes register on a memory word.

MOV
R1, A
R1 ( M [A]

ADD
R1, B
R1 ( R1 + M [B]

MOV
R2, C
R2 ( M [C]

X = (A + B) * ( C + D)

ADD
R2, D
R2 ( R2 + M [D]

MUL
R1, R2
R1 ( R1 * R2
MOV
X1 R1
M [X] ( R1

One Address instruction

It used an implied accumulator (AC) register for all data manipulation. For multiplication/division, there is a need for a second register.

LOAD
A
AC ( M [A]

ADD
B
AC ( AC + M [B]

STORE 
T
M [T] ( AC

X = (A +B) × (C + A)

LOAD 
C
AC ( M (C)


ADD 
D
AC ( AC + M (D)

ML
T
AC ( AC + M (T)

STORE
X
M [×]( AC

Zero – Address Instruction

A stack organized computer does not use an address field for the instruction ADD and MUL. The PUSH & POP instruction, however, need an address field to specify the operand that communicates with the stack (TOS ( top of the stack)

PUSH
A
TOS ( A

PUSH 
B
TOS ( B

ADD

TOS (
(A + B)

PUSH 
C
TOS ( C

PUSH 
D
TOS ( D

ADD

TOS ( (C + D)

MUL

TOS ( (C + D) * (A + B)

POP
X
M [X] TOS

Addressing Modes

The operation field of an instruction specifies the operation to be performed. This operation must be executed on some data stored in computer register as memory words. The way the operands are chosen during program execution is dependent on the addressing mode of the instruction. The addressing mode specifies a rule for interpreting or modifying the address field of the instruction between the operand is activity referenced. Computer use addressing mode technique for the purpose of accommodating one or both of the following provisions.

(1)
To give programming versatility to the uses by providing such facilities as pointer to memory, counters for top control, indexing of data, and program relocation.

 (2)
To reduce the number of bits in the addressing fields of the instruction.

The basic operation cycle of the computer

(1)
Fetch the instruction from memory

(2)
Decode the instruction

(3)
Execute the instruction

Program Counter (PC) keeps track of the instruction in the program stored in memory. PC holds the address of the instruction to be executed next and in incremented each time an instruction is fetched from memory.

(1) Implied mode       (6) Auto increment/ Auto decrement mode

(2) Immediate mode  (7) Direct Address mode

(3) Register mode      (8) Indirect Address mode

(4) Register mode
(9) Relative Address mode

(5) Register – indirect mode
(10) Indexed Addressing mode

(11) Base Register Addressing mode

	Opcode
	Mode
	Address


Instruction format with mode field

Relative Address: The content of PC is added to the address part of the instruction in order to obtain the effective address Ex :- PC = 825 + 1 + 24

Indexed addressing Mode:-  The content of index register is added to the address part of the instruction in order to obtain the effective  address.

Base Register Addressing Mode:-The content of a base register is added to the address bank of the instruction to obtain the effective address.

Indirect Address:- 

Effective Address = Address part of instruction + content of CPU register 

Data Transfer & Manipulation

Computer provides an extensive set of instructions to give the user the flexibility to carryout various computational task. Most computer instruction can be classified into three categories.

(1)
Data transfer instruction

(2)
Data manipulation instruction

(3)
Program control instruction

Data transfer instruction cause transferred data from one location to another without changing the binary instruction content. Data manipulation instructions are those that perform arithmetic logic, and shift operations. Program control instructions provide decision-making capabilities and change the path taken by the program when executed in the computer.

(1) Data Transfer Instruction

Data transfer instruction move data from one place in the computer to another without changing the data content. The most common transfers are between memory and processes registers, between processes register & input or output, and between processes register themselves.

(Typical data transfer instruction)

	Name
	Mnemonic 

	Load
	LD

	Store
	ST

	Move
	MOV

	Exchange
	XCH

	Input
	IN

	Output
	OUT

	Push
	PUSH

	Pop
	POP


(2) Data Manipulation Instruction

It performs operations on data and provides the computational capabilities for the computer. The data manipulation instructions in a typical computer are usually divided into three basic types.

(a) 
Arithmetic Instruction

(b)
Logical bit manipulation Instruction

(c)
Shift Instruction.

(a) Arithmetic Instruction

	Name
	Mnemonic

	Increment
	INC

	Decrement
	DEC

	Add
	Add

	Subtract
	Sub

	Multiply
	MUL

	Divide
	DIV

	Add with Carry
	ADDC

	Subtract with Basses
	SUBB

	Negate (2’s Complement)
	NEG


(b) Logical & Bit Manipulation Instruction

	Name
	Mnemonic

	Clear
	CLR

	Complement
	COM

	AND
	AND

	OR
	OR

	Exclusive-Or
	XOR

	Clear Carry
	CLRC

	Set Carry
	SETC

	Complement Carry
	COMC

	Enable Interrupt
	ET

	Disable Interrupt
	OI


(c) Shift Instruction

Instructions to shift the content of an operand are quite useful and one often provided in several variations. Shifts are operation in which the bits of a word are moved to the left or right. The bit-shifted in at the and of the word determines the type of shift used. Shift instruction may specify either logical shift, arithmetic shifts, or rotate type shifts.

	Name
	Mnemonic 

	Logical Shift right
	SHR

	Logical Shift left
	SHL

	Arithmetic shift right 
	SHRA

	Arithmetic shift left
	SHLA

	Rotate right
	ROR

	Rotate left
	ROL

	Rotate mgmt through carry
	RORC

	Rotate left through carry
	ROLC


RISC & CISC ARCHITECTURE

Characteristics of CISC architecture are:

(1)
A large no. of instruction-typically from 100 to 250 instruction.

(2)
Some instruction that perform specialized tasks and one used infrequently.

(3)
A large variety of addressing modes – typically from 5 to 20 different modes.

(4)
Variable length instruction format

(5)
Instruction that manipulate operates in memory.

RISC CHARACTERSTICS
The concept of RISC arithmetic involves an attempt to reduce execution time by simplifying the instruction set of the computer.

The major characteristics of a RISC processes are:

(1)
Relatively few instructions

(2)
Relatively few addressing modes

(3)
Memory access limited to load & store instruction

(4)
All operations done within the registers of the CPU.

(5)
Fixed-length, easily decoded instruction format

(6)
Single-cycle instruction execution

(7)
Handmaiden rather than micro programmed control.

Parallel Processing
Parallel processing is a term used to denote a large class of techniques that are used to provide simultaneously data-processing tasks for the purpose of increasing the computational speed of the computer. Instead of processing each instruction sequentially as in a conventional computer, a parallel processing system is able to perform concurrent data processing to achieve faster execution time. The system may have two or more processor operating concurrently. The purpose of parallel processing is to speed up the computer processing capability and increase its throughput. The amount of hardware increases with parallel processing, hence the cost increases. 

Example : Processor with multiple functional units.
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It shows one possible way of separating the execution unit into eight functional units operating in parallel. The operands in the registers are applied to one of the units depending on the operating specified by the instruction associated with the operand.

All units are independent to each other, so one number can be shifted white another no. is being incremented. A multifunctional organizational is usually associated with a complex control unit to co-ordinate all the activities among various component. 

Pipelining
Pipelining is a technique of decomposing a sequential process into sub-operation with each sub-process being executed in a special dedicated segment that operator concurrently with all other segment. A pipeline can be visualized as a collection of processing segments through which binary information flows. Each segment performs partial processing dictated by the way the task is portioned. The result obtained from the computation in each segment is transferred to next segment in the pipeline. The final result is obtained after the data have passed through all segments.

Example:  Ai * Bi + Ci    for all I = 1,2,3, …..7
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Each sub operation is to be implemented in a segment within a pipeline. Each segment has one or two registers and a combinational circuit. R1 through R5 are registers that receive new data with every clock pulse. The multiplier and adder combinational circuits. The sub-operations performed in each segment of the pipeline are:—

R1 ( Ai, R2 ( Bi 

Input Ai & Bi

R3 ( R1 * R2  R4 ( Ci 

Multiply & Input ci

R1 ( R3 + R4 

Add Ci to product

Content of Registers in Pipeline example
	Clock Pulse number
	Segment 1

R1     R2
	Segment 2

R3    R4
	Segment 5

R5

	1.
	A1
	B1
	-
	-
	-

	2.
	A2
	B2
	A1 * B1
	C1
	-

	3.
	A3
	B3
	A2 * B2
	C2
	A1 * B1 + C1

	4.
	A4
	B4
	A3 * B3
	C3
	A2 * B2 + C2

	5.
	A5
	B5
	A4 * B4
	C4
	A3 * B3 + C3

	6.
	A6
	B6
	A5 * B5
	C5
	A4 * B4 + C4

	7.
	A7
	B7
	A6 * B6
	C6
	A5 * B5 + C5

	8.
	-
	-
	A7 * B7
	C7
	A6 * B6 + C6

	9.
	-
	-
	-
	-
	A7 * B7 + C7


General Consideration
Task as the total operation performed going through all the segments in the pipeline 
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Space-time diagrams

The behavior of a pipeline can be illustrated with a space-time diagram. The horizontal axis displays the time in clock cycles and the vertical axis give the segment no.

Example
Task – 6, Segment – 4

	1
	2
	3
	4
	5
	6
	7
	8
	9

	T1
	T2
	T3
	T4
	T5
	T6
	
	
	

	
	T1
	T2
	T3
	T4
	T5
	T6
	
	

	
	
	T1
	T2
	T3
	T4
	T5
	T6
	

	
	
	
	T1
	T2
	T3
	T4
	T5
	T6


Formula: -
K + (n – 1) (time taken)

K = segment no.

N = tasks.

Speed-up =           ntn/(K+n-1) tp = tn/tp (if tn = k tp)

Arithmetic Pipeline Usually found in very high speed computers; They are used to implement floating-point operation, multiplication of fixed-point numbers, and similar computation encountered in scientific problems. A pipeline multiplier is essentially an array multiplier with special adders designed to minimize the carry propagation time through the partial products floating-point operation are easily decomposed into sub operations.

X = A * 2a
X = B * 2b
Sub operations that are performed in from segments are

(1)
Compare the exponents 

(2)
Align the mantissas

(3)
Add/subtract the mantissas

(4)
Normalize the result
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Instruction pipeline
Pipeline processing can occurs not only in the data stream, but in the instruction stream as well. An Instruction pipeline reads consecutive instruction from memory while previous instruction one being executed in other segments. This causes the instruction fetch & execute phase to overlap and perform simultaneous operations.

Most of the cases, the computer needs to process each instruction (with the following segments of steps:-

(1)
Fetch the instruction from memory

(2)
Decode the instruction

(3)
Calculate the effective address

(4)
Fetch the operands from memory

(5)
Execute the instruction

(6)
Store the result in the proper place.
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The design of an instruction pipeline will be most efficient it the instruction cycle is divided into segments of cycle duration. The time that-each step takes to fulfill its function depends on the instruction and the way it is executed.

 In general there are three major difficulties that cause the instruction pipeline to deviate from its normal operation.

(1)
Resource conflicts

(2)
Data dependency

(3)
Branch difficulties

Solution of Data dependency (techniques)
(1)
Hardware interlocks

(2)
Operand forwarding

(3)
Delayed load

Handling Branch Instruction

(1)
Pre-fetch Target Instruction

(2)
Branch Target Butter (BTB)

(3)
Loop Buffer

(4)
Branch Predictions

(5)
Delayed branch

RISC Pipeline
RISC has the ability to use an efficient instruction pipeline. The simplicity of the instruction set can be utilized to implement on instruction pipeline using a small number of sub-operations, with each being executed in one clock cycle.

The data transfer in RISC are limited to load and store instruction. They usually need three/four stage of pipelining.

One of the major advantage of RISC over CISC is to execute instruction at the rate of one/clock cycle. The advantage of RISC over CISC is that RISC can achieve pipeline segments, requiring just one clock cycle. While CISC user many segments in its pipeline, with the longest segment requiring or more clock cycle.

Example:- Three segment Instruction Pipeline


I
Instruction fetch


A
ALU operation

`
E
Execute Instruction

Vector Processing

Some problems are characterized by the fact that they require a vast number of computations that will take a conventional computer days or aware weeks to complete. 

Computer with vector processing capabilities are in demand in specialized application. The following are representative application areas where vector processing is to the utmost importance. 

—Long-range weather forecasting 

—Petroleum explorations 

—Seismic data analysis

—Aerodynamics and space flight simulations.

—Artificial intelligence & export system.

—Mapping the human genuine.

—Image processing.

An Instruction format for an instruction format includes five fields:

Operation Code / Base address Source / base address source 2 / base address destination / vector length

This is essentially a three address instruction with three fields specifying the base address of the operand and an additional field that given the length of the data items in the vector. This assumes that a vector operand resides in memory.

Example Matrix Multiplication

The matrix multiplication is one of the most computational intensive operation performed in computers with vector processes. The multiplication of two matrices (n × n) consist of n2 inner product or n3 multiply-add operation.

a11      a12      a13     b11      b12      b13         c11      c12      c13
a12      a22      a23
  b12      b22      b23        c12      c22      c23
a31      a32      a33     b31      b32      b33        c31      c32      c33
The product matrix C is a 3 × 3 matrix where element are related to the elements of A  & B by the inner product:

In general, the inner product consists of the scan of k product term of the term.

C = A1 B1 + A2 B2 + A3 A3 + -------- + Ak Bk

We can break down the summation into from section 

C = A1 B1 
+ 
A5 A5 
+
Aa Ba

+
AB BB  + --------

+ 
A2 B2

+
A6 B6
+
A10 B10
+
A14 B14 + -------

+
A 3 B3
+
A7 B7
+
A11 B11
+
A15 B15 + -------

+
A4 B4

+
A8 B8
+
A12 B12
+
A16 B16 + -
------
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Assume that the Floating Point multiplier pipeline & Floating Point Adder pipeline have four segments each. All segment register in the multiplier and adder are initialized to 0. Therefore, the output of the adder is 0 for the first eight cycles until both pipes are full.

At the beginning of the 9th cycle, the output of the adder is A1B1 and the output of the multiplier in A5B5. Thus the ninth cycle starts the addition A1B1 + A5B5 in the adder pipeline and so on.

Array processors

An array processor is a processor that performs computations on large arrays of data. The term is used to refer two different types of processors. 

An attached array processor is an auxiliary processor attached to a general-purpose computer. It is intended to improve the performance of the host computer in specific numerical computation tasks. 

An SIMD array processor is a processor that has a single instruction on multiple data organization. It manipulates vector instruction by means of multiple functional units responding to a common instruction.

Attached Array Processor
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Its purpose is to enhance the performance of the computer by providing vector processing for complex scientific application. It achieves high performance by means of parallel processing with multiple functional units. It includes the arithmetic unit containing one or more pipelined Floating Point Adder & Multipliers. The array processors can be programmed by the user to accommodate a variety of complex arithmetic problem.

SIMD Array Procerssor
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An SIMD Array Processor is a computer with multiple processing units operating in parallel. The processing units are synchronized to perform the same operation under the common control units, thus providing a SIMD organization.

It contains a set of processing elements (PEs), each having a local memory M. Each processor element includes an ALU, a floating-print Arithmetic Unit, and working registers. The master control unit controls the operations in the PE. The main memory is used for storage of the program. The function of the Master control Unit is to decode the instruction and determine how the instruction is to be executed. Scalar and program control instructions are directly executed with in the Master Control Unit. Vector instructions are broadcast to all PE simultaneously. Each PE uses operand stored in its local memory. Vector operands are distributed to the local memories prior to the parallel execution of the instructions.

All operations are done between the AC register and a memory operand. It’s the address of a temporary memory location required for storing the intermediate result.
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