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BOOLEAN ALGEBRA:

A set of rules or Laws of Boolean Algebra expressions have been invented to 

help reduce the number of logic gates needed to perform a particular logic 

operation resulting in a list of functions or theorems known commonly as 

the Laws of Boolean Algebra.

Boolean Algebra is the mathematics we use to analyse digital gates and circuits. 

We can use these “Laws of Boolean” to both reduce and simplify a complex 

Boolean expression in an attempt to reduce the number of logic gates 

required. Boolean Algebra is therefore a system of mathematics based on logic 

that has its own set of rules or laws which are used to define and reduce 

Boolean expressions.

The variables used in Boolean Algebra only have one of two possible values, a 

logic “0” and a logic “1” but an expression can have an infinite number of 

variables all labelled individually to represent inputs to the expression, For 

example, variables A, B, C etc, giving us a logical expression of A + B = C, but 

each variable can ONLY be a 0 or a 1

Description of the Laws of Boolean Algebra:

∑ Annulment Law – A term AND with a “0” equals 0 or OR with a “1” will 
equal 1.

o A . 0 = 0 A variable AND with 0 is always equal to 0.

o A + 1 = 1 A variable OR with 1 is always equal to 1.



∑ Identity Law – A term OR with a “0” or AND with a “1” will always equal 
that term.

o A + 0 = A A variable OR  with 0 is always equal to the variable.

o A . 1 = A A variable AND with 1 is always equal to the variable.

∑ Idempotent Law – An input that is AND or OR with itself is equal to that 
input.

o A + A = A A variable OR with itself is always equal to the variable.

o A . A = A A variable AND with itself is always equal to the 
variable.

∑ Complement Law – A term AND with its complement equals “0” and a 
term OR with its complement equals “1”.

o A . A = 0 A variable AND with its complement is always equal to 
0.

o A + A = 1 A variable OR with its complement is always equal to 1.

∑ Commutative Law – The order of application of two separate terms is not 
important.

o A . B = B . A The order in which two variables are AND makes no 
difference.



o A + B = B + A The order in which two variables are OR makes no 
difference.

∑ Double Negation Law – A term that is inverted twice is equal to the original 
term.

o A = A A double complement of a variable is always equal to the 
variable.

∑ de Morgan´s Theorem – There are two “de Morgan´s” rules or theorems,

(1) Two separate terms NOR´ed together is the same as the two terms 
inverted (Complement) and AND´ed for example, A+B = A. B.

(2) Two separate terms NAND´ed together is the same as the two terms 
inverted (Complement) and OR´ed for example, A.B = A +B.

Other algebraic Laws of Boolean not detailed above include:

∑ Distributive Law – This law permits the multiplying or factoring out of an 
expression.

o A(B + C) = A.B + A.C (OR Distributive Law)

o A + (B.C) = (A + B).(A + C) (AND Distributive Law)

∑ Absorptive Law – This law enables a reduction in a complicated expression 
to a simpler one by absorbing like terms.



o A + (A.B) = A (OR Absorption Law)

o A(A + B) = A (AND Absorption Law)

∑ Associative Law – This law allows the removal of brackets from an 
expression and regrouping of the variables.

o A + (B + C) = (A + B) + C = A + B + C (OR Associate Law)

o A(B.C) = (A.B)C = A . B . C (AND Associate Law)

Logic Gates

Logic gates are the basic building blocks of any digital system. It is an 
electronic circuit having one or more than one input and only one output. The 
relationship between the input and the output is based on a certain logic. 
Based on this, logic gates are named as AND gate, OR gate, NOT gate etc.

AND Gate

A circuit which performs an AND operation is shown in figure. It has n input 
(n >= 2) and one output.

Logic diagram



Truth Table

OR Gate

A circuit which performs an OR operation is shown in figure. It has n input (n 
>= 2) and one output.

Logic diagram

Truth Table

NOT Gate

NOT gate is also known as Inverter. It has one input A and one output Y.

Logic diagram



Truth Table

NAND Gate

A NOT-AND operation is known as NAND operation. It has n input (n >= 2) 
and one output.

Logic diagram

Truth Table

NOR Gate

A NOT-OR operation is known as NOR operation. It has n input (n >= 2) and 
one output.

Logic diagram



Truth Table

XOR Gate

XOR or Ex-OR gate is a special type of gate. It can be used in the half adder, 
full adder and subtractor. The exclusive-OR gate is abbreviated as EX-OR gate 
or sometime as X-OR gate. It has n input (n >= 2) and one output.

Logic diagram

Truth Table

XNOR Gate

XNOR gate is a special type of gate. It can be used in the half adder, full adder 
and subtractor. The exclusive-NOR gate is abbreviated as EX-NOR gate or 
sometime as X-NOR gate. It has n input (n >= 2) and one output.



Logic diagram

Truth Table



Combinational Circuits:

Combinational circuit is a circuit in which we combine the different gates in 
the circuit, for example encoder, decoder, multiplexer and demultiplexer. Some 
of the characteristics of combinational circuits are following −

∑ The output of combinational circuit at any instant of time, depends only 
on the levels present at input terminals.

∑ The combinational circuit do not use any memory. The previous state of 
input does not have any effect on the present state of the circuit.

∑ A combinational circuit can have an n number of inputs and m number of 
outputs.

Block diagram

We're going to elaborate few important combinational circuits as follows.

Half Adder:

Half adder is a combinational logic circuit with two inputs and two outputs. 
The half adder circuit is designed to add two single bit binary number A and B. 
It is the basic building block for addition of two single bit numbers. This 
circuit has two outputs carry and sum.

Block diagram



Truth Table

Circuit Diagram

Full Adder:

Full adder is developed to overcome the drawback of Half Adder circuit. It can 
add two one-bit numbers A and B, and carry c. The full adder is a three input 
and two output combinational circuit.

Block diagram



Truth Table

Circuit Diagram

Multiplexers:

Multiplexer is a special type of combinational circuit. There are n-data inputs, 
one output and m select inputs with 2m = n. It is a digital circuit which selects 
one of the n data inputs and routes it to the output. The selection of one of the n 
inputs is done by the selected inputs. Depending on the digital code applied at 
the selected inputs, one out of n data sources is selected and transmitted to the 
single output Y. E is called the strobe or enable input which is useful for the 
cascading. It is generally an active low terminal that means it will perform the 
required operation when it is low.



Block diagram

Multiplexers come in multiple variations

∑ 2 : 1 multiplexer

∑ 4 : 1 multiplexer

∑ 16 : 1 multiplexer

∑ 32 : 1 multiplexer

Demultiplexers:

A demultiplexer performs the reverse operation of a multiplexer i.e. it receives 
one input and distributes it over several outputs. It has only one input, n outputs, 
m select input. At a time only one output line is selected by the select lines and 
the input is transmitted to the selected output line. A de-multiplexer is 
equivalent to a single pole multiple way switch as shown in fig.

Demultiplexers comes in multiple variations.

∑ 1 : 2 demultiplexer

∑ 1 : 4 demultiplexer

∑ 1 : 16 demultiplexer

∑ 1 : 32 demultiplexer



Block diagram:

Truth Table

Decoder:

A decoder is a combinational circuit. It has n input and to a maximum m = 2n 
outputs. Decoder is identical to a demultiplexer without any data input. It 
performs operations which are exactly opposite to those of an encoder.

Block diagram

Examples of Decoders are following.

∑ Code converters

∑ BCD to seven segment decoders

∑ Nixie tube decoders

∑ Relay actuator



2 to 4 Line Decoder:

The block diagram of 2 to 4 line decoder is shown in the fig. A and B are the 
two inputs where D through D are the four outputs. Truth table explains the 
operations of a decoder. It shows that each output is 1 for only a specific 
combination of inputs.

Block diagram

Truth Table



Logic Circuit

Encoder

Encoder is a combinational circuit which is designed to perform the inverse 
operation of the decoder. An encoder has n number of input lines and m 
number of output lines. An encoder produces an m bit binary code 
corresponding to the digital input number. The encoder accepts an n input 
digital word and converts it into an m bit another digital word.

Block diagram

Examples of Encoders are following.

∑ Priority encoders

∑ Decimal to BCD encoder

∑ Octal to binary encoder

∑ Hexadecimal to binary encoder



Priority Encoder;

This is a special type of encoder. Priority is given to the input lines. If two or 
more input line are 1 at the same time, then the input line with highest priority 
will be considered. There are four input D0, D1, D2, D3 and two output Y0, Y1. 
Out of the four input D3 has the highest priority and D0 has the lowest priority. 
That means if D3 = 1 then Y1 Y1 = 11 irrespective of the other inputs. Similarly 
if D3 = 0 and D2 = 1 then Y1 Y0 = 10 irrespective of the other inputs.

Block diagram

Truth Table



Logic Circuit

Sequential Circuits:

The combinational circuit does not use any memory. Hence the previous state 
of input does not have any effect on the present state of the circuit. But 
sequential circuit has memory so output can vary based on input. This type of 
circuits uses previous input, output, clock and a memory element.

Block diagram



Flip Flop:

Flip flop is a sequential circuit which generally samples its inputs and changes 
its outputs only at particular instants of time and not continuously. Flip flop is 
said to be edge sensitive or edge triggered rather than being level triggered like 
latches.

S-R Flip Flop

It is basically S-R latch using NAND gates with an additional enable input. It 
is also called as level triggered SR-FF. For this, circuit in output will take place 
if and only if the enable input (E) is made active. In short this circuit will 
operate as an S-R latch if E = 1 but there is no change in the output if E = 0.

Block Diagram

Circuit Diagram

Truth Table



Master Slave JK Flip Flop:

Master slave JK FF is a cascade of two S-R FF with feedback from the output 
of second to input of first. Master is a positive level triggered. But due to the 
presence of the inverter in the clock line, the slave will respond to the negative 
level. Hence when the clock = 1 (positive level) the master is active and the 
slave is inactive. Whereas when clock = 0 (low level) the slave is active and 
master is inactive.

Circuit Diagram

Truth Table

Delay Flip Flop / D Flip Flop:

Delay Flip Flop or D Flip Flop is the simple gated S-R latch with a NAND 
inverter connected between S and R inputs. It has only one input. The input 
data is appearing at the output after some time. Due to this data delay between 
i/p and o/p, it is called delay flip flop. S and R will be the complements of each 
other due to NAND inverter. Hence S = R = 0 or S = R = 1, these input 
condition will never appear. This problem is avoid by SR = 00 and SR = 1 
conditions.



Block Diagram

Circuit Diagram

Truth Table

Digital Registers:

Flip-flop is a 1 bit memory cell which can be used for storing the digital data. 
To increase the storage capacity in terms of number of bits, we have to use a 
group of flip-flop. Such a group of flip-flop is known as a Register. The n-bit 
register will consist of n number of flip-flop and it is capable of storing an n-
bitword.

The binary data in a register can be moved within the register from one flip-
flop to another. The registers that allow such data transfers are called as shift 
registers. There are four mode of operations of a shift register.

∑ Serial Input Serial Output



∑ Serial Input Parallel Output

∑ Parallel Input Serial Output

∑ Parallel Input Parallel Output

Serial Input Serial Output

Let all the flip-flop be initially in the reset condition i.e. Q3 = Q2 = Q1 = Q0 = 0. 
If an entry of a four bit binary number 1 1 1 1 is made into the register, this 
number should be applied to Din bit with the LSB bit applied first. The D input 
of FF-3 i.e. D3 is connected to serial data input Din. Output of FF-3 i.e. Q3 is 
connected to the input of the next flip-flop i.e. D2 and so on.

Block Diagram

Operation

Before application of clock signal, let Q3 Q2 Q1 Q0 = 0000 and apply LSB bit 
of the number to be entered to Din. So Din = D3 = 1. Apply the clock. On the 
first falling edge of clock, the FF-3 is set, and stored word in the register is 
Q3 Q2 Q1Q0 = 1000.

Apply the next bit to Din. So Din = 1. As soon as the next negative edge of the 
clock hits, FF-2 will set and the stored word change to Q3 Q2 Q1 Q0 = 1100.



Apply the next bit to be stored i.e. 1 to Din. Apply the clock pulse. As soon as 
the third negative clock edge hits, FF-1 will be set and output will be modified 
to Q3 Q2 Q1 Q0 = 1110.

Similarly with Din = 1 and with the fourth negative clock edge arriving, the 
stored word in the register is Q3 Q2 Q1 Q0 = 1111.

Truth Table



Serial Input Parallel Output

∑ In such types of operations, the data is entered serially and taken out in 
parallel fashion.

∑ Data is loaded bit by bit. The outputs are disabled as long as the data is 
loading.

∑ As soon as the data loading gets completed, all the flip-flops contain their 
required data, the outputs are enabled so that all the loaded data is made 
available over all the output lines at the same time.

∑ 4 clock cycles are required to load a four bit word. Hence the speed of 
operation of SIPO mode is same as that of SISO mode.

Block Diagram

Parallel Input Serial Output (PISO)

∑ Data bits are entered in parallel fashion.

∑ The circuit shown below is a four bit parallel input serial output register.

∑ Output of previous Flip Flop is connected to the input of the next one via 
a combinational circuit.

∑ The binary input word B0, B1, B2, B3 is applied though the same 
combinational circuit.

∑ There are two modes in which this circuit can work namely - shift mode 
or load mode.



Digital Counters

Counter is a sequential circuit. A digital circuit which is used for a counting 
pulses is known counter. Counter is the widest application of flip-flops. It is a 
group of flip-flops with a clock signal applied. Counters are of two types.

∑ Asynchronous or ripple counters.

∑ Synchronous counters.

Asynchronous or ripple counters

The logic diagram of a 2-bit ripple up counter is shown in figure. The toggle 
(T) flip-flop are being used. But we can use the JK flip-flop also with J and K 
connected permanently to logic 1. External clock is applied to the clock input 
of flip-flop A and QA output is applied to the clock input of the next flip-flop 
i.e. FF-B.

Logical Diagram

Synchronous counters

If the "clock" pulses are applied to all the flip-flops in a counter simultaneously, 
then such a counter is called as synchronous counter.

2-bit Synchronous up counter

The JA and KA inputs of FF-A are tied to logic 1. So FF-A will work as a toggle 
flip-flop. The JB and KB inputs are connected to QA.



STORED PROGRAM CONTROL CONCEPT:

A stored-program computer is one that stores program instructions in electronic memory. 

Often the definition is extended with the requirement that the treatment of programs and 

data in memory be interchangeable or uniform

∑ In the stored program concept, both the instructions and the data (that the instructions 
operate on) are stored in the computer memory itself. Before the introduction of this idea, 
instructions and data were considered two totally different entities and were thus stored 
separately. 
∑ Thus instructions like data can be read from the memory and written to the memory by the 
processor. 
∑ The processor then addresses the memory, reads the corresponding instructions, executes 
them and according to the executed instruction, processes (reads and writes) data as well. 
∑ Computers that store both instructions and data on the same memory are said to be based 
on the Von Neumann architecture. Modern desktop computers are still based on the same 
stored program concept

Flynn classification

Flynn classification is based on multiplicity of instruction stream and data stream observed 
by the CPU during program execution. These are of 4 types, 3 of which is available 
commercially.

∑ SISD(Single instruction stream and single data stream):- Sequential execution of instruction 
is processed by one CPU. CPU contains one PE(processing element), i.e. one ALU under one 
control unit. This is the conventional serial computers.

∑ SIMD(Single Instruction and multiple data stream) :- Same instruction is executed by 
different processors on different data stream. Instruction streams are broadcasted from 
same CU to different processors. Main memory is divided into multiple modules, generating 
unique data stream for each processors.

https://en.wikipedia.org/wiki/Instruction_%28computer_science%29


∑ MISD(Multiple Instruction and single data streams):- Multiple processing elements are 
organised under the control of multiple control units. Each control unit is handling one 
instruction stream and processed through its corresponding processing element and 
processing elements handle one data stream. No commercially available are built using this 
organization.

∑ MIMD(Multiple Instruction and Multiple data streams) :- Each processor fetches its own 
instruction streams and operates on own data stream. Memory is devided into different 
modules to generate unique data stream for each processing element. Each processing 
element has its own control unit. Each processor can start or finish at different time, so 
everything runs asynchronously(unlike SIMD).



Multilevel  view point of a machine:

Computer Architecture is the combination of micro architecture and instruction 
set design. Hardwired control units consist of hardware that directly executes 
machine instructions. The control logic is implemented with gates, flip flops, 
decoders, and other digital circuits

Our computer has build on various layers:
1. Software Layer (Macro Architecture)
2. ISA
3. Hardware Layer(Micro Architecture)

Digital logic

Digital electronics or digital (electronic) circuits are electronics that handle 
digital signals (discrete bands of analog levels) rather than by continuous ranges 
as used in analog electronics. All levels within a band of values represent the 
same information state. Because of this discretization, relatively small changes 
to the analog signal levels due to manufacturing tolerance, signal attenuation or 
noise do not leave the discrete envelope, and as a result are ignored by signal 
state sensing circuitry.

https://en.wikipedia.org/wiki/Electronics
https://en.wikipedia.org/wiki/Digital_signal_%28electronics%29
https://en.wikipedia.org/wiki/Analog_signal
https://en.wikipedia.org/wiki/Continuous_function
https://en.wikipedia.org/wiki/Analog_electronics
https://en.wikipedia.org/wiki/Information_state
https://en.wikipedia.org/wiki/Discretization
https://en.wikipedia.org/wiki/Engineering_tolerance
https://en.wikipedia.org/wiki/Path_loss
https://en.wikipedia.org/wiki/Noise_%28electronics%29


Microarchitecture:

In electronics engineering and computer engineering, microarchitecture, also 
called computer organization and sometimes abbreviated as µarch or uarch, is 
the way a given instruction set architecture (ISA) is implemented in a particular 
processor.[1] A given ISA may be implemented with different 
microarchitectures; implementations may vary due to different goals of a given 
design or due to shifts in technology.Computer architecture is the combination 
of microarchitecture and instruction set.
Microarchitecture is the term used to describe the resources and methods used 
to achieve architecture specification. The term typically includes the way in 
which these resources are organized as well as the design techniques used in the 
processor to reach the target cost and performance goals.

The pipelined datapath is the most commonly used datapath design in 
microarchitecture today. This technique is used in most modern 
microprocessors, microcontrollers, and DSPs. The pipelined architecture allows 
multiple instructions to overlap in execution, much like an assembly line. The 
pipeline includes several different stages which are fundamental in 
microarchitecture designs.[5] Some of these stages include instruction fetch, 
instruction decode, execute, and write back. Some architectures include other 
stages such as memory access. The design of pipelines is one of the central 
microarchitectural tasks.

Execution units are also essential to microarchitecture. Execution units include 
arithmetic logic units (ALU), floating point units (FPU), load/store units, branch 
prediction, and SIMD. These units perform the operations or calculations of the 
processor. The choice of the number of execution units, their latency and 
throughput is a central microarchitectural design task. The size, latency, 
throughput and connectivity of memories within the system are also 
microarchitectural decisions.

System-level design decisions such as whether or not to include peripherals, 
such as memory controllers, can be considered part of the microarchitectural 
design process. This includes decisions on the performance-level and 
connectivity of these peripherals.

Unlike architectural design, where achieving a specific performance level is the 
main goal, microarchitectural design pays closer attention to other constraints. 
Since microarchitecture design decisions directly affect what goes into a system, 
attention must be paid to issues such as chip area/cost, power consumption, 

https://en.wikipedia.org/wiki/Electronics_engineering
https://en.wikipedia.org/wiki/Computer_engineering
https://en.wikipedia.org/wiki/Instruction_set_architecture
https://en.wikipedia.org/wiki/Central_processing_unit
https://en.wikipedia.org/wiki/Microarchitecture#cite_note-1
https://en.wikipedia.org/wiki/Computer_architecture
https://en.wikipedia.org/wiki/Instruction_pipeline
https://en.wikipedia.org/wiki/Datapath
https://en.wikipedia.org/wiki/Microcontroller
https://en.wikipedia.org/wiki/Digital_signal_processor
https://en.wikipedia.org/wiki/Microarchitecture#cite_note-hennessy-5
https://en.wikipedia.org/wiki/Arithmetic_logic_unit
https://en.wikipedia.org/wiki/Floating_point_unit
https://en.wikipedia.org/wiki/SIMD
https://en.wikipedia.org/wiki/Peripheral
https://en.wikipedia.org/wiki/Memory_controller


logic complexity, ease of connectivity, manufacturability, ease of debugging, 
and testability.

Microarchitectural concepts

Instruction cycle
Main article: instruction cycle

In general, all CPUs, single-chip microprocessors or multi-chip 
implementations run programs by performing the following steps:

1. Read an instruction and decode it
2. Find any associated data that is needed to process the instruction
3. Process the instruction
4. Write the results out

The instruction cycle is repeated continuously until the power is turned off.

1.Increasing execution speed
Complicating this simple-looking series of steps is the fact that the memory 
hierarchy, which includes caching, main memory and non-volatile storage like 
hard disks (where the program instructions and data reside), has always been 
slower than the processor itself. Step (2) often introduces a lengthy (in CPU 
terms) delay while the data arrives over the computer bus

2.Instruction set choice
Instruction sets have shifted over the years, from originally very simple to 
sometimes very complex (in various respects). In recent years, load-store 
architectures, VLIW and EPIC types have been in fashion. Architectures that 
are dealing with data parallelism include SIMD and Vectors. Some labels used 
to denote classes of CPU architectures are not particularly descriptive, 
especially so the CISC label; many early designs retroactively denoted "CISC" 
are in fact significantly simpler than modern RISC processors (in several 
respects).

3.Instruction pipelining
Main article: instruction pipeline

One of the first, and most powerful, techniques to improve performance is the 
use of the instruction pipeline. Early processor designs would carry out all of 
the steps above for one instruction before moving onto the next. Large portions 

https://en.wikipedia.org/wiki/Instruction_cycle
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https://en.wikipedia.org/wiki/Main_memory
https://en.wikipedia.org/wiki/Hard_disk
https://en.wikipedia.org/wiki/Computer_bus
https://en.wikipedia.org/wiki/Load-store_architecture
https://en.wikipedia.org/wiki/Load-store_architecture
https://en.wikipedia.org/wiki/Very_long_instruction_word
https://en.wikipedia.org/wiki/Explicitly_Parallel_Instruction_Computing
https://en.wikipedia.org/wiki/Data_parallelism
https://en.wikipedia.org/wiki/SIMD
https://en.wikipedia.org/wiki/Vector_processor
https://en.wikipedia.org/wiki/Complex_instruction_set_computer
https://en.wikipedia.org/wiki/Instruction_pipeline
https://en.wikipedia.org/wiki/Instruction_pipeline


of the circuitry were left idle at any one step; for instance, the instruction 
decoding circuitry would be idle during execution and so on.

Pipelines improve performance by allowing a number of instructions to work 
their way through the processor at the same time. In the same basic example, the 
processor would start to decode (step 1) a new instruction while the last one was 
waiting for results. This would allow up to four instructions to be "in flight" at 
one time, making the processor look four times as fast. Although any one 
instruction takes just as long to complete (there are still four steps) the CPU as a 
whole "retires" instructions much faster.

4.Cache
Main article: CPU cache

It was not long before improvements in chip manufacturing allowed for even 
more circuitry to be placed on the die, and designers started looking for ways to 
use it. One of the most common was to add an ever-increasing amount of cache 
memory on-die. Cache is simply very fast memory, memory that can be 
accessed in a few cycles as opposed to many needed to "talk" to main memory. 
The CPU includes a cache controller which automates reading and writing from 
the cache, if the data is already in the cache it simply "appears", whereas if it is 
not the processor is "stalled" while the cache controller reads it in.

5.Branch prediction
Main article: Branch predictor

One barrier to achieving higher performance through instruction-level 
parallelism stems from pipeline stalls and flushes due to branches. Normally, 
whether a conditional branch will be taken isn't known until late in the pipeline 
as conditional branches depend on results coming from a register. From the time 
that the processor's instruction decoder has figured out that it has encountered a 
conditional branch instruction to the time that the deciding register value can be 
read out, the pipeline needs to be stalled for several cycles, or if it's not and the 
branch is taken, the pipeline needs to be flushed. As clock speeds increase the 
depth of the pipeline increases with it, and some modern processors may have 
20 stages or more. On average, every fifth instruction executed is a branch, so 
without any intervention, that's a high amount of stalling.

6.Superscalar
Main article: Superscalar

https://en.wikipedia.org/wiki/CPU_cache
https://en.wikipedia.org/wiki/CPU_cache
https://en.wikipedia.org/wiki/CPU_cache
https://en.wikipedia.org/wiki/Branch_predictor
https://en.wikipedia.org/wiki/Superscalar


Even with all of the added complexity and gates needed to support the concepts 
outlined above, improvements in semiconductor manufacturing soon allowed 
even more logic gates to be used.

In the outline above the processor processes parts of a single instruction at a 
time. Computer programs could be executed faster if multiple instructions were 
processed simultaneously. This is what superscalar processors achieve, by 
replicating functional units such as ALUs. The replication of functional units 
was only made possible when the die area of a single-issue processor no longer 
stretched the limits of what could be reliably manufactured. By the late 1980s, 
superscalar designs started to enter the market place

Instruction Set Architecture (ISA) 

An instruction set, or instruction set architecture (ISA), is the part of the 
computer architecture related to programming, including the native data types, 
instructions, registers, addressing modes, memory architecture, interrupt and 
exception handling, and external I/O. An ISA includes a specification of the set 
of opcodes (machine language), and the native commands implemented by a 
particular processor.

An instruction set is the interface between a computer's software and its 
hardware, and thereby enables the independent development of these two 
computing realms.

The Instruction Set Architecture (ISA) is the part of the processor that is visible 
to the programmer or compiler writer. The ISA serves as the boundary between 
software and hardware. We will briefly describe the instruction sets found in 
many of the microprocessors used today. The ISA of a processor can be 
described using 5 catagories: 

Operand Storage in the CPU

Where are the operands kept other than in memory? 

Number of explicit named operands 

How many operands are named in a typical instruction. 

Operand location

Can any ALU instruction operand be located in memory? Or must all 
operands be kept internaly in the CPU? 

https://en.wikipedia.org/wiki/Superscalar
https://en.wikipedia.org/wiki/Computer_architecture
https://en.wikipedia.org/wiki/Computer_programming
https://en.wikipedia.org/wiki/Data_type
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https://en.wikipedia.org/wiki/Memory_model_%28computing%29
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Operations

What operations are provided in the ISA. 

Type and size of operands

What is the type and size of each operand and how is it specified? 

Of all the above the most distinguishing factor is the first. 

The 3 most common types of ISAs are: 

1. Stack - The operands are implicitly on top of the stack. 
2. Accumulator - One operand is implicitly the accumulator. 
3. General Purpose Register (GPR) - All operands are explicitely 

mentioned, they are either registers or memory locations. 

Lets look at the assembly code of 

A = B + C;

in all 3 architectures:

Stack Accumulator GPR

PUSH A LOAD A LOAD R1,A

PUSH B ADD B ADD R1,B

ADD STORE C STORE R1,C

Not all processors can be neatly tagged into one of the above categories. The 
i8086 has many instructions that use implicit operands although it has a general 
register set. The i8051 is another example, it has 4 banks of GPRs but most 
instructions must have the A register as one of its operands.
What are the advantages and disadvantages of each of these approaches? 

Stack

Advantages: Simple Model of expression evaluation (reverse polish). Short 
instructions.
Disadvantages: A stack can't be randomly accessed This makes it hard to 
generate efficient code. The stack itself is accessed every operation and 
becomes a bottleneck.



Accumulator

Advantages: Short instructions. 

Disadvantages: The accumulator is only temporary storage so memory traffic 
is the highest for this approach.

GPR

Advantages: Makes code generation easy. Data can be stored for long periods 
in registers.
Disadvantages: All operands must be named leading to longer instructions.

Earlier CPUs were of the first 2 types but in the last 15 years all CPUs made are 
GPR processors. The 2 major reasons are that registers are faster than memory, 
the more data that can be kept internaly in the CPU the faster the program wil 
run. The other reason is that registers are easier for a compiler to use. 

Reduced Instruction Set Computer (RISC) 

As we mentioned before most modern CPUs are of the GPR (General Purpose 
Register) type. A few examples of such CPUs are the IBM 360, DEC VAX, 
Intel 80x86 and Motorola 68xxx. But while these CPUS were clearly better than 
previous stack and accumulator based CPUs they were still lacking in several 
areas: 

1. Instructions were of varying length from 1 byte to 6-8 bytes. This causes 
problems with the pre-fetching and pipelining of instructions. 

2. ALU (Arithmetic Logical Unit) instructions could have operands that 
were memory locations. Because the number of cycles it takes to access 
memory varies so does the whole instruction. This isn't good for compiler 
writers, pipelining and multiple issue. 

3. Most ALU instruction had only 2 operands where one of the operands is 
also the destination. This means this operand is destroyed during the 
operation or it must be saved before somewhere. 

Thus in the early 80's the idea of RISC was introduced. The SPARC project was 
started at Berkeley and the MIPS project at Stanford. RISC stands for Reduced 
Instruction Set Computer. The ISA is composed of instructions that all have 
exactly the same size, usualy 32 bits. Thus they can be pre-fetched and 
pipelined succesfuly. All ALU instructions have 3 operands which are only 
registers. The only memory access is through explicit LOAD/STORE 



instructions. 
Thus A = B + C will be assembled as: 

LOAD  R1,A
LOAD  R2,B
ADD   R3,R1,R2
STORE C,R3

Although it takes 4 instructions we can reuse the values in the registers. 

Why is this architecture called RISC? What is Reduced about it?
The answer is that to make all instructions the same length the number of bits 
that are used for the opcode is reduced. Thus less instructions are provided. The 
instructions that were thrown out are the less important string and BCD (binary-
coded decimal) operations. In fact, now that memory access is restricted there 
aren't several kinds of MOV or ADD instructions. Thus the older architecture is 
called CISC (Complete Instruction Set Computer). RISC architectures are also 
called LOAD/STORE architectures. 

The number of registers in RISC is usualy 32 or more. The first RISC CPU the 
MIPS 2000 has 32 GPRs as opposed to 16 in the 68xxx architecture and 8 in the 
80x86 architecture. The only disadvantage of RISC is its code size. Usualy 
more instructions are needed and there is a waste in short instructions (POP, 
PUSH). 

So why are there still CISC CPUs being developed? Why is Intel spending time 
and money to manufacture the Pentium II and the Pentium III? 
The answer is simple, backward compatibility. The IBM compatible PC is the 
most common computer in the world. Intel wanted a CPU that would run all the 
applications that are in the hands of more than 100 million users. On the other 
hand Motorola which builds the 68xxx series which was used in the Macintosh 
made the transition and together with IBM and Apple built the Power PC (PPC) 
a RISC CPU which is installed in the new Power Macs. As of now Intel and the 
PC manufacturers are making more money but with Microsoft playing in the 
RISC field as well (Windows NT runs on Compaq's Alpha) and with the 
promise of Java the future of CISC isn't clear at all.

Operating system:

An operating system (OS) is system software that manages computer hardware
and software resources and provides common services for computer programs. 
All computer programs, excluding firmware, require an operating system to 
function.
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Time-sharing operating systems schedule tasks for efficient use of the system 
and may also include accounting software for cost allocation of processor time, 
mass storage, printing, and other resources.

For hardware functions such as input and output and memory allocation, the 
operating system acts as an intermediary between programs and the computer 
hardware,[1][2] although the application code is usually executed directly by the 
hardware and frequently makes system calls to an OS function or is interrupted 
by it. Operating systems are found on many devices that contain a computer –
from cellular phones and video game consoles to web servers and 
supercomputers

Types of operating systems

1.Single- and multi-tasking

2.Distributed

3. Real-time

HIGH LEVEL LANGUAGES:

A high-level language is a programming language such as C, FORTRAN, or 
Pascal that enables a programmer to write programs that are more or less 
independent of a particular type of computer. Such languages are considered 
high-level because they are closer to human languages and further from 
machine languages. In computer science, a high-level programming language
is a programming language with strong abstraction from the details of the 
computer. In comparison to low-level programming languages, it may use 
natural language elements, be easier to use, or may automate (or even hide 
entirely) significant areas of computing systems (e.g. memory management), 
making the process of developing a program simpler and more understandable 
relative to a lower-level language. The amount of abstraction provided defines 
how "high-level" a programming language

CACHE MEMORY:

Cache memory, also called CPU memory, is random access memory (RAM) 
that a computer microprocessor can access more quickly than it can access 
regular RAM. This memory is typically integrated directly with the CPU chip or 
placed on a separate chip that has a separate bus interconnect with the CPU. The 
basic purpose of cache memory is to store program instructions that are 
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frequently re-referenced by software during operation. Fast access to these 
instructions increases the overall speed of the software program.

As the microprocessor processes data, it looks first in the cache memory; if it 
finds the instructions there (from a previous reading of data), it does not have to 
do a more time-consuming reading of data from larger memory or other data 
storage devices.

Cache memory levels explained

Cache memory is fast and expensive. Traditionally, it is categorized as "levels" 
that describe its closeness and accessibility to the microprocessor:

∑ Level 1 (L1) cache is extremely fast but relatively small, and is usually 
embedded in the processor chip (CPU).

∑ Level 2 (L2) cache is often more capacious than L1; it may be located on 
the CPU or on a separate chip or coprocessor with a high-speed 
alternative system bus interconnecting the cache to the CPU, so as not to 
be slowed by traffic on the main system bus.

∑ Level 3 (L3) cache is typically specialized memory that works to 
improve the performance of L1 and L2. It can be significantly slower 
than L1 or L2, but is usually double the speed of RAM. In the case of 
multicore processors, each core may have its own dedicated L1 and L2 
cache, but share a common L3 cache. When an instruction is referenced 
in the L3 cache, it is typically elevated to a higher tier cache.

MAIN MEMORY:

The main memory of the computer is also known as RAM, standing for 
Random Access Memory. It is constructed from integrated circuits and needs to 
have electrical power in order to maintain its information. When power is lost, 
the information is lost too! It can be directly accessed by the CPU. In computing, 
memory refers to the computer hardware devices used to store information for 
immediate use in a computer; it is synonymous with the term "primary storage". 
Computer memory operates at a high speed, for example random-access 
memory (RAM), as a distinction from storage that provides slow-to-access 
program and data storage but offers higher capacities. If needed, contents of the 
computer memory can be transferred to secondary storage, through a memory 
management technique called "virtual memory". An archaic synonym for 
memory is store.

http://searchsoa.techtarget.com/definition/software
http://whatis.techtarget.com/definition/access
http://searchdatamanagement.techtarget.com/definition/data
http://searchstorage.techtarget.com/definition/storage
http://whatis.techtarget.com/definition/device
http://whatis.techtarget.com/definition/L1-and-L2
http://whatis.techtarget.com/definition/coprocessor
http://searchdatacenter.techtarget.com/definition/multi-core-processor
https://en.wikipedia.org/wiki/Computing
https://en.wikipedia.org/wiki/Computer_hardware
https://en.wikipedia.org/wiki/Computer
https://en.wikipedia.org/wiki/Primary_storage
https://en.wikipedia.org/wiki/Random-access_memory
https://en.wikipedia.org/wiki/Random-access_memory
https://en.wikipedia.org/wiki/Computer_data_storage
https://en.wikipedia.org/wiki/Computer_data_storage
https://en.wikipedia.org/wiki/Secondary_storage
https://en.wikipedia.org/wiki/Virtual_memory


Volatile memory

Volatile memory is computer memory that requires power to maintain the 
stored information. Most modern semiconductor volatile memory is either static 
RAM (SRAM) or dynamic RAM (DRAM). SRAM retains its contents as long 
as the power is connected and is easy for interfacing, but uses six transistors per 
bit. Dynamic RAM is more complicated for interfacing and control, needing 
regular refresh cycles to prevent losing its contents, but uses only one transistor 
and one capacitor per bit, allowing it to reach much higher densities and much 
cheaper per-bit costs.

SRAM is not worthwhile for desktop system memory, where DRAM dominates, 
but is used for their cache memories. SRAM is commonplace in small 
embedded systems, which might only need tens of kilobytes or less. 
Forthcoming volatile memory technologies that aim at replacing or competing 
with SRAM and DRAM include Z-RAM and A-RAM.

Non-volatile memory

Non-volatile memory is computer memory that can retain the stored information 
even when not powered. Examples of non-volatile memory include read-only 
memory (see ROM), flash memory, most types of magnetic computer storage 
devices (e.g. hard disk drives, floppy disks and magnetic tape), optical discs, 
and early computer storage methods such as paper tape and punched cards.

Forthcoming non-volatile memory technologies include FeRAM, CBRAM, 
PRAM, SONOS, RRAM, racetrack memory, NRAM, 3D XPoint, and millipede 
memory.

SECONDARY MEMORY:

It cannot be processed directly by the CPU. It must first be copied into primary 
storage (also known as RAM). Secondary memory devices include magnetic 
disks like hard drives and floppy disks ; optical disks such as CDs and 
CDROMs ; and magnetic tapes, which were the first forms of secondary 
memory. econdary memory (or secondary storage) is the slowest and cheapest 
form of memory. It cannot be processed directly by the CPU. It must first be 
copied into primary storage (also known as RAM).

Secondary memory devices include magnetic disks like hard drives and floppy 
disks ; optical disks such as CDs and CDROMs ; and magnetic tapes, which 
were the first forms of secondary memory.
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Auxiliary memory, also known as auxiliary storage, secondary storage, 
secondary memory or external memory, is a non-volatile memory (does not 
lose stored data when the device is powered down) that is not directly accessible 
by the CPU, because it is not accessed via the input/output channels (it is an 
external device). In RAM devices (as flash memory) data can be directly 
deleted or changed.

It is used to store a large amount of data at lesser cost per byte than primary 
memory; secondary storage is two orders of magnitude less expensive than 
primary storage.

PERFORMANCE METRICS:

`Aspects of performance. Computer performance metrics (things to 
measure) include availability, response time, channel capacity, latency, 
completion time, service time, bandwidth, throughput, relative efficiency, 
scalability, performance per watt, compression ratio, instruction path length 
and speed up.

MIPS/MFLOPS and CPU Performance

The processor benchmark called MIPS has nothing to do with the company 
name. In the context of CPU performance measurement, MIPS stands for 
'Million Instructions Per Second' and is probably the most useless benchmark 
ever invented. The rest of this page concerns MIPS as a benchmark, not the 
company (also discussed here are the MFLOPS and SPEC benchmarks, plus a 
comment on memory bandwidth).

The MIPS rating of a CPU refers to how many low-level machine code 
instructions a processor can execute in one second. Unfortunately, using this 
number as a way of measuring processor performance is completely pointless 
because no two chips use exactly the same kind of instructions, execution 
method, etc. For example: on one chip, a single instruction may do many things 
when executed (CISC = Complex Instruction Set Computing), whereas on 
another chip a single instruction may do very little but is dealt with more 
efficiently (RISC = Reduced Instruction Set Computing). Also, different 
instructions on the same chip often do vastly different amounts of work (eg. a 
simple arithmetic instruction might take just 1 clock cycle to complete, whereas 
doing something like floating point division or a square root operation might 
take 20 to 50 clock cycles).
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