Computer Architecture:
Instructions




Components of a Computer




High-level
language
program

{in C)

Assembly
language
program
{for MIPS)

Binary machine
language
program

(for MIPS)

Hierarchical Layers of Program Code

swap(int v[], int k)
{inl Lerp;
temp = v[k]:
v[k]l = v[k+11;
vlk+11 = temp;
1

swep:

muli %2, $5,4
add  $2, $4,%2
Tw $15, 0($2)
Tw $16, 4(%$2)
SW $16, 0(%2)
SwW $15, 4(%$2)
ir $31

0003000010100201002000000G0110G0
0003000020011300002110000G1Q00CL
1003110031100310003000000C0000C0
1003110011110210002000000C000ZC0
1013110011110210002000000C0000C0
1013110031100310003000000G0Q0ZCQ
0003J001111100200003000000C0010CA



* The repertoire of instructions of a computer

= Different computers have different instruction
sets

= But with many aspects in common
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= Used as the example throughout the book

= Stanford MIPS commercialized by MIPS Technologies
(www.mips.com)
= Founded in 1984 by ...?

= Large share of embedded core market

= Apblications in constimer electronics netwaorlk/<torac
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equipment, cameras, printers, ...

= Typical of many modern ISAs

Chapter 2 — Instructions:
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= Stored-program concept

= The idea that instructions and data of many types
can be stored in memory as numbers, leading to
stored-program computer

" Let us look into MIPS instruction set one by
one to understand this
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= Add and subtract, three operands

= Two sources and one destination
add a, b, cC

# agets b + C

Chapter 2 — Instructions:
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= Operand is a quantity on which an operation
is performed

add a, b, c
" How many operands in this instruction?

= All arithmetic operations have this form

Chapter 2 — Instructions:
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= All arithmetic operations have same form
= Design Principle |: Simplicity favors regularity

= Regularity makes hardware implementation
simpler

Chapter 2 — Instructions:
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= C code;
fF=@@+h) - (n +3);

= Compiled MIPS code: !

= Hints:
= Use sub instruction,e.g., a=b-c,is sub a,b,c
= Use two temporary variables t0 and tl|
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" C code:
=@+ h) -+ J);
= Compiled MIPS code:
add tO, g, h # temp t0 =
add t1, 1, } # temp tl =
sub f, tO, t1 # f =10 - t

Chapter 2 — Instructions:
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Reg

= The operands of arithmetic instructions must be
from special location in hardware called registers

= Registers are primitives of hardware design and are
visible to programmers
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= Assembler names
= $t0, $tl, ..., $t9 for temporary values
= $s0, $s1, ..., $s7 for saved variables
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Regis xample

= Compiler’s job to associate variables of a high-
level program with registers

= Compiled MIPS code ?

Chapter 2 — Instructions:
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= Compiled MIPS code:

add $t0, $s1, $s2
add $tl1, $s3, $s4
sub $s0, $t0, $tl

Chapter 2 — Instructions:
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Reg

= MIPS has a 32 x 32-bit register file
= Numbered 0 to 31
= 32-bit data called a “word”

* Word is the natural unit of access, typically 32 bits,
corresponds to the size of a register in MIPS

* There may be only 3 operands and they must be
chosen from one of the 32 registers.Why only 32 ?

Chapter 2 — Instructions:
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= Smaller is faster

= Larger registers will increase clock cycle time --- electronic
signals takes longer when they travel farther

= Design principles are not hard truths but general guidelines
= 31 registers instead of 32 need not make MIPS faster

Chapter 2 — Instructions:
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Programming languages, C, Java, ...
= Allow complex data structures like arrays and structures

= They often contain many more data elements than the number
of registers in a computer

= Where are they stored ?
e Memory

But, arithmetic operations are applied on register
operands

Hence, data transfer instructions are required to transfer
data from memory to registers

= Load values from memory into registers
= Store result from register to memory

Chapter 2 — Instructions:
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Address Data
Processor Memo ry

= Memory is like an array

= Data transfer instructions must supply the address
(index/offset) of the memory (array)

19
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= Memory is byte addressed
= Each address identifies an 8-bit byte

* Words are aligned in memory
= Each word is 32 bits or 4 bytes
= To locate words, addresses are in multiples of 4

Chapter 2 — Instructions:
Language of the Computer —
20



4]
L

0

12

100

10

101

1

Byte Add ress D ata

Processor

Memo ry

= A'is an array of words
" What is the offset to locate A[8] ?

- A0
- ALl
- A2

. A8] - 32

21
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* Why is memory not word-addressable?

Chapter 2 — Instructions:
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* Why is memory not word-addressable?

= Bytes are useful in many programs. In a word addressable system, it is
necessary first to compute the address of the word containing the byte,
fetch that word, and then extract the byte from the two-byte word.
Although the processes for byte extraction are well understood, they are
less efficient than directly accessing the byte. For this reason, many
modern machines are byte addressable.

Chapter 2 — Instructions:
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= | oad instruction

= |w refers to load word

= Iw registerName, offset (registerWithBaseAddress)

- Iw $t0, 8 ($s3)

/
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= C code:
g = h + A[8];
= gin $sl
= hin $s2
= base address of A in $s3
= A'is an array of 100 words

= Compiled MIPS code ?

Chapter 2 — Instructions:
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Memory Operand Example
= C code;

g = h + A[8];
= gin $sl,h in $s2, base address of A in $s3
= Compiled MIPS code:

add $s1, 2. $t0

Chapter 2 — Instructions:
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Iw $t0,/§2($53) # load word
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" C code:
A[12] = h + A[8];
= hin $s2, base address of A in $s3
= Compiled MIPS code:

Chapter 2 — Instructions:
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= C code:
A[12] = h + A[8];

= hin $s2, base address of A in $s3

= Compiled MIPS code:

= Index 8 requires offset of 32

Iw $t0, 32($s3)
add $t0, $s2, $tO
sw $t0, 48($s3)

Chapter 2 — Instructions:
Language of the Computer —
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# load word

# store word
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Regis

= Registers are faster to access than memory

= Operating on memory data requires loads and
stores
= More instructions to be executed

= Compiler must use registers for variables as
much as possible

= Only spill to memory for less frequently used
variables

= Register optimization is important!

Chapter 2 — Instructions:
Language of the Computer —
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= Constant data specified in an instruction
addi $s3, $s3, 4

= No subtract immediate instruction

= Just use a negative constant
addi $s2, $s1, -1

Chapter 2 — Instructions:
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* Make the common case fast

= Small constants are common :immediate operand
avoids a load instruction

= Allows us to avoid using memory meaning faster
operations and lesser energy

Chapter 2 — Instructions:
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= MIPS register O ($zero) is the constant O

= Cannot be overwritten

= Useful for common operations

= E.g., move between registers
add $t2, $sl1l, $zero

Chapter 2 — Instructions:
Language of the Computer —
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Stored-program concept

The idea that instructions and data of many types
can be stored in memory as numbers, leading to
stored-program computer
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= Instructions are encoded in binary
= Called machine code

= MIPS instructions
* Encoded as 32-bit instruction words

= Small number of formats encoding operation code
(opcode), register numbers, ...

= Register numbers
= $t0—$t7 arereg’ s 8 — |5
= $s0—$s7 arereg’ s 16 — 23

Chapter 2 — Instructions:
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add $t0O, $s1, $s2

special Ssi Ss2 St0 0 add
0 17 18 8 0 32
000000 10001 10010 01000 00000 100000
00000010001100100100000000100000,
op rs rt rd shamt funct
6 bits 5 bits 5 bits 5 bits 5 bits 6 bits
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" The layout or the form of representation of
instruction is composed of fields of binary numbers

* The numeric version of instructions is called machine

language and a sequence of such instructions is called
machine code

36



= R format (for register)
= Add, sub

" |-format (for immediate)
= Immediate

= Data transfer

37
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op rs rt rd shamt funct
6 bits 5 bits 5 bits 5 bits 5 bits 6 bits

* |nstruction fields
= op: operation code (opcode)
= rs: first source register number
= rt: second source register number
= rd: destination register number
= shamt: shift amount (00000 for now)

= funct: function code (extends opcode)

Chapter 2 — Instructions:
Language of the Computer —
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op rs rt constant or address

6 bits 5 bits 5 bits 16 bits

" |mmediate arithmetic and load/store instructions
= rt: destination register number
= rs: register number with address
= Constant/ Address: offset added to base address in rs

Chapter 2 — Instructions:
Language of the Computer —
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= |deally,
= Keep all instructions of the same format and length
= But this makes it difficult to address large memories
= Compromise and allow different formats

" Principle 4: Good design demands good compromises

= Different formats complicate decoding, but allow 32-bit
instructions uniformly

= Keep formats as similar as possible
= See example in page 98

40
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" Instructions represented in
binary, just like data
_ Memory = |nstructions and data stored in
| maching code) | memory

—_—_ __ ___ ____________________

: Editor program
|
|

| = Programs can operate on
(machine code) !
_________________________f! P rog ram S

Processor | || _(rpgcfff_%p{:';é_eg__i = e.g., compilers, linkers, ...
eyt || * Binary compatibility allows
S— compiled programs to work on
| Booktet different computers
i Source code in C i = Standardized ISAs

for editor program

S S S S S

Chapter 2 — Instructions:
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= |nstructions for bitwise manipulation

Operation C Java MIPS
Shift left << << sl
Shift right >> >>> sri
Bitwise AND & & and, andi
Bitwise OR | | or, ori
Bitwise NOT ~ ~ nor

- Useful for extracting and inserting groups

of bits in a word

Chapter 2 — Instructions:
Language of the Computer —
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= Shift left logical

= Shift bits to the left and fill the empty bits with
Zeros

= sll $t2,$s0,3

0000 0000 0000 0000 0000 0000 0000 0001

Chapter 2 — Instructions:
Language of the Computer —
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= Shift left logical

= Shift bits to the left and fill the empty bits with
Zeros

= sll $t2,$s0,3

0000 0000 0000 0000 0000 0000 0000 0001

0000 0000 0000 0000 0000 0000 0000 1000

Chapter 2 — Instructions:
Language of the Computer —
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= Shift left logical

= Shift bits to the left and fill the empty bits with
Zeros

= sll $t2,$s0,3

0000 0000 0000 0000 0000 0000 0000 0001

0000 0000 0000 0000 0000 0000 0000 1000

= sk by i bits multiplies by 2'

Chapter 2 — Instructions:
Language of the Computer —
45



Clitfte O \N\en e bt e
DI VPC AllIUI1D
op rs rt rd shamt funct
6 bits 5 bits 5 bits 5 bits 5 bits 6 bits

Chapter 2 — Instructions:
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op rs rt rd shamt funct
6 bits 5 bits 5 bits 5 bits 5 bits 6 bits
0 0 16 10 3 0
SsO St2

= sll $t2,$s0,3

= shamt: how many positions to shift

= Similarly, ...

= Shift right logical

Chapter 2 — Instructions:
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AND Uperations
= Mask bits in a word

= Select some bits, clear others to 0

and $t0, $tl1, L2

St2 | 0000 0000 0000 0000 0000 100 0000

St1 | 0000 0000 0000 0000 0011

000 0000

St0 | 0000 0000 0000 0000 0000

000 0000

Chapter 2 — Instructions:
Language of the Computer —
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* |nclude bits in a2 word

= Set some bits to |, leave others unchanged

or $t0, $t1, $t2

St2 | 0000 0000 0000 0000 0000 100 0000

St1 | 0000 0000 0000 0000 0011 000 0000

St0 | 0000 0000 0000 0000 0011 100 0000

Chapter 2 — Instructions:
Language of the Computer —
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= Useful to invert bits in a word

= ChangeOto l,and | to O

= MIPS has NOR 3-operand instruction
- aNOR b ==NOT (aORb)

nor $t0, $t1, $zero - -

St1 | 0000 0000 0000 0000 0011 1100 0000 0000

St0 |11111111111112111100001111111111

Chapter 2 — Instructions:
Language of the Computer —
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* Branch to a labeled instruction if a condition is
true

= Otherwise, continue sequentially
“pbeq rs, rt, L1

= if (rs == rt) branch to instruction labeled L1;
n Ihrno~ Tl ly o 1 1

oine ID, L, L.
= if (rs != rt) branch to instruction labeled LI;
L1

= unconditional jump to instruction labeled LI

[
1

Chapter 2 — Instructions:
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= C code:

it (i==jJ) T = g+h;
else T = g-h;

= f,g, ... in $s0, $sl,

Chapter 2 — Instructions:
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= C code: =

it (i==J) F = g+h;

else T = g-h;

= f,g ...in $s0, $s1, ... o
= Compiled MIPS code:

bne $s3, $s4, Else
add $s0, $sl1l, $s2
] EXit

Else: sub $s0, $s1, $s2

B

Chapter 2 — Instructions:
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= Complex Instruction Set Computer

" C code:

g = h + A[8];
= CISC

add a,32<b>

= Achieved by building complex hardware that loads
value from memory into a register and then adds it
to register a and stores the results in register a

55



CISC vs RISC
" C code:
g = h + A[8];
= CISC
add a,32<b>
= Compiled MIPS code:

Iw $t0, 32($s3) # load word
add $s1, $s2, $tO

Chapter 2 — Instructions:
Language of the Computer —
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= Compiler has to do little
= Programming was done in assembly language

= To make it easy, more and more complex
instructions were added

= Length of the code is short and hence, little
memory is required to store the code

= Memory was a very costly real-estate

= E.g, Intel x86 machines powering several
million desktops
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= Each instruction needs only one clock cycle

= Hardware is less complex
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= RISC processors, despite their advantages,

took several years to gain market

= Intel had a head start of 2 years before its RISC
competitors

= Customers were unwilling to take risk with new
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= They have a large market and hence, they can
afford resources to overcome complexity
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" Very good slides on the topic

= https://www.cs.drexel.edu/~wmm?24/cs28 | /lecture
s/pdf/RISCvsCISC.pdf
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= Patterson’s blog:

= http://blogs.arm.com/software-enablement/375-
risc-versus-cisc-wars-in-the-prepc-and-pc-eras-
part-1/

* |Interview with Hennessy

= http://www-cs-
aculty.stanford.edu/~eroberts/courses/soco/projec
ts/risc/about/interview.html
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= Design principles
| .Simplicity favors regularity
2.Smaller is faster
3.Make the common case fast

4.Good design demands good compromises

P iy
s of software/hardware

= Compiler, assembler, hardware

= MIPS: typical of RISC ISAs
= c.f.x86

Chapter 2 — Instructions:
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