The Processor

Designing the datapath
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Program Execution (performance)

Algorithm

Determines number of operations executed
Programming language, compiler, architecture
(Instruction Set Architecture — ISA)

Determine number of machine instructions executed
per operation (clock Cycles Per Instruction — CPI)

Processor and memory system
Determine how fast instructions are executed
(cycle time)

/O system (and OS)
Determines how fast I/O operations are executed



Program Execution

32 bit MIPS R3000

sor (115000 transistors) early 1990s

We will examine two MIPS hardware implementations
(aka “datatpath”) with identical ISAs:

A simplified version
A more realistic pipelined version (Instruction-Level Parallellism)

We will subsequently introduce “exception” handling
and what this requires in the datapath

Simple (but sufficient) subset, only essential instructions
Different types of instructions (Instruction Set):

Memory access: lw, sw
Arithmetic/logical: add, sub, and, or, slt

Control transfer: beq, j



Bohm - Jacopini theorem

The “structured program” theorem (from programming language theory):

Bohm, Corrado and Jacopini, Giuseppe (1966).
"Flow Diagrams, Turing Machines and Languages with only Two Formation Rules”. Communications of the ACM 9(5):366-371.
http://www.cs.unibo.it/~martini/PP/bohm-jac.pdf

A class of control flow graphs can compute any computable function (algorithm) if it combines subprograms in only three
specific ways (i.e., by means of only three control structures):

1) Executing one subprogram, and then another subprogram (sequence)
Lo ]
2) Executing one of two subprograms according to the value of a Boolean expression (selection) <>
. L ) ) <> Lb]
3) Repeatedly executing a subprogram as long as a Boolean expression is true (iteration)

Note: assembly/machine code is not “structured” HLL (as it uses Go To).

Edsger Dijkstra (1968).
"Go To Statement Considered Harmful". Communications of the ACM. 11 (3): 147-148.
https://homepages.cwi.nl/~storm/teaching/reader/Dijkstra68.pdf

Frank Rubin (1987).
""GOTO Considered Harmful" Considered Harmful". Communications of the ACM. 30 (3): 195-196.
http://www.ecn.purdue.edu/ParaMount/papers/rubin87goto.pdf

""GOTO Considered Harmful" Considered Harmful' Considered Harmful?" ...


http://www.cs.unibo.it/~martini/PP/bohm-jac.pdf
https://homepages.cwi.nl/~storm/teaching/reader/Dijkstra68.pdf
http://www.ecn.purdue.edu/ParaMount/papers/rubin87goto.pdf

Instruction Set Architecture (ISA)

Special Architectures:
* (Super) vector computers
* GPU (matrix operations)

* Special purpose (signal processing, ECU, ...)



Instruction Set Architecture (ISA)

Design Principles (HW/SW):

1. Regularity

2. Smaller is Faster

3. Make the Common Case Fast

4. Good Design demands Good Compromises




Instruction Set Architecture (ISA)

Different instruction types:

Memory access: lw, sw
Arithmetic/logical: add, sub, and, or, slt
Control transfer: beq, j

Different instruction instances:

add $s1, $s2, $s3
add $s1, $s1, $s2
add $s1, $s1, $si

Different instruction (encoding) formats:

Field size 6 bits 5 bits 5 bits 5 bits 5 bits 6 bits | All MIPS instructions are 32 bits long
R-format op rs rt rd shamt funct | Arithmetic instruction format

I-format op rs rt address/immediate Transfer, branch, imm. format
J-format op target address Jump instruction format




Logic Design Basics (recap)

Information encoded in binary digits
Low voltage = 0, High voltage = 1 (or reverse)
One wire per bit
Multi-bit data encoded on multi-wire buses
Combinational element
Operate on data
Output is a function of input
State (sequential) elements
Store/Hold/Retrieve information



Combinational Elements

AND-gate Adder A *D‘Y
Y=A&B Y=A+B B —
5 | )Y
Arithmetic/Logic Unit
Multiplexer Y = F(A, B)
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Sequential Elements

Register: stores data in a memory circuit

Uses a clock signal Clk to determine when to
update the stored value Q with D

(rising/falling) Edge-triggered: update data in
memory when Clk changes (from 0 to 1/1 to 0)

Clk




Sequential Elements

Register with write control

Only updates on clock edge
only when write control inputis 1

Used when stored value is to be kept over
multiple clock cycles

ck || | B
D — - Q § 5
. Write ! ! !
Write — \/\ i C\
Clk —> D \ >< >< \
g g
QX s u




Clocking Methodology

Combinational logic
transforms data during clock cycles
Between clock edges

Input from state elements,
Output to state element

Longest delay due to combinational logic
(implementing ISA “instructions”)
determines minimum required clock period

State State
element Combinational logic element
1 2 | State Combinational logic
element

Clock cycle ——




Executing Machine Instructions

1 .data

2

3 values: .word 10

4 .word 12

5 result: .word 9

6

7 .text

8 start:

9

10 # ALU operations

11 11 $tl, 1

12 11 $t2, 2

13 add $t3, $tl, $t2
14
15 # memory operations
16 la $t0, values
17 lw $t1, 0(%t0)
18 lw $t2, 4(%$t0)
19 add $t3, $tl, $t2
20 la $t0, result
21 sw $t3, 0(%t0)
22
23 # control flow
24 beq $t3, $t3, start
25 addi $t3, $t3, 2
26

27 j start



Executing Machine Instructions

fRegisterS |/ Coprocl |/ Coproc 0 |
Mame Mumber Value

$Zero &) Gy QOEEGRGEGEG
$at 1 CxO0E0AE00
$wi 2 [Erelelelelelelele)
$vl 3 CxO0E0AE00
$ad 4 [Erelelelelelelele)
$al 3 CxO0E0AE00
$a2 3 [Erelelelelelelele)
$a3 7 CxO0E0AE00
$10 g [Erelelelelelelele)
$tl 2] CxO0E0AE00
$t2 10 [Erelelelelelelele)
$t3 11 Ox 000030600
$t4 12 [Erelelelelelelele)
$15 13 CxO0E0AE00
$i6 14 [Erelelelelelelele)
$t7 15 Ox 000030600
$=0 18 [Erelelelelelelele)
$=1 17 CxO0E0AE00
$s2 18 [Erelelelelelelele)
$s3 19 [eelelelelelelele)
$=4 20 [Erelelelelelelele)
$s5 21 CxO0E0AE00
$=8 22 [Erelelelelelelele)
$s7 23 [eelelelelelelele)
$t8 24 [Erelelelelelelele)
$1o 25 CxO0E0AE00
$kB 28 [Erelelelelelelele)
$k1 27 ereelelelelelele)
$ap 28 Cx16063000
$=p 29 Ox7fffeffc
$fp 30 [Erelelelelelelele)
$ra n ereelelelelelele)
pc Cx 00400000
hi CxO0E0AE00
1o Erelelelelelelele)




Executing Machine Instructions

] Text Segment

Bkpt| Address Code Basic Source

[ || Ox00400000( Gx24090001addiu $9,$0, 0x00000001 |11: 11 $t1, 1

[ | | 0x00400004] Ox240a0002/addiu $10,$0,0x0000, ., |12: 11 $t2, 2

[ | | Gx00400008 Ox012a5820add $11,%5,$10 13: add 413, $t1, $t2
[ | | Ox0040000c| Ox3c011001(1ui $1, Ox00001061 15: la  $t0. values
[ | | Ox00400010 0x34220000/0rl $2, $1, OxCOOGE0G0

[ | | 0x00400014) 0xSd0S0000 v $56, 0x00000000($8) [17: lw  §tl, O($t0)
[ | oxopdoe0ls 0xSdoacoodlw $10, 0x00000004 ($8) |18: Tw  $t2, 4($t0)
[ | | 0x004000lc) Ox012a5820add $11,%9,$10 15: add 413, $tl, $t2
[ | | 0x00400020 0x3c011001 Tui $1,0x00001001 20 la 410, result
[ | | Ox00400024( 0x342200080ri $2, $1, Ox0000000S

[ | | Gx00400028 OxadGbOO00sw $11, 0x0000000E($8) |21. sw  §t3. O($t0)
[ | | ox0oe40002c) Gxl116bfffdbeq $11,$11, Oxfffffffd |24 beq $t3, $t3, start
[ | oxopdoeo030 0x2lebo00z2/addi $11,$11, 0x0000. . . |25: addi $t3, $t3, 2
[ ] | Gx00400034) 0408100000 ] Ox00400000 27 ] start




Executing Machine Instructions

Text Segment

Bkpt| Address Code Source
L] 00400000 0x24090001 addiu $2, %0, 0x00000001 11 : 11 $t1, 1
L] CxO0AR0004) Gx240a0002 addiu $10, $0, GxA000, |, [12: 11 $tz2, 2
L] D O0AREG08 Ox0l2a5820/add $11,%$9,$10 13 add $t3, $tl. ¢tz
[] | ox00400600c) Gx3c011001|Tul $1, GxO0001061 15: la  $t0. values
L] Ox 00400010 0x342800000rl %8, $1, OxO0000050
L] D O04R0014) CxSdRoea000 1w $9, GxOA003003 [$3) 17 Tw $t1, G04t0)
L] Ox00400012 0x28d0adond Iy $10, 0x00000004 ($27 |18 Tw $t2, 40%t0)
Ll O 0040001c) Ox0l2a5820/add $11,%9, %10 14 add  $t3. $tl. $tZ2
L] DxO0A400020) 0x3c011001|Tul $1, 0x000010601 20 1a %10, result
L] CEO0400024) 0x342800080rl $8, %1, OxO00000003
Ll 00400028 Oxadfb0000 5w $11, Ox000000G0 ($27 |21 S $t3, O04%$t0)
[ || oxoe40002c| Gullebfff4beq $11.4$11, Gxfffffffs 24. beq $t3, $t3. start
L] 00400530 Gx21ebR002 addl $11,%11, GxA0003, , . |25: addi $t3, $t3, 2
L] O 00400834 0x08100000) ] GxE2400000 2T ] start 7] Labels
Label Address & |
tst.asm =l
start OxaE400005
— values 0x10010000
Data Segment result Gx10010008
Address Walue (+0} Walue (+4) Yalue (+87 value (+c) | Walue (+10) | Yalue (+14) | Walue (+18)
Ox 10010000 Oy 0E0A000a Ox 0000050 Ox 00003005 Ox 00000303 [Crelelelele el e] Ox0EE03300 Ox 0E0AA3E0 Ox000EG3G03] «
Ox 10010020 [edelelelelclelelo] Oy Q03000 Ox GOGO00000 eEelolelelelelele] edelelelelelcleln] Ox GOGO00000 G QO0A000G edelelelelelcleln]
Ox 10010040 [cEdelelelelclelelo] Oy Q00000 Oy GO3A000 eESololelelelelele] edelelelelelclel0] Oy GO3A000 [eEdelelelelclelelo] edelelelelelclel0]
Ox 10010060 O 0E0E0000 Ox 00000000 Ox 00000000 Ox 0000000 O 00000000 Ox 00000000 Ox 0O000000 O 00000000
Ox 10010030 Gy QOOA000G O QGOO0E00 O GOOOA000 eEelole ele e e [erLele elele bleln) O GOOOA000 [ergele ele elee o] [erLele elele bleln)
Ox100100a0 [edelelelelclelelo] Oy Q03000 Ox GOGO00000 eEelolelelelelele] edelelelelelcleln] Ox GOGO00000 G QO0A000G edelelelelelcleln]
Ox100100c0 [eEdelelelelclelelo] Oy QEEO3E00 Oy GEOG3E000 Oy GEOEA00 [eEdelelelelelclele] Oy GEOG3E000 [eEdelelelelclelelo] [eEdelelelelelclele]
Ox1001 000 O 0E0E0000 Ox 00000000 Ox 00000000 Ox 0000000 O 00000000 Ox 00000000 Ox 0O000000 O 00000000
Ox 10010100 [edelelelelclelelo] Oy QEEOO3A00 Ox GOG30000 eESelole elelelele] edelelelelelclelo] Ox GOG30000 [edelelelelclclelo] edelelelelelclelo]
Ox10010120 [edelelelelclelelo] Oy Q03000 Ox GOGO00000 eEelolelelelelele] edelelelelelcleln] Ox GOGO00000 G QO0A000G edelelelelelcleln]
Ox10010140 O E0EA0E0 Ox 0000000 Ox0EE03300 Ox 00000303 [Crelelelele el e] Ox0EE03300 Ox 0E0AA3E0 [Crelelelele el e]
Ox10010160 O 0E0E0000 Ox 00000000 Ox 00000000 Ox 0000000 O 00000000 Ox 00000000 Ox 0O000000 O 00000000
Ox10010130 [edelelelelclelelo] Oy QEEOO3A00 Ox GOG30000 eESelole elelelele] edelelelelelclelo] Ox GOG30000 [edelelelelclclelo] edelelelelelclelo]
Ox100101a0 G E0A000G Oy QEEO0E00 Oy GEOGEE000 Oy GEOEA00 eEdelelelelelclele] Oy GEOGEE000 [eEdelelelelclelelo] eEdelelelelelclele]
Ox100101cd O E0EA0E0 Ox 0000000 Ox0EE03300 Ox 00000303 [Crelelelele el e] Ox0EE03300 Ox 0E0AA3E0 [Crelelelele el e]
Ox100101al C QOOA000C Oy QEEOO3A00 O GOO0A000 O QEO00a00 [EEdelelelelellel0] O GOO0A000 C QOOA000G [EEdelelelelellel0]




Instruction Execution

PC — instruction memory, fetch instruction
Register numbers — register file, read registers

Depending on instruction type (class)

Use ALU to calculate
Arithmetic result
Memory address for load/store
Branch target address

Access data memory for load/store
PC — PC + 4 (“next sequential instruction”) Or target address



CPU Overview
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Multiplexers

@ can’t just join wires
™

N — use multiplexers
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Control
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Building a Datapath

Datapath =

CPU hardware architecture
that processes instructions and data

registers, ALUs, multiplexers, memories

We will build a simplified MIPS datapath
iIncrementally, refining the overview design
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Program Counter (PC) is unsigned

AR

o

| W

ek

-}

V1

c}l\e}/\

vC [ad

A 1A
o. L-1

UMiiewed

Do!o
| 00
%

{ i

P 1l CondlémenT

| 01p
2
0 PS
0 fob

| nee«

Ji11lo
10

T o]

)(o 090
l(

PC 4y
L4

6V floly S

X<

A+ b

UNSrGagp

3L
(PCHY) Voo ¢

SUNED
UNSIGNED C
y
(A+5) wop &



Instruction Fetch

32-bit
register

PC

4
Read
address

Instruction
Instruction

memory

/

Increment by
4 for next
instruction




R-Format Instructions
| Name |  Fields | comments |

Fieldsize | 6bits | 5hits | 5hits | 5hits | 5bits | 6bits | Al MIPS instructions are 32 bits long
R-format op rs rt rd shamt funct Arithmetic instruction format

l-format op rs | rt \ address/immediate Transfer, branch, imm. format
J-format op target address Jump instruction format

Read two register operands

Perform arithmetic/logical operation

Write register result

Register <
numbers

Data { . Write

a. Registers

\ Read

register 1

\ Read

register 2

\ Write

register

Data

Read
data 1
Registers

Read
data 2

RegWrite

ALU operation
N 4
—-
Zero —»
> Data ALU AU
E—
result
—-|
v
b. ALU



Load/Store Instructions
| Name |  Fields | comments

Field size 6 bits 5 bits 5 bits 5 bits 5 bits 6 bits | All MIPS instructions are 32 bits long
R-format op rs rt rd shamt funct Arithmetic instruction format

l-format op rs rt address/immediate Transfer, branch, imm. format
J-format op target address Jump instruction format

Read register operands

Calculate address using 16-bit offset
use ALU, but sign-extend offset

Load: Read memory and update register
Store: Write register value to memory

| MemWrite
— Address Read —
data
Sign-
Data extend
Write ~ Mmemory
—_—
data
MemRead

a. Data memory unit b. Sign extension unit



Instruction | register 2

~

extend

| Read ALU operation
register 1 Read R MemWrite
Read data 1 B
ALUSrc
_ Registers g4 . ALU ALLIJ Address Rde;g e
. erlte data 2 " result M
register u u
X X
> erte 1 > 0
data . Data
: »| Write memory
RegWrite data

R-Typel/Load/Store Datapath

MemtoReg




Branch Instructions
| Name |  Fells | Comments |

Field size 6 bits 5 bits 5 bits 5 bits 5 bits 6 bits | All MIPS instructions are 32 bits long
R-format op rs rt rd shamt funct | Arithmetic instruction format

[-format op rs rt address/immediate Transfer, branch, imm. format
J-format op target address Jump instruction format

Read register operands

Compare operands
Use ALU, subtract and check Zero output

Calculate target address

Sign-extend displacement

Shift left 2 places
(instructions are word-aligned)

Addto PC +4

Already calculated by instruction fetch




Branch Instructions

Just
re-routes
wires

PC +4 from instruction datapath —

\

Instruction ‘

Add Sum

ALU Zero

Read
register 1 Read
Read data 1
register 2
Write Registers
register Read
Write data 2
data
RegWrite
16 | Sign- 32
~ | extend

Sign-bit wire
replicated

Branch
target

ALU operation

To branch
control logic



Composing the Elements

First attempt at datapath processes one
instruction in one clock cycle

Each datapath element can only do one
function at a time (/.e., in one clock cycle)

Hence, we need separate instruction and data
memories!
Use multiplexers where alternate data
sources (e.g., from ALU or from memory)
are used for different instructions



Full Datapath

PCSrc
M
Add L P u
X
ALU
4= Add gt
Read Read ALUSTc 4. ALU operation
register 1 Read | .
address g 931 > MemWrite
Regd ate MemtoReg
, register 2
Instruction Write Registers Read ALU 51y Address Read
Instruction register data 2 result data
memory _
| data
| Write  Data
RegWrite " |data memory
MemRead
16: Sign- 32

extend




ALU Control

ALU used for
R-type: ~unction depends on funct field
Load/Store: Function = add
Branch veq: Function = subtract

ALU control Function
0000 AND
0001 OR
0010 add
0110 subtract

0111 set-on-less-than
1100 NOR




R-type

Load/
Store

Branch

ALU Control
2-bit ALUOp derived from opcode

“result
RegDst
Branch
| MemRead

MemtoReg

Control ALUOp

MemWrite

| ALUSrc

RegWrite

0 rs rt rd shamt funct
31:26 25:21 20:16 15:11 10:6 5:0 Instruction [31—26]
350r43 rs rt address
31:26 25:21 20:16 15:0
4 rs rt address Instruction [25-21]
31:26 25:21 20:16 15:0

]

Instruction [20-16]

Instruction [15—11]

0
M
u
X

i

Instruction [15-0]

Read
register 1 Raaq
data 1 2
Read
register 2 il Zero
write ~ Read | li 10 it Fe
register data2 I\lJ"I
Write ) 1’(
data Registers

Instruction [5-0]




ALU Control

2-bit ALUOp derived from opcode
Combinational logic for ALU control

opcode ALUOp | Operation funct ALU function ALU
control
lw 00 load word XXXXXX | add 0010
sSw 00 store word XXXXXX | add 0010
beq 01 branch equal XXXXXX | subtract 0110
R-type 10 add 100000 | add 0010
subtract 100010 | subtract 0110
AND 100100 | AND 0000
OR 100101 @ OR 0001
set-on-less-than | 101010 | set-on-less-than 0111




The Main Control Unit

Information extracted from instruction

R-type

Load/
Store

Branch

0 rs rt rd shamt funct
31:26 25:21 20:16 X15:11 10:6 5:0
35 o0r 43 rs rt \ address
31:26 25:21 20:16 \ \ 15:0 t
4 rs rt \ \ address
31:26 25:21 20:16 \\ 15:0 ‘\
opcode always read, write for sign-extend
read except R-type and add
for load and load




Datapath With Control

Add

Y

Read
address

Instruction
[31-0]

Instruction
memory

Instruction [31-26]

= Control

Instruction [25—-21]

RegDst
Branch

ALU

Add result

\ MemRead

- xc=2 ©

MemtoReg

ALUOp

MemWrite

| ALUSrc

RegWrite

Instruction [20—16]

Ho T_>

Instruction [15—11]

Instruction [15-0]

Read
register 1 Raag

Read data 1

register 2

Write Read

»(0

register data 2

Write
data Registers

16 /;;;:\ 32

“xec2

Zero
ALU 5Ly
result

Instruction [5-0]

Address

Write

| data

Read
data

Data
memory

Oxec=—




Example program

1 .data

2

3 values: .word 10

4 .word 12

5 result: .word 9

6

7 .text

8 start:

9

10 # ALU operations

11 11 $tl, 1

12 11 $t2, 2

13 add $t3, $tl1, $t2
14

15 # memory operations

16 la $t0, values
17 lw $t1, 0(%t0)
18 lw $t2, 4(%$t0)
19 add $t3, $tl, $t2
20 la $t0, result
21 sw $t3, 0(%t0)
22

23 # control flow

24 beq $t3, $t3, start
25 addi $t3, $t3, 2
26

27 j start



Example program, assembled

Text Segment
Bkpt| Address Code Source
[ ] | oxoodcoo00, 0x24000001 addiv $9,$0, 0x0000000L |11 : 11 $tl, 1
|:| CxO0AR0004) Gx240a0002 addiu $10, $0, GxA000, |, [12: 11 $tz2, 2
[] | GuoR400008 0x012a5820/add $11,40,4$10 13: add $t3, $tl. ¢tz
[] | ox00400600c) Gx3c011001|Tul $1, GxO0001061 15: la  $t0. values
|:| Ox 00400010 0x342800000rl %8, $1, OxO0000050
[ | GuBR400014) GxBdoo0000(Tw $5, 0u00000000 (427 17! Tw  $11, GO(%t0)
[ ] | oxoodoools) oxedoacood lw $10, 0x00000004 ($28) [18: Tw  $t2, 4(3$t0)
[] | Gx0040001c| 0x012a5820/add $11,39,4$10 15; add  $t3. $tl. $tZ2
[ | GxBR400020) Gx3c011001(Tul $1,0x00001 651 20 la  $t0. result
|:| CEO0400024) 0x342800080rl $8, %1, OxO00000003
[ | GxBQ400028 Gxadlbl0d0|sw $11,O0x00000000 ($8) |21: swo $13, G($t0)
[ || oxoe40002c| Gullebfff4beq $11.4$11, Gxfffffffs 24. beq $t3, $t3. start
|:| 00400530 Gx21ebR002 addl $11,%11, GxA0003, , . |25: addi $t3, $t3, 2
[ | | 0xG0400034 GxOS100000] Gx00400000 27 ] start 7] Labels
Label Address & |
tst.asm =
start Oy 0400000
— values 0x10010000
REELY R U=l resUlt 0% 10010008
Address Walue (+0) Walue (+4) Yalue (+87 value (+c) | walue (+10) | Yalue (+14) | Walue (+18)]
Ox10010000(  OxD000000a|  Ox00D0000c]  Ox00000008|  Ox0000000E OxOD0O000C|  Ox0000000G  0x0000000C| Gx00020000)| -
Ox10010020) OxDEOG000O)  Ox00BO0G0E  OxODOOBODG) Ox0000BGOG|  Ox0GODGOGG| Ox00GOG00G)  GxOEOE00GO)  GxOB0EGOE0
Ox10010040) OxDEOB0000)  OxG00O0G0E  OxODGORODG| OxO0DOGGOG|  Ox0G0DG0GG[ Ox00GOG0C0G[ GxOG0E00GE  GxOG0EGOG0
Ox10010060) k00000000 Ox00000000|  OxO000000G|  Ox00000000|  Ox00000000|  Ox00000000(  Ox00000000)  OxO0000000
Ox10010020) ©xDO0GO000)  OxGOPOOROE OxODOORODG| OxO0G0GOOG|  O0x0GODG0RE[ Ox0DO0GOOG)  OxDOOBOOGE  OxOGOE0OG0
Ox10010020) OxDEOG000O)  Ox00BO0G0E|  OxODGOBODG) OxO00OBGOG|  Ox0BODGOGG| Ox00GOG00G)  GxOEOE00GE)  GxOGOEGOG0
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R-Type Instruction

Add

y
- xe= ©

ALU

Add result

RegDst
Branch
MemRead

Instruction [31-26] MemtoReg

+ Control ALUOD
MemWrite

/ ALUSrc

RegWrite

Instruction [25—-21] R
‘s PC ro»| Read > re%?sﬂer 1
address Read
Instruction [20—-16] Read data 1
1L register 2
Write Read (0
register data 2

Zero
ALU ALU
result

Instruction
[31-0]

Instruction | | [|nstruction [15-11]
memory >

Read

Address data

“xe=0

“xec=2

| Write .
data Registers

write Data
data memory

Oxec="

Instruction [15-0] 16 @ 32 }

Instruction [5-0]

| x0040001c| OxG12a5820/add $11,%0,$10  |10: add  $t3, $t1, $12



R-Type Instruction encoding

00040001 c) 0x01235820 19

@

add $11, %0, $10

M I P s Reference Data

add  $t3, $t1, $t2

CORE INSTRUCTION SET opcopE  add opcode = 00,5 = 000000,
FOR- / FUNCT add func = 20, = 100000,
NAME, MNEMONIC MAT OPERATION (in Verilog) (Hex) add shamt = 00, = 00000,
Add add R R[rd] =R]rs] + R]rt] (1) 0/20pex $t1 = $9 = 01001,
Add Immediate addi [ R[rt] = R[rs] + SignExtImm (L,2)  Bhex $t2 = $10 = 01010,
Add Imm. Unsigned addin I R[rt] = R[rs] + SignExtlmm () %hex $t3 = $11 = 01011,
Add Unsigned addu R R[rd] = R[rs] + R[rt] 0/211ey
And and R R[rd] = R[rs] & R[rt] 0/ 24pex
And Immediate andi I R[rt]=R][rs] & ZeroExtlmm (3)  Chex
if(R[rs]=R][rt])
Branch OnEqual ~ bea 1 "pc_peg+BranchAddr @) hes
(1) May cause overflow exception
(22) SignExtImm = { 16{immedilate[15]‘}, immediate } encoding of add $t3, $t1, $t2
(3) ZeroExtlmm = { 16{1b’0}, immediate }
(4) BranchAddr = { 14{immediate[15]}, immediate, 2°b0 } = QOO0 01001 01010 01011 0AAAO 100000,
(3) JumpAddr= { PC+4[31:28], address, 2°b0 }
(6) Operands considered unsigned numbers (vs. 2’s comp.) = 0000 0001 0010 1010 0101 1000 0010 0000,
(7) Atomic test&set pair; R[rt] = 1 if pair atomic, 0 if not atomic
BASIC INSTRUCTION FORMATS =012a582 0%
R ‘ opcode ‘ IS ‘ rt ‘ rd ‘ shamt ‘ funct ‘
31 26 25 21 20 16 15 11 10 0
| ‘ opcode ‘ IS ‘ rt ‘ immediate ‘
31 26 25 2120 16 15 0
J ‘ opcode ‘ address ‘

31

26 25



Load Instruction
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Load Instruction
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Load Instruction

Add

—

Instruction [31-26]

» Control

Instruction [25—21

]

RegDst
Branch

ALU

Add result

\ MemRead

-+ xegc=2 ©

MemtoReg

ALUOp

MemWrite

/ ALUSrc

RegWrite

Read
address

Instruction
[31-0]

Instruction
memory

He

Instruction [15—11]

Instruction [20-16]

“xe=0

Instruction [15-0]

_| Read
" | register 1 Raaq

Read data 1

register 2

Write
register

Read
data 2

o Write

data Registers

Y

ALU pLy

Zero

result

Instruction [5-0]

Y

Address

Write
data

Read
data

Data
memory

Oxegc=z—

| Gx00400018 OxSd0a0e04| 1w $10, Gx00000004 (58] [18:

Tw

Ft2, 40$t0)




Load Instruction encoding

| Gx00400018 Ox8d0a0004|1w $10, 0x00000004($8) |18: Tw  $t2, 4($t0)
®
M I P SReference Data lw opcode = 23;, = 100011,
CORE INSTRUCTION SET OPCODE $t0 = $8 = 01000,
FOR- /FUNCT _ _

NAME, MNEMONIC ~ MAT OPERATION (in Verilog) (Hex) $t2 = $10 = 01010,
Add add R R[rd] =R[rs] + R[rt] (1) 0/20pex 4 = 0000 0000 0GOO 0100,
Add Immediate addi I R[rt] = R[rs] + SignExtImm (1,2)  8pex
Add Imm. Unsigned addiu [ R[rt] = R[rs] + SignExtlmm (2 nex encoding of 1w $t2, 4($t0)
Add Unsigned addu R R[rd] = R[rs] + R[rt] 0/ 21y
L B ) e 0/ 2hex = 100011 01000 01010 0000 0000 0000 0100,
And Immediate andi I R[rt] = R[rs] & ZeroExtImm (3)  Chex

if(R[rs]=R
BraochOnEqual  beq 1 '(MBFRIED @ e = 1000 1101 0000 1010 0000 0000 0000 0100,
if(R[rs]!=R[rt])

Branch On Not Equal bne I PC=PC+4+BranchAddr (4) Shex =8 d Oadoao 416
Jump j ] PC=JumpAddr (5)  2hex
Jump And Link jal J  R[31]-PC+8;PC=JumpAddr (G} g
Jump Register it R PC=R[rs] 0/ 08pex
Load Byte Unsigned 1bu I REH]:{E;];?]’:E\:(E?E;:H(?O)} ) 2y
Load Halfword i I R[rt]={16'b0O,M[R[rs] 25

Unsigned = +SignExtiImm](15:0)} (@) b
Load Linked 1 I R[rt] = M[R[rs]+SignExtimm]  (2,7) 30pey
Load Upper Imm.  lui I R[rt]= {imm, 16’b0} fhex
Load Word Lw [ R[rt] = M[R[rs]+SignExtImm] (2) 23pey
1) May cause overflow exception
(1) May cause overflow exception = BASIC INSTRUCTION FORMATS
(2) SignExtImm = { 16{immediate[15]}, immediate |
(3) ZeroExtImm = { 16{1b°0}, immediate } R | opode [ rs [ rt | rd [ shamt | funct |
(4) BranchAddr = { 14{immediate[15]}, immediate, 2°b0 } 2 262 2120 612 no 63 0
(5) JumpAddr={ PC+4[31:28], address, 2°b0 } I | opeode | s [ it | immediate |
(6) Operands considered unsigned numbers (vs. 2’s comp.) 2 202 20 B 0
(7) Atomic test&set pair; R[rt] = 1 if pair atomic, 0 if not atomic J ‘ opcode ‘ address ‘

31 26 25 0



Branch-on-Equal Instruction
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Branch-on-Equal Instruction

Add

ALU
result

-+ xc=2 ©

4 —» Add

RegDst
Branch
\ MemRead
Instruction [31-26] MemtoReg
= Control ALUOD
MemWrite
/ ALUSrc
RegWrite

Instruction [25-21] Read
" | register 1 Raaq
Instruction [20-16] Read data 1 Z
Instruction register 2 €ro
31-0] % i ALU )
“u" Write Read »(0
X

Instruction | | ||nstruction [15-11] register  data2 result
memory .

Read
address

Read
Address data "

4

.

Oxeg=z

“xeS

| Write P .
dala  Registers

| write Data
> 4ata Mmemory

Instruction [15-0]

Instruction [5-0]

0x0040002c] Ox116bfffdlbeq $11,$11, Oufffffffd |24 beq $t3, $t3, start




beq Instruction encoding

0x0040002c| Ox116bfffdlbeq $11.4$11, Oxfffffffa 24:

beq $t3., $t3. start

Text Segment
Bkpt| Address Code Basic Source
[ ] | oxoodcooon| 0x24000001 addiv $9,$0, 0x00000001 |11 : 11 §tl, 1
[ | ox00400004) 0x240a0002addiu $10,$0, 0x0000, .. |12: 11 $t2, 2
[ || 0x00400008 0x01l2a5820/add $11,$9.4$10 13: add  $1t3, $t1, $t2
[ | | ox0040000c) Ox3c011001Tul $1, Ox00001001 1a: la  $t0. values
[ | ox00400010 0x342800000r1 $8, $1, 0x00000000
[ || 0x00400014| Gx3d0o0000 1w $9, Ox00000003 ($8] |17 lw 4§11, O($10)
[ ] | oxoodcools) oxedoacood lw $10, 0x00000004 ($3) [18: Tw  $t2, 4($10)
[ | | 0x0040001c| Ox0l2a5820(add $11,$9,$10 1% add 4§13, $t1, $t2
[ || 0x00400020) 0x3c011001|1ul $1, Ox00001061 20 la  $1t0, result
[ | ox00400024) 0x342800020r1 $8, $1, 0x00000002
[ || 0x00400028 GxadGbO00dsw $11, Ox00000CEE0($2] |21: sw  $13, 0($t0)
[ || oxoe4c00z2e| Oxllebfff4beq $11.4$11, Gxfffffffd 24, beq $t3, $t3. start
[] | oxooacoo30) ox21ebo002/addi $11,$11, 0x0000. .. |25: addi $t3, $t3, 2
[ | | 0x00400034 Gx0S100000] Gx00400000 2T ] start
start = PC + 4 + offset (in words)
- offset = - 1.221@
12,0 = 000 OO0 OO0 1100,
-12,0 = 11131 11311 11131 0011,

+ 0000 0000 0000 0001,
1111 1313171 1111 0100,

FFF44

" start:

.text

# ALU operations

i $xl. 1
1i $t2, 2
add $t3, $tl, $t2



beq Instruction encoding

0x0040002c| Dxllebfffdlbeq $11,$11, oxfffffffa |24 beq $t3. $t3. start
M I P s Reference Data
CORE INSTRUCTION SET OPCODE
FOR- / FUNCT
NAME, MNEMONIC  MAT OPERATION (in Verilog) (Hex)
Add add R R[rd] = R[rs] + R[r] (1) 0/20pey
Add Immediate addi I R[rt] = R[rs] + SignExtlmm (1,2)  Bpex beq Opcode = 44 = 000100,
Add Imm. Unsigned addiu [ R[rt] = R[rs] + SignExtlmm (2)  Opex $t3 = $11 = 01011,
Add Unsigned addu R R[rd] = R[rs] + R[rt] 0/21,  offset = FFF4, = 1111 1111 1111 0100,
And and R R[rd] = R[rs] & R]rt] 0/ 2440
And Immediate andi I R[rt] = R[rs] & ZeroExtImm (3) Chex
o BT if(R[rs]==R[rt]) encoding of beq $t3, $t3, start
Branch On Equal o I PC=PC+4+BranchAddr (4) hex ' '
(R [rs]!=R[rt]) = 000100 01011 01011 1111 1111 1111 0100,
Branch On Not Equal bne I PC=PC+4+BranchAddr (4) Shex
= 0001 0001 0110 1611 1111 1111 1111 0100,
=116bfff 46
(1) May cause overflow exception
(2) SignExtlmm = { 16{immediate[15]}, immediate } BASIC INSTRUCTION FORMATS
(3) ZeroExtlmm = { 16{1b°0}, immediate } R | opode [ rs [ rt | rd [ shamt | funct |
(4) BranchAddr = { 14{immediate[15]}, immediate, 2°b0 L 223 210 SR o 63 0
(5) JumpAddr={ PC+4[31:28], address, 2’b0 } I | opeode | rs [ it | immediate |
(6) Operands considered unsigned numbers (vs. 2’s comp.) 2 02 S B 0
(7) Atomic test&set pair; R[rt] = 1 if pair atomic, 0 if not atomic J ‘ opcode ‘ address ‘

31 26 25 0



Implementing Jumps
| Name | Fieds | Commenms

Field size 6 bits 5 bits 5 bits 5 bits 5 bits 6 bits | All MIPS instructions are 32 bits long
R-format op rs rt rd shamt funct | Arithmetic instruction format
I-format op rs rt address/immediate Transfer, branch, imm. format
J-format op target address Jump instruction format
Jump 2 address

31:26 250

Jump uses word address (not byte address)

Update (32 bit) PC with concatenation of
top 4 bits of (old PC + 4)
26-bit jump address
00
Need extra control signal (for PC mux): decoded from opcode

| GxG0400034) OxOE100000/] GxO0400060 |27 i start




Implementing Jumps
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Implementing Jumps
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jump Instruction encoding

| 00400024 0x081000007 CxO0400000 |27: ] start
(D j opcode = 24 = 000010,
M I P s Reference Data PC = 004000034y
PC + 4 = 00400003845
CORE INSTRUCTION SET OPCODE top 4 bits of (PC + 4)
FOR- . . { FUNCT = 0, = 0000,
NAME, MNEMONIC  MAT OPERATION (in Verilog) (Hex)
Add add R R[rd] = R[rs] + R[rt] (1) 0/20pex target address
Add Immediate addi I R[rt] = R[rs] + SignExtimm (1,2)  Bpex = 004000006
Add Imm. Unsigned addiu 1 R[rt] = R[rs] + SignExtlmm (2)  %hex = 0000 0000 6106 0660 0000 6006 6060 6000,
. 26 bit address
Add Unsigned addu R R[rd] = R[rs] + R[rt] 0/ 21 pex
= 0/24 ..
And and R R[rd] = R[rs] & R[rt] hex encoding of j start
And Immediate andi I R[rt]=R[rs] & ZeroExtimm (3)  Chex
if(R[rs]==R[rt]) 4 = 000010 OOOCO 0100 OOOO OOOEO OOEL 00O 00,
BranchOnEqual = bea T "pe b 4 BranchAddr (4) hex
if{ R[rs]'=R][rt]) 5 = 0000 1000 0001 COOO OCOOO OO OOOO 0000,
Branch On Not Equalbne ! PC=PC+4+BranchAddr (4) hex
Jump i J  PC=JumpAddr (5)  Zhex = 0810000 0
Text Segment :
) . Bkpt| Address | Code Basic Source
(1) May cause overflow exception start:| [] | ox00400000 Gx24000001|addiu $8,$0, 0x00GG000L [11: i §t1, 1
N QG _ . . - SV [ | 8x00400004 0x240a0082 addiu $10, $0, Gx0080. . . |12: i $t2, 2
(;2) SignExtlmm = { ]6{1m1;ned1.ate[]5]_}, immediate [ | 6x00400006| 001225626 add $11,%$9, $10 13 add  $t3, $t1, $t2
(3) ZeroExtImm = { 16{1b’0}, immediate } [ | | 8x0048000c| 0x3cOL108L[Tui $1, Bx0EBBLEGL 16: la_ 4§10, values
: _ - - - - ’ [ | 6x00400010 0x34260008/0r1 $6, $1, 0x00000000
(;4) BranchAddr {r 14{1]11["{16(2}}]&1:6[15]}, 1mg{18d1?.te, 2’00 } [ | 6x00400014 0x5d050000 v $9, xO000B0G0 (8]  |17: v §t1, O($t0)
(5) JumpAddr={ PC+4[31:28], address, 2'b0 | (| | 8:00400015 Gx5d020804[Lw $10, 0x60800804($8] |18: Tw  $t2, 4(§t0)
(6) Operands considered unsigned numbers (vs. 2’s comp.) _| | 0x0040001c Bx012aS6201add $11,$9, $10 19; add _$13, $tl, $12
; . - e . S . [ | 8x00400020 Gx3c611081/1ul $1, Gx0008160L 20: la  $t0, result
(?) Atomic test&set pair: R[I’t] =1if pair atomic, 0 if not atomic [ ] | 0x00400024] 0x342000080r1 30, $1, 0x00000008
[ | @x00400025 OxadGh0BEE sw $11, GxO0BEG008($E] |21: sv $t3, 0($t8)
[ | 6x0040002c| Ox116bfffalbeq $11,$11, Gufffriffa 24; beq $t3, $t3, start
[ | 00400030 0x216b0082 addi $11,$11, G000, . . |25: addi §t3, §t3, 2
[ | 6x00400034 0x0S100000)] Gx00400000 27 i start




Datapath With Jumps Added

Instruction [25-0] Shift). Jump address [31-0]
left2/
26 28 | pc + 4 [31-28]
Add . -
4 —» Add
RegDst Y
. Jump
Need extra contrgl signal|(for PC mux): de¢pded from opcode \ Branch
\ MemRead
Instruction [31-26] MemtoReg
» Control ALUOp
MemWrite
| ALUSrc
RegWrite
Instruction [25-21]
| pc e~ Read I Eﬁ%?sdter 1
address Read .
Instruction [20—16] Read data 1
Instruction '.II o " | register 2 ALUZero
191-0] M| |wite ~ Read b1, 0 result | Address TR0 w1
Instruction | || |nsiucion [15-11]| § || register  data 2 M l\dl
memory 1 _ g X
40 e[| [ :
egisters . Data
> g\gt';e memory
Instruction [15-0] 16 @ 32 |
Instruction [5-0]

| Gx00400034) 0x0E100000/7 Gx00400000 [27: i start




Performance Issues

Longest delay determines clock period
Critical path: load instruction

Instruction memory — register file - ALU
— data memory — register file

Varying clock period for different instructions
violates design principles:

regularity

make the common case fast

Will improve performance by

Instruction-Level Parallellism (ILP) aka “pipelining”
(note that a constant clock period is needed for ILP)



	Introduction
	Slide 2
	Slide 3
	Slide 4
	Instruction Execution
	Slide 6
	Slide 7
	Logic Design Basics
	Combinational Elements
	Sequential Elements
	Slide 11
	Clocking Methodology
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	CPU Overview
	Multiplexers
	Control
	Building a Datapath
	Slide 22
	Slide 23
	Instruction Fetch
	R-Format Instructions
	Load/Store Instructions
	R-Type/Load/Store Datapath
	Branch Instructions
	Slide 29
	Composing the Elements
	Full Datapath
	ALU Control
	Slide 33
	Slide 34
	The Main Control Unit
	Datapath With Control
	Slide 37
	Slide 38
	R-Type Instruction
	Slide 40
	Slide 41
	Slide 42
	Load Instruction
	Slide 44
	Slide 45
	Branch-on-Equal Instruction
	Slide 47
	Slide 48
	Implementing Jumps
	Slide 50
	Slide 51
	Slide 52
	Datapath With Jumps Added
	Performance Issues

