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Review

High-level
language
program

(in C)

Assembly
language
program
(for MIPS)

Binary machine
language
program

(for MIPS)
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swap(int v[], int k)

{int temp;
temp = v[kl;
vik] = v[k+1];

vik+l] = temp:

swap:
muli $2, $5,4
add $2, $4,%2
Tw $15, 0($2)
Tw $16, 4(%$2)
Sw $16, 0($2)
Sw $15, 4(%$2)
jr $31

00000000101000010000000000011000
00000000000110000001100000100001
10001100011000100000000000000000
10001100111100100000000000000100 —
10101100111100100000000000000000
10101100011000100000000000000100
00000011111000000000000000001000

Performance metric
CPUtime=CPI*CC*IC

CPI: cycle per instruction
CC: clock cycle
|C: instruction count

How to improve?

e |C:
e CC:
e CPI:

In this chapter
* Implementation of data path
« HowtogetCPI<1



Overview

2 We will examine two MIPS implementations
0 A simplified version
0 A more realistic pipelined version

aLimit to a simple subset of MIPS ISA
o0 Memory reference: 1w, sw
0 Arithmetic/logical: add, sub, and, or, sl1t
o Control transfer: beq, J

0O Implementation of real CPU with other instructions are
similar to the simplified version (theoretically!)
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General instruction cycle
0 Generic implementation

0 use the program counter (PC) to supply
the instruction address and fetch the

instruction from memory (and update the PC)
0 decode the instruction (and read registers)
0 execute the instruction

a2 All instructions (except j) use the ALU after reading the
registers

0 ALU: Arithmetic and Logic Unit, where the arithmetic and logic
operations are executed

a In this chapter: implementation of CPU that can execute
the simple subset of MIPS ISA
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CPU implementation with MUXes and Control

Branch
]
N
M |
u
O
4 —»

Add - Add M )

- o u [

X -4

\_/
ALU operation
Data |
¢+ Register # MemWrite
+ PC @ Address Instruction 4— Registers ALU » Address
i M
. &> Register # Zero Data
Instruction u memor
memory ®> Register # Regwrite X y
» Data
MemRead
0 Multiplexer
\\
Control ,1

2 Control ]

Don’t panic! We’ll build this incrementally.
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Fetching Instructions

a Fetching instructions involves

0 reading the instruction from the Instruction Memory
0 updating the PC value to be the address of the next instruction

INn Mmemory

clock | [ ]

Exec Decode
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“|Address

Instruction
Memory

Read Instructior
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Decoding Instructions

0 Decoding instructions involves

0 sending the fetched instruction’s opcode and function field
bits to the control unit

0 The control unit send appropriate control signals to other
parts inside CPU to execute the operations corresponds to
the instruction

Fetch
RC = PC+4

&

\ 4

Read Addr 1
Read

Register ——
Read Addr 2 Datal

File
Write Addr

\ 4

Instruction

Read

) Data 2
Write Data

- Example: reading two values from the Register File
—~>Reqister File addresses are contained in the instruction
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Executing R Format Operations
0 R format operations (add, sub, slt, and, or)
31 25 20 15 10 5 0

R-type:| op I rs I rt Ird Ishamtl funct
0 read two register operands rs and rt

0 perform operation (op and funct) on values in rs and rt
0 store the result back into the Register File (into location rd)

Example: add sl1, s2, s3

- Value of s2 and s3 are sent to ALU
- ALU execute the s2 + s3 operation
- Result is store into sl
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Executing R Format Operations

0 R format operations (add, sub, slt, and, or)

R-type:

20

15

10 5

0

op

25

I rs I rt Ird Ishamtl funct

0 read two register operands rs and rt
0 perform operation (op and funct) on values in rs and rt
0 store the result back into the Register File (into location rd)

a. Reqisters

Read
register 1 Read )
—-
Read data 1
register 2
Write Registers r Data
register Read
—
Write data 2 y
Data
‘ RegWrite

4 ALU operation
R ——

Zero [—»
ALU A1y

—
result

b. ALU

Draw connection between a and b to form the execution unit?
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Executing R Format Operations
0 R format operations (add, sub, slt, and, or)

31 25 20 15

5

0

R-type:| op Irs Irt Ird I

shamt

I funct

0 read two register operands rs and rt

0 perform operation (op and funct) on values in rs and rt
0 store the result back into the Register File (into location rd)

RegWrite

l

\ 4

\ 4

Instruction

Write Addr

\ 4

Write Data

\ 4

Read Addr 1

ALU control

Register
Read Addr 2 Datal

File

\ 4

o
DALy

\ 4

e

— overflow
> zero

0 We need the write control signal to control when the result is

written to Register File
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Executing Load and Store Operations

0 Load and store operations involves

0 read register operands (including one base register)

0 compute memory address by adding the base to the offset
- The 16-bit offset field in the instruction is signed-extended to 32 bit

0 store: read from the Register File, write to the Data Memory
0 load: read from the Data Memory, write to the Register File

Instruction

RegWrite

l

Read Addr 1

\ 4

Register
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\ 4

File
Write Addr

\ 4

Write Data

Read Addr 2 Datal

Read

Read
Data 2

ALU control

overflow
Zero
—

>ALU

7

MemWrite

l

—

—

Address

Data
Memory Read Data

Write Data

T

MemRead

Draw necessary connections to form execution unit?




Executing Load and Store Operations

0 Load and store operations involves

0 read register operands (including one base register)

0 compute memory address by adding the base to the offset
- The 16-bit offset field in the instruction is signed-extended to 32 bit

0 store: read from the Register File, write to the Data Memory
0 load: read from the Data Memory, write to the Register File

Instruction

RegWrite

l

\ 4

Read Addr 1

ALU control

- Read
Register
Read Addr2 Datal

CO&ISA, NLT 2020

\ 4

File
Write Addr

\ 4

Read

) Data 2
Write Data

MemWrite

l

—p(Address

overflow
Zero

>ALU

\ Sign

‘16 | Extend

e

Data
Memory Read Data

Write Data

'

T

MemRead
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Executing Branch Operations

0 Branch operations involves
0 read register operands
0 compare the operands (subtract, check zexro ALU output)

0 compute the branch target address: adding the updated PC to the
16-bit signed-extended offset field in the instr

Ad
e target
address

ALU control
Read Addr 1 Zero (to branch

Register R¢ad control logic)
>ALU

Branch

\ 4

\ 4

Read Addr Pata 1

\ 4

Instruction

Write Kggr Read
Data 2

v

Draw necessary
connections to form
execution unit?

\ Sign
\
16 \Exteng 32
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Executing Jump Operations

0 Jump operation involves
0 keep 4 highest bits of PC

o replace the lower 28 bits of the PC by
- the lower 26 bits of the fetched instruction shifted left by 2 bits

\ 4

Add

i

Instruction
Memory

Read

\ 4
B
y

“|Address

Instructior
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Jump
address
28
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Creating a Single Datapath from the Parts

0 Assemble the datapath segments and add control lines
and multiplexors as needed

a Single cycle design — fetch, decode and execute each
Instructions in one clock cycle

0 separate Instruction Memory and Data Memory, though they
are both in main memory

0 multiplexors needed at the input of shared elements with
control lines to do the selection

0 write signals to control writing to the Register File and Data
Memory
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Fetch, R, and Memory Access Portions

) Add RegWrite ALUSrc ALU control MemWrite MemtoReg
4 ! gy !
o Tzero
. »Read Addr 1
Instruction - Read » Address
Memory Register
»Read Addr 2 Datal Data
> P » Read Instructior] File v — Memory Read Datar—>
Address »Write Addr
Rea
Data 2 Write Data
h[Write Data
, MemRead
\ Sign
‘16 | Extend| ‘55
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Designing ALU

0 Input/output
o Two data input: a, b

0 ALU control signal a \
0 Data out ' Y

0 Flags out out
0 Operations %
o And, or, nor a "
| > flag
0 Add, subtract —

ALU control

CO&ISA, NLT 2020
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1-bit ALU with logic operation

Operation

T~
1) O~

0 What do we have if
o Operation = 0O:
o Operation = 1.
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— Result

W
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1-bit full-adder

Carryln

+ — Sum

l

CarryOut

Outputs

I—\DDI—‘OI—‘I—‘DH

I—‘I—"I—"I—"OOOOI

Bl O O Pkl Ol O
Pl ol k| O kOl k| O
Rl PP O Ol OO
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1-bit full-adder

Carryln

+ — Sum

l

CarryOut

CarryOut = (b - Carryln) + (a - Carryln) + (a - b)

Sum=(a-b- Carryln) +(a- b - (Jdrrvln)+(a - Carryln) + (a - b - Carryln)

=» Combinational circuit for full-adder can be constructed
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1-bit ALU with AND, OR, ADD

Operation
Carryln
a—te—»
Do
'_
1
Y
- N 5
h —+—e——» \ J
Y
CarryOut

0 Operation = 00:
0 Operation = 01
0 Operation = 10:
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» Result
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How about 1-bit ALU with AND, OR, ADD, SUB?

Da-b=a+ (-b)= a+ (2's complement of b)

Binvert Operation
Carryln ‘
a - \ 4 \
‘N, 0
? ) 1 » Result
L
L *7
b — 0 -
+ 2
1 > \ /
\

CarryQut

0 For SUB operation
0 Operation =
0 Binvert =
o Carryln =

CO&ISA, NLT 2020

22



How to add NOR operation?

Qa+b=a.b

Ainvert Operation
‘ Binvert Carryln ‘
!

0

T ()

1 - /

’_L/ 1
A

) —

‘ + 2
v
CarryOut

2 Find control signal for NOR operation:
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Adding SLT operation

0 Check highest bit of (a-b)
0 l:a<b—> set
o 0:a>=Db - clear

Ainvert Operation
‘ Binvert Carryln ‘
o e — | A~
0 _J 0
1
- ) 1
L
- { » Result
oo R
+ 2
1
Less w3
= Set
YY y
Overflow = Overflow
detection
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Building 32-bit ALU from 1-bit ALUs

CO&ISA, NLT 2020

Alnvert

Binvert Operation
Carryln
ald—| Carryin = Resulid
bl — ALLID
- Less
CarmyOut
ae
al —| Carryin = Hesult1
bl —w ALL1
00— Less
CarryOQut
1Ry
a2—| Carryln + Result?
b2 —= ALLZ
00— Less
CarryOut
i : | : + Carryln
1
adl—= Carryln = Hesult3d
b3 1—= ALU3A Set
0 — Less = Owerflow
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CO&

Ainvert

—

Yy v

Result31

Set

Bnegate Dperlati:::n
¢ o
af —= Carryln
b0 — ALUO Result0
- Less
CarryQOut
. »
i + Y ¥ ‘l
al —» Carryln
b1 — ALUA Result1
00— Less
CarryOut
» »
? 1NN
a2 —-» Carryln
b2—=|  ALU2 Result2
00— Less
CarryOut
'
: :I : Carryln i
L
g
adl—| Carryln
b31— ALU31
00— Less

Final ALU with AND, OR, NOR, ADD, SUB, SLT

0000 AND

0001 OR

0010 add

0110 subtract

0111 set on less than
1100 NOR

= Overflow
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ALU symbol and interconnection

CO&ISA, NLT 2020

ALU operation

|

—= Jero

ALU F—= Result

N

L= Overflow

CarryOut

0000 AND

0001 OR

0010 add

0110 subtract

0111 set on less than
1100 NOR
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Adding Control Unit to build single datapath

CO&ISA, NLT 2020

=\ >0
) Add R
>Add
4
PCSrc
ALUOp, Branch
MemRead
Instr[B1-26] Control MemioReg
Unit MemWrite
\/ ALUSIc
RegWrite
RegDst
ovf
\ 4 T \ 4
Instruction IInstr[25-21L Read Addr 1
Register Read —pAddress
Memory Instr[20t16] gISter a1 zer
» Read Addr 2 Data {
Read :
> P > Instr[31-0f=k File Read Dataf=—p{ 1
Address [ 0 Write Addr ALU Memory : u
Rea 0 0
Write Data
IInstr[1 : Data 2
Write Data
a1 [0 ]
Instr[15-9] \ @ \
\ Extend| ALU
16 U 32 contro
Instr[5-0]
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R-type Instruction Data/Control Flow

\ 4

{7

Y
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s

\ 16 @ \
Instr[5-0]

PCSrc
ALUOp, Branch
MemRead
Instr[B1-26] Control MemioReg
Unit MemWwrite
\/ ALUSIc
RegWrite
RegDst
f \ ovf
A\ 4 T \ 4
Instruction Instr[25-21L Read A
Register Read —pAddress
Memory Iinstr[20}16] gISter a1 zer
» Read Addr 2 Data y
Read :
> P = Instr[31-0}== File Read Dataf=—p| 1
Address [ 0 Write Addr ALU Memory ]
Rea 0 (O
Write Data
linstr[1 : Data 2
Write Data
a1 [0 ]
Instr[15-0] \ @ \ ALU
contro




Load Word Instruction Data/Control Flow

=\ >0
) Add R
>Add
4 —p
PCSrc
ALUOD, Branch
MemRead
Instr[B1-26] Control MemioReg
Unit MemWrite
\/ ALUSIrc
RegWrite
RegDst
ovf
Y T Y
Instruction rstilz:=L, Read Addr 1
Register Read —ptAddress
Memory Instr[20t16] gISter a1 zer
» Read Addr 2 Data {
Read :
> P > INstr[31-0=H File Read Dat > 1
Address nstrl 0 Write Addr ALU Memory Read Data ]
1 Rea 0 0
Write Data
IInstr[1 : Data 2
1] —b[erte Data _
Mark active Instr[15-9] \ @ \ ALU
. . \ E t d \
connections during 16 @ 32 contro
execution flow Instr[5-0]
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Load Word Instruction Data/Control Flow

'16 @ '32
Instr[5-0]

> /
> KO
Add >
>Add
4 —>p
PCSrc
ALUOD, Branch
MemRead
Instr[B1-26] Control MemioReg
Unit MemWrite
\/ ALUSIc
RegWrite
RegDst
f \ ovf
\ 4 T \ 4
Instruction Instr[25:21} Read AddrA
Memor Register Read —>Address
y Instr[22-16L Read Addr 2 Datal zer Data (:
Read I_( )
> P = Instr[31-0}== File Read Data )
Address [ 2 hwrite Addr . ALU Memory X
. ea _
IInstr[i e Write Dat Data 2 Write Data 0
rite Data
a1 [0 M\
\/
Instr[15-0] \ @ \ ALU
contro
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Branch Instruction Data/Control Flow

> > O
YAdd >
Add
4 ——p
PCSrc
ALUO Branch ]
MemRead
Instr[p1-26] Control NMEMIOREY
Unit MEMVVTILE
ALUSICc
RegWrite
RegDs
ovf
\ 4 \ 4
Instruction nstleeHRead Addr 1
Memor Register (¢ad —Address
y Instr[20r16]l> -4 Addr 2 Data 1 zer Data
|Read .
—plP > Instr[31-Op File Memory Read Dataj—
Address - ALU y
1 \Write Addr Rea .
»{\\/rite Data >
IInstr[1 : Data 2
\Write Data
a1 [0 ‘
A
Mark active Instr[15-§] \ ALU
A
16 \ Extend contro

connections during
execution flow
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Branch Instruction Data/Control Flow

£
\ ‘0
Add
/ \Add
i
PCSrc
ALUOp

\ 4

A 4

Branch
MemRead
Instr[B1-26] Control MemioReg
Unit Memwrite
\/ ALUSIC
RegWrite
RegDst
Y Y
Instruction nstilz2lRead Addr 1
Memor Register (¢ad —Address
Y Instf20-16] \pead Addr 2 Data 1 Data §
»P »R€ad Instr[31-0}=+ 0 File Memory Read Dataq—1
Address Write Addr
1 Rea
Write Data
linstr[1 : Data 2
1] —b[erte Data _
Mark active Instr[15-9] \ @ \ ALU
: : » Extend|
connections during 16 U 32 contro
execution flow Instr[5-0]
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Adding the Jump Operation

\ 4

Add

{7

Instr|

Instruction
Memory
. ,|Read L
» P > Address Instr[31-0
Mark active

connections during
execution flow

'16 \fjiiij 32
Instr[5-0]
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Instr[25-0] Shif \ \ >
| [ \ \ v
26 \left 28 32 :0\
PC+4[31-28]
R » (0
>Add
PCSrc
_UOD/\ Branch
MemRead
31L-26] Control MemioReg
Unit MemWwrite
\/ ALUSIc
RegWrite
RegDst
ovf
\ 4 T \ 4
IInstr[25 'ZlL Read Addr 1
- Read —pAddress
Register
IInstr[20-16L Read Addr 2 Data 1 zer Dat
0) File M o Read Data ‘\3
i emor > L
Write Addr R ) ALU y
! o Write Dat 0
IInstr[1 : Data 2 rite Data
Write Data
a1 [0 ]
Instr[15-P] \ @ \




Adding the Jump Operation

\ 4

Add

{7

Instr|

Instruction
Memory
. ,|Read L
» P > Address Instr[31-0
Mark active

connections during
execution flow
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Instr[25-0] Shif \ \
ITt \ \ X
26 \left 28 32 :0\
PC+4[31-28]
R » (0
>Add
PCSrc
_UOD/\ Branch
MemRead
31L-26] Control MemioReg
Unit MemWwrite
\/ ALUSIc
RegWrite
RegDst
ovf
\ 4 T \ 4
jinstr[25 'ZlL Read Addr 1
- Read —pAddress
Register
IInstr[20-16L Read Addr 2 Data 1 zer Dat
0) File M o Read Data ‘\3
i emor > L
Write Addr R ALU y L
! o Write Dat 0
IInstr[1 : Data 2 rite Data
Write Data
a1 [0 ]
Instr[15-P] \ @ \
'16 @ 32
Instr[5-0]
S




Instruction Times (Critical Paths)

2 What is the clock cycle time assuming negligible
delays for muxes, control unit, sign extend, PC access,
shift left 2, wires, setup and hold times except:

0 Instruction and Data Memory (200 ps)
o ALU and adders (200 ps)
0 Register File access (reads or writes) (100 ps)

Instr. | Mem |Reg Rd | ALU Op | D Mem | Reg Wr| Total

R-
type

load

store

beq

Jump
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Instruction Critical Paths for Single cycle CPU

2 What is the clock cycle time assuming negligible

delays for muxes, control unit, sign extend, PC access,
shift left 2, wires, setup and hold times except:

0 Instruction and Data Memory (200 ps)
0 ALU and adders (200 ps)
0 Register File access (reads or writes) (100 ps)

Instr. | | Mem | Reg Rd | ALU Op | D Mem | Reg Wr | Total
R- 200 100 200 100 600
type

load 200 100 200 200 100 800
store | 200 100 200 200 700
beq 200 100 200 500
jump | 200 200

CO&ISA, NLT 2020
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Single Cycle Disadvantages & Advantages

0 Uses the clock cycle inefficiently — the clock cycle must
be timed to accommodate the slowest instruction

0 especially problematic for more complex instructions like
floating point multiply

Cycle n Cycle 2 -
Clk I | s

[w I SW Waste

0 May be wasteful of area since some functional units
(e.g., adders) must be duplicated since they can not be
shared during a clock cycle

but
a Is simple and easy to understand
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How Can We Make The Computer Faster?

0 Divide instruction cycles into smaller cycles

0O Executing instructions in parallel
o With only one CPU?

2 Pipelining:

o Start fetching and executing the next instruction before the
current one has completed

o Overlapping execution

CO&ISA, NLT 2020
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Pi eIine in real Iife




A more serious example: laundry work

0 Pipelined laundry boots performance up to 4 times

Iimi —-:_6 PM__ 7 . 3- ‘?_I 10 1,1 [ 12 1I 2 AM

T So= With 4 loads
5 80=l] e
c SO N Trorma = 4*2 = 8 hours
’ S50 Tpipe“ne = 3.5 hours

Time ‘“w 1|0 1|1 1|2 1| 2 ;l\r\n

ot With n loads

order
A

B80=
=
@]
B0=

Tnormal = n*2 hours
Tineline = (3+N)/2 hours

B
C
D

4 stages: washing, drying, ironing, folding
Whenn = o« : Tnormal 2 4*Tpipeline
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MIPS Pipeline

0  Five stages, one step per stage
o IFetch: Instruction Fetch and Update PC
0 Dec: Registers Fetch and Instruction Decode
0 Exec: Execute R-type; calculate memory address
o Mem: Read/write the data from/to the Data Memory
o WB: Write the result data into the register file

Cycle 1§Cycle 2 Cycle 3 Cycle 4 Cycle 5

[ I I I

IFetchIDec I Execl Meml WB

Execution time for a single instruction is always 5 cycles, regardless
of instruction operation
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Instruction pipeline

Cycle léCycIe 2 Cycle 3 Cycle 4 Cycle 5 Cycle 1§Cycle 2 Cycle 3 Cycle 4 Cycle 5
I ' T R R D N B S I

IFetchIDec I Execl Meml WB " IFetchIDec I Execl Meml WB

éCycIe 1 éCycIe 2 Cycle ’3;Cycle 4 Cycle 5§Cycle 6 éCycIe 7 éCycIe 8

| ] ] | | B | |
I——
1w IFetchI Dec I Exec I Mem I WB ! Instructions in
| . .
pipeline
SW IFetchI Dec I Execl Mem i WB
|
R-type IFetchI Dec I Exec[ Meml WB
Start fetching and executing the More than one instruction are
next instruction before the current executed at a time

one has completed
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Single Cycle versus Pipeline

Slngle Cycle Implementatlon (CC 800 ps):

_ Cycle 1 : Cycle 2 :
Clk ; |
1w I SW §Wast§
Pipeline Implementation (CC = 200 ps): i 400ps

1w IFetchI Dec I Exec I Mem I WB

SW IFetchI Dec I Exec I Mem I WB

R-type IFetchI Dec I Exec I Mem I WB

0 To complete an entire instruction in the pipelined case
takes 1000 ps (as compared to 800 ps for the single
cycle case). Why ?

0 How long does each take to complete 1,000,000 adds ?
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Example with lw instructions

Single-cycle (T.= 800ps)

Program
execution Time 200 400 600 800 1000 1200 1400 1600 1800
order ' | | | | | | | |
(in instructions)
Instruction Dat
lw $1, 100($0) fetch |Fe9| ALU ac:ezs Reg
w $2, 200($0) 800 ps e [Feg| ALU | %8| Reg
Instruction
lw $3, 300($0) 800 ps fetch
: ; 800 ps
Pipelined (Tc= 200ps)
Program
execution . 200 400 600 800 1000 1200 1400
order Time : : . : ; : .

(in instructions)

| i D

w $1,100($0) | "G ™|  [Rea| AU | %2 |Reg

w $2,200($0) 200 ps || [Reg| AU | 22 |Reg

w $3, 300($0) 200 ps |"peto®|  |Reg| ALU | D@ IReg

200 ps 200 ps 200 ps 200 ps 200 ps
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Pipeline hazards

0 Pipeline can lead us into troubles!!!

0 Hazards: situations that prevent starting the next
Instruction in the next cycle

0 structural hazards: attempt to use the same resource by two
different instructions at the same time

0 data hazards: attempt to use data before it is ready

- An instruction’s source operand(s) are produced by a prior
instruction still in the pipeline

0 control hazards: attempt to make a decision about program
control flow before the condition has been evaluated and the
new PC target address calculated

- branch and jump instructions, exceptions

0 In most cases, hazard can be solved simply by waiting
0 but we need better solutions to take advantages of pipeline
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Structural hazard

2 Conflict for use of a resource

a In MIPS pipeline with a single memory
0 Load/store requires data access

0 Instruction fetch would have to stall for that cycle
- Would cause a pipeline “bubble”

0 Hence, pipelined datapath require separate
Instruction/data memories

0 Or separate instruction/data caches

CO&ISA, NLT 2020
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A Single Memory Would Be a Structural Hazard

Time (clock cycles)

lw t/\em J:Reg_%

Inst 1 t/\em I_[ Regg

éReading daia from
imemoéry i

= N S5 -

7)o

Inst 2 A

Inst 3

HCDQ_HO

Reg

Inst 4 Rea%ding iréstruct;on H"em ly
' fromi membry i i :

0 Fix with separate instr and data memories (I$ and D$)
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How About Register File Access?
Time (clock cycles)

add $1, (v JZ

Inst 1

= N S5 -

Inst 2

HCDQ_HO

add $2,$1,§

clock edge that controls

register writing

CO&ISA, NLT 2020

]

Reg

 [1m

L Fix register file
gccessihazard by
dbing réads in the
second:half of the
cycle anid writes in

t@e first half

‘DM

Regf

C
l/
R

clock edg

‘DM [:I, Regf

e that controls

loading of pipeline state

registers
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Data hazard

0 An instruction depends on completion of data access by a
previous instruction

o add $s0, $t0, $t1
sub $t2, $s0, $t3

, 200 400 600 800 1000 1200 1400 1600
Time T I I I I I >

I
add $s0, $t0, $t1 | IF —= 1D %—MEM WB :

CPU must wait

until data in sO T .

pecormes valid
1D

sub $t2, $s0, $t3 IFE —=F | E MEM WB '

. / "

N/
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Example

0 Dependencies backward in time cause hazards

add $1,

sub $4,$1,8$5

and $6,5$1,87

or $8,51,89

xor $4,51,$5

0 Reg| ?“5

%

[1m

Regf

.

[1m

0 Read before write data hazard

CO&ISA, NLT 2020
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Example

0 Dependencies backward in time cause hazards

v $1,4($2) [ el O

and $6,5$1,87

| :

n : :

S ' —{>

.| sub $4,51,$5 1K I-[R =
IM J:R

or $8,51,89

—:CDQ_ﬂO

xor $4,51,$5

a Load-use data hazard

CO&ISA, NLT 2020
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Solving hazard with forwarding

2 Use result when it is computed
o Don’t wait for it to be stored in a register
0 Requires extra connections in the datapath

0 Forward from EX to EX (output to input)

Program
execution . 200 400 600 800 1000
order Time T T T T T

(in instructions)
add $s0, $t0, $t1 IF

MEM WB |

sub $t2, $s0, $t3
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Load-Use Data Hazard

a One cycle stall is necessary

2 Forward from MEM (output) to EX (input)

Program
execution 200 400 600 800 1000 1200 1400

order Time . :
(in instructions) I
lw $s0, 20($t1) IF —d ID SEX—MEM

MEM|—{ WB |

sub $t2, $s0, $t3 IF
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Code Scheduling to Avoid Stalls

0 Reorder code to avoid use of load result in the next
Instruction

aCcode: A =B + E;
C =B + F;

Tw  $tl, 0($t0) Tw  $tl, 0($t0)

w (5t2)-4(5t0) w
Prg — add $t3, st1;(5t2) 1w

sw $t3, 12($t0) add $t3,
w (5t4)-8($t0) sw  $t3,

P add $t5, $t1,(5t4)  add S,

sw $t5, 16($t0) sw $t5, 16($t0)

CO&ISA, NLT 2020
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Control Hazards

0 Branch determines flow of control
0 Fetching next instruction depends on branch outcome

0 Pipeline can’t always fetch correct instruction
- Still working on ID stage of branch

a In MIPS pipeline

0 Need to compare registers and compute target early in the
pipeline

0 Add hardware to do it in ID stage

CO&ISA, NLT 2020
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Branch Instructions Cause Control Hazards
0 Dependencies backward in time cause hazards

beq IM

lw

= N S5 -

Inst 3

Inst 4

HCDQ_HO
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Stall on Branch

2 Naive approach: Wait until branch outcome determined
before fetching next instruction

Program
execution Tim 200 400 600 800 1000 1200 1400 -
order ime T T l T I T T >
(in instructions)

add $4,$5, 86 ["He”"|  |Rea| AW | 058 [Reg

Instruction Data
beq $1, $2, 40 m fetch Reg| ALU | ,ccess |Pe9
bubble/_bubbley bubble/ bubbled( bubble
@ @ @ O
or $7, $8, $9 < »|Instruction Data
y 400 ps fetch Reg| ALU access | °9

Performance affect: assume that 17% of instructions in program are
branches, if each branch take one cycle for the stall, then performance

will be 17% slower. (CPI =1.17)
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Branch Prediction

0 Predict outcome of branch
0 Only stall if prediction is wrong

a In MIPS pipeline
o Can predict branches not taken
o Fetch instruction after branch, with no delay

CO&ISA, NLT 2020
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MIPS with Predict Not Taken

Prediction

correct

Prediction

incorrect

CO&ISA, NLT 2020

Program
execution Time 200 400 600 800 1000 1200 1400 R
Order T T T T T T T =
(in instructions)
add$4,55,86 |"ar| res| mw | 22, fneo
e e I e e = L
~+——Instruction Data
lw $3, 300($0) 200 ps| fetch Reg| ALU access | 19
Y
Program
execution Time 200 400 600 800 1000 1200 1400
order I I T I I I I
(in instructions)
Instructi Data

add $4’ $5’ $6 nsf;l::hlon Reg ALU access Reg

beq $1, $2, 40 m'”s’:;‘g:c’” Reg| ALU agj‘;zs Reg

bubbley(bubbl ubbl ubble/(bubble
9

—or $7, $8, $9 - »(Instruction Data

\ 400 ps fetch Reg | ALU access | °9
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More-Realistic Branch Prediction

Q Static branch prediction
0 Based on typical branch behavior

0 Example: loop and if-statement branches
- Predict backward branches taken
- Predict forward branches not taken

2 Dynamic branch prediction
0 Hardware measures actual branch behavior
- e.g., record recent history of each branch

0 Assume future behavior will continue the trend
- When wrong, stall while re-fetching, and update history
0 As good as > 90% accuracy
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Summary: Pipeline Operation

Time (clock cycles)

»

Inst O

Inst 1

o~ 0 o5 —

Inst 2

Inst 3

= 0 a-=0

Inst 4

CO&ISA, NLT 2020

Once the
pipeline is full,
one ginstruction

=
i iy
X
D
(@)
v,

Is completed
every cycle, so

CPI=1

P
<

Timé to fillithe pipelinei

_l% ‘DM Reg
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Pipelined datapath

0 How to share/isolate data between different stages?

EX: Execute/
address calculation

ID: Instruction decode/ WB: Write back

register file read

IF: Instruction fetch MEM: Memory access

CO&ISA, NLT 2020

32
5
\’@ )

| | | I
| | | |
| | | |
| | | i
| | | |
| | | |
| | | |
| | | |
| | ! |
| | | |
| | | |
| | | |
| | | i
| | | |
| | | |
Add T ! | |
T | I Add I |
| | . |
I | ADD pesut i !
I | Shift | |
I i Lieft 2 | |
| | | i
| | | |
0 | | | |
M : Read Read | , I :
u PC »| Address | register 1 data 1 : | i
* | Read | | |
-:-I_> register 2 | Address |
Instruetion Registers I Fijzalgl
Write Read M : -
Instruction register data 2 u | Daa
memory . |
| Write
= ! Write
I data
|
|
16 Sign- :
|
|
|
|
1
|
|




Pipelined datapath

0 Adding pipeline registers

IF/ID IDIEX EX/MEM MEM/WWB

h o= - = \l
/ Add Add

4 — it
Shift resu
left 2 |

- 0
" 5
u PC Address k] _ | Read
X 2 register 1 Read > =
|, ] ] data 1
=
= Read Zero > ——
Instruction _ " | register2 ALU A1y Read
memory 4 . Registers peaq = 0 result > »| Address data T e
»| Write data 2 " M
re g.lster u Data
| Write X memory
data o= 1
_ | Write
" | data
16‘5 Sign- 32
v | extend

0 5 stages, why only 4 registers?
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Instruction fetch in pipeline

| W |
! Instruction fetch !
IFND ID/EX EX/MEM MEMWE
PAdd > = \
4 — pAdd .
Shift
left 2
—= 0
M c
u PC Address '% _ |Read
x 2 register 1 Read >
| 1 @ data 1
= Read Zero > o
Instruction register2 ALU
= Registers pogq ALU > Read L
memory . - [=@=>-| Address —
Write data 2 » = OM result data
reglster u Data
Write X memory
data o= 1
. _ | Write
- " | data
16 P
. Sign- 32 =
| extend
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Instruction decode

Iw

Instruction decode

>Add

IF/ID

IDIEX

Address

Instruction
memory

CO&ISA, NLT 2020

Instruction

/

EX/MEM

Add reiflﬁ o
Shift
left 2
Read
register 1 Read >
data 1
Read Zero = =
register 2 ALU
Registers ALU o>
Write ¢ 5 ead > = result
ata 2
register /
Write
data [ =
16 ; 32
v Sign-

v | extend

Address
Data
memory
Write
data

Read
data

MEM/WB

70



Execution

Iw

Execution

CO&ISA, NLT 2020

IF/ID ID/EX EX/MEM MEM/WB
r—-
4 —> AddAdd >
Shift result
left 2
u PC | Address 5 Ee?]?;eﬂ Read
E data 1 g "
= Read Zero —
Instruction 2 register 2 ALU a1 u Read
= .
memory Write ReglstersRead —— 0 result Address data [ — 1M
register data 2 E / Data u
Write X memory 0"
data f
Write
» data
"\5 Sign- 32 L >
+ extend
71




Memor

aCCeSS

| v |
| Memory |
IF/ID IDIEX EX/MEM MEM/WB
> Add R \I
4 — Add Adﬁ >
Shift resu
left 2
[ =
Address % Read
2 register 1 Read >
E data 1
= Read > Zero - =
Instruction register2 ALU 5y R
Registers - ead
memory Wi 9 Read s result " > Address data ™ —( 0
rite data 2 " M
reqster " / p s u
Wirite x memory X
data 1
_ Write
" | data
16 i -
> . | Sign- 32 =
T | extend
72
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Write-back

Iw
Write-back
IF/ID IDIEX EX/MEM MEM/WB
>Add = = \l
4 —] Add Adﬁ >
Shift resu
left 2
[ =
Address £ Read Rend
=l ister 1 ea - -
> IR data 1 ” \
= Read > Zero > —=
Instruction register2 ALU 41y R
Registers - ead
memory e ?:lzdz > . result - @] Address data ™ — 1M
register / Data u
Write memory =
data 0
_ Write
v 7| data
16 >
LY —
A)
73
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Pipeline diagram

Time (in clock cycles) >
CC1 CC2 CC3 CC4 CC5 CCob cC7 CC8 CC9

Program
execution
order

(in instructions) — - _

w $10, 20($1) N :RE;EI: -[DM— Ee};i

| T — — =
sub $11, $2, $3 M FRed ] [oAL oM HRed
dd $12. $3, $4 N ERed | DM Reg
@ R i | i
= — =
w $13, 24(31) M -':{Reg| SALUH DM Reg

A

add $14, $5, $6 N |- -E{R_eg| SALUH (DM Reg!

]
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Pipeline diagram

add $14, $5, $6 | Iw $13, 24 ($1) | add $12, $3, $4 | sub $11, $2, $3 | Iw $10, 20($1) |
Instruction fetch | Instruction decode | Execution | Memory | Write-back |
IF/ID ID/EX EX/MEM MEM/WB
>‘*> > \|
4 —»/ Yadd Add
Shift result
left 2
—- 0
M
u PC Address Read
x 5 register 1 Read >
-\ 1 B data 1
Instructi % g?g?sﬁer? >ALU Zero - —
nstruction = Reai ALU Read
memory ] Write sgisters dR:tZdz 2 DM result Address data [ ] 1M
register u / Data u
Wit X
—— dargae ) 1x memory 0
Write
data
16\ Sign- 32
v extend —
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Control si

nals in

Ipeline

PCSrc
IFID ID/EX EX/MEM MEM/WB
> Add > \
4 — AddAdﬁ »
Shift resu Branch
left2 > _— —\
. ——»’)_
RegWrite
|
PC Address & Read
‘S register 1 gaetgd 1 > \ MemWrite
£ 1 f
2 ¢— Read ALUSTC Zerol—» — MemtoReg
Instruction _ — register2 Add pLy Read
memory 5 . Registers, result Address na 1
_ | Write eal data M
| register data 2 — Data u
Write memory o
data L
-~ _ | Write
— " " | dat:
Instruction / \.\ = |
(15-0) 1? _ | Sign- 32 [ ALU \ 1 =
' | extend \EOHZ"Olf,u MemRead
Instruction \_
(20-16) T
[ - (0 )} ALUOp
M = =
Instruction :
(15-11) 1
> [
RegDst
76
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Pipelined control

CO&ISA, NLT 2020

xo=

MemtoReg

PCSrc
IDIEX
/ ‘. WB LEX}MEM
| control | wB
‘. Control I)—P- M | MEM/WE
\ f"l‘ ]
\ ) EX M WB
IF/D -
—
Add \
4 Add Adft
‘ Shift resu Branch
£z left 2 \
£ ALUSIC j—\_
™ J
@ /
b0 e« 2
u | PC Address g Read 553
x % register 1 Read > = 2
L l1 3 data 1 =
5 Read ZeroH1- =
—n| €4
Instruction = . reg|steé2 ist e ALU 41y Read | |
memory Wiite C9''®"S Read > =0 result Address data
register data 2 M
u Data
Write X memol
data o1 Y
Write
— data
Instruction ,f/ \\
[15-0] 16 | sign. | 32 6 [ au |
@ | control | MemRead
Instruction \\\_ _,/f
[20-186] 0 I ALUOp
M
Instruction u
[15-11] 1"
L — RegDst —
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Solvin

Time (in clock cycles)
CC1

10

Value of
register $2:

Program
execution
order

(in instructions)

sub $2, $1, $3

and $12, 52, $5

or $13, $6, $2

add $14, 52,52

v Sw $15, 100(52)

CO&ISA, NLT 2020

read-after-write hazard

CC2

10

Reg

L—1

CC3

10

—dReg

I\

CC4 CC5
10 10/-20

:_ |

ned

-[DM—
-dLF\é

CC6b
-20

\egl

T

CC7 CC38 CCH
-20 -20 -20

—'-JILReq_

~edl
_gJ

~[ DM— \egj

), DM Reg}
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Solving read-after-write hazard

ID/EX
,/’.__.\\ —
e EX/MEM
—— | Control | M WB VEMWE
IF/ID \_/ |, EX Y - WB|
I u
u .
X
SH1 - e
g Registers 4 ALUL— || .
E &
Instruction — — >
memory . 'l\jﬂ / Data
T | x g memory
[ .
IF/ID.RegisterRs Rs ! .
IF/ID.RegisterRt__|  [Rt
IF/ID.RegisterRt Rt - M EX/MEM.RegisterRd
1 IF/ID.RegisterRd .|  |Rd ’ R ] >
- —
/ Forwarding T, | | MEM/WB.RegisterRd
> unit | <
o A

xc=
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Solving load-use hazard

Time (in clock cycles)
CC 1 CcC2 CC3 CC4 CC5s CCe6 CC7 ccs8 CC9

Program

execution

order

(in instructions) _

r— =1
Iw $2, 20(31) IM IReg| DM | —IEgg:

(=
and $4, $2, $5 IM — —E:Reg M
| BN
r— |
or $8, 52, $6 M H FaReg| [ } —Eeg:
| | | | 7
8 T .
add $9, 54, $2 IM — I_Reg DM — —IE({E%
r— — 1
L slt $1, $6, $7 IM — —E:Reg |2 DM Reg:
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Solving load-use hazard

Time (in clock cycles) -
CC1 CC?2 CC3 CC4 CC5 CC6b CC7 CC8 CCH9 CcC10

Program
execution
order

(in instructions)

w $2, 20($1) IM

bubble
/“\/_\I'-h\

s
A €al 1
71 J |

(N

and becomes nop

and %4, $2, $5
or $8, $2. $6 Reg
1
| add $9, 54, $2 DM R_e_gJ}
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Solving load-use hazard

/" Hazard ID/EX.MemRead

4___‘ detection -
) - unit
S IDIEX
= e
= \,,‘ m |-WB EX/MEM
i I:Control: u M = WB LﬂjEMfWB
= \ / X
= IF/ID 0— |_ / ]
= ‘ \/ EX M WB
a
'
M
u
5 . x
5 egisters ./
r S | - " "~ "M
_ = . = ALU u
BC Instruction N < M
memory u - Data | X
memo
X ry
_/
t
IF/ID.RegisterRs .
IF/ID.RegisterRt
IF/ID.RegisterRt Rt M
IF/ID.RegisterRd RS, |
ID/EX.RegisterRt \_J -
Rs - Forwarding | -‘
Rt \ unit f
"\ fa
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Solving control hazard

Time (in clock cycles)
CcC1

Program
execution
order

(in instructions)

40 beq $1, $3, 28

I

44 and $12, $2, $5
48 or $13, $6, $2
52 add $14, $2, $2

l

| 72 Iw $4, 50($7)

3
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CC2

CC3

CC4

CC5

CC6b

CC7

CC38

CC9
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Delayed branching ...

CO&ISA, NLT 2020

and $12,$2,85 | beq $1, $3, 7 | sub$10,84,88 | before<1> 1 before<2>
i i i i
1 1 1 1
| | | |
: | | |
: /" Hazard ™ \ i i
detection | ! ! !
\__unit / i i i
IDJEX I I
i i
|
|~ (control | MEM/WB
44 E
memory
I — L _!—
| — Y= '
! — :
Clock 3 ' : !
F_— Iw $4, 50(37) | Bubble (nop) beq $1, 33,7 | sub$10,... | before<i=
.Flusl ! | |
| |
1 1
1
1
1
1
1
LhiEI'upWB
memory
10
_— Fomarui-m.\ﬁi
—..A\- unit /

Clock 4




Summary

0 All modern day processors use pipelining

0 Pipelining doesn’t help latency of single task, it helps
throughput of entire workload

0 Potential speedup: a CPI of 1 and a fast CC
0 Must detect and resolve hazards

o Stalling negatively affects CPI (makes CPI less than the ideal
of 1)

CO&ISA, NLT 2020
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mm#

0 Detect stall in the code snippets below

Tw $t0,0($t0) add $t1,%t0,%$t0
add  $t1,$t0,$t0 addi  $t2,$t0,9#5
addi  $t4,$t1,9#5

addi  $t1,%$t0,41
addi  $t2,$t0, 42
addi  $t3,$t0,4#2
addi  $t3,$t0,#4
addi  $t5,$t0,4#5
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