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Previous lecture

] Instruction set architecture
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ISA Classification

COWhere are operands stored?
* registers, memory, stack, accumulator
COHow many explicit operands are there?
- 0,1, 2, or3
COHow is the operand location specified?
* register, immediate, indirect, . . .
COWhat type & size of operands are supported?
* byte, int, float, double, string, vector. . .
COWhat operations are supported?
* add, sub, mul, move, compare . ..

COHow is the operation flow controlled?
* branches, jumps, procedure calls . . .

COWhat is the encoding format
- fixed, variable, hybrid...
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What affects the computer architecture?

Applications

|

Technology -

Software =
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ISA Classification

COWhat’s needed in an instruction set?
« Addressing
- Operands
« Operations
« Control Flow

5 Lund University / EITF20/ Liang Liu



6

Types of control instructions

CdConditional branches
COUnconditional branches (jumps)
COProcedure call/returns

B Floating-point average
B Integer average

8%

Call/return

Jump

82%
Conditional branch 75%

0% 25% 50% 75% 100%

Frequency of branch instructions
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Outline
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MIPS
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The MIPS64 architecture

[0 An architecture representative of modern ISA:
64-bit load/store GPR architecture
32 general integer registers (RO = 0) and 32 floating point registers

Supported data types: bytes, half word (16 bits), word (32 bits),
double word (64 bits), single and double precision IEEE floating
points

Memory byte addressable with 64-bit addresses

Addressing modes: immediate and displacement

Inzinntion Daogde
Fegisher Febds

Instscion Febch o Memory Aooess | "Wirihe Eack
W

IF EX MEM B

Haot BT FC Faot SEG FT
%1
kT
I

ol

e 0
- SHCE

8 Lund University / EITF20/ Liang Liu



9

MIPS instruction example

LW R1,60(R7)
SB R2,41(R5)
MUL R2,R1,R3
AND R3,R2,R1
DADDI R5,R6.#17
J lable
BEQZ R4 lable
JALR R7

Load word

Store byte
Integer multiply
Logical AND

Add immediate
Jump

Branch if R4 zero
Procedure call
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Outline

0 Pipelining
] Harzards
* Structural hazards

 Data hazards
 Control hazards

O Implementation issues
0 Multi-cycle operations
0 Summary
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Outline
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O Pipelining
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The Assembly Line ...

Sensorl

Conveyor Belt http!//I‘;N‘Ggl"amflﬂC;-.b|D§SpEJt.ﬁDn‘I/ sensor3 CD

Push Button Emg Push Button Emg Push Button Emg Push Button Emg Push Button Emg
Push Button Finish Push Button Finish Push Button Finish Push Button Finish Push Button Finish

<) S © © S

Operator 1 Operator 2 Operator 3 Operator 4 Operator 5
A ;L O o, -
Part Assy Part \ Assy Part Assy Part Assy Part Assy
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The general pipeline principle

CIStart again from laundry room

MAKE GIFS AT GIFSOUP.COM

COSmall laundry has one washer, one dryer and one folder, it
takes 110 minutes to finish one load:

*Washer takes 40 minutes
*Dryer takes 50 minutes
*“Folding” takes 20 minutes

CONeed to do 4 laundries
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Not very smart way...

|
| Time

[
»

50 20 40 50 20 40 50 20 40 50 20

salipuneT

) 110 min__,

Total = N*(Washer+ Dryer+Folder)
= 440 mins
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If we pipelining

I [
»

40 50 50 50 50 20

salipuneT

Total = Washer+N*Max(Washer,Dryer,Folder)+Folder
= 260 mins
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Pipeline Facts

I [
»

| CMultiple (independent) tasks
operating simultaneously

40 50 50 50 50 20 HPipelining doesn’t help latency

of single task, it helps
throughput of entire workload

CIPipeline rate limited by
slowest pipeline stage

CUnbalanced lengths of pipe
stages reduces speedup

CIPotential speedup «« Number
of pipe stages

salipune
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One core — the MIPS data-path

Instruction decode’ priaced : M Wit
Instruction fetch register fetch Resimsasdl - access . back
= M
u
i
>Add
Branch Cond ;
— " |taken :
PC -
Instruction
memory >ALU ALU F]
output | :
. Data LMD M
X

© 2007 Elsavior, Inc. All rights reserved.
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Classic RISC 5-stage pipeline

‘ IFAID '_D_EX EXMEM MEMWB
N
S e Passed To Next Stage
% ] I lake
Zero? - T
' l e le IR <- Mem[PC]
PC |- 1M
. Instruction| IR Pis | “_" % ‘L ! r .‘ NPC < PC " 4
memory e MEM_"Z%"_F_‘ Registers r % ALU
4 TR
‘—,, - J _/ " :L.l
1; 16 @‘l - ‘
| 'ell\e'\ﬂ} B
& >
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Instruction Fetch (IF):

21

Send out the PC and fetch the instruction from memory into the instruction
register (IR); increment the PC by 4 to address the next sequential instruction.
IR (reg) holds the instruction that will be used in the next stage.

NPC (reg) holds the value of the next PC (either sequential or jump).
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Classic RISC 5-stage pipeline

MEM/WB

Passed To Next Stage
A <- Regs[IR6..IR10];

IRs..10 ~ B
[z, L@_ } B <- Regs[IR10..IR15];

s omer W Imm <- ((IR16) ##IR16-31

e . [ M
At =HH
e o) 3Nl

J

g _E—
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Instructlon Decode/Register Fetch Cycle (ID):
Decode the instruction and access the register file to read the registers.

« The outputs of the general-purpose registers are read into two temporary
registers (A & B) for use in later clock cycles.
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Classic RISC 5-stage pipeline

- iy e Passed To Next Stage
4
M
]L e A <-Afunc. B
Zero? - [
l Fe.10 L cond =0;
!PC = : IR /M\l_
“ Instruction | IR s v - . Q [
memory =1 [~} memwa.IR [Flegisters rx\ ALU
I == (M] Data
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Execute Address Calculation (EX):
Perform an operation (for an ALU) or an address calculation (if it's a load/store

or a Branch).

« If an ALU, do the operation.
« If a (memory) address calculation, figure out how to obtain the address

 Branch decision
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Classic RISC 5-stage pipeline

ey o EXﬁEM MﬁWB
Branch
j Zero? fans — Passed TO Next Stage
IRg_10 -
— A = Mem[prev. B]
memory - MEM/WE.IR Regist 1 Or
- mamary | 1 “Mem[prev. B] =A

MEMORY ACCESS (MEM):
 If this is an ALU, do nothing.
« If aload or store, then access memory.
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Classic RISC 5-stage pipeline

ID/EX

EX/MEM MEM/WB

Branch

j\_{} Passed To Next Stage

Regs <- A, B;

IR

11.15

Registers

ALU

u
X
M Data
" u Memory e s M
X L
x

memory Y MEMWE.IR

WRITE BACK (WB):
« Update the registers (GPR) from either the ALU or from the data loaded.
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Speed up

Non-Pipelined
Instruction 0 200 400 600 800 1000 1200 1400 1600 1800 ]
Order T T T T T : : : : : >T|m€
Instruction REG REG

1w $1, 100 ($0)|msuet IRDI ALU I vem  [REC
1w $2, 200($0) ¢ >'”S|t:2t‘étr']°”|iEDGI ALU I MEM I'\?NES

800ps .
1w $3, 300($0) < >'”S;“*'C“°”|§ XY

800 s etch
\ 4 p
< >
800ps
Pipelined
Instruction 0 200 400 600 800 1000 1200 1400 1600 ]
Order ! ! ! ! ! ! ! ! —PTime
1w $1, 100($0) '”S;ft‘;ﬂ"” RREDG ALU MEM F\j\if
Instruction REG REG

1w $2, 200($0)1§ii§? Fotch =D ALU MEM R
1w $3, 300($0) W'”i@‘t‘éﬂon REQ AL mem  [REC
\/ PS

< > < < < >
200ps 200ps 200ps 200ps 200ps
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Outline

O
O

] Harzards
» Structural hazards
* Data hazards
* Control hazards

O
O
O
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Fundamental limitations

[CO0Hazards can prevent next instruction from executing
during its designated clock cycle:

- Structural hazards: Simultaneous use of a HW resource
- Data hazards: Data dependencies between instructions
-« Control hazards: Change in program flow
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Structure hazard
Time (clock cycles)

»
»

Cycle 1iCycle 2iCycle 3iCycle 4Cycle 5: Cycle 6:Cycle 7:

Ifefch |

Instr 2 Ifetc

Load

S| HE

When two or more different instructions want to use same hardware
resource in same cycle, e.g., MEM uses the same memory port (only one
memory port)

w8

Instr 3

L]
I°R
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A simple solution

Time (clock cycles)

>

Cycle 1iCycle 2 :Cycle 3iCycle 4iCycle 5: Cycle 6:Cycle 7:

Load Ifetch 3 R B -
—
Instr 1 Ifefch:[: R

Instr 2 Ifefch:{:] ]_E
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Other solutions

C1Stall

* low cost, simple
* Increases CPI
 use for rare case since stalling has performance effect

CIPipeline hardware resource
- useful for multi-cycle resources
« good performance
* sometimes complex

CIReplicate resource
- good performance
* Increases cost (+ maybe interconnect delay)
- useful for cheap resources
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Memory Architecture

o storage
2" Bit Line (RAM) cell
_q| =T
AE - _.” ——_..--"/
Ag+ E :.l.l “ é’
e
A1 5 —'| o
) =

Sense Amplifiers / Drivers

Ay
Column Decader /
Ax 3

Input-Output
(M bats)

i
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Dual/single port memory (65nm)

Single-port

64*16 12um?/bit 23um?/bit
256*16 4.6um?/bit 8um?/bit
512*16 4um?/bit 6um?/bit
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Data hazard

Time (clock cycles)

IF ID/RFEX MEM WB

add rl,r2,r3

sub r4,rl,xr3

and r6,rl,r7

or r8,rl,r9

xor rl0,-1,rll

[fetc l ‘ .B

[fetc

=

e

[fetc

DMen]=

ALl

[fetc

Efe'tcl[

Men]=

ALl

=

i

DMent

A

The use of the result of the ADD instruction in the next 3 instructions
causes a hazard, since the register is not written until after those
instructions read it.

38
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Fundamental types of data hazard

Code sequence: Op; A
Opiy1 A

CORAW (Read-After-Write)
 Instruction i + 1 reads A and i modifies A
* Instruction i+1 reads old Al
COWAR (Write-After-Read)
 Instruction i + 1 modifies A and instruction i reads new A
COWAW (Write-After-Write)
 Instructions i and i + 1 both modifies A
« The value in Ais the one written by instruction i
O (RAR?)
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Strategies for data hazard

Clinterlock

- Wait for hazard to clear by holding dependent instruction in
ISsue stage

COForwarding

* Resolve hazard earlier by bypassing value as soon as
available
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Interlock and forwarding

add x x3, x5
sub x2, k1, x4

FIl DI| X!| MmIl W add x1, x3, x5

FI| D bubble Instruction interlocked in
-l b bubble decode stage

FI| D bubble

FIl DIl X!| ml| wll sub x2, x1, x4

FI| D X[\M|| w add x1, x3, x5 Bypass around ALU with
no bubbles

F D\S( MIl Wil sub x2, x1, x4
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Hardware support of forwarding

I I I
i Fetch 1 , Decode | EXecute , : Memory I Writeback
I I L H :_
| I = @
| | = Ol—
I {;_I. &a
] e N4 Data —
7 — N 1
| | Instruction B0 il | N 5 Cache _
a™ Cache |%= = Bl >'< -
3 ! A
= ]
= < 'I T
' IIU < l
I I —
| | ‘ | - H
| i T
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Data hazard with forwarding

1IME (IN CIOCK CYCIes)

CC1 cC2 cC3

LD A1, 0(R2) IM Reg >E’
AT

DSUB R4, R1, RS IM Reg

Program execulion order (in instructions)

AND R6, R1. R7 IM

Required date from MEM

OR A8, A1, RY

Lund University / EITF20/ Liang Liu




Data hazard with forwarding

Time {in clock cycles) -

CCH1 cc2

LW Ri,0R2)| ™

SUB R4, R1, RS In

AND Ra, R1, R7

Frogram execution order (in instructions)

OR R8, R1, Rg
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Software scheduling of load

Try producing fast code for

a=Db+c;

d=e-f;

assuming a, b, c,d, e, and f are

In memory

LD R1, B FI| D|| X|| MW
LD R2, C

DADD R3,R1,R2 Fl| D

SD R3, A FI|l D

LD R5, F

LD R4, E FI| D
DSUB R6,R4,R5 FIl DIl X!l mll W
SD R6, D

How many stalls?
How many stalls with hardware forwarding?
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Software scheduling of load

Try producing fast code for

a=b+c;
d=e-f;

assuming a, b, c, d, e, and f are in memory.

Code re-order

LD R1,B
LD R2,C
DADD R3,R1,R2
SD R3, A
LD RS, F
LD R4, E
DSUB R6,R4,R5
SD R6, D

LD R1,B
LD R2,C
LD R4, E
LD RS, F

DADD R3,R1,R2
DSUB R6,R4,R5
SD R3, A
SD R6, D

Architecture dependent optimization

46 Lund University / EITF20/ Liang Liu




Control hazard

J Control hazard

* Need to find the destination of a branch, and can’t fetch any new
instructions until we know that destination

Branch instruction IF D EX MEM WB

Branch successor IF stall stall I 1D EX MEM WB

Branch successor + | IF 1D EX MEM WB
Branch successor + 2 [I ID EX MEM
Branch successor + 3 IF D EX
Branch successor + 4 IF ID
Branch successor + 5 [F

[0 Assume: branches are not resolved until the MEM stage

0 Three wasted clock cycles:
+ two stalls
* one extra instruction fetch (IF)

O If branch is not taken, the extra IF is not needed
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Hardware support to reduce control hazard

[l Calculate target address and test condition in ID
01 clock cycle branch penalty instead of 3!

J IIDVEX
ADD ]
IFAD [igstt™ EX/MEM MEM/WB
4 r*= Zero? [~
(v
ADD u
X
IHE.. ]
| PC o
lHn..is -
Instruction | IR ) .
memory MEMWE.IR | Registers
M Data
u memory —e M
X
16 [ Sign- | 32

£ 2007 Elsavier, Inc. All rights resarved.
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Four control hazard alternatives

O Stall until branch condition and target is known

O Predict branch not taken
» EXxecute successor instructions in sequence
« “Squash” instructions in pipeline if the branch is actually taken
 Works well if state is updated (WRITE) late in the pipeline
« 33 % MIPS conditional branches not taken on average

Untaken branch instruction IF ID EX MEM WB

Instruction i + 1 IF ID EX MEM WB

Instruction i + 2 IF ID EX MEM WB

Instruction i + 3 IF ID EX MEM WB
Instruction i + 4 IF D EX MEM WB
Taken branch instruction IF ID EX MEM WB

Instruction i + 1 IF idle idle idle idle

Branch target IF ID EX MEM WB

Branch target + 1 IF ID EX MEM WB

Branch target + 2 IF D EX MEM

one cycle penalty if taken
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Four control hazard alternatives

0 Predict Branch taken (benefit in our case?)

* 67 % MIPS conditional branches taken on average

«  MIPS calculates target address in ID stage! Still one cycle penalty
] Delayed branch

« Schedule independent instruction to be exe after the Branch to fill
the one-cycle gap
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Compiler support for delay branch

[0 Scheduling “from before” is safe (if independent)
[0 Scheduling “from target” or “fall through” is not always safe

(a) From before

DADD R1. R2, R3

if A2 = 0 then

| Delay slot |

becomes

if A2 = 0 then

| DADD R1, R2, R3 |

(b) From target

DSUB R4, R5, R&6

DADD R1, R2, R3

if R1 = 0 then

(c) From fall-through

Delay slot

becomes

DSUB R4, R5, R6

DADD R1, R2, R3

if R1 = 0 then

DADD R1, R2, R3

if R1 = 0 then

| Delay slot |

OR R7, A8, R9

DSUB R4, R5, R6 ———

becomes

DSUB R4, R5, R6

S 2007 Elssrdar. Ind. All rignts reaan e

DADD R1, R2, R3

if R1 = 0 then

| OR R7. R8, R9 |

DSUB R4, R5, R6
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Pipeline speed up

CPIpipeIined = |ldealCPI + # stall-cycles/instruction

AveragelnstructionTime,  nninali
Speedup = unpipelined

AverageInstructionTimepipe”ned

T
CPl  nninali C . .
Speedup = unpipelined unpipelined

Ideal CPI + # stall-cycles/instr ) Tc. .
pipelined
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Outline

O
O
O

O Implementation issues
O
O
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What’s hard to implement

J IDVEX
ADD B

IF/ID - EX/MEM MEM/WE
r*= Zero? [

|Hﬁ-..'|0

Ris1s 2
Instruction .
memory [ MEM/WE. IR | Registers

M Data
S|y memory |—=
= X
‘ (xlj? \1

& 2007 Elsavier, Inc. All rights resarved.

[l Exceptions (fault, interrupt)
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Exceptions

Inst. Decode \ Data
Mem o+ Mem
PC address lllegal Data address
. Overflow .
Exception Opcode Exceptions

C0When an interrupt occurs:
* How to stop the pipeline?
* How to restart the pipeline?
*  Who caused the interrupt?
A pipeline implements precise exceptions if:
« Allinstructions before the faulting instruction can complete

« Allinstructions after (and including) the faulting instruction can
safely be restarted
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Exceptions are difficult in pipeline

COWe need to be able to restart an instruction that

causes an exception:

* Force a trap instruction (e.g., some special routine call to
handle the exception) into the pipeline

« Turn off all writes for the faulting instruction
- Save the PC for the faulting instruction to be used in return
from exception handling
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Solution for simple MIPS

[0 Need to add control and data-paths to support exceptions
and interrupts.
C0When an exception or interrupt occurs, the following must be
done:
 EPC<=PC
« Cause <= (cause code for event)
« Status <= (fault)
* PC <= (handler address)
[0 To return from an exception or datapath, the following must
be done:
- PC<=EPC
« Status <= (fault clear)
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Exceptions are difficult in pipeline

CDExceptions may be generated out-of-(program) order

IF ID EX MEM WB

page fault on | undefined arithmetic | page fault on | none

instruction fetch, | or illegal | exception | data fetch,

misaligned opcode misaligned

memory access, memory

protection access,

violation memory
protection

LD (faults in MEM)
DADD (faults in IF)
— The DADD faults before the LD
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Solution for simple MIPS

[0 Add a hardware status vector containing exceptions

[0 Pass along with instruction in the pipeline
» Hold exception flags in pipeline until commit point

O Turn of writes when an exception entered in the status vector

[0 Handle exceptions from status vector in WB (in program order)

« If exception at commit: update Cause and EPC registers, kill all stages,
inject handler PC into fetch stage

Handle at commit point NOT
at exception point
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Solution for simple MIPS

D)

+

O

lllegal
PC address Opcode

=
3.8

Overflow Data address

Inst.
Mem I Decode
J

Exception I Exceptions E o
“I_‘ - 3
- (1]
. Q
[ W
Select / - &
Handler Kill F Kill D Kill E AsynCh rono : Kill
pPC Stage Stage Stage us =-Writeback
Interrupts -
|
LD (faults in MEM) _F D X M W
DADD (faults in IF) F D X M
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Outline
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O
]
]

[0 Multi-cycle operations
O
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Multi-cycle instruction in pipeline (FP)

Integer unit

=i‘ﬂl

FP/integer multiply

M1 M2 M3 M4 M5 Mé M7

IF D MEM WB
FP adder
Al I A2 A3 A4

FPfinteger divider 7

M ” 7| DI I

| |
FP Instruction Latency Initiation Rate
Add, Subtract 3 1
Multiply 6 1
Divide 24 25
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Parallelism between integer and FP

MULD | IF | ID | M1 | M2 | M3 | M4 M5 M6 M7 | MEM
ADD.D IF | ID | A1 | A2 | A3 A4 MEM | WB

DSUB IF | ID | EX | MEM | WB

LD IF | ID | EX MEM | WB

Clinstructions are issued in order
Clinstructions may be completed out of order
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Pipeline hazard

CStructural hazards
CORAW hazards
COWAW harzards
COWAR hazards
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Pipeline hazard

0 Structural hazards. Stall in ID stage if:

« The functional unit is occupied (applicable to DIV only)

* Any instruction already executing will reach the MEM/WB stage at the

same time as this one
0 RAW hazards:

* Normal bypassing from MEM and WB stages

- Stall in ID stage if any of the source operands is destination operand in
any of the FP functional units

Clock cycle number

Instruction 1 2 3 4 5 6 7 8 9 10 11

MUL.D FO,F4,F6 IF D M1 M2 M3 M4 M3 Mo M7T MEM WB
IF 1D EX MEM WB

. IF 1D EX MEM WB

ADD.D F2,F4,FB IF D Al A2 A3 Ad MEM WB

IF 1D EX MEM WB
. IF ID EX MEM WB
L.D Fz,0(R2) IF 1D EX MEM  WB
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Pipeline hazard

COWAR hazards?

« There are no WAR-hazards since the operands are read (in ID) before
the EX-stages in the pipeline, they are in-order

0 WAW hazard

DIV.D FO,F2,F3  FP divide 24 cycles

SUB.D FO,F8,F10 FP subtract 3 cycles

«  SUB finishes before DIV which will overwrite the result from SUB!
- are eliminated by stalling SUB until DIV reaches MEM stage
* When WAW hazard is a problem?

How about exception?
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Exception

DIV.D FO,F2,F4 (24 cycles)
Example: ADD.D F10,F10,F8 (3 cycles)
SUB.D F12,F12,F14 (3 cycles)

0 Suppose
- the SUB instruction generates an arithmetic trap
* DIV instruction hasn’t completed
« ADD instruction have completed

Imprecise interrupt signaling: Another problem
with out-of-order completion
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Summary

] Pipelining (ILP):
Speeds up throughput, not latency
Speedup < #stages
[0 Hazards limit performance, generate stalls:
Structural: need more HW
Data (RAW,WAR,WAW): need forwarding and compiler scheduling
Control: delayed branch, branch prediction

T
CI:’lunpipelined Cunpipelined

SPeedlP = {4eal GPI 1 # stall-cyclesinstr © Tg

pipelined
#stages
1 + # stall-cycles/instruction

o

[0 Complications:
Precise exceptions may be difficult to implement
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