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Pipelining

m Pipelining is an implementation technique whereby
multiple instructions are overlapped in execution.
Pipelining is the key implementation technique that is
currently used to make high-performance systems.

Gimme. Gimme. Gimme. Gimme. Gimme.
T
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Pipelining in real life

Laundry Example

Ann, Brian, Cathy, Dave
each have one load of clothes
to wash, dry, and fold

Washer takes 30 minutes
Dryer takes 30 minutes

“Folder” takes 30 minutes

“Stasher” takes 30 minutes
to put clothes into drawers
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Sequential processing
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6 .@ . A Time
'8 SR -
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PD =l ﬁ.
Sequential laundry takes 8 hours for 4 loads

If they learned pipelining, how long would laundry take?
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Pipelined processing
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» Pipelined laundry takes 3.5 hours for 4 loads!
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1 Unbalanced Pipeline
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5.5 Hours. What is going on here?
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Pipelining Principles

m Pipelining does not help the /atency of a single task, it helps the
throughput of the entire workload.

m The pipeline rate is limited by the slowest pipeline stage.
m  Multiple tasks operating simultaneously.

m Potential speedup = number of pipe stages

m Unbalanced lengths of pipe stages reduces speedup.

m Time to “fill” pipeline and time to “drain” it reduces speedup.
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Hardware Pipelining

m Pipelining is an implementation technique that exploits
parallelism among instructions in a sequential instruction
stream.

® A major advantage of pipelining over “parallel processing” is
that it is not visible to the programmer.

m |n a computer system, each pipeline stage completes a part of
the instruction being executed.

m The time required between moving an instruction one step down
the pipeline is a machine (clock) cycle.

m The length of a clock cycle is determined by the time required
for the slowest stage to proceed.
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Hardware Pipelining

m The hardware architect should try to balance the length of each
pipeline stage.

m In a perfect pipeline, the time per instruction on the pipeline
computer is:

Time per instruction on unpipelined computer
Number of pipe stages

= If we have n stages, we could speedup the execution n times —
speedup = n.

m In practice, the pipeline stages will not be perfectly balanced -
and there are additional over-neads. But we can get close to the
ideal case.
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Unpipelined System

30ns 3ns
Comb R Delay = 33
— b. —p || Delay = 33ns
Logic g| Throughput = 30MHz
o
Clock
Opl Op2 Op3
> > >

Time

* One operation must complete before next can begin
» Operations spaced 33ns apart
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3 Stage Pipelined System
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3 Stage Unbalanced Pipelined System

Bns 3ns 15ns 3ns 10ns 3ns
c R Comb R | comb. | R
—CoM | o |—p omb. || Flep| Comb. |/
Log Legic Logic
& G &
—lf 1 1
- Fad -
Clock Delay = 18 * 3 = 54 ns

Throughput = B5MHz

» Throughput limited by slowest stage
Delay determined by clock period * humber of stages

» Must attempt to balance stages
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Clock Delay = 48ns, Throughput = 128MHz

Deep Pipelined System

* Diminishing returns as we add more pipeline stages

e Register delays become limiting factor

 Increased latency
» Small throughput gains
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Pipeline in real system- CPU

CPU Life Cycle:

» At most one of the following can occur within one clock cycle:
= One ALU operation
= One register file access (1 write and 2 reads)

= One memory access (Actually will take multiple clock cycles
before we get a cache)

» Our execution stages will be separated into 5 cycles
= Instruction fetch

« Fetch new instruction from memory, compute next PC
value

« Performed for all instructions
= Decode

 Fetch register values from register file, compute branch
address

» Performed for all instructions
Presented by Abramov B.
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Pipeline in real system- CPU

= Execute
* Perform A/L/S operation for A/L/S R and I-type instructions
« Compute address for load and store instructions
- Determine if branch is taken for branch instructions
* Jump for jump instructions
* Link for branch-and-link and jump-and-link instructions
= Memory

* Access memory for load and store instructions (skip for all
others)

= Write back

- Write register result back to register file for A/L/S/load
instructions (skip for all others)
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Pipeline in real system — MIPS CPU

m [nstructions in a MIPS processor are executed in at most five
clock cycles as follows:

1. Instruction fetch cycle (IF)
IR = Memory[PC]
PC = PC + 4

2. Instruction decode & register fetch cycle (ID)
A = Reg[IR[25-21]]
B = Reg[IR[20-16]]
Target = PC + (sign-extend(
IR[15-0]) << 2)
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Pipeline in real system — MIPS CPU

3. Execution, memory address computation, or branch completion (EX)

m Memory reference
ALUoutput = A + sign-
extend (IR[15-0]
m Arithmetic-logical instruction (R-type)
ALUoutput = A op B
Branch If (A == B) PC = Target
4. Memory access or R-type instruction completion cycle (MEM)
m Memory reference
memory-data =
Memory [ALUoutput]

or
Memory [ALUoutput] = B

m Arithmetic-logical instruction (R-type)
Reg[IR[15-11]] = ALUoutput
Presented by Abramov B. 17



IF: Instruction fetch

_H

ID): Instruction decode/
reqister file read

address calculation

EX: Execute/

MEM: Memory access

Pipelining firs step: Splitting to phases

WEB: Write back
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Pipelining second step: Adding registers

IFID ID/EX EX/MEM MEMANVE
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4 — >,ﬂ-d:| Add ——
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Hardware adaptation for pipelining
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Hardware adaptation for pipelining
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Hardware adaptation for pipelining
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Hardware adaptation for pipelining
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Hardware adaptation for pipelining

Presented by Abramov B. 24



Hardware adaptation for pipelining
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Frogram
execution
order

(in instructions)

L

Iw $10, 20(31)

sub $11, 52, 33

Time (in clock cycles)

cC1

Pipeline time sequence

L J

CC 5

cC 2 cC 3 cc 4
Reg ALU DM
I [ Reg > ALU
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Pipeline Control

]

EXNEW

il
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Execution/Address Calculation | Memory access stage | stage control
stage control lines control lines lines

Reg ALU ALU ALU Mem | Mem Reg |Mem to
Instruction Dst Op1 Op0 Src__[Branch| Read | Write | write Reg |
R-format 1 1 0 0 0 0 0 1 0
1w 0 0 0 1 0 1 0 1 1
SW X 0 0 1 0 0 1 0 X
beq X 0 1 0 1 0 0 0 X
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Pipeline Hazards

m There are three types of hazards in a pipeline, they
are as follows:

= Structural Hazards: are created when the data
path hardware in the pipeline cannot support all
of the overlapped instructions in the pipeline.

= Data Hazards: When there is an instruction in
the pipeline that affects the result of another
iInstruction in the pipeline.

= Control Hazards: The PC causes these due to
the pipelining of branches and other
instructions that change the PC.
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Dealing With Structural Hazards

m Structural hazards result from the CPU data path not
having resources to service all the required
overlapping resources.

m Suppose a processor can only read and write from
the registers in one clock cycle. This would cause a
problem during the ID and WB stages.

m Assume that there are not separate instruction and
data caches, and only one memory access can occur
during one clock cycle. A hazard would be caused
during the IF and MEM cycles.
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1 Dealing With Data Hazards

An example for data hazards:

sub s$2, $1, $3

and $12, $2, &5
or S13, 56, $2
add s14, $2, $2
sw  S15, 100 (s2)

Presented by Abramov B.
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Dealing With Data Hazards

sub $2, $1, $3

An example for data hazards:

An d $ 1 2 p $ 2 , $ 5 Register $2 1s updated only at the
WB phase, 1.2., the 5th clock
Ot $ 13 $ G G ) cycle (actually at the end of the
mf ! ' 5th clock cycle). However, we try
g g g to use it at the 3rd clock cycle
ada $ 14 ! ! ‘ ! ! Z when we read $2 at the decode
S W $ 15 , 100 ( $ 2 ) phase of the and mstruction
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Dealing With Data Hazards

Time {in clock cycles)

value of A i CC3 CCo4 CC 5 CCE CC 7 CC 8 CC49
register 32 10 10 10 10 10— 20 -20 =N —20 -20
Program
execufion

arder

(im instructicns) £ = —
| sub32,51,53 | M _Eﬂeg': :57 "|D’""|i
b . ._
o = —
and $12, 52, $5 IM — —E!:_:_E,a._ %—

ar $13, 56, 52 M —

i
I

add $14, 32, 32 ina

sw 515, 100(52)

Reg
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1 Dealing With Data Hazards- NOP (delay)

sub $2, $1, $3
o EJ

o E)

nop

and $12, $2, $5
or $13, $6, $2
add s14, $2, $2
sw $15, 100($2)
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Dealing With Data Hazards- NOP (delay)

Time {in clock cycles)

Value of cC1 cc 2 CC3 CC4 CC 5 CCo CC7 cca CC & CC 10 cCC 11 cC 12
register 52: 1p 10 10 10 104=20 =20 =20 - 20 =20 = 20 -20 =20
Frogram
!!!!! tion
order

{in instructions) L -
sub 52, 51,53 1 HII_ T_‘]Dﬂ—

|
i
B
[

nog

o B

and $12, 52, §5

r —
or §13, 58,5 2 iy |

P- -
|+ 1 _LFEJ__
add $14, 52, §2 -

t+ 1 e eal oM [Hr
sw 515, 100( 52 ) = ‘D' I :H i
r | | ||
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Data Hazards- Hardware Bottleneck

i Rdreg 1 (=ERs)
3 l
i
Readdata 1
write data 100
. 100
300 X
i
Rdreg2 (=FRf)
ay 2 l
| 32, .
I i p Feaddata?l
Wrreg (=Rd) | X — —
2
RegWrite

Say we have 100 in register $2. We read from register $2 and write 300 1nto
register2. We still get 100 at the output!!! (until the next CK rising edge).
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Data Hazards- Hardware Adaptation

Wrreg - ,2_,—-—\
. - ! Ir_
Rdregl (=Rs) s, »—/ RegWrite
write data
3%
ER! Fead data 1
T 31 ™
300 5, 300
1, 324
- ¥
write data 1 'U'ﬂ
32 —_:;-,
300 100 Wrreg
Rdreg 2 (=Rf)
) write data
— 2,
37 '
El
31,
= !
— I el
Wrreg (=Rd y — !
2
FegWrite

When we read and write from/to the same register (e.g.. $2) simultaneously,
we bypass the register, which is updated only at the next rising edge of the CK).
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Data

Time {in

Value of
register 52:

Frogram
execution
order

{in instructions)
sub 52,51, 53

niop

nop

and $12. 52, §5
or$13,358, 5 2
add $14, 32, 52

sw 515, 100] 32 )

Hazards- Hardware Adaptation

clock cycles)

CG 1 CcC 2 CC3 CC 4 CC 5 CcH CC7T cc 8 cce CC 10 cC 11 cC 12
10 10 10 10 10/- 20 -20 -20 -20 -20 -20 - 20 —20

sl =)

oo}

B e

|k
/EF

4
/

We could eamn 1 ck cycle if

GPE. is “transparent, i.e, we

could see the wnite daia to the

GPR. at the GPR outputs (if the

write address equals the read
address). 1.e.., durmg Ck #3.
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1 Data Hazards- Hardware Adaptation

sub S2, $1, $3
nop

nop

ard 312, 32, 55
or S13, $6, $2
add $14, $2, $2
sw S15H, 100 ($2
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alue of register 52 :
Walue of EXVMEM :
Waluz of MEMAWE -

Frogramm
asxecution order
{im instructions)

sub 52, 81, B2

and 312, 52, 55

or 513, 58, 52

add F14, 52, 52

Tirme (in clock oycles)
cC 1

100
X
X

sw 515, 100052

cc2

10
x
x

J_:HE5;|

cC3 cC4 CCh cCa
10 10 10— 20 —20
s 20 3 x
x X - 20 X
,\ oM _J_P:-J
1 -
Regl | | M Reg

l Cind
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Data Hazards- Hardware Forwarding
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Data Hazards- Hardware Forwarding

ILVER,
T, i
) "‘ E E}UMEM
e =] L 5 | -'.-;uI \_MAE“'II'NE
IFND E) gl Wi .
£y
K
5 u
g X
p
E Reglsters o naka
- insfructien . L
e e e B >"" y memory [ | "
7 {_\\l L
. i X
p==| Il -
X
LR
IFND.Registerfs Rs ]
IF/ID.RegsterRl R
— =
IF/ID. Ragisterns R ~
| I | EX/MEM Regsierfd
IF/ID.RegsterRd Rd u |
X . .
| | L | + oo ||
"*-\_J—l =3"\-'-."':|':_i — -
- . KEMWS RegisterRd
| unit I

If ID/EX Fs=EX/MEM Rd. 1e . the Rd of the previous mstmiction equals the Es of the current
mstruction (which 1s 1n the “decode™ phase), then we use the “"ALUout ™ of the previous instruction

mstead of the output of the GPE.
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Dealing With Control Hazards

Program Time {in clock cycles)

Eﬁ:rmim cct c©cc2 €c3 cc4 CCcs  CC6  CCT  CCB CCY

(in instructions)

40 beq $1, $3,7 I Reg | % DM —| Reg
| ﬂi 7 I

44 and $12, 52, 85 L -Eiﬁeg: %— —I:DM— - |Req

48 or $13, §6, §2 / /_ m_ | cRagl :97 -[DM— Reg

52 add §14, 2, 52 / v [ Hreg ] %; DM|
_EL I i jlE=nj

l / -;-_).:-"' : — — s
72w $4, 50(57) W bt aarni ‘ [ HHRred % ﬂ{rrﬁeg‘
R -‘_ﬂ_'_,_ﬂ'-ﬂ--

These 3 instructions should be Here we decide to branch
“killed” before they do harm, (switching the address to the
Ie , change any register. PC and issmng PCWrite Cond)

In ccS we already use the new PC
calculated by the branch. (PC=72)

Killing an instruction also called “flushing” the pipeline, is easily done by clearing the
IF/ID register of the instruction following the branch (if the branch is successful)
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Dealing With Control Hazards

e \What is the next instruction?
e Branch instructions take time to compute this.

Solution 1: Stall

Program

execution s 4 6
order Time | T T T T T T T *
(in instructions)
Instructon Dana

add 54, $5, 36 fereh Reg ALU b E o o Reg

beq $1 $2 40 @ p| INstruction R ALU Data | o

e 205 festih 9 ACCa%S =

Imstmiction Data
| w %3, 300(30) - s g [ Reg ALL sl Reg
e

\ 2ns

Pipeline Stall
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Dealing With Control Hazards

o What is the next instruction?
» Branch instructions take time to compute this.
Solution 2: Predict the Branch Target

Program
execution _ 2 4 6 8 10 Lo 14
order Time T 1 | I L I ! g
(in instructions)

add $4, 35, 56 | Reg my | e |Reg

beq $1, $2, 40 Instriction | ALL Data Ro

Instnuction Data

l Iw %3, 300(30) b o fetch | 29 o sceoss | o4
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Dealing With Control Hazards

e What is the next instruction?
o Branch instructions take time to compute this.
Solution 2: (Mis)Predict the Branch Target

Program
execution . 2 4 6 8 10 12 H
order Time T - T - I I | -
(in instructions)
Instruction Cata
add $4, 35,36 ferch | Re9 ALU P
Lan €1 &9 A Instruction Data
beqg $1, 52, 40 —| . |Red ALL acomss | RO
2ns
‘x Y,
"'1 Ll II le _jl‘(ll ibbie .]"" ||||I I-}Cul InIn- i InIn-_‘j
'-,_,.I-\-E;_:I___l 1_.- -.-" _, -\_|.'."—"_ -"'I;_.I_-" I"—"I -"'I;_':I_
[strietsan Data
v or$7, %8, 4 - . fetch Reg ALU P Reg

Presented by Abramov B.

44



Pipeline Speedup

m" Some performance expressions involving a realistic pipeline in terms of CPI. It
is @ assumed that the clock period is the same for pipelined and unpipelined
implementations.

Speedup = CPI Unpipelined / CPI pipelined
m  We can look at pipeline performance in terms of a faster clock cycle time as

well:
Clock cycle time unpipelined

Speedup =
Clock cycle time pipelined

Clock cycle time unpipelined

Clock cycle pipelined =
Pipeline Depth

1
Speedup = x Pipeline Depth

1 + Pipeline stalls per Ins
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Summary

Summary

¢ Pipelining is a fundamental concept in computers/nature
» Multiple instructions in flight
» Limited by length of longest stage, Latency vs. Throughput

e Hazards gum up the works

Real Stuff
o MIPS I instruction set architecture made pipeline visible

(delayed branch, delayed load)

» More performance from deeper pipelines, parallelism to
a point
e Pentium 4 has 22 pipe stages!
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