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High-Performance Processors 3

a Two techniques for designing high-performance processors by exploiting
parallelism:

Q Multiprocessing: parallelism among multiple processors

Q Pipelining: implements parallelism between instructions on
the same processor
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Pipelining Principles

Key characteristics:
Q Multiple tasks are processed simultaneously

A Ideally, these tasks should be independent of each other otherwise
we need to make this the case

Q Pipelining does not help the latency of a single task
Q It helps the throughput of the entire workload
a Completion order in pipelined execution = that in sequential execution

How much can a pipeline improve?

Q Potential speedup = number of pipeline stages

Q The pipeline rate is limited by the slowest pipeline stage

» Unbalanced lengths of pipeline stages can reduce speedup. Why?
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Example: Bottleneck in Pipelining

1

Q Can I align the pipeline stages as above?

Q Answer: NO, because the tasks executing in parallel are not
independent (task 4 overlaps task 4)

A The condition to align is to make sure NO OVERLAP of any stages?

-
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The MIPS Pipeline

COMP2611 Fall 2015



Pipeline Performance Example

aQ Assume we require:
- 100 picoseconds for register read or write
- 200 picoseconds for all other stages

Instruction i dgiTedle] Il T (50T Memory Register Total time
fetch read access write

Load Word

(Iw)

Store Word | 200ps 100 ps 200ps | 200ps 700ps

(sw)

R-format 200ps 100 ps 200ps 100 ps 600ps

Branch 200ps 100 ps 200ps 500ps

(beq)

COMP2611 Fall 2015 Pipelined Processor



Pipelined vs. Non-pipelined

a Single-cycle, non-pipelined execution:

Program
order ! | T T T | T T T o
(in instructions)
Instructi Dat . .

Iw $1,100($0) "ion™" |Ro8] ALY | aooses [Re0 Total execution time

w $2, 200($0)— 800 ps - Insft;?:;liun Reg| ALU aE:;:s Reg = 2400 pS

Iw $3, 300($0) i 800 ps e lnsft;J;:ion

) I P .

800 ps

O Pipelined execution

Program
execution —. 200 400 600 800 1000 1200 1400 .
order Time | | | | 1 | | .

(in instructions)

w $1,100($0) "SI peg| au | Do pgg Total execution time
lw $2, 200($0) 200 ps | pruction Reg| ALU | Da \peq 1400 PS

- | .
W $3, 3000) oo pe| st [mes] aw | 2 Jreo
Y

200 ps 200 ps 200ps 200 ps 200 ps
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The Performance Benefit

Q The instruction delays in the example:
800 ps (single cycle datapath)
1000 ps (pipelined datapath)
QA The instruction throughputs in the example:
1 instruction per 800 ps (single cycle datapath)
1 instruction per 200 ps (long time average for pipelined datapath)

Q Pipelining does not improve the latency of a single instruction, it
improves the throughput of the system (i.e., the datapath)

Qa In general (ideally), if we have a N stage pipeline:
0 We need N-1 cycles to fill the pipeline,
QO Then one instruction will finish per cycle
Q So the throughput is: Clock Rate x IC/(IC + N - 1), with IC >> N
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The Performance Benefit

Q Pipeline speed is limited by the most time consuming pipeline stage, as
this stage determines the duration of a clock cycle (why?)

a A well balanced pipeline is one such that each stage takes the same
amount of time to execute.

Q When the pipeline is well balanced :

Time between mstructlonsnonpipelined

Time betweeninstructions

pipelined

Number of stages

Q If the pipeline is well balanced, the speedup equals to Number of
pipeline stages (a.k.a depth of the pipeline).
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MIPS Pipeline 11

O Basic idea: take a single-cycle datapath and separate it into 5 pieces.
Each piece responsible for a single instruction execution stage.

IF: Instruction fetch ! ID: Instruction decode/ ! EX: Execute/ | MEM: Memory access : WB: Write back

|  registerfileread | address calculation l |
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MIPS ISA for Pipelining

ISA design affects the complexity of pipeline implementation.
MIPS ISA is designed for pipelining
Q All instruction are of the same length (32-bit)

Easy to fetch one instruction in first stage of the pipeline and decode
it in the second

Q It has just a few similar instruction formats

With the source register fields being located in the same place in all
instructions, 2nd stage can read the register file while decoding
the type of instruction just fetched

O Memory operands only appear in loads and stores

We can use the execute stage to calculate the memory address and
then access memory in the following stage

Q Alignment of memory operands on word boundaries

We need not worry about a single data transfer instruction requiring
two memory accesses; the data can be transferred between
processor and memory in a single pipeline stage
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Pipelining Instructions

In pipelined processor,
Q Each instruction takes multiple steps
Q Each step is independent of each other and takes different datapath

processor the entire processor’s

cycle datapath and modules
e can be fully utilized

instr #1| IF | ID | EXE m

instr #2 IF | ID | EXE MYU=V0EN,

instr #3 IF | ID | EXE, MU= MR

instr #4 IF | 1D 1| EXE WYY

instr #5 IF !| 1D |jEXE JUISVRRRE

instr #6 {IECENC MEM W

[ |

Q At each cycle, one instruction is fetched and sent to the processor
Q Ideally, after pipeline is fully filled, one instruction completes each cycle
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MIPS Pipeline Stages

Execution of each instruction is broken into 5 stages: (in the order of
execution)

IF : Fetch the instruction from memory
ID : Instruction decode & register read
EX : Perform ALU operation

MEM : Memory access (if necessary)

WB : Write result back to register

Each stage uses a different hardware unit and takes one clock cycle to
complete.

Q Instructions can co-exist in the datapath if all of them are in
different stages of execution from one another
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Pipeline Registers

Q Additional pipeline registers are needed
0 Located between the stages, i.e. IF/ID, ID/EX, EX/MEM, MEM/WB)
0 Hold information produced in the previous cycle

PCSrc

Pipeline registers

IFAD IDEX. EX'MEM MEM/WE

1od

“wez®
t

[3]

Instruction
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Pipeline Diagram

Q Every clock cycle, many instructions are simultaneously executing in a
single datapath

aQ Two common ways of showing the pipeline operations

0 Single-clock-cycle pipeline diagram : shows the pipeline
usage in a single cycle, highlight the resources used.

— An example of Iw execution is shown in following pages

0 Multi-clock-cycle pipeline diagram : shows the graph of
operation over time.
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Instruction fetch

Single clock cycle diagram: IF stage of Ilw
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Single clock cycle diagram: ID stage of lw

Instruction decode
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Single clock cycle diagram: EXE stage of Iw

| i |
| Execution |
IFAD IDVEX EX/MEM MEM/WB
>add
4 — / )Mdhdﬁ
Shift b
left 2
=gl 0

H PC d Read

u | Address -]

X 5 * | register 1 Read > -

b, 1 '§ data 1
= Read Zero - -
Instruction L - |mpmrs ALU
memory > [~ e Registers :lead ~ Y ) ,:ﬂl'ﬂ + »| Address FA‘:: — OM
o ister ata 2 M
o u Data :
=
B darge 1I 1
Writs
data
16 Sign 32 =
-- (n_mj “ B

COMP2611 Fall 2015 Pipelined Processor



Single clock cycle diagram: MEM stage of lw

Memory
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Single clock cycle diagram: WB stage of lw

Iw
| Write back |
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Single clock cycle diagram: WB stage of lw

Qa There is a problem with the WB stage of Iw!

w
| Write back |

IF/ID ICVEX EXMEM MEM/WE

"/ y
E/

I
\d
&

H~—-— Addrass » | 28D
H ragistar 1 ::u:ui -
. Instruction g = s 2.'” )ﬂLUi:rS i I
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The corrected Datapath for lw

Q To solve this problem: the “write register” information is forwarded
from the MEM/WB pipeline registers.

IFAD ID/EX EX/MEM MEM/WE

L s
wAdd

4 / It
Shift resul
left 2

B
(2xc=2°)
3
T
i
|I51ruct

> Read
Address data =
Data
J
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Multi-clock-cycle pipeline diagram : traditional view

Q The following diagram shows the execution of a series of instructions.

Program
execution
order

(in instructions)

lw $10, 20($1)
sub $11, $2, $3
add $12, $3, $4
lw $13, 24($1)
add $14, $5, $6
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Time (in clock cycles)

CC1 CC2 CC3 CC4 CC5 CcCe CC 1 CC2 CC3
Instruction | Instruction . Data .
fetch sl Execution L Write back
Instruction | Instruction . Data .
PR deccds Execution ancess Write back
Instruction | Instruction . Data _
B cacceln Execution Sccans Write back
Instruction | Instruction Eee o Data W b
fetch decode access
Instruction | Instruction Emation Data Willa back
fetch decode access




Multi-clock-cycle pipeline diagram: graphical view

Q The multi-clock-cycle form showing the hardware utilizations.

Time (in clock cycles) >
CC1 CcC2 CC3 CC4 CC5s CCe CC1 CC2 CC3

Program
execution
order

(in instructions)

lw $10, 20($1)

sub $11, $2, $3

add $12, $3, $4

Iw $13, 24($1)

add $14, $5, $6

J

Pipelined Processor

COMP2611 Fall 2015




Single-clock-cycle diagram in CC5
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The Pipeline operation

QO Ideally
0 One stage begins in every cycle.
0 One stage completes in each cycle.
0 Each instruction takes 5 cycles

QA In each clock cycle, several instructions are active.
Q Different stages are executing different instructions.
Q Difficulty:

O How to generate the control signals ?

0 we need to set the control signals for each pipeline stage for each
instruction.
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Pipelined control
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Pipelined Control?

Q Let’s start with a simple design that views the problem in a greatly
simplified way.

Q Use the same controls as the single-cycle datapath, but
pipeline them so that the correct control signals are supplied for
each stage of the instruction.

0 Pass control signals together with the instruction through
the pipeline.

Q Temporarily ignore data dependence related problems (Hazards),
and will provide solutions to this problem later.
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Control Signals Identified

PCSrc
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[r——
MD \|
4 YAdd Add
Shift result Branch
left 2 AN
—
L/
== 0 RagWrite
[¥] |
u PC Addrass - Hen_a.d
_IX g " [ register 1 :;d_‘ .-I\ Mamiirite
5 Read Zaro—e . MemtoRag
In ion £ — reqgister 2 ALUSr
memory , Pegisters *| Address o = 1
- e ...
9 Data :
Write memaory
| data 0
Wirits
— - * | data
Instruction '/ \' I
iHE-0) i Sign | 32 € [ aw | 1 2
| extend T = =
| cont ol | MemRead
Instruction \1/
(2018) —-Q ALUOp
M
\:J r F
Instruction X
{45-11) 1
i
RegDst

COMP2611 Fall 2015 Pipelined Processor



Control Signals For Each Stage

The control signals required by each stage are grouped

Stage 1: Instruction fetch (IF) — no control signals, the instruction is
read from the instruction memory and PC is updated to PC+4.

Stage 2: Instruction decode and register read (ID) — no control
signals, instruction is decoded and source operands are read from
register file.

Stage 3: Execute (EX)— RegDst, ALUOp, and ALUSre.
Stage 4: Memory Access (MEM)- Branch, MemRead, and MemWerite

Stage 5: Write Back (WB) —MemToReg and RegWrite
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Control Signals For Each Stage

Q The group of control signals and their values for different classes of
instructions:

EX MEM WB
Instructions

RegDst | ALUOpl1 [ ALUOp2 [ ALUSrc | Branch | MemRead | MemWrite | RegWrite [ MemToReg
R-format 1 1 0 0 0 0 0 1 0
Iw 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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The Pipelined Control: passing the controls

Q Control signals are passed to the next stage only if they are required

RegWrite

; f a @emToReg wB

[ Bkanch
——

Instrumiuglr'ljI MémRead
| Control M{'“LTrit: M | |WB

I', RlbgDst .
\\ /ALUOp2 | EX
.. .~ ALUSrc -

'
|

i
=
=
m

IF/1D ID/EX EX/MEM MEM/WB
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The Pipelined Control: the complete datapath

PCSrc

“mez=~
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