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Integrated Circuits: Fueling
Innovation
. Technaiagy innovations over time

. Year Techno!agy used in mmputem Relative performancefunit cost
TQSI Vacuum tube . i 1
1985 | Transisior - A—
1875 | Integrated circuits ¥ 0 o
(1995 [ Very large-scale tegrated circut | 2400000

Advances of the IC technology affect HAW and S/'W design philosophy
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Moore’s Law

+ Transistors double every year
— Revised to every two years

— Sometimes revised to performance mstead
of transistors e = dndi
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Defining Performance

- Performance means different things to different
people, therefore its assessment is subtle

Analogy from the airlines industry:
- How to measure performance for an airplane?

— Cruising speed (How fast it gets to the destination)
— Flight range (How far it can reach)
— Passenger capacity {How many passengers it can carry)
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Criteria of performance evaluation differs among users and designers
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Performance Metrics

+ Response (execution) time:
= The time between the start and the completion of a task
- Measures user perception of the system speed
— Common in reactive and time critical systems
— Single-user computer
= Throughput:
— The total number of tasks done in a given time
— Relevant to batch processing (billing, credit card processing)
— Also many-user services (web servers)
« Power:
- Power consumed or battery life
— Especially relevant for maobile
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Response-time Metric PR

* Maximizing performance means
minimizing response (execution) time

1

Performance = ; -
Execution time
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Response-time Metric

PErformance .....................................
Execution time

» Performance of Processor P1 is better
than P2 if
— For a given work load L
— P1 takes less time to execute L than P2

Performance (P;) » Performance (Py)w.rtlL
= Execution time (P L) < Execution time (P, L)

Response-time Metric

.1
Performance =
Execution time

« Relative performance captures the
performance ratio
— For the same work load

CPU Performance (F,)  Total execution time (F,)

Speedtp = =
i CPU Performance (F) Total execution time (F,)
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Designer’s Performance

Metrics
* Users and designers measure performance
using different metrics
— Users: quotable metrics (GHz)
— Designers: program execution

GPU execution fime for aprogam = CPU clock cylies for g program-Clogk ovcle Eme

« SR dlock cycles foi aprogram
. :u(.k.k [ i oy
+ Designer focuses on reducing the clock cycle
time and the number of cycles per program

* Many techniques to decrease the number of
clock cycles also increase the clock cycle time
or the average number of cycles per
instruction (CPI)

Example

A program runs in 10 seconds on a computer "A” with a 400 MHz clock

Wi desire a faster computer "B” that could run the program in & seconds,

The designer has determined that & substantial increase in the clock spead s
possible, however it would cause computer "B” In require 1.2 times as many clock
cycles as computer "A”. What should be the clock rate of computer “B"?

* Why would this happen?

— Maybe one operation takes one full clock
cycle at 400 MHz (1/400 MHz = 2.5 ns)

— All the rest take less than one cycle
— Split this operation across multiple cycles

- Can now increase clock rate, but also
increase total cycles
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Example

A program runs in 10 seconds on a computer "A” with a 400 MHZ ciock,

Wi desire a faster computer "B" that could run the program in & seconds.

The designer has determined that a substantial increase in the clock speed is
possible, however it would cause computer “B” to require 1.2 times as many clock
cycles as computer “A”. What should be the clock rate of computer 8”7

CPU clack cycles

PR S T SR CYORS CPU clock gycles of pragram
" Clock rate {A)

10 geconds » — =
00 « 107 oyclesisecond

£PU clock cycles of program = 10 seconds » 400 « 10° cyclesisecond
= 4000 » 10° cycles
To get the clock rate of the faster computer, we use the same formula

12 % CPU dlock cycles of program_ 12 + 4000 « 10° cycles

elock rate (B T ciook rate {B)
1.0 4000210° cycles

: . 153 ]
Claek 1ate (Bl i snersen oo = 800 107 eyeles/second
g second

i seconds
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Calculation of CPU Time

: Instructions Clock cycles  Seconds
Program Instruction ~ Clock cycle

CPU time = Instruction count « CPlx Clock cycle time

Or -
"—:-".L';'}JJ_I.A.I.-F - & J _"", o
. Instruction count x CP|— 77 22U QUL LS
Clock rate

©Componentofperformance | Unitsofmeasure |
CPU execution time for a program | Seconds for the srogram !
instruction count instructions executed for the program i
Ciock cycles per instructions {CP!) | Average number of ciock cyclesfinstruction |
Clock cycle time Seconds per ciock cycle i
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CPU Time (Cont.)

» CPU execution time can be measured by
running the program

* The clock cycle is usually published by the
manufacture

* Measuring the CPI and instruction count is not
trivial
— Instruction counts can be measured by: software

profiling, using an architecture simulator, using
hardware counters on some architecture

— The CPI depends on many factors including:
processor structure, memory system, the mix of
instruction types and the implementation of these
instructions
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CPU Time (Cont.)

* Designers sometimes uses the following
formula:

CPU clock cycles = 5 CPJ, « C,

Where: C;  is the count of number of instructions of class / executed
CPY, is the average number of cycies per instruction for that instruction class
n is the number of different instruction classes
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Example

Suppose we have two implementation of the same instruction set architeciura
Machine “A” has a clock cycle time of 1 ns and a CPI of 2.0 for some pragran, and
machine “B" has a clock cycle time of 2 ns and a CPi of 1.2 for the same progranm.
Which machine is faster for this program and by how much?

Both machines execute the same instructions for the program. Assume the
number of instructions is *I”,

CPU clock cycles (A) =1¥X2.0 CPU clock cycles (B) = [ X1.2

The CPU time required for each machine is as follows:
CPU time (A) = CPU clock cycles (A) & Clock cycle time (A)
=IX20X1ns=2XIns
CPU time (B) = CPU clock cycles (B) = Clock cycle time (B)
=I1X12X2ns=24XIns
Therefore machine A will be faster by the following ratio:
GPUParfﬂrmanr;e AL CPU time gEJ 24!

CPUPerformance {B CPU time .ﬁ.s 2~ins

]
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Comparing Code Segments

A compiler designer is trying to decide befween two code sequences for a
pamr;u.'ar mar::mne Ths hamfware dem ers have sappﬂec! the fofmmng facts:
S this imvtruction cass

Fora parm.ular h.-grr revef fanguage bfdf&ment m& mmpirer wn.rer Is
cnns.'ﬂenng !‘wn mde sequencas mar requﬂ the following instruction cﬂunts

{mﬁequmt* Fadarer: _Mmﬂuawfwmﬁmmm o]
: a‘\ £ B L5

ar

3 | 4

Which code sequence executes the most instructions? Which will be faster?
What is the CPI for each sequence?

Answer:
Sequence 1: executes 2 + 1 + 2 = 5 instructions
Sequence 2: executes 4 + 1 + 1 = 6 instructions
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Comparing Code Segments

Using the formula:  CPU clock cycles = 1"«’::F.ﬂr = C,

Sequence 1:  CPU clock cycles = (2 x1) + (1 x2) + (2 =3) = 10 cycles
Sequence 2.  CPU clock cycles = (4 «1) + (1=2) + (1 «3) = 9 cycles

" Therefore Sequence 2 is faster although it executes more instructions

o |
oy CPU dlock cycles

Using the formula: : ;
9 Instruction count

Sequence 1: CPI=10/5=2
Sequence 2. CPlI=9/6=15

| Since Sequence 2 takes fewer overall clock cycles but has more
instructions it must have a lower CP|

o
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The Role of Performance

* Hardware performance is a key to the
effectiveness of the entire system

- Performance has to be measured and
compared to evaluate designs

* To optimize the performance, major affecting
factors have to be known

* For different types of applications
— different performance metrics may be appropriate
— different aspects of a computer system may be

most significant

* Instructions use and implementation memory
hierarchy and I/O handling are among the
factors that affect the performance
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Calculation of CPU Time

insimctmn count X C.Pl

Gl e Clock rate
| instr. Count | CPl | Clock Rate
Program : % :
cnmpner ........ s "
Instructiﬂn Set i x x
Grgammmn s - | e
e | " § . i

i
CPU clock cycles = 3 CPI < C
e
Where: €, is the count of number of instructions of class / executed

CPl, is the average number of cycles per instruction for that instruction class
n is the number of different instruction classes

Important Equations (so far)

: 1
Paiformance = e
Execution time

_ Performance {B) _ Time (A)
SASBAUD & oot 2 s
i ~ Performance (A) Tme{B}

iﬂsirunhons Cycles Seconds
“Program “instruction  Cycle

n
CPU clock cycles = Z:E:F’*lE = Instructions;
=1
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Amdahl’s Law

The performance enhancement possible with a given improvement
is limited by the amount that the improved feature is used

Execution tme after improvement -

Execation time affected by the improvement
Amount of Improvemen!

+ Executioh tme unaffected
* Acommon theme in Hardware design is to make the common case fast

* Increasing the clock rate would not affect memory access time
* Using a floating point processing unit does not speed integer ALU operations

Example: Floating point instructions improved to run 2X: but only 34% of
actual instructions are floating point

Exec-Time,,, = Exec-Time,, x (0.66+ .34/2) = 0.83 x Exec- Time,
Speedup,,.; = Exec-Time,, / Exec-Time, ., = 1/0.83 = 1.205

Ahmdal’s Law Visually

Time,,

Time,,,




Ahmdal’s Law for Speedup
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CMSC 611: Advanced
Computer Architecture

g | ' Pipelipin :
A b ARG S S s Bt prpeline i jamt £
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Sequential Laundry
6PM 7 8 9 10 11 Midnight

i Time
{ 1 |5 I [ |_|

: |'_| | ) ] I :
30 40 20 30 40 20 30 40 20 30 40 20

=t m -

= b Oa=0

* Washer takes 30 min, Dryer takes 40 min, folding takes 20 min
* Sequential laundry takes 6 hours for 4 loads
= Ifthey leamed pipelining, how long would laundry take?

Slds: Do Paiicrso
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Pipelined Laundry
6PM 7 8 9 10 11 Midnight
F Time ]
e ||

| 3{} 40 4!] 40 40 20

ol |

= o a=9

- Pipelining means start work as soon as possible
+ Pipelined laundry takes 3.5 hours for 4 loads
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Pipelining Lessons

6PM 7 8
|— — * P‘ipElll‘IInglr doesn't help
' Time latency of single task, it
—|.—|.-|.-|___1 helps throughput of entire
30 40 40 40 40 20 warkload
] =] Pipeline rate limited by
slowest pipeline stage
MuI!IFIe tasks operating
simultaneously using
different resources
+ Potential speedup =
Mumber pipe stages
Unbalanced lengths of
pipe stages reduces
speedup
« Time to “fill" pipeline and
time to “drain’ it reduce
speedup
« Stall for Dependencies
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MIPS Instruction Set

* RISC characterized by the following
features that simplify implementation:
— All ALU operations apply only on registers
— Memory is affected only by load and store

— Instructions follow very few formats and
typically are of the same size

3 26 21 16 11 B i}

[ op | s T at | rd | shamt [ funct |
Gbits  5Sbitse  S5bits  Sbits 5 bits 5 bits

31 26 21 16 0

Lo [ s [ n ] immediate |
Bbits  Sbits 5 bits 16 bits

3 26 0

[op | target address ]
& bits 26 bits
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Single-cycle Execution
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Multi-cycle Execution
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{& Memory access/branch completion cycle (MEM) T '3’/
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* Cycle time long enough for longest stage
Shorter stages waste time
Shorter instructions can take fewgr cycies >
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Pipeline

Cik |

Load| teweh | Reg | Exec | Mem | Wr [

" stord teweh ] Reg | Exec | Mem | wr |

R-l.jpel Ticteh | Reg | Exec l Mem | Wr J

Cycle time long enough for longest stage
Shorter stages waste time

Overlap instruction execution

| Cyele 1} Cycle 21 Cyele 31 Cyele 41 Cyele 5§ Cycle 6: Cyele 7 | Cyele 8 Cycle 9 Cyele 10

No additional benefit from shorter instructions

Fipure Dt Paieron |

el ., -

Perobico.-

Stages of Instruction
Execution

Cycle1 (Cycle2 | Cycle3 ‘Cycle 4 Cycle 5

12

Load | |fetch 'Regmac' Exec Mem WB

« Al instructions follows at most the following five steps.
- Ifetch Instruction Fetch
Fatch the instructsan from the instruction Masmary and update PC
- Reg/Dec: Registers Fetch and Instruction Decode

- Exet. Calculate the memory address
= Mem: Read the data from tha Data Memaory
- WB Write the data back to the register file

k= "" i | | : B
« The load instruction is the longest FS Uiyt ) \ead s
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Instruction Pipelining

* Start handling next instruction while the current
instruction is in progress
* Feasible when different devices at different stages Time

| IFetch[Dec  JExec [Mem |ws |
| IFetch[Dec_JExec [Mem [ we ]
LIFetch]Dec  [Exec [Mem [ wa ]
[ IFetch]Dec [Exec [mem [wWe ]
LIFetch[Dec JExec [Mem | we |

¢ Program Fiow [IFetch[DecJExec [Wem [wa |

Tlme between instruction
Time between instructionsyeejneg = —— Snongipelned
Number of p:pe stag es

Pipelining improves performance by increasing instruction throughput

£ fl ”
Pipelining
Pr ram
!x:?uti-:m - z 2 B B 1 12 14 16 18
order TH e T T T —_ S S i
{in nalrucions)
r| w E1 1000y Ir?;:,n"'- Reg| ALL :__"\__'::y Rag
TR, T e g "‘l' i [Ree] A | De g
iR Time betwaen first — =
hw & §-"u]] F ns
) & fourth instructions
is3«8=24ns =
Piogram
nxzuu:m - = a E a 12 12 14
order Lo T T = T —r— ——
(iR mstheclions)
| Aws¥, +arear III":«;,TCI“ IQcﬂ e !’.'.a-;:\.‘., _-“_,.Il Time between first
Balch ARG F 5 i
- — & fourth instructions
| b 32.200(30)  Zra '“_,';:',._',"'" }H»u A | O o i53=2=6ns
; W 33 300050 s .: -‘.'ﬁ_. -'-"-I!;r-:;':la:" Heg ALiL HE’:::_‘ Rag
:. = - = - - . -
2ns bl 3 Zng 2ns 2ns
Ideal and upper bound for Speedup is number of stages in the pipeline
ra

ISP, '@;‘ Cr OGS e O pipeling Slo, iz -, PR
weida bl & Lr,u



Pipeline Performance

Pipeline increases the instruction throughput
— not execution time of an individual instruction

An individual instruction can be slower:
— Additional pipeline control
— Imbalance among pipeline stages
Suppose we execute 100 instructions:
- Single Cycle Machine
« 45 nsicycle x 1 CPlx 100 inst = 4500 ns
— Multi-cycle Machine
+ 10 nsicycle x 4.2 CPI (due to inst mix) x 100 inst = 4200 ns
— |deal 5 stages pipelined machine
« 10 nsicyclex (1 CPIx 100 inst + 4 cycle drain) = 1040 ns

Lose performance due to fill and drain
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Pipeline Datapath

+ Every stage must be completed in one clock cycle to avoid stalls
Values must be latched to ensure correct execution of
instructions

. The PC multiplexer has moved to the IF stage to prevent two
instructions from updating the PC simultaneously (in case of
branch instruction)
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Pipeline Stage Interface

Stage Any Instruction

T Fnm evEEn =

IF FAD O P & | if { (EARER oneady 58 Grareh} B EX LR pome)
[EXFAEN AU Culpt Jetn [FC o d | )

LVEx & & RegslFID Wy ] IDE) B +Regeifin
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Bl BT .
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BB & donz ILEX & DER A& ¢ IGEX frvr, HDER MEG + IDVER. I

EX MEM AL lu-,u

] ""-U‘l. EXimm
r.a!\fl cond &0

EN/HEH &g &= O ENNEN suind &
EXMEM B &IDEX R DOHEX A & 8
MEMANE IR FERMEL IR MEWNEIR & EXMER 1R
WAL Dutpu 4+ WEMWE LD % |
—:1 HEu thUﬂM Wer{EXEN &L
MEM or
Wem{ExWER &1Ll £
EXINEN B
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Pipeline Hazards

» Cases that affect instruction execution
semantics and thus need to be detected and corrected
* Hazards types
— Structural hazard: attempt to use a resource two different
ways at same time
* Single memory for instruction and data
- Data hazard: attempt to use item before it is ready
* Instruction depends on result of prior instruction still in the
pipeline
— Control hazard: attempt to make a decision before condition is
evaluated

* branch instructions
* Hazards can always be resolved by waiting
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Visualizing Pipelining

Time (clock cycles)
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aller

Example: One Memory
Port/Structural Hazard

Time (clock cycles)
Cycle 1iCycle 2 Cycle 3;Cycle 4§c~,.r.:|. 5 Cyele a‘;o,u;la 7

I |Load [ref ] 4 Ilﬁ { =B |

n

2|

+ Instr 1 | . |
Instr 2 | - prea I e p]

@ i '

7| tnstr 3 | llﬁ,lrﬁ over| I |

r| Instr 4
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Resolving Structural Hazards

1. Wait
— Must detect the hazard
« Easier with uniform ISA
— Must have mechanism to stall
Easier with uniform pipeline organization
2. Throw more hardware at the problem

— Use instruction & data cache rather than
direct access to memory
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Detecting and Resolving
Structural Hazard

Time (clock cycles)
| Cyele 1; Cyde. 2i C'jl'tli. 3 Cycl: 4; C‘_.rclz 5 Crcle -} Gv::h: T

Instr 2

Stall

Instr 3
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Stalls & Pipeline Performance

Ayverage instruction time unpipelined
Averége instruction time pipelined

_CPI unpup&lmed Clock cycle unpipelined
CHl pipelined “Clock eycle pipelined

J Fipalining Speedup =

|deal CPl pipstined = 1

CPl pigelined = deal CPI- Pipeline stall cycles per nstruction
=1+ Fipeiine stall cycles par msruction

Speedip =- C P unpipelingd . . xCIock cyche unpipetined
1 + Pipaline stall cycles per instruction  Clock cycle pipefined

Assuming all pipeline stages are balanced

Pipeline depth

Epeedup = :
g P 1+ P1pel|ne stall cycles permstructmn
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Data Hazards
Time (clock cycles)

IF ID/RF EX MEM WB

i add rl,r2,r3
s
| sub xd,rl,z3
Pi-
& | and r6,xrl, 7
r
d " LAE
e| or r8,rl,r9 HHE I
r
xor 10 . »1 xril ﬁllﬂ I.'E z :
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Three Generic Data Hazards

* Read After Write (RAW)
Instr, tries to read operand before Instr, writes
it

(::I: add rl,r2,x3
J: sub rd,rl,r3

* Caused by a “Data Dependence” (in compiler
nomenclature). This hazard results from an
actual need for communication.
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Three Generic Data Hazards

* Write After Read (WAR)
Instr, writes operand before Instr, reads it
I: sub rd,rl.,.r3
J: add rl,x2,r3
K: mul ré6,rl,r7

* Called an “anti-dependence” in compilers.
— This results from reuse of the name "r1".
* Can't happen in MIPS 5 stage pipeline because:
— All instructions take 5 stages, and
— Reads are always in stage 2, and
~ Writes are always in stage 5

Slude Duvid il



Three Generic Data Hazards

Write After Write (WAW)
Instr, writes operand before Instr; writes it.

<::I: mal rl,rd,r3
J: add rl,xr2,r3
K: sub r6,rl, 7

Called an “output dependence” in compilers
— This also results from the reuse of name "r1".
Can't happen in MIPS 5 stage pipeline:

— All instructions take 5 stages, and

— Writes are always in stage 5

Do see WAR and WAW in more complicated pipes

Slide Davad Luller
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Computer Architecture

Pipelining
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Data Hazards
Time (clock cycles)

IF ID/RF EX MEM WB

7| add r1,r2, 23 I
5
t | sub rd,rl,r3
r.
g| and r6,rl,x7
r
d
e | or r8,rl,r9
r
xor r10,.rl,rll
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Forwarding to Avoid Data

Hazard
Time (clock cycles)
T
n | add rl,r2,r3p-I1H
£
¥ .
.| sub rd4d,rl,x3
a |
:r and ré,rl,x7
e
n ;
xor rl0,rl,rll et O "‘E prert 1|
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Forwarding sl Sl (e
Time (clock cycles) Y F!_: P )
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I| 1w rl, 0(r2) =g+
n
5
t | sub rd4d,rl,r6
r.
9| and r6,rl,r7
r
d
: or r8,rl,r9

Resolving Load Hazards

Adding hardware? How? Where?
Detection?
Compilation techniques?

What is the cost of load delays?
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Resolving the Load Data
= "Hazard

Time (clock cycles)

Iw r1, 0(r2)

oty 3 by

sub r4,r1,ré

and r6,r1,r7

S mae D

or r8,ri,r9

Software Scheduling to Avoid
Load Hazards

Try producing fast code for

=b+c;
d=e-f;
assuming a, b, ¢, d ,e, and f in memory.
Slow code: Fast code:
Rb.b LW Rb,b
tx R LW Re,c
e LW Re,e
ADD Rﬂ.Rh,Ec ADD Ra,Rb,Rc
SW a,Ra Lw Rf,f
LW Re.e 5w a,Ra
suB Rd.Re,Rf
Lw Rff S byt
SUB Rd,Re,Rf
SwW d,Rd
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Instruction Set Connection

« \What is exposed about this organizational hazard in the
instruction set?

» kcycle delay?
= bad, CPl is not part of |SA
+ Kk instruction slot delay

— lpad should not be followed by use of the value in the next k
instructions

Nothing, but code can reduce run-time delays
MIPS did the transformation in the assemblier

Slide: David Ciller
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Pipeline Hazards

« Cases that affect instruction execution
semantics and thus need to be detected and corrected

» Hazards types
— Structural hazard: attempt to use a resource two different
ways at same time
+ Single memaory for instruction and data
- Data hazard: attempt to use item before it is ready
« Instruction depends on result of prior instruction still in the
pipeling
- Control hazard: attempt to make a decision before condition is
evaluated
+ branch instructions

« Hazards can always be resolved by waiting
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Control Hazard on Branches

Three Stage Stall
{f' LHA”)J jL*"hLJL;JﬁJRaLLf :—Auﬁkdlxﬁﬁu;u";y[

and rd,r3,.x5

or r6,rl,x7

add rB,rl,r9

-
xor rl0.,.£1l,x11

i David Caller
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Datapath Reminder
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Example: Branch Stall Impact

* 1f 30% branch, 3-cycle stall significant!
* Two part solution:
— Determine branch taken or not sooner, AND
— Compute taken branch address earlier
* MIPS branch tests if register = 0 or = 0
* MIPS Solution:
—Move Zero test to ID/RF stage
— Adder to calculate new PC in ID/RF stage
— 1 clock cycle penalty for branch versus 3

Pipelined MIPS Datapath
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Four Branch Hazard

Alternatives
1. Stall until branch direction is clear

2. Predict Branch Not Taken
Execute successor instructions in seguence
“Squash” instructions in pipeline if branch taken
Advantage of late pipeline state update
47% MIPS branches not taken on average
PC+4 already calculated, so use it to get next instruction
3. Predict Branch Taken
- 53% MIPS branches taken on average
_  But haven't calculated branch target address in MIPS
+  MIPS still incurs 1 cycle branch penalty
+  Dther machines: branch target known before cutcome

I
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Four Branch Hazard

Alternatives

4. Delayed Branch
— Define branch to take place AFTER a following
instruction
branch instruction
sequential successor; |
sequential successor,
........ -~ Branch delay of length n

branch target if taken

— 1 slot delay allows proper decision and branch
target address in 5 stage pipeline

— MIPS uses this

Slade: Dewid € wller

¥



1 l..::....-.-!)-f;t:.‘-'.wﬁ’ r 1dpar ") F”:PE line ffj-"f‘_.-' 5132:?-‘:;(?3 @nry Cﬂwrc;_l(ﬂf{r"fl?".i

ppeline s;‘:e_eclup =

P If‘l‘lnﬂ

W

AW | ,-‘Ln;u.:::r)u_u '\.E.a:i;- )b _

\+pipeline shll cPr b bl L a Lo 15

J_.,,_l.:;‘_}- L IP 'PE line

Scheduling
Strategy

Branch-Delay Scheduling

Requirements

| Improves performance |

Requirements pit i

{a) Fram before

Hranch must not depend on the Always |

reschedubked instructions

(b) From target | Must be OK to execule rescheduled | When branch is taken, May |
Instructions if branch is not taken ankarge programs i [
May need to duplicate instrudions Instructiens are duplicated. |
{€) From fall Must be okay 1o execute instrisctions | When branch is not taken
through if branch is faken

taken

* Limitation on delayed-branch scheduling arise from:
- Restrictions on instructions scheduled into the delay slots
= Ability to predict at compile-time whether a branch is likely to be

May have to fill with a no-op instruction
- Average 30% wasted

+ Additional PC is needed to allow safe operation in case of
interrupts (more on this later)

Assume:

Example: Evaluating Branch

Pipeline speedup =

14% Conditional & Unconditional
85% Taken; 52% Delay slots not usefully filled

Alternatives
Pipeline depth
1 + Pipeline stall CPI
= ___Pipelinedepth
1 + Branch frequency xBranch penaity

Scheduling Scheme |Branch |CPI | Pipeline | Speedup
Penalty Speedup | vs stall
Stall pipeline 3.00| 1.42 3.52 1.00
Predict taken 1.00 1.14 4.39 1.256
Predict not taken 1.00| 1.09 4.58 1.30
Delayed branch 0.52| 1.07| 4.66 1.32

) @h,@b&-r‘y}b (_-,:'eJQ:_,L,_.- F-A_',.':-_.uu
PiPEll‘ﬂ& CIEPHW

sreacl up =

1+ Branch freguency X Branch penally
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eetimes

1) IBM Fabrication

2) Reneseas: big/little

3) Reducing AMD power with gating
4) Flash on DDR4

Metal Oxide Semiconductor
Field-Effect Transistor:

GATE LENGTH, L,

GATE OXIDE THICKNESS, T,

DRAIN CURRENT
(log scale)

loks

;
-

IU[\

Inverseislope is
subthreshold swing S
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DARPA UPSIDE

[August 17, 2012

Digital Processors Limited by Power; What's The
Upside?

(Targeted News Service Via Acquire Media NewsEdge) WASHINGTON, Aug. 14 -- The U.5.
Department of Defense’s Defense Advanced Research Projects Agency issued the following news
release. Today's Defense missians rely on @ massive amount of sensor data collected by
intelligence, surveillance and reconnaissance (ISR) platforms. Not only has the volume of sensar
data increased exponentially, there has also been a dramatic increase in the complexity of
analysis required for applications such as target identification and tracking. The digital processors
used for ISR data analysis are limited by power requirements, potentially limiting the speed and
type of data analysis that can be done. A new, ultra-low power processing method may enable
faster, mission critical analysis of 1SR data.




Chapter Outline

Introduction

Parallel Computers
Shared-Memory Programming
Synchronization

Cache Coherence

Chapter 5: Multiprocessors

Introduction

+ Growth in data-intensive applications.
— Data bases, file servers, ...

+ Growing interest in servers, server performance.
* Increasing desktop performance less important.
— Qutside of graphics

» Improved understanding in how to use
multiprocessors effectively.
— Especially servers where significant natural TLP

» Advantage of leveraging design investment by
replication => CMPs or Multicores.
— Rather than unique design

Chapter 5: Multiprocessors
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Another Reason

LI Eleis’ Wal A8 ey pared

Chapter 5: Multiprocessors 7

Limit to Processor Performance

Complexity of exploiting ILP.

— Difficult to support large instruction window and number of
in-flight instructions.

On-chip wires are becoming slower than logic gates.

— Only a fraction of the die will be reachable within a single
clock cycle.

Cooling and packaging will be a real challenge due
heat release.

Memory and processor performance gap will continue
to be a challenge.

Chapter 5: Multiprocessors 8




Gate Delay Trends
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Multicores are Coming
Already Here!

Intel Montecito '
1.7 Billion transistors
Dual Core 1A/G4

Intel Pentium D Intel Dem sey_‘
{Smithfield) Dual Core ?(ean

Intel Pentium Extreme
Cancelled 3.2GHz Dual Core |

Intel Yonah
Dual Core Mobile

AMD Opteron
Dual Core

| Intel Tanglewood
Dual Core |1A/G4

i | ] I i ]
.1 212004 ' 1H2005 ' 2H2005 | 1H2006 | 2H2006 |
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Traditional
Multiprocessor
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IBM Power5
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3rd Generation Intel® Core™ Processor:
22nrn Process

. 5 {Memory |
o g _;*1 Controller;
B !

Processor &
Graphics =

New architecture with shared cache delivering more performance and
energy efficiency

Quad Core die with Intel®* HD Graphics 4000 shown above
Transistor count: 1.4Billion Die size: 160mm?

" Chome 3 shared Mol A 4 Cares Ane prodedios graphies
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Inside the SCC

Dual-core SCDC Tile
24 Tiles -
24 Routers - [B

..__.-._.,.-I..-..-..

+ 2D mesh network with 256
GB/s bisection bandwidth

* 4 Integrated DDR3 memory
controllers (64GB addressable)
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Cragonfly Interconnaect {optical fiber)

Modeo 0 (ND) 20TF, 16184, 2668

L chmsion Sryaden

Why Move to Multicores

* Many issues with scaling a unicore
— Power
— Efficiency
— Complexity
— Wire Delay
— Diminishing returns from optimizing a single
instruction stream

Chapter 5: Multiprocessors
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Impact of Multicores

« How much data can be
communicated between two cores?
» What changed?
— Number of Wires
« |/O is the true bottleneck
» On-chip wire density is very high
— Clock rate
+ 1/O is slower than on-chip
— Multiplexing
* No sharing of pins
+ Impact on programming model?
— Massive data exchange is possible —
-~ Data movement is not the

bottleneck '
+ Locality is not that important _

32 Giga bits/sec ~300 Tera bits/sec

Chapter 5: Multiprocessors 24

Impact of Multicores

« How long does it take for a
round trip communication?

» What changed?

— Length of wire
« Very short wires are faster
— Pipeline stages
+ No multiplexing ~200 Cycles ~4 cycles
+ On-chip is much closer
« Impact on programming model?
— Ultra-fast synchronization
— Can run real-time apps on multiple

=
p—

=
.

Chapter § Multiprocessors 25
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Parallel Computers

* “A parallel computer is a collection of processing
elements that cooperate and communicate to solve
large problems fast.”

+ Taxonomy of parallel computers:

Parallel Architectures
.'"f-l"
e |
-'__f'

o ~a
Shared-memory Message-passing |
Multiprocessor Multicomputer

%

n

yma UMA COW MPP
/ \ (SMP) / f
/ e

COMA CC-NUMA NCC-NUMA  (lusiered)

x\g-’ﬂ?s /
Il|

w ¥

DsM
(SC-NUMA)
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Shared-Memory Multiprocessors |

CPU CPL CPFU CPU
[L2Cache | [L2Cache] [12Cache] [t2Cache]
- I I I o | Bus
Pracessor Bus [ I Arbater
Laowal 1
Bus 1
Conirolier Interfuce
" Lix_-;ll Hus ! l e DRAM
LAN ] Expansion
. Bus
Imiertsce Controller T
Control les

‘J | [
Hand drisess Qither slow ‘

CDROMs 1O devices
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Issues in Multiprocessors

* Programming
— Need to explicitly define parallelism
» Hardware

— Interconnection
« Bus
* Network
— Synchronization
+ Test-and-set
« Barrier synchronization
» Fetch and add
— Cache Coherence

= Snocopy protocols
« Directory-based
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Shared-Memory Programming

* Many vendors have implemented their own proprietary versions
of threads.

» A standardized C language threads programming interface,
POSIX Threads or Pthreads

« Threaded applications offer potential performance gains and
practical advantages:
— Overlapping CPU work with 1/O
— Priority/real-time scheduling
— Asynchronous event handling
— Parallelization on SMPs
« Pthreads provide Over 60 routines for
— Thread management - thread create, join, schedule, etc.
— Mutexes - mutual exclusion
— Conditional variables - provides communication between threads

Chapter 5: Multiprocessors 3 |
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Memory Hierarchy &
Caches

Henk Corporaal
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Topics

Processor — Memory gap

Recap of cache basics

Basic cache optimizations

Advanced cache optimizations
— reduce miss penalty
— reduce miss rate

— reduce hit time
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Direct Mapped Cache

* Taking advantage of spatial locality:
Address (hit positions)
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A 4-Way Set-Associative Cache
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6 basic cache optimizations (App. C)
» Reduces miss rate
— Larger block size
— Bigger cache
— Higher associativity
* reduces conflict rate
» Reduce miss penalty
— Multi-level caches
— Give priority to read messes over write misses
* Reduce hit time
— Avoid address translation during indexing of the
cache
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11 Advanced Cache Optimizations (&5.2)

« Reducing hit time

Reducing Miss Penalty

1. Small and simple caches 7. Critical word first
2. Way prediction 8. Merging write buffers
3. Trace caches * Reducing Miss Rate

9. Compiler optimizations
 Increasing cache

bandwidth + Reducing miss penalty
4. Pipelined caches or miss rate via
5. Multibanked caches parallelism

10.Hardware prefetching

6. Nonblocking caches , .
11.Compiler prefetching
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1. Fast Hit via Small and Simple Caches

*» Index tag memory and then compare takes time
* => Small cache is faster

— Also L2 cache small enough to fit on chip with the processor
avoids time penalty of going off chip
« Simple = direct mapping
— Can overlap tag check with data transmission since no choice

* Access time estimate for 90 nm using CACTI model
2504 )
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frr:“wb-rt?s‘ 2. Fast Hit via Way Prediction

e L—-;_,.p———’ r "-f" + Make set-associative caches faster
* Keep extra bits in cache to predict the “way,” or block within the

,,.;-'-j.--'.I'J Coleb b ) set, of next cache access.
- Multiplexor is set early to select desired block, only | tag comparison
5k L. & performed

— Miss = lst check other blocks for matches in next clock cvele
* Accuracy = 85%
* Drawback: CPU pipeline is hard if hit takes 1 or 2 eycles
— Used for instruction caches vs. L1 data caches

- Also used on MIPS R10K for off-chip L2 unified cache, way-prediction
table on-chip

Hit Time

Way-Miss Hit Time Miss Penalty
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1. Fast Hit via Small and Simple Caches

* Index tag memory and then compare takes time
* = Small cache is faster

— Also L2 cache small enough to fit on chip with the processor
avoids time penalty of going off chip

+ Simple = direct mapping
— Can overlap tag check with data transmission since no choice

* Access time estimate for 90 nm using CACTI model
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2. Fast Hit via Way Prediction

* Make set-associative caches faster

* Keep extra bits in cache to predict the “way.” or block within the
set, of next cache access.

= Multiplexor is set early to select desired block, only 1 tag comparison
performed

— Miss = Ist check other blocks for matches in next clock cycle
* Accuracy ~ 85%
* Drawback: CPU pipeline is hard if hit takes | or 2 cycles

— Used for instruction caches vs. L1 data caches

— Also used on MIPS R10K for off-chip L2 unified cache, way-prediction
table on-chip

Hit Time
il
Way-Miss Hit Time Miss Penalty
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A 4-Way Set-Associative Cache
Is'l u ..-1; 11 14 ﬂB--:I['I ':II
) 1 Way 3
2 - [set2
SRS ACJEM_ M
o UU@JJ‘{{EfFV ﬁJc_E};" L sasla F"-“‘iﬂff‘.—w-f:—»‘ﬂmbk..h
: P

ﬂ‘_)\.‘.;“cr.'l:.z) ‘u‘.&Cn:‘.L\E J;\ C-_)}_,TO:J)LL (_‘E:y" f.r.'.-_f-"‘ (’1—’

L — W I
L.GSUJuJbLS_,f\——_’H,AJ.ydé -

C___,"}:.-:L-a CnCL\E- E‘Dfﬁf‘_‘ L_ﬁ‘_,ﬂ'

4

9 L;.:—J|(:ﬁ) Cro ) {_;Ln(_’_,;_.yo:-i

vt

Compd ) 9l

; - : 2
ﬁ-l:pcr’ci,\-":,é' r\.::il.ﬂ_.l.l 0_)\_) LS_,f‘*——"-‘ !-_' \'ai"' L:_,._-l:/“.lr_fa_.:.;‘,}_g JM,JLPJ‘LSJLJ (_:_y;ﬁor,



5/20/2015

HIT

Return copy
of data from
cache

SLOW HIT

S2003 ACA . Corporaa’_

Way Predicting Caches

« Use processor address to index into way prediction table
» Look in predicted way at given index, then:

Look in other way

(change entry in
prediction table) Read block of data from

next level of cache

MISS
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Way Predicting Instruction Cache
(Alpha 21264-like)

Jump target
Ox4
Jump —\__J

control

('__/' PC
/"J:‘C'I_J LH‘-""‘-«. addr Primary inst

1 R Instruction
way  Cache

O U Sequential Way

fi‘" W‘C.;"-Hf" Branch Target Way —'
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3. Fast (Inst. Cache) Hit via Trace Cache

Key Idea: Pack multiple non-contiguous basic
blocks into one contiguous trace cache line

_\\JIII{IPUI/IIM

BEEE [ [ [T B [ 1] BR

Single fetch brings in multiple basic blocks

Trace cache indexed by start address and next n
branch predictions
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3. Fast Hit times via Trace Cache

* Trace cache in Pentium 4
I. Dynamic instr. traces cached (in level | cache)
2. Cache the micro-ops vs. x86 instructions

* Decode/translate from x86 to micro-ops on trace cache
miss

+ = better utilize long blocks (don’t exit in middle of
block, don’t enter at label in middle of block)

- = complicated address mapping since addresses no
longer aligned to power-of-2 multiples of word size

- = instructions may appear multiple times in multiple
dynamic traces due to different branch outcomes

ACA W Corporaal

. Jr .
e ) ﬂJl—;-:—'L;_:—n Pe_n-l-u“um 4 JJJ!-‘C)JJ’ Jar lrace daslez )

o
/ QD BTY ‘rcl_f.t’_,'_”q ""“'“"-—r!.b._)

(,;;(Jymi?- (/JJJ““‘JJ"?‘LH )_)-’M}J-b,h—“ ﬂ'J_.l -‘_/“' ML}J—’{_J,}J GJ_.J-LS.LB L_..ubrﬂ.ﬂ‘a
r .J__,__JJ_,N OL—:‘J!J(’LJ”.JO/ CJ,ZL_;_,’JH.R.JJJLMJC_}!;—J'&-'\-" _,ALM_J_,LL_H{

bl ey a;ﬁ,,»'»—*d";‘*“-*’*”“ “'”"'ur:fu' e uﬁ%“-—%ﬂ!
s /

-~ [L'C:’O’J,.H”J‘-—JJLH €l oo c-ulr(:;l AR
/
< Q—E,)-‘—I?;l{_'g 'y (_,;----L:_.:.U'_
Gl 2oL5 o)) 5 0o T Wb ol
.-L_.AJ"(_{’JO"# U-*_JJ l------'--"'1--3‘*["’---"“'t-"F_:./"-"..‘f-ﬂ"“" Hi + l"",.-»-----J L_,)--JC;:’.«J ! Gl»,—n-‘..--..l..u-l LCJ‘.’r
pad

Jfﬁﬁmuﬁﬂb 320 2o ‘-—*‘LJICII“[‘ bt e ML L

..Mw..:-'cfo“-%-(}t”x——) (-._.H/_.-L-—'-' Lc}ﬁbr—f:me c.r,_;-ia.: L, Cac‘\e,_piﬁ/

P

O:J}_n’ﬂﬂ.( Fhasd s __3)_...1,,_#,.' =Y L.-_J*J..u—ﬂ ~ i_,.ﬂ MD-LO-’(.S L”CJ—’JAJ (--J_:L...-u; Ly L;
g

(_}lﬂ-—d' LQ)_)—{JJJL,QJA; OjTﬂE&;lm O__’ﬂ-__’- WC}'JJJ‘“JLN!P’M (.J__b-‘}-

QMI»Q#JJO‘)J lm‘iﬂou_:\.xg}z-‘ bes), LJ,A....-LC,;(;&.-:——:_;L_.-.-L” b L), L —2a I
L‘O‘" '---*-*-'L'..-L---—ﬂ L‘-'_..i ri?_:-*_/rd (_5.‘-!) CaCL\E_ ) (-*wu*-ﬂ.d.-h—-' L@‘ H “"h“‘-ﬂ.ﬁ-—“ [/{rl',-



5/20/2015

4: Increasing Cache Bandwidth by Pipelining

* Pipeline cache access to maintain bandwidth, but
higher latency

* Nr. of Instruction cache access pipeline stages:
. 1: Pentium

2: Pentium Pro through Pentium III

4: Pentium 4
— greater penalty on mispredicted branches

= more clock cycles between the issue of the
load and the use of the data

F202013 ACA H.Corporaal : It

//

‘-.__..--u_.!""ofr-‘\ (/‘L—A_.u.c- {SlA'LJLQOJO’Mﬁ“){J_{#JLA _.A--HLO’ PPEII ne )

r‘)»b‘l-'-w u_»Jadé P Pe.\ma Cosrro o / L cl I—"‘Je?'..z,a-’{“‘ﬁh‘.'.c_..

; D
& :A,_,\:.&.L‘;:) (_skﬁ,—‘ﬂ‘-"lb Qj{ﬁ{j‘\n CACL\E;JCJ.;)J/P;‘DE‘;&E C,':,J*IHJL;;\_J]



- - =y b v s P i =
S Al *’w;\u;*-!-f Wl e t..__.ef-*r.:"*" O reOllag),

(G508 d-JL.:-——ur Lo
- ‘ 1 L‘ / -
c:l:m +me = K-"-"_J"-"-PU s o s Oblss
*'J..h'-_,".r_p_;."n.—r_; ¥ rL'.iLﬂ:-’ )
L /&
- ,___,'s_'.._;.sL_'_,h_;,_.
= T 2 -

.yyuii.i‘—‘u-‘u!pr' JMUL‘““"“L"L“J clecde

ea i o v
Po dime = ([ maot T seihait | % cpee

rL_'."i..-:_;_ln
JETPSIIS YA - } 2
T 2 Ll gt o
R-::;r_l L"-':'rth;:‘__

e 7

<7
"’_'\IJ‘JJ[PLCJ'_"J‘-’ Lj'_u_:-ﬁ'di)-' L.-)_J_J-‘ u\.,..h_ﬂ‘-l.'l ‘HJ,JHLI._MML_.H-J;fr,J

":’L 'rL-‘Lﬂ'ro-‘.r—*M—‘r; }i':n-urﬂ ..__:.L-:-._'n JESA PR -‘-—Lu’ ‘-—'—-'.:Ll-—‘ '-L'L"ILST:T-A:-':

Py e
LLTf:_,}- &L;}A?):-}{:kiu"@#f r ‘I"f"'f UL*‘-"HJ?“J(J#LE ~ -L,_::.r' U'-.--'ﬁ:/r-d
- J;Juﬁ};ﬂﬂ.i,;
P LS M
i LJJ’ Renc} clecks -+ u..drf’i'E c 1ct’.k5
r‘L"L:' f'Cr“"__rv-'Ju;‘

/ / lL, /'n .J--L u/;ﬁ,’r
,-J_,..l,&n.al.p,;,.-ﬂ _,JJ,__.{“___H;/_AJJJWJJJH_A,-* '--H(_j.ﬁ ey s s
3. o
UL‘JQ‘##"‘:FUU)H L-l-".'a" '[-:Hﬁ b i LH:—I:"IJO(_.-:"'C_P—"JJC.LL: - 'l_l;
"5):—“-" A2l b x.'_.-_.-'-}J/:ﬂ)g éu{_fi-.nﬁiu Mbosaele UL {_1:;;’
L . s g o
F‘P n ..J’.—-JJ- '[_) ‘_-—.J . )J-h‘,}.:"-r-(h;"“j "“—""""1-""_:"'”-""":"-“- ;l
] = m {_.QJL-LFLE'J .-—,-5"_..;1..5 f_,h"“i!’ 25 ’
e

"‘-‘*&"’f—-’[’iﬂu‘-"iﬂbﬂ L’LJ,-LHw-#uL: (TN e
{:J‘fr',L;h\ Lll,n,l L,r._{.)_“_, M b
aria, ) "~ TS PITUSY

Lﬂft‘rt cleck = B K(m”k"- h"" Rate. r_lr.-ck} J{(_I-u}r”t*_ Misy Rele Hﬂuuyj

n

+ wrte Buffer clock
A



ity ,_,é_:.! Qi@ﬁ;)); 92 ol Ailons G52t G i Yo Cg-'fu{*' s wl
. O wﬁhjghpyj AN ) delaz 1 O)s B Gl
2292033 Col 19 25 0 gr sl e/{b’JLL%H/: Miss slaud oo by hit Glac oy
N PG R T szl ch:-;uLm’ﬁuZ-/ut‘-l—»*%:Lg s 0l b
Sl e 2 b ohacl;,, @A_}J{Jabfbcﬁ_uh ClsGhal ¢ ),

fC*,;:;JCli}J ﬁiﬂﬂ ;_:j-’rls':"‘ Aihade il 01/";' O57 A Cr‘" e L(J
N5 o ol o 22 e s G i e,
PUHTICRIISY H“/C}chio_,ﬁ ambesboabn ol Ziah Glie oy

’ ,J.’f"j&'ﬂ)l'..l__a_!p; cf (.:J@ndﬁ,-h.d .LJ‘..I ('_:_Jrl_
o -— ¢ G TR
AMT - Access He.mwy' lime r_'!:i‘pb,, PN B Cr .’-’_L:

G’}U)(JL;LDMQ_@(;LE miss éf&.:u/_; hit L

s ol b (._S‘r—"“—"" 1 P

Dy . ar (— .
'MLGGPJJJ({‘JLE}WUL?LJ' ii‘o’{"—:""‘{f{.ﬂ' KLJ;;—Q&(QHT) ,-lé.'nl..‘_'n:-'

AMT = hit +ime + | (miss Y‘q_',"e.-) X rL;{O{V;#JQLJ)

G~ Ol missc »2 5 L
s ;

A

-0 —

(_5,[.-?.\'.‘:..;\9;1 (’_)’ILS'_,p--—ﬂp_L__,a_; ,-—_;i__,;@-:u';;;lg_,f_g r.Li.‘-lar_ul.L'_;#_,_- ughﬂ'/.;_‘,.l/

7 _
2w 2 bslaghy
™Miss L\i";[ﬁﬂup J‘I_A‘-_-'_,l(-i-i\:) Cromsaon @ s LT v (5 sladsle Cache sla s
= 7 e v oo ' , - : s
O{M(—;‘f’—fL}JJJLJJ!,ﬂ 3" \AJJL)LJJAJJU‘UQQJ!JC{:L}A‘.QJQ'& misg rJ:';(-:_, -r..f_;lal

| R _ :
Vo (e 25 Jazis Cache Sl ﬁgwubé.au[ark:.kp;luuﬂ.sl@i

. e :
5 L)L:w_,_ sals (__,TE_&,L@ ~ JdL’EM (_,LHD}'-L_DLQ ~beslsaysec oin Cache.
- _. /.-‘
g r-;JCJz.:._. Cacl«e_.,l:,ln Fedol Lo



jl»ﬂ’,u)-nul:db-‘-»\uy Qlo bbb 0 s 0 Cache Livbo) o)) "—"‘*'—J:*"‘
Replacement Lu,Luuip c‘_.-_ﬁHL..M.JOI—C s .J)-"r“jﬂ Cﬂd\er-lutbrd-ol

h [ PO 5 PR _Lﬁ’f"{lu'ml‘-f/‘”.f-‘ JJ‘ML Cm‘ktcrf ls”o.:,z.nl———-'fl(.)" o L.._.J!
Aﬁ)& > M IS _.uJ(_;,'Le.L,u;Ar;—-—’o-L..»-LL lLsr—v'uC_Lno-L slo Qs Pl chﬁc,_L..L-.»

_;(_;I:JJJ _:-*..r:/ e
C.f\hnre-'o"-,"*"?-*' Cache Replacement Policies

GL.‘!I‘.;HH/{’:L;

Yot r‘“ Prof. Mikko H. Lipasti
By el University of Wisconsin-Madison
S L I

WM r"—-"l-‘-‘ s

‘ ECE/CS 752 Spring 2012
C-J_.-H“ s C..r‘*“
G miss Rake
rﬂ"ﬂu‘.ﬁ
i el

J —
"’ n = — r = = ‘
‘_NJL"/:L- Cache LY IN );b)}:’:/f_aﬁi-’” b.‘f“‘f Ec}d acement- - osde

¥4
e These are: L_e,;[‘-Jy,-a-s‘-ﬂJ,J:A;g e L DWW
G sle - placement 7
r‘_’_‘a L
k7 o. == 1L L5 * Where can a block of memory go?
7L v -Lo_ |dentification
e How do | find a block of memory?
— Replacement
+ How do | make space for new blocks?

-
F‘&"Lp-“(_;""fﬂ SL—_ Write Policy
e How do | propagate changes?
e Consider these for caches
— Usually SRAM

e Also apply to main memory, disks

Cache DeSIQn Four Key Issucig
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Placement
Memory Placement Comments
Type

Registers | Anywhere; |Compiler/programmer
Int, FP, SPR | manages

Cache Fixed in H/'W | Direct-mapped,
(SRAM) set-associative,
Sfully-associative
DRAM Anywhere O/S manages

Disk Anywhere O/S manages

2 2005 Mikko Lipast

Block Size

Placement Address 14

3

e Address Range Index
— Exceeds cache capacity SRAM Cache
e Map address to finite capacity
— Called a hash
— Usually just masks high-order bits

® Direct-mapped Offset tj’
— Block can only exist in one location Data Out

— Hash collisions cause problems  32-bit Address

Index |Offset

2005 Mikko Lipasti
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|ldentification

e Fully-associative

Address

Tag |

[]]

RO —

|
3
Hit

<

_.',.-F"

e /dentification

right block?

® Expensive!

i 2005 Mikko Lipasti

— Block can exist anywhere
— No more hash collisions

— How do | know | have the

— Called a tag check
» Must store address tags
» Compare against address

— Tag & comparator per block

[

I

32-bit Address

e

Data Out

e o

Placement

® Set-associative

— Blockcanbeina
locations

— Hash collisions:
e o still OK

e |dentification

— However, only g in
parallel

D 2005 Mikko Lipasti

— Still perform tag check

Aopes smmg
Index
Gam L a Data Blocks
= AV
(7=} v,
Tag By
—o—= Yy
Offset
-hit Add
32-hit ress DR Ok
Tag Index |Offset 4
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c ) LA miss

Replacement

e Cache has finite size
— What do we do when it is full?

e Analogy: desktop full?
— Move books to bookshelf to make room
— Bookshelf full? Move least-used to library

- Etc.

e Same idea:

— Move blocks to next level of cache
T
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Cache Miss Rates: 3 C’s [Hill]

e Compulsory miss or Cold miss
— First-ever reference to a given block of memory
— Measure: number of misses in an infinite cache model

e Capacity
— Working set exceeds cache capacity
— Useful blocks (with future references) displaced
— Good replacement policy is crucial!
— Measure: additional misses in a fully-associative cache

e Conflict
— Placement restrictions (not fully-associative) cause useful blocks

to be displaced
- Think of as capacity within set
— Good replacement policy is crucial!

= Measure: additional misses in cache of interest
B

e
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Replacement

e How do we choose victim?

— Verbs: Victimize, evict, replace, cast out
e Many policies are possible

— FIFO (first-in-first-out)

— LRU (least recently used), pseudo-LRU

— LFU (least frequently used)

— NMRU (not most recently used)

— NRU

— Pseudo-random (yes, really!)

— Optimal

- Etc

© 2005 Mikko Lipasti

Optimal Replacement Policy?
[Belady, IBM Systems Journal, 1966]

e Evict block with longest reuse distance

— i.e. next reference to block is farthest in
future

— Requires knowledge of the future!
e Can’t build it, but can model it with trace
— Process trace in reverse

— [Sugumar&Abraham] describe how to do this in
one pass over the trace with some lookahead
(Cheetah simulator)

e Useful, since it reveals opportunity

- (X,A,B,C,D,X): LRU 4-way SA S, 2" X will miss

2005 Mikko Lipasti
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