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Cache Performance Cache optimizations
Hit Band- Miss Miss HW
time width penalty rate complexity

Execution Time = Simple + - 0
Addr. transl. + 1
Way-predict + 1
mem Trace + 3
IC * (CPlgxecution + ?nst?jzﬁsies * miss rate « miss penalty) « T¢ Pipelined - " 1
Banked + 1
. Non-blocking + + 3
Three(+) ways to increase performance: Early start " 5
@ Reduce miss rate Merging write + 1
@ Reduce miss penalty Multilevel * 2
. Read priority + 1

@ Reduce hit time Prefetch T T 2.3
@ ... increase bandwidth Victim + + 2
Compiler + 0
However, remember: Larger block - + 0
Execution time is the only true measure! Larger cache - + 1
Associativity - + 1
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Vemory hierarchy

QUESTIONS?

COMMENTS?
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Chip floor-plan Lecture 8 agenda
hiewtrSShEM Improved Lock Addilh_'iqnal (gﬁching
r:s HeHonS Support mrarﬁ y Appendix C.4 and Chapters 5.5-5.6 in "Computer Architecture”

L1 Data Cache L2 Cache 0 Reiteration

£ " .&qlnterrum

xecution Servicin .

Units Ll e Virtual memory
Memoary Ordering

& Execution Paging

e Case study AMD Opteron

Branch Prediction

Qut-of-Order Instruction ; ing i
Scheduling & Decode & e Crosscutting issues

Retirement Microcode Instruction Fetch
& L1 Cache © summary

Sim0 .
Multi-Threadife Prediction
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Vemory hirarchy tiks

Use two “magic” tricks

e Virtual memory

@ Make a small memory seem bigger virtual memory
(Without making it much slower)
@ Make a slow memory seem faster cache memory

(Without making it smaller)
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Memory tricks (techniques) Levels of the Memory Hierarchy
SRAM DRAM
200 ns
20 ns
Use a hierarchy CPU 0.5ns 5ns 10 ms

super-fast | Registers Tiotoh oachaleay : @
FAST Cache lre?i:zterl g Lo piis L3 e Main g
cache memory  (HW) cache — . N—

. LD/ST P D-cache [P ry
Memory | CHEAP Main unit ~ 4

virtual memory (SW) _

BIG Disk 5 Cache hierarchy xil;tr:zra(ljr]r;emory

Figure 4.1. Typical memory hierarchy with three levels of caches.

(From Dubois, Annavaram, Stenstrém: “Parallel Computer Organization and Design”, ISBN 978-0-521-88675-8)
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OS Processes/Virtual memory Process Address Spaces

Process £1

= =
@ Run several programs at the same time A e
@ Each having the full address space available i N ==
@ Sharing physical memory secees 52 ==
@ Reside and execute anywhere in memory - Relocation ... i
@ Program uses virtual memory address E s
@ Virtual address is translated to physical address ) o |
@ Should be completely transparent to program, minimal )
performance impact T
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EC - Program counter.

Virtual memory — why?

Virtual memory — concepts

Reasons to use VM: is a part of the memory hierarchy:
Virtual Physical .
® Replaces overlays address adtress @ The virtual address space
@ Large address space i 2 o is divi i
g p » . e 5 is divided into pages
@ Several processes ® [ c & @ The physical address
H 12K D 12K Physical . . .
sharllng the same . . bk e space is divided into page
phyS|Ca| memory Virtual memory 20K frames
. 24K B . .
@ Protection of memory - @ A miss is called a page
@ Relocation fault
< @ Pages not in main memory
are stored on disk
Disk
——— :
@ The CPU uses virtual addresses
@ We need an address translation (memory mapping) mechanism
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Virtual memory parameters More Virtual memory parameters

Regs | L1 L2 Main memory Disk
Access (ns) 0.2 |05 7 100 10 000 000
Capacity (kB) 1 64 | 1000 32 000 000 6 000 000 000
Block size (B) 8 64 | 128 | 4000 - 16 0000

@ Replacement in cache handled by HW
@ Replacement in VM handled by SW
@ Size of VM determined by no of address bits

@ The backing store for VM (paging (swap) partition on disk) is
shared with the file system
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4 questions for the Memory Hierarchy VM: Page placement

@ Q1: Where can a block be placed in the upper level?

(Block/Page placement) Where can a page be placed in main memory?
@ Q2: How is a block found if it is in the upper level?
(Block/Page identification) © Cache access: ~ ns
@ Q3: Which block should be replaced on a miss? ® Memory access: ~ 100 ns — HIGH miss penalty
(Block/Page replacement) @ Disk access: ~ 10,000,000 ns
@ Q4: What happens on a write?
(Write strategy)

The high miss penalty makes it

Upper level
Elock @ necessary to minimize miss rate
age . . .
@ possible to use software solutions to implement a
T —— fully associative address mapping

e e |
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VM: Page identification

Use a page table stored in main memory:

Virtual address

@ Suppose 4 KB pages,
32 bit virtual address,
4 bytes per entry

Msin @ Page table takes
232

2o x4 =2% = 4 Mbyte
@ 64 bit virtual address,
16 KB pages —

0264

Suxd= 2% = 21278
@ Per process

Physical address

Solutions
@ Multi-level page table
@ (Inverted page table)
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Fast address translation

How do we avoid two (or more) memory references for each original
memory reference?

@ Cache address translations — Translation Look-aside Buffer

(TLB)
Virtual address
Fage Offset
|
IeIleIl) Phvsical address
FPage Offcet
TLE 1
_I""_IFE_{._ ]

Table
walker
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Virtual memory access

@ CPU issues a load for virtual address

@ Split into page, offset

@ Look-up in the page table (main memory) to translate page
@ Concatenate translated page with offset — physical address
@ Aread is done from the main memory at physical address

@ Data is delivered to the CPU

2 memory accesses!

How do we make the page table look-up faster?
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Address translation and TLB

Virtual Address done in hardware
. . l done in OS software
restart instruction X
> TLB Lookup done in software

machine-dependent piss hit or hardware

Page Table Walk

Check Permissions

page present denie ok

— TLBReload  Page Fault Exception Page Fault Exception ppygjca| Address
“Page Not Present” “Protection Fault”

machine-independent l

logic .
Terminate Process

Load Page
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Reduce hit time 2: Address translation Reduce hit time 3: Address translation

@ Use virtual addresses to both index cache and tag check
@ Processor uses virtual addresses (VA) while caches and main

prw— _
Processes have different virtual address spaces
@ Flush cache between context switches or
@ Extend tag with process-identifier tag (PID)

Use the virtual address to index the cache in parallel Two virtual addresses may map to the same physical address —
synonyms or aliases
@ HW guarantees that every cache block have a unique physical
address
@ Some OS uses “page colouring” to ensure that the cache index is
unique
Address translation cache and VM VM: Page replacement
[ Virtual address <64 J
l
‘ Virtual page number <51> Page offset <13> ‘ . P
Most important: minimize number of page faults
‘ TLB tag compare address <43> TLB index <8=> I L1 cache index <7> IF: ock offset <6> |

To CPU

Handled in SW

TLB tag <43> TLB data <28>

1 cache tag <43> L1 data <512>

A J
L1 tag compare address <28>

Page replacement strategies:

@ FIFO - First-In-First-Out
\ Prysical address <dt> \ @ LRU — Least Recently Used
‘ L2 tag uorryp-(_;’(:(_;ddru>s <19> l L2 cache index -:16;] Block offset <6= ‘ ApprOXImatlon

To CPU

The OS periodically resets the reference bits
When a page needs to be replaced, a page with a reference bit that
is not set is chosen

]
e Each page has a reference bit that is set on a reference
(]
o

L2 cache tag <19> L2 data <512>

i
(=7)-
To L1 cache or CPU
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VM: Wrie siraeoy

Larger page size
Write back or Write through?

advantages
S. f t bl . k 2addrbits 1
@ Size of page table = k * Szzms ~ 5age sie
@ More efficient to transfer large pages
o Write back! + dirty bit @ More memory can be mapped — reducing TLB misses
@ Write through is impossible to use:
e Too long access time to disk disad t
e The write buffer would need to be very large Isadvantages
e The /O System would need an eXtremely hlgh bandwidth @ More wasted Storage, internal fragmentation
@ Long start-up times
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Outline Basic L1 data cache
Block address gflfos?ekt ® CPU
<25> <9>  <6> address
Tag Index N Data Data
in out
Valid  Tag Data h @ 64 Kbyte, 64 byte block size
" @ <1>  <25> —.<64> L N 1024 blocks
ods) |7 L; I @ write-back, write allocate
© Case study AMD Opteron ON:) @ 2-way set associative
® = 512 sets
ik | 1] = @ 8 block write buffer (victim)
@j @ LRU - 1 bit
' ¢
Victim
buffer

Lower-level memory
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Data TLB Page table structure

63 48 47 39 38 30 29 21 20 12 1 0

@ 40 page table entries 000...00r
Page-map L4 Page-dir-ptr | Page-directory | Page-table Page offset

@ Fully associative LSS
@ Valid bit, kernel & user read/write permissions, protection
. Page-map L4
Virtual page Page base addr (GR3)
number offset
<36> <12>
| Page-map L4 table .
‘ | | Page-directory
pointer table paec
-gdiracton
@ @ <A> e <1><1> <36> <28> Page-mp entry laab?: il
V RW US D A Tag Physical address 7
Page-dir-ptr entry Page table

E' Page-dir entry —-(E.

<

; b Page-table entry

(Low-order 12 bits
—5 | | [ | | | [ | of address)
l 5 <12> s Physical address
A 40-bi
@ “'| 40:1 mux 08> @ physical | Physical page frame number | Page offset
- > address
(High-order 28 bits of address) \/
2007 Elsavier, Inc Al rights resarved. Main memory
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AMD64 Memory space AMD Opteron cache + TLB
Current 48-bit implementation 56-bit implementation Full 84-bit implementation ‘ "‘“”f' el |
FFFFFFFF FFFFFFFF FFFFFFFF FFFFFFFF FFFFFFFF FFFFFFFF | G page b <57 | Fage onest <7
!
Ca n Or” Cal i h| g he r h al f” i ‘ TLB tag compare address <43> | TLB index <8> | | L1 cache index <7> | Block offset <6> |
Canonical To oPy

FFFF8000 00000000  “higher half"

Higher half

TLB data <28>

TLB tag <43= L1 cache tag <43> L1 data <512>

FFE00000 0OOOOOOO

L1 tag compare address <28>

Noncanonical Noncanonical
addresses addresses

‘ Physical address <41> ‘

]

‘ L2 tag compare address <19= | L2 cache index <16> | Block offset <6= ‘

007FFFFF_FFFFFFFF

To CPU

00007FFF FFFFFFFF

Canonical "

000E0000 0CPODOED 0PEOGOA0 DODOOOOD 0OOOOOOO 000DOOOO
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L2 data <512>

L2 cache tag <19>

To L1 cache or CPU

£ 2007 Elsavier, Inc. All rights resarved.



3.00

The memory hierarchy of AMD Opteron Performance
e otz - s : ooz

@ Separate Instr & Data TLB e o T "
: and Caches 2.00 || Ml Base CPI
o @ 2-level TLBs 5 150
| " @ L1 TLBs fully associative 160
=3y e @ L2 TLBs 4 way set associative 0.50
—1= % @ Write buffer (and Victim cache) -~
(i "r‘ i . . perlbmk crafty eon gzip gap vortex bzip2 gcec parser vpr twolf TPC-C
: F;_l 0 @ Way prediction
% \:SE@ 5 ﬁ . - 3.00
’ 4,__(57 -’% ‘ o Llne predICtlon prefetCh 250 L W Minimum pipelinestall |
@ hit under 10 misses Maximum memory GPI
2.00 Bl Base CPl | e
@ 1 MB L2 cache, shared,
16 way set associative, S T
write back

(HP fig 5.19) (complex - no details)

a=clie=)

{16 groups of 1024 blocks)
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Grosscuting isues

@ Protection needs support in the ISA
@ Speculative execution —-

e Non-blocking caches

@ Suppress exceptions
@ Embedded computers =

e Real time performance predictability

6 Crosscutting issues e Power limitations
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Hide CPU - memory performance gap
Memory hierarchy with several levels
Principle of locality

Cache memories: Virtual memory:
@ Fast, small - Close to CPU @ Slow, big - Close to disk
@ Hardware @ Software
e TLB e TLB
@ CPU performance equation @ Page-table
(*)] o

Average memory access Very high miss penalty —-

time miss rate must be low
@ Optimizations @ Also facilitates: relocation;
© summary memory protection; and

multiprogramming

Same 4 design questions - Different answers
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Program behavior vs cache organization Example organizations

MPU AMD Opteron Intel Pentium 4 IBM Power 5 Sun Niagarz
Processor Pentium 4 (3.2 GHz) Opteron (2.8 GHz) Instruction set architecture 80x86 (64b) 80x86 PowerPC SPARC v9
o s Intended application desktop desktop server server
Data cache 8-way associative, 16 KB, 2-way associative, 64 KB, CMOSPER o) =% 50 50 5
64-byte block 64-byte block Die size (mm?2) 199 217 389 379
L2 cache 8-way associative, 2 MB, 16-way associative, 1 MB, Instructions issued/clock 3! 3 RISC ops 8 1
128-byte block, inclusive of 64-byte block, exclusive of D cache Processors/chip %) 1 2 8
D cache Clock rate (2006) 2.8 GHz 3.6 GHz 2.0 GHz 1.2 GHz
S 7 3 Instruction cache per processor 64 KB, 12000 RISC op 64 KB, 16 KB,
Prefetch 8 streams to L.2 1 stream to L.2 2-way set e e 2-way set I-way set
7 5 associative (~96 KB) associative associative
: Latency L1 I (clocks) 2 4 1 1
5 i RS oo A S R S SRR OIS G Data cache 64 KB, 16 KB, 32 KB, 8 KB,
5 - D cache: P4/Opteron . per processor 2-way set 8-way set 4-way set 1-way set
@ —«— L2 cache: P4/Opteron : associative associative associative associative
S 5 Latency L1 D (clocks) > 73 2 1
-:Er TLB entries (I/D/L2 I/L2 D) 40/40/512/512 128/54 1024/1024 64/64
;E all Minimum page size 4 KB 4 KB 4 KB 8 KB
&£ On-chip L2 cache 2x 1 MB, 2 MB, 1.875 MB, 3 MB,
- 3 F 16-way set 8-way set 10-way set 2-way set
% associative associative associative associative
k<1 2 L L2 banks 2 1 3 4
% Latency L2 (clocks) 7 22 13 22,523 D
= 1 Off-chip L3 cache — — 36 MB, 12-way set —
B associative (tags on chip)
: Latency L3 (clocks) — — 87 —_
o - : . . , : i * — - ! i ' | ' Block size (L1I/L1D/L2/L3, bytes) 64 64/64/128/— 128/128/128/256 32/16/64/—
zi vpr cc mc cral wupwise  swim mgri applu mesa
9z 2 o ¥ H i e Memory bus width (bits) 128 64 64 128
SPECiInt2000 SPECfp2000
2007 St e A g Memory bus clock 200 MHz 200 MHz 400 MHz 400 MHz
Number of memory buses 1 1 4 4
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