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Introduction
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= Programmers want very large memory with low latency

s Fast memory technology is more expensive per bit than
slower memory

= Solution: organize memory system into a hierarchy

= Entire addressable memory space available in largest, slowest
memory

= Incrementally smaller and faster memories, each containing a
subset of the memory below it, proceed in steps up toward the
processor

= Temporal and spatial locality insures that nearly all

references can be found in smaller memories

= Gives the allusion of a large, fast memory being presented to the
processor




Memory hierarchy
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PROCESSOR

1 !

L1: I-Cache D-Cache | |-Cache = instruction cache
D-Cache—> data cache
; U-Cache - unified cache
L2: U-Cache Different functional units fetch
Information from I-cache and
t D-cache: decoder and
L3: U-Cache scheduler operate with I-
cache, but integer execution
t unit and floating-point unit

.. - communicate with D-cache.
Main: Main Memory




Memory hierarchy

L1 L2 L3
C C C § Memory
cruU 5 = a bus Memory /O bus [ Disk storage
; ; ;
a a e Disk
memory
Register Level 1 Level 2 Level 3 Memory reference
reference Cache Cache Cache reference
reference  reference  reference
Size: 1000 bytes 64 KB 256 KB 2-4MB 4-16 GB 4-16 TB
Speed:  300ps 1ns 3-10ns 10-20ns 50-100 ns 5-10 ms

(a) Memory hierarchy for server

L1 L2
(C ¢ M Memory
CPU a a bus
c ¢
g 2 FLASH
Register Level 1 Level 2 Memory rr}emc-ry
reference Cache Cache reference reference
reference  reference
Size: 500 bytes 64 KB 256 KB 256-512 MB 4-8GB
Speed: 500 ps 2ns 10-20 ns 50-100 ns 25-50us

(b) Memaory hierarchy for a personal mobile device

MI<
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1 My Power Book

Intel core i7

2 cores

2.8 GHz

L2 cache:

256 KB/core

L3 4MB

Main memory 16 GB
two DDR3 8 MB

at 1.6 GHz

Disk 500 GB

MORGAN KAUFMANN



Processor/memory cost-performance gap
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Memory hierarchy design

uoNoONpPOAU|

=| Memory hierarchy design becomes more crucial with recent
multi-core processors

= Aggregate peak bandwidth grows with # cores:
= Intel Core i7 can generate two references per core per clock
« Four cores and 3.2 GHz clock
s 12.8 (4 cores x 3.2 GHz) billion 128-bit instruction references +
s 25.6 (2 x 4 cores x 3.2 GHz) billion 64-bit data references/second
= =409.6 GB/s!

= DRAM bandwidth is only 6% of this (25 GB/s)

=« Requires:
= Multi-port, pipelined caches
= Two levels of cache per core
= Shared third-level cache on chip




Performance and power
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= High-end microprocessors have >10 MB on-chip cache

= The cache consumes a large amount of area and power
budget




Memory hierarchy basics
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» When a word is not found in the cache, a miss occurs.

= In case of a miss fetch word from lower level in hierarchy
= higher latency reference

= lower level may be:
= another cache

=« the main memory

= fetch the entire block consisting of several words
= Takes advantage of spatial locality

= place block into cache in any location within its set,
determined by address

= block address MOD number of sets




Placement problem




Placement policies

= Main memory has a much larger capacity than cache.
= Mapping between main and cache memories.

= Where to put a block in cache
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Direct mapped cache
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Set associlative cache
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Memory hierarchy basics
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= N sets => n-way set associative
= Direct-mapped cache => one block per set
=« Fully associative => one set

= Writing to cache: two strategies

= Write-through
« Immediately update lower levels of hierarchy

s Write-back

« Update lower levels of hierarchy only when an updated block
In cache is replaced

= Both strategies use write buffer to make writes
asynchronous




Dirty bit

= Two types of caches
= Instruction cache : I-cache
s Data cache: D-cache

s Dirt bit indicates If the cache block has been written to or
modified.

= NoO need for dirty bit for
= |-caches
= write through D-cache.

= Dirty bit needed for
= write back D-caches.




Write back




Write through cache




Cache organization

=| A cache row has:

= Tag -> contains part of the address of data fetched from main memory
= Data bloc = contains data fetched from main memory

= Flags: valid, dirty

= An memory address is split (MSB to LSB) into:
= tag > contains the most significant bits of the address.
= Index -> gives the cache row the data has been put in.
= Dblock offset = gives the desired data within the stored data block within the

cache row.




Cache organization
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Cache misses
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s Miss rate =» Fraction of cache access that result in a
MISS

s Causes of misses

= Compulsory - first reference to a block
= Capacity - blocks discarded and later retrieved

s Conflict 2 the program makes repeated references to multiple
addresses from different blocks that map to the same location in
the cache




Cache misses
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Misses  Miss rate X Memory accesses _ Miss rate x Memory accesses
[nstruction Instruction count . [nstruction

Average memory access time = Hit time + Miss rate X Miss penalty

s Speculative and multithreaded processors may execute
other instructions during a miss

= Reduced performance impact of misses




Basic cache optimizations techniques

Larger block size

= Reduces compulsory misses
= Increases capacity and conflict misses, increases miss penalty

Larger total cache capacity to reduce miss rate

= Increases hit time, increases power consumption

Higher associativity
= Reduces conflict misses
= Increases hit time, increases power consumption

Higher number of cache levels
= Reduces overall memory access time
Give priority to read misses over writes
= Reduces miss penalty

Avoid address translation in cache indexing

s Reduces hit time
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Advanced optimizations

Average memory access time = Hit time + Miss rate X Miss penalty

= Metrics:
= Reducing the hit time
= Increase cache bandwidth
= Reducing miss penalty
= Reducing miss rate
= Reducing miss penalty or miss rate via parallelism
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en advanced optimizations

= Small and simple first level caches

= Critical timing path:
= addressing tag memory, then
= comparing tags, then
= Selecting correct set
= Direct-mapped caches can overlap tag compare and
transmission of data

= Lower associativity reduces power because fewer
cache lines are accessed
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1) Fast hit times via small and simple L1 caches

= Critical timing path:
= addressing tag memory, then
= comparing tags, then
= Selecting correct set

= Direct-mapped caches can overlap tag compare and
transmission of data

= Lower associativity reduces power because fewer cache
lines are accessed




L1 size and associativity
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L1 size and associativity
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2) Fast hit times via way prediction

= How to combine fast hit time of Direct Mapped and have the lower
conflict misses of 2-way SA cache?

= Way prediction: 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 that clock cycle in parallel with reading the cache data

= Miss = 15t check other blocks for matches in next clock cycle
» Drawback: CPU pipeline is hard if hit takes 1 or 2 cycles
= Prediction accuracy
= > 90% for two-way
= > 80% for four-way
= |-cache has better accuracy than D-cache
s First used on MIPS R10000 in mid-90s. Used on ARM Cortex-A8

= Extend to predict block as well.
s ‘Way selection” - increases mis-prediction penalty
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3) Increase cache bandwidth by pipelining

= Pipelining improves bandwidth, but higher latency

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

» Examples:
= Pentium: 1 cycle
= Pentium Pro — Pentium Ill: 2 cycles
= Pentium 4 — Core i7: 4 cycles

= Increases branch mis-prediction penalty
= Makes it easier to increase associativity
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4. Increase cache bandwidth: non-blocking caches

= Pipelined processors allow out-of-order execution. The
processor should not stall during a data cache miss.

= Non-blocking cache or lockup-free cache allow data cache to
continue to supply cache hits during a miss

= Requires additional bits on registers or out-of-order execution
= Requires multi-bank memories

= “hit under miss” reduces the effective miss penalty by working
during miss vs. ignoring CPU requests

= “hit under multiple miss” or “miss under miss” may further

lower the effective miss penalty by overlapping multiple misses

= Significantly increases the complexity of the cache controller as
there can be multiple outstanding memory accesses

= Requires multiple memory banks (otherwise cannot support)
= Pentium Pro allows 4 outstanding memory misses




Percentage

of the average
memory

stall time

Benchmarks
© 2007 Elsavier, Inc. All rights resarved.




Nonblocking caches
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mReq

Processor DRAM

mResp

€ Completion buffer controls the entries of
requests and ensures that departures take
place in order even if loads complete out-of-
order -

Prog

mReq‘

mResp
—

FIFO responses inputs are tagged;
responses can be 000

€ Split the non-blocking cache in two parts
= The front end attaches tags to requests and ensures
FIFO delivery of responses to the processor
s The backend is a non-locking cache which can return
responses out-of-order

= One may merge the front end with the processor and
directly expose the backend.interface




5) Independent banks; interleaving

= Organize cache as independent banks to support
simultaneous access
= ARM Cortex-A8 supports 1-4 banks for L2
= Intel i7 supports 4 banks for L1 and 8 banks for L2
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= Interleave banks according to block address

Block Block Block Block
acddress Bank 0 address Bank 1 address Bank2 address Bank 3
0 1 2 3
4 5 6 7

8

12

9
13

10
14

1
15

Figure 2.6 Four-way interleaved cache banks using block addressing. Assuming 64
bytes per blocks, each of these addresses would be multiplied by 64 to get byte
addressing.




6) Early restart and critical word first

= Reduce miss penalty.
= Don’t walt for full block before restarting CPU

= Early restart - As soon as the requested word of the
block arrives, send it to the CPU and let the CPU continue
execution

= Spatial locality = tend to want next sequential word, so not clear
size of benefit of just early restart

= Critical Word First 2Request the missed word first from
memory and send it to the CPU as soon as it arrives; let
the CPU continue execution while filling the rest of the
words in the block
= Long blocks more popular today = Critical Word 15t Widely used

- block
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1. Merging write buffer to reduce miss penalty

= Write buffer to allow processor to continue while waiting
to write to memory

m If buffer contains modified blocks, the addresses can be
checked to see If address of new data matches the
address of a valid write buffer entry

= |f so, new data are combined with that entry

s Increases block size of write for write-through cache of

writes to sequential words, bytes since multiword writes
more efficient to memory

= The Sun T1 (Niagara) processor, among many others,
uses write merging




Merging write buffer

= When storing to a block that is already pending in the

write buffer, update write buffer
= Reduces stalls due to full write buffer
= Do not apply to I/O addresses

Write address

100

Mem([100]

108

Mem[108]

116

- - - = | =

Mem[116]

[=} =] = (= <

(=] o o o <

(=] o o o <

No write

124

Write address

Mem[124]

buffering

100

Mem[100]

Mem[108]

Mem[116]

Mem([124]

Write buffering

(= =} o = <

[=] =} [ - <

[=] =} [ - <
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8. Reduce misses by compiler optimizations

= McFarling [1989] reduced caches misses by 75%

on 8KB direct mapped cache, 4 byte blocks in software
= |nstructions

= Reorder procedures in memory so as to reduce conflict misses

= Profiling to look at conflicts(using tools they developed)
s Data

= Merging Arrays: improve spatial locality by single array of

compound elements vs. 2 arrays

= Loop Interchange: change nesting of loops to access data in
order stored in memory

= Loop Fusion: Combine 2 independent loops that have same
looping and some variables overlap

= Blocking: Improve temporal locality by accessing “blocks” of
data repeatedly vs. going down whole columns or rows




Compiler optimizations

= Loop Interchange

= Swap nested loops to access memory in
sequential order
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= Blocking

= Instead of accessing entire rows or columns,
subdivide matrices into blocks

= Requires more memory accesses but improves
locality of accesses




Merging arrays example

/* Before: 2 sequential arrays */
int val[SIZE];
int key[SIZE];

/* After: 1 array of structures */
struct merge {

int val;

int key;
i

struct merge merged array[SIZE];

Reducing conflicts between val & key =>improve
spatial locality




Loop interchange example

/* Before */
for (k = 0; k < 100; k = k+1)
for (3 = 0; 37 < 100; 7 = j+1)
for (1 = 0; 1 < 5000; 1 = i+1)
x[1103] = 2 * x[1][J];

/* After */
for (k = 0; k < 100; k = k+1)
(1 = 0; 1 < 5000; 1 = 1i+1)

for
\\\*for J = 0; 7 < 100; = j+1)

]
1031 = 2 * x[1][3];

Seqguential accesses instead of striding through
memory every 100 words; improved spatial
locality




Loop fusion example

/* Before */

for (i = 0; 1 < N; 1 = 1i+1)
for (J = 0; 7 < N; 3 = j+1)
alil[3j] = 1/b[i]1[3] * cl[ill3]l:
for (1 = 0; 1 < N; 1 = 1+1)
for (J = 0; 3 < N; jJ = j+1)
dl{i1][J] = al1][3] + cli][31];
/* After */
for (i = 0; 1 < N; 1 = i+1)
for (3 = 0; J < N; j = j+1)
{  alill[j] = 1I/b[i][J] * cl[i][J];
dli][J] = al1][J] + cl[1][317}

2 mMisses per access to a & ¢ VS. one mISS per access;
Improve spatial locality




Blocking example

* Before */
for (. = 0; 1

0

for (k = 0; k < N; k = k+1){
= r + yl ] [kl*z[k][ 1;}7
[1] =«

s Two Inner Loops:
= Read all NxN elements of z[]

= Read N elements of 1 row of y[] repeatedly

= Write N elements of 1 row of x[]
= Capacity Misses a function of N & Cache Size:

= 2N3+ N2 => (assuming no conflict; otherwise ...)
= Idea: compute on BxB submatrix that fits




Blocking example

/* After */

for ( = 0; < N; = +B)
for (kk = 0; kk < N; kk = kk+B)
for (1 = 0; 1 < N; 1 = 1+1)
for (7 = ; < min () +B-1,N); = +1)
{r = 0;
for (k = kk; k < min(kk+B-1,N); k = k+1) {
r=1r + ylillkl*zlk]I 117}
x[t][0] =x[2]00] + r;

s B called Blocking Factor
= Capacity Misses from 2N3 + N2 to 2N3/B +N?
= Conflict Misses Too?




| Snapshot of arrays x,y,z when N=6 and | =1

J k J
X y z

o 1 2 3 4 5 0 4 2 8 4q b O ¥+ 2 38 4 5
0 0 0
2 2 2
i i k
3 3 3
4 4 4
5 5 5

© 2007 Elsavier, Inc. All rights resarved.
m The age of access to the array elements is indicated by shade.
White = not yet touched

Light =» older access
Dark =» new access

In the “before” algorithm the elements of y and z are read repeatedly to
calculate x. Compare with the next slide which shows the “after” access
patterns. Indexes, I, j, and k are shown along the rows and columns.




i) k J
X y z
0O 1 2 3 4 5 0O 1 2 3 4 5 0 3 4 5
0 0 0
2 2 2
i i k
3 3 3
4 4 4
5 5 5

© 2007 Elsavier, Inc. All rights reserved.
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Reducing conflict misses by blocking

0.1 T
0.05 Direct Mapped Cache
Fully Associative Cache
0
0 50 100 150

Blocking Factor

= Conflict misses in caches not FA vs. Blocking size

= Lam et al [1991] a blocking factor of 24 had a fifth the misses
vs. 48 despite both fit in cache




Summary of compiler optimizations to reduce

=reactre-msses-(by-hand)

vpenta (nasa7)

gmty (nasa7)

tomcatv

btrix (nasa7) -

mxm (nasa?)

spice
cholesky
(nasa?)
compress
1 1.5 2 2.5 3
Performance Improvement
[] merged L] loop [] loop fusion blocking

arrays interchange




9) Hardware prefetching

= Fetch two blocks on miss (include next
sequential block)
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10) Compiler prefetching

= Insert prefetch instructions before data is
needed

= Non-faulting: prefetch doesn’t cause
exceptions
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s Register prefetch
= Loads data into register

s Cache prefetch
» Loads data into cache

= Combine with loop unrolling and software
pipelining




Reducing misses by software prefetching

s Data Prefetch
= Load data into register (HP PA-RISC loads)

s Cache Prefetch: load into cache
(MIPS IV, PowerPC, SPARC v. 9)

= Special prefetching instructions cannot cause
faults; a form of speculative execution

= Issuing Prefetch Instructions takes time

= IS cost of prefetch issues < savings in reduced
misses?

» Higher superscalar reduces difficulty of issue
bandwidth




1
Summary 2
QD
-]
)
. . . @D
Hit Band- Miss Miss Power Hardware cost/ o
Technique time width penalty rate consumption complexity Comment ®)
Small and simple + - + 0 Trivial; widely used -9_
caches §
Way-predicting caches + + 1 Used in Pentium 4 Nk
Pipelined cache access - 1 Widely used &1
Nonblocking caches + + 3 Widely used o
Banked caches + + 1 Used in L2 of both i7 and (.:0
Cortex-AS8
Critical word first + 2 Widely used
and early restart
Merging write buffer + 1 Widely used with write
through
Compiler techniques to + 0 Software is a challenge. but
reduce cache misses many compilers handle

common linear algebra
calculations

Hardware prefetching + + - 2 instr., Most provide prefetch

of instructions and data 3 data instructions; modern high-
end processors also
automatically prefetch in

hardware.
Compiler-controlled + + 3 Needs nonblocking cache:
prefetching possible instruction overhead:

in many CPUs

Figure 2.11 Summary of 10 advanced cache optimizations showing impact on cache performance, power con-
sumption, and complexity. Although generally a technique helps only one factor, prefetching can reduce misses if
done sufficiently early; if not, it can reduce miss penalty. + means that the technique improves the factor, - means it
hurts that factor, and blank means it has no impact. The complexity measure is subjective, with 0 being the easiest and
3 being a challenge.
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Main memory background

s Performance of Main Memory:

= Latency: Cache Miss Penalty
= Access Time: time between request and word arrives
= Cycle Time: time between requests

= Bandwidth: I1/0O & Large Block Miss Penalty (L2)

= Main Memory is DRAM: Dynamic Random Access Memory
= Dynamic since needs to be refreshed periodically (8 ms, 1% time)

= Addresses divided into 2 halves (Memory as a 2D matrix):
= RAS or Row Access Strobe
= CAS or Column Access Strobe

s Cache uses SRAM: Static Random Access Memory

= No refresh (6 transistors/bit vs. 1 transistor
Size: DRAM/SRAM 4-8,
Cost/Cycle time: SRAM/DRAM 8-16




Memory technology
= SRAM

= Requires low power to retain bit
= Requires 6 transistors/bit
= No need to refresh =» access time close to cycle time.

= DRAM

= Must be re-written after being read
= Must also be periodically refreshed
= Every ~8 ms
»« Each row can be refreshed simultaneously
s Access time longer than cycle time.
= One transistor/bit
= Address lines are multiplexed:
« Upper half of address: row access strobe (RAS)
« Lower half of address: column access strobe (CAS)

ABojouyoa] AlowaN

s DIMM - dual in-line memory module comprises a series of
dynamic random-access memory integrated circuits




Memory technology

= Amdahl:
= Memory capacity should grow linearly with processor speed

Unfortunately, memory capacity and speed has not kept pace with
Processors.

ABojouyoa] AlowaN

= Some optimizations:

Multiple accesses to same row

Synchronous DRAM. Originally DRAM had an asynchronous
Interface with the memory controller, so ever access needed to
synchronize the two.

» Added clock to DRAM interface

» Burst mode with critical word first — support 8 or 16 bits transfers for
each address.

Wider interfaces =» from 4 bit parallel transfer to 16-bit busses for
DDR2 and DDR3.

Double data rate (DDR) =» to increase bandwidth transfer data both
on the raising and the falling edge of the DRAM clock signal.

Multiple banks on each DRAM device




DRAM organization

= To reduce the cost of packing DRAM we have to reduce the number of
address lines — one half of the address is sent during the row access
and is sent during the column access strobe (CAS)

Bank
Column -‘l_‘lE —I |
Rd/Wr |

Row

Figure 2.12 Internal organization of a DRAM. Modern DRAMs are organized in banks,
typically four for DDR3. Each bank consists of a series of rows. Sending a PRE (pre-
charge) command opens or closes a bank. A row address is sent with an Act (activate),
which causes the row to transfer to a buffer. When the row is in the buffer, it can be
transferred by successive column addresses at whatever the width of the DRAM is (typ-
ically 4, 8, or 16 bits in DDR3) or by specifying a block transfer and the starting address.
Each command, as well as block transfers, are synchronized with a clock.




Memory optimizations

s DDR:

x DDR2

= Lower power (2.5V ->1.8V)

= Higher clock rates (266 MHz, 333 MHz, 400 MHz)
= DDR3

« 15V

= 800 MHz
= DDR4

« 1-1.2V
= 1600 MHz

ABojouyoa] AlowaN

s GDDRS5 is graphics memory based on DDR3




DDR2 and DDR3

DDR2 SDRAM - double data rate synchronous DRAM.

= DDR2 memory operating at the same external data bus clock rate as
DDR provides the same bandwidth but with higher latency; at twice
the external data bus clock rate it may provide twice the bandwidth
with the same latency.

= With data being transferred 64 bits at a time, DDR2 SDRAM gives a
transfer rate of: (memory clock rate) x 2 (for bus clock multiplier) x 2
(for dual rate) x 64 (number of bits transferred) / 8; e.g., at 100 MHz,
DDR2 has a maximum transfer rate of 3200 MB/s.

DDR3 SDRAM —>four times the bus clock

= Transfer rate: (memory clock rate) x 4 (for bus clock multiplier) x 2 (for
dual rate) x 64 (number of bits transferred) / 8 (number of bits/byte).
E.g., at 100 MHz, the maximum transfer rate of 6400 MB/s.




Memory optimizations

Row access strobe (RAS)

ABojouyoa] AlowaN

Slowest Fastest Column access strobe (CAS)/ Cycle
Production year Chipsize DRAMType DRAM(ns) DRAM (ns) data transfer time (ns)  time (ns)
1980 64K bit DRAM 180 150 73 250
1983 256K bit DRAM 150 120 50 220
1986 IM bit DRAM 120 100 25 190
1959 4M bit DRAM 100 80 20 165
1992 16M bat DRAM 30 60 15 120
1996 64M bit SDRAM 70 50 12 110
1998 128M bit SDRAM 70 50 10 100
2000 256M bit DDR1 635 45 1 90
2002 S512M bat DDR1 60 40 5 80
2004 1G bit DDR2 35 35 5 70
2006 26 bit DDR2 50 30 2.5 60
2010 4G bit DDRE3 36 28 1 37
2012 86 bit DDR3 30 24 0.5 31

Figure 2.13 Times of fast and slow DRAMs vary with each generation. (Cycle time is defined on page 95.) Perfor-
mance improvement of row access time is about 5% per year. The improvement by a factor of 2 in column access in
1986 accompanied the switch from NMOS DRAMs to CMOS DRAMs. The introduction of various burst transfer
modes in the mid-1990s and SDRAMs in the late 1990s has significantly complicated the calculation of access time
for blocks of data; we discuss this later in this section when we talk about SDRAM access time and power. The DDR4
designs are due for introduction in mid- to late 2012. We discuss these various forms of DRAMs in the next few pages.
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Memory optimizations

Standard Clock rate (MHz) M transfers per second DRAM name MB/sec /DIMM DIMM name
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DDR 133 266 DDR266 2128 PC2100
DDR 150 300 DDR300 2400 PC2400
DDR 200 400 DDR400 3200 PC3200
DDR2 2606 533 DDR2-533 4204 PC4300
DDR2 333 667 DDR2-667 5336 PC5300
DDR2 400 800 DDR2-800 6400 PC6400
DDR3 533 1066 DDR3-1066 8528 PC8500
DDR3 666 1333 DDR3-1333 10,664 PC10700
DDR3 800 1600 DDR3-1600 12,800 PC12800
DDR4 10661600 2133-3200 DDR4-3200 17,056-25,600 PC25600

Figure 2.14 Clock rates, bandwidth, and names of DDR DRAMS and DIMMs in 2010. Note the numerical relation-
ship between the columns. The third column is twice the second, and the fourth uses the number from the third col-
umn in the name of the DRAM chip. The fifth column is eight times the third column, and a rounded version of this
number is used in the name of the DIMM. Although not shown in this figure, DDRs also specify latency in clock cycles
as four numbers, which are specified by the DDR standard. For example, DDR3-2000 CL 9 has latencies of 9-9-9-28.
What does this mean? With a 1 ns clock (clock cycle is one-half the transfer rate), this indicate 9 ns for row to columns
address (RAS time), 9 ns for column access to data (CAS time), and a minimum read time of 28 ns. Closing the row
takes 9 ns for precharge but happens only when the reads from that row are finished. In burst mode, transfers occur
on every clock on both edges, when the first RAS and CAS times have elapsed. Furthermore, the precharge in not
needed until the entire row is read. DDR4 will be produced in 2012 and is expected to reach clock rates of 1600 MHz
in 2014, when DDRS5 is expected to take over. The exercises explore these details further.
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Memory optimizations

= Graphics memory:

= Achieve 2-5 X bandwidth per DRAM vs. DDR3
= Wider interfaces (32 vs. 16 bit)

= Higher clock rate

= Possible because they are attached via soldering instead of
socketted DIMM modules
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= Reducing power in SDRAMS:
= Lower voltage

= Low power mode (ignores clock, continues to
refresh)




Memory power consumption
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Quest for DRAM Performance

1 Fast Page mode

Qd tlmlnlg Ignals that allow repeated accesses to row
uffer withiou another row access time

= Such a buffer comes nat raICy as each array will buffer
1024 to 2048 bits for each access

2. Synchronous DRAM (SDRAM)

s Add a clock sj nalt DRAM iﬂtenaace, SO tnat the repeated
transfers wou\% not ear overhead to synchronize with
DRAM contro

3. Double Data Rate (DDR SDRAM)
fer d t th th d falli f
-LgrE)SR?Ar\MaC ((:)I? st?longf §e> r(%lsc')ltr}gllngh t%earll eaﬁ %qua%a raqe 0
R DR2 { { 2 5t
1.8 voltgvie(;ﬁ‘grsm?rhgr crlggﬁlra eseuvot(()gl %e rom 0

m %@3 drops to 1.5 volts + higher clock rates: up to 800

= |Improved Bandwidth, not Latency




DRAM name based on Peak Chip Transfers / Sec
DIMM name based on Peak DIMM MBytes / Sec

Stan- Clock Rate M transfers DRAM Mbytes/s/ DIMM

dard (MH2) | seeoid _—~Aame D e
~| DDR 133 266 DDR266 2128 PC2100
% DDR 150 300 DDR300 2400 PC2400
N
%| DDR 200 400 DDR400 3200 PC3200
S| DDR? 266 533 DDR2-533 | 4264 PC4300
5| DDR2 333 667 DDR2-667 | 5336 PC5300 |
S| DDR2 | 400 800 DDR2-800 | 6400 PC6400
% DDR3 533 1066  DDR3-1066 | 8528 PC8500
“| DDR3 666 1333 DDR3-1333 10664  PC10700

DDR3 800 1600  DDR3-1600 12800  PC12800




The need for error correction!

= Motivation:

= Failures/time proportional to number of bits!
x As DRAM cells shrink, more vulnerable

s Went throu hLReriod In which failure rate aéicllow 9o

enough without error correction that people
correction

= DRAM banks too large now
= Servers always corrected memory systems

= Basic idea: add redundancy through parity bits

= Common configuration: Random error correction
« SEC-DED (single error correct, double error detect)
= One example: 64 data bits + 8 parity bits (11% overhead)
= Really want to handle failures of physical components as well
= Organization is multiple DRAMs/DIMM, multiple DIMMs
= Want to recover from failed DRAM and failed DIMM!
= “Chip kill” handle failures width of single DRAM chip




AMD Opteron memory hierarchy

s 12-stage integer pipeline yields a maximum clock rate of 2.8 GHz
and fastest memory PC3200 DDR SDRAM

= 48-Dbit virtual and 40-bit physical addresses

= | and D cache: 64 KB, 2-way set associative, 64-B block, LRU
= L2 cache: 1 MB, 16-way, 64-B block, pseudo LRU

s Data and L2 caches use write back, write allocate

= L1 caches are virtually indexed and physically tagged

= L1I1TLBand Ll D TLB: fully associative, 40 entries
= 32 entries for 4 KB pages and 8 for 2 MB or 4 MB pages

= L21TLB and L1 D TLB: 4-way, 512 entities of 4 KB pages

=  Memory controller allows up to 10 cache misses
= 8 from D cache and 2 from | cache




Opteron memory hierarchy performance

= For SPEC2000

= | cache misses per instruction is 0.01% to 0.09%
= D cache misses per instruction are 1.34% to 1.43%
= L2 cache misses per instruction are 0.23% to 0.36%

s Commercial benchmark ("“TPC-C-like")

= | cache misses per instruction is 1.83% (100X!)

= D cache misses per instruction are 1.39% (=~ same)

s L2 cache misses per instruction are 0.62% (2X to
3X)

= How does it compare to ideal CPI of 0.337




CPIl breakdown for integer programs
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CPIl above base attributable to memory ~ 50%

L2 cache misses ~ 25% overall (50% memory CPI)

- Assumes misses are not overlapped with the execution pipeline or with
each other, so the pipeline stall portion is a lower bound




CPIl breakdown for floating point programs
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CPI above base attributable to memory ~ 60%

L2 cache misses ~ 40% overall (70% memory CPI)

- Assumes misses are not overlapped with the execution pipeline or with
each other, so the pipeline stall portion is a lower bound




entium 4 versus Opteron memory hierarchy

PU

Instruction
Cache

Data Cache

L2 cache

Prefetch

Memory

Pentium 4 (3.2 GHz*)

Trace Cache
(8K micro-ops)

8-way associative, 16 KB,
64B block, inclusive in L2

8-way associative,
2 MB, 128B block

8 streams to L2

200 MHz x 64 bits

Opteron (2.8 GHz*)

2-way associative, 64
KB, 64B block

2-way associative, 64
KB, 64B block,
exclusive to L2

16-way associative, 1
MB, 64B block

1 stream to L2

200 MHz x 128 bits




Misses Per Instruction: Pentium 4 vs. Opteron

Ratio of MPI: Pentium 4/Opteron

- D cache: P4/Opteroni
| == L2 cache: P4/Opteron '

R N W R~ 01O N

ZTOpteron better

Q,%5 % E % _gﬁ: % ::; E} g>cf JPentium better
= 5 § 5 £ & €
SPECint2000 = SPECp2000

D cache miss: P4 is 2.3X to 3.4X vs. Opteron
L2 cache miss: P4 is 0.5X to 1.5X vs. Opteron
Note: Same ISA, but not same instruction count




Intel p7

m X86-64 ISA.

= Oout of order execution

= 4 cores; each can execute up to 4 instructions per clock cycle
= 16 stage pipeline

s fastest clock rate: 3.3 GHz

= can support up to 3 memory channels each consisting of
separate sets of DIMMS

s 48-bit virtual addresses =

= Mmaximum address spaces size= 256 TB.

= 36-bit physical addresses -

= Mmaximum amount of physical memory = 64 GB




|7 caches

Size I: 32KB + 256 KB 2 MB/core
D: 32 KB
Associativity I: 4-way 8-way 16-way
D: 8-way
Access latency 4 cycled, 10 cycles 35 cycles
pipelined
Replacement Pseudo-LRU  Pseudo-LRU  Pseudo-LRU with an
scheme ordered selection algorithm

All three caches use write back.

They are non-blocking.

Block size 64 bytes

L1 and L2 caches are separate for each core; L3 Is shared




Flash memory

x Type of EEPROM

= Must be erased (in blocks) before being
overwritten

= Non volatile
= Limited number of write cycles

= Cheaper than SDRAM, more expensive than
disk
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s Slower than SRAM, faster than disk




Memory dependability

= Memory Is susceptible to cosmic rays

s Soft errors: dynamic errors

= Detected and fixed by error correcting codes
(ECC)

s Hard errors: permanent errors
= Use sparse rows to replace defective rows
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= Chipkill: a RAID-like error recovery technique




Virtual memory

s Each process has its own address space. In a 32-bit
architecture each process can address up to 232 bytes (4
GB); in a 64-Dbit architecture a process can address up to
254 bytes.

= Protection via virtual memory
= Keeps processes in their own memory space
= The role of architecture:
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= Provide user mode and supervisor mode
= Protect certain aspects of CPU state

= Provide mechanisms for switching between user mode
and supervisor mode

= Provide mechanisms to limit memory accesses
= Provide TLB to translate addresses




Dynamic address translation

s Virtual address = address generated by compiler
m Physical address =» address in physical memory

= Dynamic address translation =»*mapping a virtual address to a physical
address.

= Virtual memory organization: paging and segmentation.
s Page = a set of consecutive virtual addresses.
= Page size = typically 2 — 4 KB

= All pages of a process are stored on the secondary storage (disk) in a
region called “swap area.” The size of “swap area” on the disk= the
address space size X the max number of processes.

m Each process has its own “page table.” A page table entry shows

= The “page frame” in physical memory where the page resides if the
“valid bit” is ON.

= The need to bring in the page if the “valid bit” is OFF and then a “page
fault” occurs, the page must be brought in from the secondary
storage.




he role of TLB (translation look-aside buffer
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The ARM Cortex A8

= Supports ARMvV7 instruction set.
= Can issue two instructions per clock cycle; clock cycle up to 1 GHz.
= Two-level cache hierarchy
= A pair of L1- instruction (I) and data (D).
= Each has Capacity =32 KB with block size=64 byte
= Four-way set associative
= Virtually indexed and physically tagged
= L2 cache.
= Capacity=1 MB;
= Bloc size = 64 byte;
= Eight=way set associative.
= Physically indexed and tagged.




f Virtual add ress <32> 4‘

Virtual page number <18> ] Page offset <14> ]
| B |
B
l [ [ L1 cache index <7> | Block oftset <6»
TLE tag <19> l TLB data <19>
To CPU
’ L1 cachetag <19>| L1 dats <64>
I
To CPU
=7
] Physical address <32>
[ L2 tag compare address <15> I L2 cache index <11> | Block offset <6> l
To CPU
L2 cache tag <15> L2 data <512> !
=7

To L1 cache or CPU

Figure 2.16 The virtual address, physical address, indexes, tags, and data blocks for the ARM Cortex-A8 data
caches and data TLB. Since the instruction and data hierarchies are symmetric, we show only one, The TLB (instruc-
tion or data) is fully associative with 32 entries. The L1 cache is four-way set associative with 64-byte blocks and 32 KB
capacity. The L2 cache is eight-way set associative with 64-byte blocks and 1 MB capacity. This figure doesn’t show
the valid bits and protection bits for the caches and TLB, nor the use of the way prediction bits that would dictate the
predicted bank of the L1 cache.
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Virtual memory policies

1. Bring in policies

1. On demand - bring the page to the main memory from the disk only when it is
needed. E.g., demand paging

2. Anticipatory. E.g. pre-paging
2. Replacement policies
» FIFO - First in first out

= OPTIMAL - what a clairvoyant multi-level memory manager would do.
Alternatively, construct the string of references and use it for a second
execution of the program (with the same data as input).

= LRU - Least Recently Used - replace the page that has not been referenced
for the longest time.

= MSU - Most Recently Used - replace the page that was referenced most
recently

3.  How to evalute a policy - use a string of references show what page is

needed at each moment.
2. The capacity of the main memory is expressed as the number of frames.




Page replacement policies; Belady’s anomaly

= In the following examples we use a given string of references to illustrate
several page replacement policies. We have five pages, 0, 1, 2, 3, and 4.

= The main memory has a capacity of
= 3 frames, labeled 0,1,2
= 4 frames, labeled 0, 1, 2, 3
= Once a frame has the “dirty bit” on it means that the page residing in that

frame was modifies and must be written back to the secondary device, the
disk before being replaced.

= The capacity of the primary device is important. One expects that increasing
the capacity, in our case the number of frames in RAM leads to a higher hit
ratio. That is not always the case as our examples will show. This is the
Belady’s anomaly.

= Note: different results are obtained with a different string of references!!




FIFO Page replacement algorithm

Tmeintevals |1 12 |3 (4 (5|6 |7 |8 |9 |10 |11 |12 | o numberof
Referencestring | () (1 [2 |3 |0 |1 |4 |0 |1 |2 3 |4

Frame 1 - |10 |0 |0 (3|3 |3 (414 |4 |4 |4

Frame 2 - |- (1|12 1{0 |0 (0|0 (O |2 |2

FIame S - |- |- 121212 |1 |1 |1 |1 |1 |3

Page OUT - - - O (112 |3 |- |- 0 1 |-

Page IN 0 |1 |23 (0|1 |4 |-]-1]2 |3 |- 9
Frame 1 - |0 O (0]0 |O |44 |4 |4 |3

Frame 2 - (- 1141211 |1 |1 |0 |0 |O |O

Frame 3 - |- |- 121212 1|2 |2 |2 |1 |1 |1

Frame 4 - |- 1- |- 3|3 |3 |3 |3 |3 |2 |2

Page OUT - - - - - o |12 |3 |4 |0

Page IN 0 (1|23 |-1]- |4 |0]|1 |2 |3 |4 10




OPTIMAL

Time intervals 1

page replacement algorithm

N
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LRU page re

nlacement algorithm

mentenvals 112713 |4 |56 |7 |8 ]9 |10 |11 |12 | o mmbero
Reference string | () 1 12 I3 1011 (4 011 |2 3 4

Frame 1 - {0 (0 |0 OO0 |O (O ]|O |0 (O |3

Frame 2 - |- (12121 |1 (1|1 |1 (1 |1

Frame 3 - |- |- 12 (3|3 |3 (414 |4 (2 |2

Page OUT - - -2 3 |- |- |4 |o |1

Page IN 0 (2|23 |-]|2 14 |-1|-1]2 |3 |4 9
Frame 1 - 100 {0 OO |O (O ]|O |O (O |O

Frame 2 - (-2 211 1 |1 |1 |1 |1 |1

Frame 3 - |- - (21|22 (2 |4 |2 |2 |2 |2

Frame 4 - |- |- |- |3|3|3 (3|44 |4 |3

Page OUT - R - - |- 2 - - - 4 0

Page IN 0 |1 (2|3 |-|- 1|4 |-|-1]- |3 |4 7




——LRU, OPTIMAL, MRU

. LRU looks only at history

= OPTIMAL “knows” not only the history but also the future.

= In some particular cases Most Recently Used Algorithm performs better than LRU.
s  Example: primary device with 4 cells.

Reference string o 1 2 3 4 0 1 2 3 4 01 2 3 4
LRU F F F F F F FF F F FFF F F

MRU F FF F - - - - F - - - F - -




OPTIMAL replacement policy keeps in the 3 frames the same pages as it does
In case of the 4 frame primary memory. There are 5 pages, 0,1, 2, 3,4

Total number of
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LRU replacement policy keeps in the 3-frame primary memory the same
ages as it does in case of the 4-frame primary memory.

Time intervals 1 2 |3 14 |5|6 |7 8 19 |10 (11 |12 ;gtga; ?:nger of
Reference string | () 1 12 I3 1011 (4 011 |2 3 4

Frame 1 - (o jo|o |o|o |o o |o]o |0 |3

Frame 2 S I S S A s A A A A 0 )

Frame 3 - |- - (2333 |44 4 12 |2

Page OUT - - - 2 |- |- 3 - - 0 2 -

Page IN 0 |1 (2|3 |-|1 |4 |-|-1]2 |3 |4 9
Frame 1 - 10 0 104(0 10 |0 (O {0 0 |0

Frame 2 - - Lo L)L

Frame 3 - - - 222 |2 |42 |2 |2 |2

Frame 4 T T T T P IR A

Page OUT - - - - I 2 _ - _ 4 0

Page IN 0 (1|2 |3 ]|-|- 14 |-]|-1]- |3 |4 7




FIFO replacement policy does not keep in the 3-frame primary memory
the same pages as it does in case of the 4-block primary memory

Timeintevals |1 |2 |3 |4 5|6 |7 |8 |9 |10 |11 |12 | ot numbero
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How to avoid Belady’s anomaly

= The OPTIMAL and the LRU algorithms have the subset property, a primary
device with a smaller capacity hold a subset of the pages a primary device
with a larger capacity could hold.
= The subset property creates a total ordering. If the primary system has 1
blocks and contains page A a system with two block add page B, and a
system with three blocks will add page C. Thus we have a total ordering
A->B -2 Cor (AB,C)
= Replacement algorithms that have the subset property are called “stack™
algorithms.
= If we use stack replacement algorithms a device with a larger capacity can
never have more page faults than the one with a smaller capacity.
m-> the pages held by a primary device with smaller capacity
n - the pages held by a primary device with larger capacity
m is a subset of n




dimulation analysis of page replacement algorithms

j= Given a reference string we can carry out the simulation for all possible cases
when the capacity of the primary storage device varies from 1 to n with a
single pass.

= At each new reference to some page move to the top of the ordering and the
pages that were above it either move down or stay in the same place as
dictated by the replacement policy. We record whether this movement
correspond to paging out, movement to the secondary storage.




Simulation of LRU page replacement algorithm

[ Time 1 4 |5 7 |8 10]11 [12
Referencestring | () |1 | 2 310 114 (0 |1 |2 3 4
Stack contents 0|1 2 3 0 114 |01 |2 3 4 Total number of
after refrence page faults

- 10 |1 |2 |3 |01 (4|0 |1 |2 |3

- /- 10 |1 |2 |30 (1|4 |0 |1 |2

- /- |- 10 |1 (23 (3|34 |0 |1

- - |- |- |- |-12 (2|2 |5 |4 |0
Size 1 infout o- | 1/0 |2/1 |32 |0/3|1/0 |41 |0/4|2/0 |2/1 |32 |43 12
Size 2 infout o- |- [2/0 |31 |02 | 13|40 |0/1|1/4 |20 |31 |42 12
Size 3 in/out o- |- |2/ |30 |01 |12 |43 |- |- |24 |30 |41 10
Size 4 infout o- | 1- |20 |3~ | 1= |-~ |42 |- |-1- |213 | 3/4 |40 8
Size 5 in/out o- | 1- |20 |31~ | ~1- |- |- |- |- |- |- |- 5




Simulation of OPTIMUM

[ime 112[3 [a]5]6[7]8 10 [11 |12

Referencestring | () |1 | 2 310111410 1 2 3 4
Stack contents | () 1 |2 3 01114 1|0 |1 2 13 4 Total number
after reference of page faults

- 10 (0 (O |3 (0|0 (4 |0 |O (0 (O

- |- (1 {1 |1 |31 |1 (4 (4 (4 |3

- |- |- 12 12 (2|3 |3 |3 |3 |2 |2

- - - - - 1- 1212 (2 (1 (1 |1
Size 1 victim - |0 1 2 3 1 4 0 1 3 11
Size 2 victim - | - 1 2 1 2 3 10
Size 3 victim - - - 2 4 2 3 7
Size 4 victim 4 2 6
Size 5 victim - - - - - - - - - - - - 5




Clock replacement algorithm

s Approximates LRU with a minimum
= Additional hardware: one reference bit for each page
= Overhead

= Algorithm activated :

= when a new page must be brought in move the pointer of a virtual clock
in clockwise direction
= if the arm points to a block with reference bit TRUE
= Setit FALSE
= Move to the next block

= if the arm points to a block with reference bit FALSE

= The page in that block could be removed (has not been referenced for a
while)

= Write it back to the secondary storage if the “dirty” bit is on (if the page has
been modified.




Referenced bit

Physical -~ ~

page
number




Virtual machines

= Supports isolation and security
= Sharing a computer among many unrelated users

= Enabled by raw speed of processors, making the
overhead more acceptable

= Allows different ISAs and operating systems to be
presented to user programs
s ‘System Virtual Machines”

» SVM software is called “virtual machine monitor” or
“hypervisor”

= Individual virtual machines run under the monitor are called
“‘guest VMs”
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Impact of VMs on virtual memory

s Each guest OS maintains its own set of page
tables

= VMM adds a level of memory between physical
and virtual memory called “real memory”

= VMM maintains shadow page table that maps

guest virtual addresses to physical addresses

= Requires VMM to detect guest’s changes to its own page
table
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= Occurs naturally if accessing the page table pointer is a
privileged operation




