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A TARERIANIE

- Miss : HR&K||KM

- Miss rate: FRICER||FKWE

- Miss penalty: FREMHN||FBFFHE

- multilevel inclusive: ZHES

+ Multilevel exclusive: ZHRABE||ZSHRER
. Stall: (=i

 Write-through: SEiX||BES

« Write-back: 5o
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Summary

Hit Band- Miss Miss Power Hardware cost/

Technigque time width penalty rate consumption complexity Comment

Small and simple + — -+ O Trivial: widely used

caches

Way-predicting caches + + 1 Used in Pentium 4

Pipelined cache access — + 1 Widely used

Monblocking caches + + 3 Widely used

Banked caches + + 1 Used in L2 of both 17 and
Cortex-AS

Critical word first + 2 Widely used

and early restart

Merging write buffer + 1 Widely used with write
through

Compiler techniques to + O 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 + + = MNeeds 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 O being the easiest and

3 being a challenge.
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4.1 CachefIEAFIRS:
FERFENEIRG
CacheEAENR

4.2 CacheYERMRLTE
4.3 CacheBIBSR T IE
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4.5 EITFERS - B RE
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- 2. EENSUMNTE

— 1pa)AdE (Access Time)

— FEREER (Cycle Time)

fh3: DRAMFISRAM

— Memory: DRAM, Cache: SRAM

,kccess Timé
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« DRAM
— BRI
— S A
* Lower half of address: column access strobe (CAS)
* Upper half of address: row access strobe (RAS)

« SRAM
— B{u6Mransistors; RER{RAITIERF(REF LA
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Memory {t{t

Some optimizations: Column

Address |<— N cols —'l
— Fast Page Mode Operation
* Multiple accesses to same row
— Synchronous DRAM
* Added clock to DRAM interface
* Burst mode with critical word first

— Double data rate (DDR)

DRAM

/.
/]
L

Row
Address

— N rows —>

« Wider interfaces N x M “SRAM” /
* Multiple banks on each DRAM /I M bits
device M-bit Output ¥
1st M-bit Access . 2nd M-bit  3rd M-bit 4th M-bit
|
. "
|

):,_

I
Col Address X

YRR
i e N S

|
A X RowAddress X Col Address X Col Address X Col Address

CAS L

~
X
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Row access strobe (RAS)

Slowest Fastest Column access strobe (CAS)/ Cycle
Production year Chipsize DRAMType DRAM(ns) DRAM (ns) data transfer time (ns)  time (ns)
1980 64K bat DRAM 180 150 75 250
1983 256K bit DRAM 150 120 50 220
1986 IM bit DRAM 120 100 25 190
1989 4M bit DRAM 100 80 20 165
1992 16M bit DRAM 80 60 15 120
1996 64M bit SDRAM 70 50 12 110
1998 128M bit SDRAM 70 50 10 100
2000 256M bit DDRI1 65 45 7 90
2002 512M bit DDRI1 60 40 5 80
2004 1G bit DDR2 35 35 5 70
2006 2G bit DDR2 30 30 2.3 60
2010 4G bit DDR3 36 28 1 7
2012 8G 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.

4/19/2021 xhzhou@USTC
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DRAM Packaging

(Laptops/Desktops/Servers)

~7
Clock and control signals —#—

_ . DRAM

Address lines multiplexed hi
row/column address ~1 chip
Data bus ,I,

(4b,8b,16b,32b)

« DIMM (Dual Inline Memory Module)
contains multiple chips with
clock/control/address signals connected in
parallel (sometimes need buffers to drive
signals to all chips)

- Data pins work together to return wide word
(e.g., 64-bit data bus using 16x4-bit parts)
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Memory Optimizations

Standard Clock rate (MHz) M transfers per second DRAM name MB/sec /DIMM DIMM name

DDR 133 266 DDR266 2128 PC2100
DDR 150 300 DDR300 2400 PC2400
DDR 200 400 DDR400 3200 PC3200
DDR2 266 533 DDR2-533 4264 PC4300
DDR2 333 667 DDR2-667 5336 PC5300
DDR2 400 800 DDR2-800 6400 PCo6400
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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 DDR:

— DDR2: Lower power (2.5V->1.8V), Higher clock
rates (266 MHz, 333 MHz, 400 MH2z)

— DDR3: 1.5V, 800 MHz
— DDR4: 1-1.2V, 1600 MHz

- GDDRS5 is graphics memory based on
DDR3

» Graphics memory:

— Achieve 2-5 X bandwidth per DRAM vs. DDR3
 Wider interfaces (32 vs. 16 bit)
* Higher clock rate

https://zhuanlan.zhihu.com/p/335685399
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Memory IJ§%

Reducing power in SDRAMs:
* Lower voltage

600 -  Low power mode (ignores clock, continues to refresh)

500 -
400 ~
B Read, write, terminate
300 - power
200 - O Activate power
B Background power

Power in mW

100 -

ow Typlc:al Fully

pOWEI’ usage active

mode
Figure 2.6 Power consumption for a DDR3 SDRAM operating under three conditions:
low-power (shutdown) mode, typical system mode (DRAM is active 30% of
the time for reads and 15% for writes), and fully active mode, where the DRAM is
continuously reading or writing. Reads and writes assume bursts of eight transfers.
These data are based on a Micron 1.5V 2GB DDR3-1066, although similar savings occur

in DDR4 SDRAMs
4/19/2021 xhzhou@USTC 15



A4 FFiESREARRMRL

4/19/2021 xhzhou@USTC 16




CPU CPU
Multiplexor
Cache O C
Cache
T -__/—)—\__
Bus Bus
\\/’ -—v#
Memory
Memory b. Wide memory organization
Wide:
a. One-word-wide CPU/Mux 1 word; Mux/Cache,
eI GRRnlzat Bus, Memory N words (Alpha:
Simple: 64 bits & 256 bits)
CPU, Cache, Bus, Memory same
width
(32 bits)

4/19/2021 xhzhou@USTC

CPU

Cache

Memory || Memory || Memory || Memory
bank O bank 1 bank 2 bank 3

c. Interleaved memory organization

Interleaved:

CPU, Cache, Bus 1 word: Memory N
Modules

(4 Modules); example is word
interleaved
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Access Pattern without Interleaving:
CPU |[«—| Memory
[ I
—
D1 available I
Start Access for D1 Start Access for D2
Memory
Access Pattern with 4-way Interleaving: Bank 0
Memory
Bank 1
— CPU L
Memory
— —| Bank 2
| = 5
= emory
x — — | Bank 3
& Access Bank 1 [ |
2 Access Bank 2
;5 Access Bank 3

We can Access Bank 0 again
4/19/2021 xhzhou@USTC
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bank0

>

Write

hlngi

SN2

bank3

Ex88 mod 4 « B
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- Zfl: ERESY=R0FERE CacheYERE
— AN INNEFE
—- FiESEERERmENINE
— CacheZL3Z=793%
- IFRIESHFL2R
— CacheZFHHE /9321 A T /A HA
MZ15CPI (Z2H&Cacheszll) 2
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R B8 Cache K/NB 24N FBY, AR
F12% ;5 KRB RANZE;, RUEEBFER1%
WIE I 4y BT R, SRAERH2ES. 4%
1 28 SUFBUDA B Ko A o 0 B 2% 55 B 38 i — A
HaB 3 B3 = 2 A7

EeZRIBIiNEER, CachelRKiIMNAg—1=F, H
CPl/3:

2+(1.2%x3%x (4+24+4) )=3.15



;_—"|;I%i:1&7cl]\i%"7]ﬂ?92’|\§"-ﬂ\1 , EFE=MERTRICPIS S

32{y B HFiERR, ARASWEIR:
2+ (1.2x2%x%x2x32)=3.54

32U B &H = Ees, RBSPREN:
2+ (1.2%x2%x%x(4+24+2%x4))=2.86

EgeiRs £10%

64L& TFiERR, ARASMIIN:
2+ (1.2%2%x1x32) = 2.77

EgeiRe 7 14%
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IES S NN IIE] s 2y

32\ B FNFEEs, ARHZRARZX
2+ (1.2x1%x%x4%x32)=3.54

2R FhE=RE, RAZARRX:
2+ (1.2x1%x%x(4+24 +4%x4)) =2.53

MREIRS 1 25%

AL S IFEES, ANRAZIIRNAREX
2+ (1.2x1%x%x2%x32)= 2.77
MREIRS 1 14%
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DRAM Packaging

(Laptops/Desktops/Servers)

~7
Clock and control signals —#—

_ . DRAM

Address lines multiplexed hi
row/column address ~1 chip
Data bus ,I,

(4b,8b,16b,32b)

« DIMM (Dual Inline Memory Module)
contains multiple chips with
clock/control/address signals connected in
parallel (sometimes need buffers to drive
signals to all chips)

- Data pins work together to return wide word
(e.g., 64-bit data bus using 16x4-bit parts)
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¢0

A

- FiEER
- FEERSEN

One DRAM device with
eight internal BANKS, each
of which connects ta the

, T shared I/O bus.

p_
|

STy

DRAMs oMM
EdgeCunnecu?rs//’er" v ‘

Package Pins — )i ] S, 3 :...“”._
o 1 Pf \ IP 1l
N T U 1|

/ DIMMO DIMMI1 DIMM2

Side View
T T
™M

Top View
PCB Bus Traces I

R

One BANK,
four ARRAYS

One DRAM bank is comprised of
many DRAM ARRAYS, depending
on the part’s configuration. This
example shows four arrays, indicadng
2 x4 part (4 data pins).

Cne DIMM can have one
RANK. rwo RANKS. or
even more depending on its
configuration.

Rank 0, Rank |
or
Rank 0, Rank |
or even
Rank 0/1.Rank 2/3

Figure 1.5: DIMMs, ranks, banks, and arrays. A system has potentially many DIMMs, cach of which
may contain one or more ranks. Each rank is a set of ganged DRAM devices, each of which has potentially
many banks. Each bank has potentially many constituent arrays, depending on the parts data width.

4/19/2021

Backside Bus CPU Frontside Bus DRAM Bus
\« ' >/ DRAM
Secondary Primary DRAM
ks Cache || Controller =
North-Bridge
Chipset
Qther Chipset Devices
/O Systems
Figure 4.1: Memory System Architecture
tRP = |5ns tRCD = |5ns, tRAS = 37.5ns
Bank ‘Row Activate (15ns
Activity and Data Restore (another 22ns)
Data (bus) Column -
TIME 3 CL=8 BL=8

Figure 1.7: The costs of accessing DRAM. Before a DRAM cell can be read or written, the device must
first be placed into a state that allows read/write access to the cells. This is a two step process: the precharge
command initializes the banks sense amplifiers (sets the voltage on the bitlines appropriately), and the

activate command reads the row data from the specified storage capacitors into the sense amplifiers.

Once the sense amplifiers have read the data, it can be read/written by the memory controller. Precharge

and activate together take several tens of nanoseconds; reading or writing takes roughly a nanosecond.

Timing values taken from a Micron 2Gb DDR3-1066 part.

SE30H

Davis, B. T. (2001). Modern dram architectures, University

of Michigan: 221.

Jacob, B. (2009). The Memory System, Morgan & Claypool.
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3D-Stacked DRAM and Processing In
Memory (PIM)

Verscal staciéng (10) I terposer st acking (2 5D)

Figure 2.7 Two forms of die stacieng. The 2.5D form is available now. 3D stacking ks
under development and faces heat man agement challenges due to the CPUL

Vertical stacking (3D) Interposer stacking (2.5D)
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Virual

Phy=zical
addrass:

4K,
BK

address;
o A
4 =
Sk =
12K O

Virual memory

12K
— 16K
20K

P hysical
main memaory

FIGURE 5.31 The legical program in its contiguous virtual address space is shown
on the left. It consists of four pages A, B, C, and D. The actual location of three of the blocks

Is in physical main memory and the other is located on the disk.
xhzhou@USTC
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Cache5VMEX 5

=]:bl NE
~ CacheRA TR
- VMENTREGFHREE

- HiIRIEHIEARE
— CacheZ R TE
— VMHBITRSRRUE = FHOSAL IR
« —RIUHITHEXR, RUEHREEAFEEE
- Hhit=SE)
— VMZTEHCPURIEHE R T HaE
— CachefYA/NSCPUltEIE R~ Foxk

T—HF ==

— Cache F—REF7=F

- WITN—RZEWE, ASHHUEBSEXNERS, MHREJUEEEAE,
EEBE/OZETF, VM F—RIEREFR/ISWAPZE]
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EffFifsa I SIERIHE S5 CacheRIELE:

Parameter First-level cache Virtual memory

Block (page) size 16128 bytes 4096-65,536 bytes

Hit time 1-3 clock cycles 100-200 clock cycles

Miss penalty 8-200 clock cycles 1,000.000-10,000,000 clock cycles
(access time) (6160 clock cycles) (800,000-8,000,000 clock cycles)
(transfer time) (2—40 clock cycles) (200,000-2,000,000 clock cycles)

Miss rate 0.1-10% 0.00001-0.001%

Address mapping  25—45 bit physical address 3264 bit virtual address to 2545
to 14-20 bit cache address bit physical address

Figure C.19 Typical ranges of parameters for caches and virtual memory. Virtual
memory parameters represent increases of 10-1,000,000 times over cache parameters.
Normally first-level caches contain at most 1 MB of data, while physical memory con-
tains 256 MB to 1 TB.

MFEDPE (5CacheSEHELL)
- [RTREER(E, RitsEEBtkCache X
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SRR EE

Code Data

Paging

Sagmeantation

FIGURE 5.33 Example of how paging and segmentation divide a program.
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A EEEIVEE

Aspect
Words/Address One - contains page and offset

Segment

Two - possible large max-size
hence need Seg and offset
address words

Programmer visible | No

Sometimes yes

Replacement Trivial - due to fixed size

Hard - need to find contiguous
space ==> GC necessary or

wasted memory
Memory Inefiiciency | Intemal fragmentation - wasted Extemal fragmentation - due
part of a page to variable size blocks
Disk Efficlency Yes - adjust page size to balance Not always - segment size

access and transfer ime

varies

o VMO AMEE: TRIVAIERTC
- I BX/NERE
- BTl BRRKINAFE
- MEXH:

4/19/2021 xhzhou@USTC
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VMBIEQ/NalER (1/2)

=
— UEEECRRE: (RRRER (EFRMSREIR) vs. BRI (FEBEMEER) |
HFRAFHEEKR, —BOERRENERLZE, BI2EIXIRET
- BREE - ARSI
— BRI - ik
« VPN - > PPN
» TaghnRIZIIEEREER
- AJTIKER - B3R
- BERPEFHATERBENERER
- BB - >ERE BINEBRRREE
- OJREFEFE/INRTER
T
- TUERFTEIE: —RNERRIEE
 If8E: VPN - >PPN, BEREFHDE, B—InRZRESERRF
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VMBIENElER (2/2)

- Einin
— LRURSRIFHY
— {BREIERLRUFE, BREHUMEIK
— FREREIL, BT 0SHRTThY
« N THEIOSTHLRUIT, BN REIRE— use bit
» ZipAEFF—IRER, Huse bit&{i
- OSTEHASATERN, XEFEREN A, ERMAYNE
BT N EREMZIIERIXERATEIS, BRERESILAE.,
» SERXUPRAT, HOSHKREFLIVFHIRE .
- SRl
- BEHSREE, EARhEERIRERIE,
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Viriual address

Virtual page numbsar

Main
Memary

f ¥

Page

3 tabla

Physical address

FIGURE 5.35 The mapping of a virtual address to a physical address via a page table.
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.1 Table

I.1 Table

Note potential delay i
problem - sequential phvsical address

looK-ups x3

phvsical page frame # page offset
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- ITER—BRRK, FHEEFR.

- SEERILFURERRDEESR, —REBOERIT, —XE5

2=
— fRRE: RATLB
- TLB
— FUAHAREFEANTERT, 2N RERSASHIEIA.
- BEXRER:

VPN##PPN##Protection Field##use bit ## dirty bit
- %Sﬂ%ﬂﬂlﬁi‘élﬁﬂa‘, FERIFATLE, SYRIETLBEEIZRENE!
— TLBIVRERA

- BEEEXEE

« TLBId/\, BEXAK

- TLBIg K, MR=

- HERERES (BE/))
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- block size - same as a page table
entry - 1 or 2 words

* hit time - 1 cycle

* miss penalty - 10 to 30 cycles
« miss rate - .1% to 2%

« TLBsize-32B to 8 KB
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20 bits

13 bits

Page Frame Number | Page Offset

43 -bit Virtual Address

—» V| R

ST

@

Y

2 30 bits 21 bits
W VPN Tag Physical PN
V] R w VPN Tag Physical PN
w VPN Tag Physical PN
32 entries total : ab bits/ientry
®
w VPN Tag Physical PN
L hit ‘ ®» @ @
protection &
Iumatiu||_4.| 32-1 Mux
Indicates steps that @ ‘
could be pipeline
possibilities - Why?
xhzhou@USTC
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I Virtual address <64= |

I ‘irual pags number <51 | Page offset <13 I

ITLE- t2g compare address <43 I TLE index <B= I l L1 cache index <7= lE-Il:u:H offzet u.-E:-]

To CRU

TLE dats <28

TLE tag <43 L1 cachs tag <d 3= L1 data <518

I L1 teg compars address <28
[

| Physcal address <41 |

L
| L2 tapg compare address <19 | L2 cache index <18= | Block offsat <G> |

To GPU

L2 pachs teg <159 L2 data <512=

Ta L1 cache or GPU

Figure C.24 The overall picture of a hypothetical memory hierarchy going from virtual address to L2 cache
access. The page size is 8 KB. The TLB Is direct mapped with 256 entries. The L1 cache is a direct-mapped 8 KB, and

4/19/20be L2 cache is a direct-mapped 4 MB. Both use 64-bytie/Moci@ TBEQirtual address is 64 bits and the physical address
is 41 bits. The primary difference between this simple figure and a real cache Is replication of pieces of this figure.
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