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O vopoc tou Moore
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Personal Computer Architecture (generic)

Front Side Bus
[ | [ | 1

Northbridge*

Memory Bus
(memory g RAM EHj
controller hub)

chips

>
l

PCI-express

NVMe
‘ ssD il | (protocol for SSDs)

PCI bus

AR
‘ giii

i

Southbridge .
(VO controller hub) ¥ @=

; SATA HDD

>4 *memory controller is often integrated into modern CPUs



[Tapayovteg/xapaKTnNpLOTIKA

» TaxVutTnTol LECOU
» Kootog anoBnkeuong (EVOELIKTIKEG TIUEG - outdated)

Mayvntikol 6tokot: 3-10 Aemtta/GB
Solid State Disks (SSD): 16-30 Aenita/GB
RAM: 8-15 eupw/GB

» Atlomotia
ArtwAeLla dedopevwy oe mepimtwon SLAKOTN G TTOPOXN S TAONG
ArtwAeLa AOyw opAAUATOC UALKOU

» KatavaAwon evépyelac, amnaltoelc o Puén
» OopuPog (laptop/desktop)



Tagvopunon Mvnung

» AlapopeTIKOL TPOTIOL KATNYOPLOTIOLNONG
Volatile (mpookaipn) €<= Non-volatile (noviun)

» Kupta (Primary): fast, volatile

» Aeutepevouoa (secondary): moderately fast, non-
volatile

» Tawieg (Tpitoyevng/Tertiary): slow, non-volatile



Volatile vs Non-Volatile

» 2NUOVTLKO otolxelo otn oxedlaon evog ZABA

Entnpeadlet duo amro ta yapaktnptotike puicec ACID docoAnyiac

Atomicity, Durability

E.g. what happens when parts of the data are in memory and parts in the disk
and there is a failure?

» Akopoa Kot av 0An n BA xwpaeL otn pvpn, ot tAAQYEC
MPETEL VA atoBnKeuTOUV O€ KATIOLO LOVLIUO HECO
Hard disk

RAM disks w/ battery
Flash memory



[epapyia Mvnung (sizes are outdated!)

TaxutnTa KooTog
+ primary i

A storage <

volatile

4 1286B-4TB
sec. < 5126B-14TB volatile
storage

1-250 GB

L \ N

> 9



Jim Gray: How Far Away is the Data?

Andromeda

10°  Tape /Optical 000 Yoare
Robot

10° Disk 2 Years

100 Memory >

10 On Board Cache
2 On Chip Cache

1 Regqisters

10 min

% My Head 1 min
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Moore’s Law

» Gordon Moore (1965): O aplBuoc twv tpaviiotop ava
TETPAYWVLIKO EKATOOTO SumAaoLaletal Kabe Xpovo
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Amtotuynueveg IlpoBAsPelg
» Thomas Watson (builder of IBM, in 1943)

“I think there is a world market for maybe five computers.”

» Ken Olsen (founder of Digital Equipment,in 1977)

“There is no reason anyone would want a computer in their home.”
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Moore’s Law

»  XopoKTNPLOTLKA TToU atkoAouBouv to vopo tou Moore
Taxvtnta eneepyaotn)
NEa taon: BeAtiwon utoAoyloTikng Loxvoc / Watt
AplBuog bits og eva chip
AplOUOG bytes o€ Eva pLoyvNTLKO LECO
»  XopoKTNPLOTLKA TTIou gV akoAouBoUv to vopo tou Moore
ToaxvtnTa MTPOOTEANCNC OTNV KUPLOL VAN
Taxvutnta mepLoTpoPrc HayvnTkwy dlokwv
— KaBuotepnon (Latency) yivetal otadlakd peyaAUuTepn

O Xpovog yla va petakivjoou e dedopéva/eyypadéc avapeoa ota dtadopa
enineda tng Lepapyioc auéavel onUAVTIKA O OXEON LE TO XPOVO enefepyaoiog
otnv CPU

15



L2




e Alya ypovia

L2
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» ...06nNyouv o€ avaykn yLa

» AlodpopeTtikol puBpol
BeAtiwong xapoKTNPLOTIKWY
TIPOCTIEAQONG
»  Toyxutnta eneéepyaotn
»  Kbéotog pvrung/HDD/SSD

» TaxoTnTta PVAKNG
»  Tayvtnta neplotpodpric HDD
»  Taxvtnta peTadopag

avaBewpnon



To 610 pawvouevo kat otn RAM




Data Locality Important

Cost of “cache-miss”
INcreases



Spindle

Actuator Arm

Actuator

Platters

Head




Aoun) Mayvntikov Alokov

track ¢ «— spindle

sector s

cylinder ¢ —~ read-write
head

-

platter

rotation

— arm assembly




OpoAoyla

<
<
<
<
<
<

NAato/mAaketa (plate)
Erudavetla (surface)
Txvn/atpaxtol/tpoxLeg (tracks)
Touelg (sectors)

KepaAn (head)

2eAidba (block/page)
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*YuvnOwc €xoupe SLadopeTikd aplBUO sectors

ava track (meploootepa ota eEWTEPLKA)

AmAomompuevn Ewkova™*

4

Sector

Track

Logical Block |
(typically
multiple
sectors)

Gap
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[MTapadeiypata

Diameter:
Cylinders:
Surfaces:

Sector Size:
Capacity:

1 inch — 15 inches
100 — 40000

1 (CDs) —

2 (floppies)

6-10 (HD)

512B — 54K
360KB (old floppy)
12TB (newer HDD)



Physical Block Address

» Physical Device (tolog 6iokog, o€ moio controller)
Cylinder #
Surface # (or head#)
Sector

26



Aoywkn Aoun Alokovu

» OLedappoyec BAemouv to 6loko oav eva
pHovodiaotato mivaka oo Aoyikeg oeAideg (logical
blocks).

OL eyypadec dStafalouv kat ypadouv oeAidec.

» Ta logical blocks tou povodiaotatou mivaka
avtiotolyifovtal pe puoikeg oeAidbeg (physical blocks)
ATTOTEAOUEVEC OO 1 N MEPLOCOTEPQ Sectors.

Logical block addressing (LBA)

27



Disk Access Time

I want M=K _ block X
INn memory

block X N

Time = Seek Time (locate track) +
Rotational Delay (locate sector)+
Transfer Time (fetch block) +
Other (disk controller, ...)

28



Xpovog Avadlntnong (Seek Delay/Time)

» O xpovoc avalnNtnong evoc SLoKoU TIPOCUETPAEL TO XPOVO
IOV QtaLlLTELTaL Yo val HeTakvnBel n kepaAn
avayvwonc/eyypoadnc LETAEY TWV LYVWV.

H kepaAn npenel
Na €pBel dw

H kepaAn eivai
eOw
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Xpovog Avadlntnong 6€ cuVAPTN O UE
OTTOOTOOT LETAKIVION G TWV KEQAAWV

Seek Time 4

in range |
3X - 10x

Time

1 N

AnooTacn PETAKIVNONG KEPAANC
(MeTpnuevn oe tracks/cylinders)

Xpovoc eval\ayng ixvoug/kuAivdpou (~2msecs)
31



Average Random Seek Time

N N
Z Z SEEKTIME (i — j)

i=1 J=1
I

S = J

N(N-1)

“Typical” S: 8 ms — 40 ms
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AovOavwv xpOvog TTEPLOTPOPTNS
(Rotational Delay)

» NavOavwv xpovog nepltotpodnc ival o xpovoc, Tov
OTIOLO 0 0ONYOC TIPETEL VAL TIEPLUEVEL LEXPL O CWOTOC
TOMEQC VO GTAOEL KATW ATtO TNV KEDAAN
avayvwone/eyypadnc.

A

=
A\

Block I Want

Head Here =~
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Average Rotational Delay

» Katd HECO Opo TEPLUEVW Lo TtEpLOTPODN
» R=o0yxpovoc yia 1/2 neplotpodn

» Eotw Oiokoc 7200 RPM

60 secs 7200 nepIOTPOPEC
R 12 NEPIOTPOPN)

R=30/ 7200 = 4,17msecs
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Toaxvmnta Metawopag (Transfer Time)
(1 block]

» O XpOVOC TTOU ATIOLTELTAL YL VOL KTIEPACOUVY TO.
sectors tou block katw armo tic kKepaAec

E€aptatol amo tnv ToxuTNTa NEPLOTPOdNC KoL TO LEYEBOC
Tou block (o€ sectors)
» Moapadeypa:
7200 RPM, 128 sectors/track, 2 sectors/block.
Y€ 1 neplotpodn(=60/7200secs) dlafalw 128 sectors
Mo va StaBaow 1 block=2 dtadoyika sectors BeAw
(2/128) * (60/7200) = 0,13 msecs
2 UYKPLTLKAL:

seek time ~20msecs,
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AAAeG kKaBuvoTEPNOELC
» Xpovoc CPU yia otelhet tnv gvtoAn yua I/0

» Xpovoc eneéepyaciac attnuotoc otov disk controller
» Xpovoc petadopac otn Uvnpn HEow tou StavAou

“Typical” Value: 0
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[Mapaderypa

» 1 emipavela

» Rotation speed 7200rpm

» 16384 tracks

» 128 sectors/track

» 4096 bytes/sector

» 4 sectors/block (16KB/block)

» SEEKTIME (i — j) = [1000 + [j-i|]] us

» YrtoAoyiote eAAXLOTO, LEYLOTO KOl LECO XPOVO yla TNV
avayvwaon gvocg block.
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YmoAoylwouog EAayiotou Xpovovu
» H kedaAn eivat otnv apyn touv 1°¥ sector tou block mou
Belovpue va dtoacoupe
YrtoAoyilw povo to transfer time
» 1 block = 4 sectors eivalta 4/128 evoc track
» 1 neplotpodn naipvel 60/7200=8,33ms

» Transfer time =8,33 *4 /128 = 0,26ms

E€nynon: og pla mAnpn nieplotpodn dtafaocw 128 sectors, apa
ylo va Stafaocw 4 ouvexopeva xpetalopal to 4/128 tou
XpOVOoU

» Total time (min) = 0,26ms
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YmoAoylwopog Meyiotov Xpovou

» YroBetw peylotn petakivnon kepaAng (my oo to molo
E0WTEPLKO OTO TOLO £EWTEPLKO track)
Seek time = 1000+(16384-1)us=17,38ms

» Meta to seek, n kepaAn poALg exaoe tTnv apxn tou block
nov Paxvw

Full rotational delay =60/7200 = 8,33ms
» Transfer time (onwg npwv) = 0,26ms
» Total time(max)=17,38+8,33+0,26=25,97ms
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Méeoog xpOvog
» Seek time = AVERAGE(1000+|i-j|)=...=6,46ms

» Rotational delay: por) meplotpodr =
¥%*60/7200secs=4,17ms

» Transfer Time 0,26ms
» YUvolo = 10,89ms

Méoog Xpovog 10,89m:s
MéylLotog XpOvog 25,97ms
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» ELbape: Tuyala mpoomeAaon
» TLylvetal av BAw va dtaBaocw to
apEowC enopevo block;

42



Av yivel owoTta...
Time to get = 0,26ms + Negligible

next block /\/

= skip gap
= once in a while, next cylinder

43



_____________ Napathpnon

» Xpovocg yla va Stafaow 1Block
~'Random I/O: || ms. (avg)
~1Sequential /O: <Ims.



ZELPLOKT) TAXVTNTA AVAYVWOTNG

» Tuylvetat av Stafalw dtadoxika sectors oto idlo track;

Atadoyika track otov 16lo KUALVOpO

» 128 sectors/track * 4KB/sector os 8,33ms/track =
512KB/8.33ms = 60MB/sec!!!
Movtépvol biokol (PC) 150-250MB/sec

» Random /O (avg): | Ims/4KB = 0,33MB/sec

io  Emelepyooic Gfpa BonBzwo  Language

[5 v|[1000MB ]||C: 40% (187/465GB) V|
Read [MB/s] Write [MB/s]

417959 (72715
24133.15 140.35
1410.434 10.914
0.597 10.923

z |

CrystalDiskMark 3.0.3 = =

[5 v|[1000MB W||D: 58% (1082/1863GE) V|
Read [MB/s] Write [MB/s]

)= 1158.5 (151.5
2150110 133.32
4410.597 10.336
0.687 10.336

hdd

hdd

Apyeio  Emelepyacic Gfpo  Borfaa  Language

[5 ~|[1000MB ™| [M: 60% (561/932GB) V|

Read [MB/s] Write [MB/s]

1=1126.12 (24.54
24| (15.26 124.47
.« 10.288 10.572
0.474 10.594

external hdd




Eyypa@n
» To KOOTOC gyypadnC elval TTAPOUOLO HE TO KOOTOC
avVAYVWOoNnG

» ...EKTOC KoL av B€Aoupe va emaAnBeVoouE, OTIOTE
MEPLUEVOUUE Lo TANPN TtepLloTtpodn yia va SLafacoupe
oTL ypayape
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Evnuepwon oeAidag (block)

» Ma va aAAaéw to meplexopevo piac oeAidog (block)
AlaBaow tn oeAidba otn pvnRun
Kavw otL aAlayeg xpelalovtal oto avtiypado otn pvnun
['padw tn oeAida nmiocw oto Sloko

» Mpoooxn: Ta mopamavw yivovtal akopa Kot 0eAw va
aAAAlw TNV TN evoc bit!
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[Tapaderypa- Megatron 747 Disk

» 3600 RPM

» 1 surface

» 16 MB usable capacity (16 X 229)

» 128=27 cylinders

» 1 block=1 sector=1 KB

» 10% kevo (gaps) avapeoa ota sectors
» Average Seek time =25 ms

>

Seek time ylLa va maw otov emopevo KUAvOpo/ixvog =5
ms.
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[Tapatnpnoelg

» 1 emupdvela—> o kUAVOpoG TauTiletal pe Tto ixvog (track)
Mo To Mo pAdELYA QLUTO HOvo !

» Xwpntkotnta = 16 MB = (229)16 = 224

» bytes/cyl = 16 MB/128 = 224/27 = 2!7= |28 KB
=16*1024KB/ 128 =16 *8 KB = 128 KB

» blocks/cyl = 128 KB/ | KB = 128

» AnAadn kaBe track €xeL 128 sectors tou 1KB
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3600 RPM: 60/3600 = 16,66ms ywx 1
TEPLOTPOPM

gap

One track:

I
N>

Z

« In a full rotation (16.66ms)
> Time over useful data: 16,66 * 90%=14,99 ms.
» Time over gaps: 16,66 * 10% = 1,66 ms.

« Transfer time 1 block = 14,99/128=0,117 ms.

* Trans. time 1 block+gap=16,66/128=0,13 ms.
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T:1 = Time to read one random block
(1KB Block)

T1 = seek + rotational delay + transfer time

= 25 + (16,66/2) + 0,117 =33,45 ms |

UNOBETW WION NEPICTPOPN
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Aloywplopog block / oeAldag

» Q¢ Twpa UMOBETAE OTL N «OEALOA» TTIOU XPNOLLOTIOLEL TO
O/S kat ot epappoyec tavtiletal pe 1 block oto dioko

» Ztnv tpagn to O/S (N to ZABA) pmopel va xpnoLLoToLEL
10 OLKO TOoU «pEYEBOC oeAldac»

Mmopet va aAAadleL avaloya pe tn dopn anobnkevong (oxeon,
EUPETNPLO)
Windows NTFS: 4KB
SQL Server: 8KB
2e edpapuoyeg peyolwv dedopevwy (big data) cuvnBwg eiva
moAU peyoAutepo (Hadoop HDFS: 128MB)

Awyotepo bookkeeping
YELpLOKN avayvwaon givol o Kavovog
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AwdBaocpa oeAdidac 4KB (four sectors)
oo TO 6L0KO

1%2%3 4@---

“w ~ -y
1 celioa

N\

T4=25+(16,66/2) + (0,117) x |
+(0,130) X 3 = 33,83 ms
[Compare to T1 = 33,45 ms]
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Tiytvetat av 1 oeAlda=1 track=128KB;

TT =Time to read a full track

(utoBeTw yLa To MapAdELYUA OTL Uopw va apxiow to dtafacpa ano
orotobnmnote sector Tou track)

Tr=25+(0,130/2) + 16,66 - 0,013 =41,72 ms

: :

to get to start of next sector do not have to read last gap
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AG ovykplvou e TO KOOTOG Yia va Stafacw 1
oeAlO

» Read IKB page :33,45ms
» Read 4KB page :33,83ms
» Read |28KB page : 41,73ms

» Mwatl va pn peyaAwow Kot aAAo to peyebocg tng oeAidoc?
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Zwoto MéyeBog XeAidag ZABA?

» MeyaAn ceAida -> SLapolpAleTol TO KOOTOC OVAYVWONG AVAUECO OE
TLOAAEC eyypadEC

» Alyotepa attipota otov dioko yla va Stafdaow pio peyain oxeon

ANNA

» ‘lowg StaBalw kat moAAEC AANEC eyypadEC Ttou Oe Xpetalopol (KoL o XpOvog

aveBaivel, €otw Kat Alyo)

Entiong n peyaAn oeAida otav €pBeL otn pvnpn KataAapBAaveL mepLOCOTEPO
XWPO

» TLoupPalvel katd tnv ekTEAeoN TN apakatw SQL emepwtnong?
update Account set Balance=Balance+100 where

AcountNumber=12345
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T tpemel va oKe@TW

» Update-heavy workload vs Read mostly ?
Transactions (e-shop orders, bank transfers)
Analytical queries (compute avg account balance per
municipality)

Bulk processing (e.g. MapReduce)

» MKpEG — LEYAAEG OXEOTELG!

» Clustering eyypadwv/locality of access

» Eupetnpla

» SQL Server: 8KB (fixed)
» Oracle: Sladopetika peyedn ceAidoc

57



A note on HDD technology*

» The dimensions of the head are impressive.With a width of less thana
hundred nanometers and a thickness of about ten, it ies above the platter
at a speed of up to 15,000 RPM, at a height that is the equivalent of 40
atoms. If you start multiplying these infinitesimally small numbers, you begin
to get an idea of their significance.

» Consider this little comparison: if the read/write head were a Boeing 747,
and the hard-disk platter were the surface of the Earth
The head would fly at Mach 800
At less than one centimeter from the ground
And count every blade of grass

Making fewer than 10 unrecoverable counting errors in an area equivalent to all of Ireland

*source: Matthieu Lamelot, Tom's Hardware



Coping with errors, disk failures

» Error correcting codes (single disk)
» Disk arrays (multiple disks)
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Checksums For Failure Detection

» Idea: add one parity bit so that #1s is always even

Block A:01101000:1 (odd # of I’s = parity =1)
Block B: I 101110:0 (even # of I’s = parity =0)

» Suppose due to an error the first bit in block A
changes from 0 - |

Block A’:11101000:1
Easy to detect, number of #1s with parity is odd (5)

» But suppose: Block A flips 2 bits

Block A”: 01000000: I (also has odd # of I’s)
Can only detect an odd number of errors
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How to compute parity bit

- —_ A
» Modulo-2 sums = XOR A Q
Modulo-2: %2

» Example: compute parity bit for 01 101000
Sum ones: [+1+] =3
3 modulo 2 = | (if the sum is odd = |, otherwise 0)
Notice that 0 XOR | XOR | XOR 0 XOR | XOR 0 XOR 0 XOR 0 =1
Thus, parity bit = |

R~ O O | >
O L OO

B
0
1
0
1

https://www.build-el

» 01100101 ?

|+1+1+1 = 4. Since 4 %2 = 0> parity bit =0
0 XOR | XOR | XOR 0 XOR 0 XOR | XOR 0 XOR | =?
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At what level do we cope?
» Single Disk

e.g., Error Correcting Codes

» Multiple Disks: Disk Arrays/RAID systems

............
-------
““““

i

o!
.

as*’s

--------------

.......

Logical Physical
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Disk Arrays

» RAIDs (Redundant Arrays of Inexpensive/Independent
Disks)

(various flavors/levels)

————————————————————————————————————————————

logically one disk
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Disk Arrays
» RAID Level O (Striping)

Distribute the contents of each file among all disks
Utilize all disks during Reads/VVrites
Retain full capacity of all disks

Failure of any disk causes the entire RAID 0 volume to be lost
Possible in NAS devices with 2 disks BUT RISKY

————————————————————————————————————————————
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Raid O example (from Wikipedia)

» Content of files A,B is
spread across multiple
devices

Segments Ai, Bi are called
“stripes”

Stipe size (typical
examples): One page (4KB)
or some multiple of it

65




Disk Arrays
» RAID Level | (Mirroring)

Keep exact copy of data on redundant disk(s)
Common in NAS devices with 2 disks

H.

B o o e - - e o e o D e e e S R R e e e e
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Disk Arrays
» RAID Level 0+1 (Nested RAID)

Stripe across A+B (level 0), mirror both disks (level |)
50% of capacity is lost due to mirroring (level 1)

———————————————————————————————————————————

B o e e e e o e e e e e e e e e e e o m e mm e o mm e e e mm e e
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Disk Arrays
» RAID Level 4 (striping + parity disk)

Striping unit is one block
Keep only one redundant disk

Store parity blocks on redundant disk

————————————————————————————————————————————
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RAID 4 - Wikipedia

69

Disk O

RAID 4
ST B NG C
B2 4 B3
(2 4 N C3
D2 4 D3
Q N~

Disk 1 Disk 2

Disk 3



Parity Blocks & Modulo-2 Sums

» Have an array of 3 data disks

Disk 1, block I (Al): 1]l 10000 e e
Disk 2, block 1 (A2): 110101010 S
Disk 3, block | (A3):001 11000 o 5] [ [

U NS N S N

Disk 0 Disk 1 Disk 2 Disk 3

» ...and | parity disk
Disk 4, block | (Ap):01/100010

» Note: - Sum over each column is always an even # of |’s

- Mod-2 sum can recover any missing single row
(e.g., a logical block in one of the disks)
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Using Mod-2 Sums for Error Recovery

— Suppose we have:

— Disk I, block I: 11110000
— Disk 2, block 1: 22222222 (disk is gone or block is
damaged)

— Disk 3, block I: 00111000
— Disk 4, block I: 01100010 (Parity)

— Mod-2 sums (or XOR) for block | over disks |,3,4:

- Disk 2, block 1: 11110000 XOR 00111000 XOR 00111000
= 10101010
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Block update RAID 4

» Have an array of 3 data disks + | parity

» Application updates block | on disk 2
Disk I, block I: 11110000
Disk 2, block 1: 10101010 (old) = 11101000 (new)
Disk 3, block 1: 00111000
Disk 4,block 1: 01100010 (old parity)

» Naive re-computation of parity block (slow):

Read block | from disks [,3, recompute parity using new data on disk 2,
write back to disk 4

New parity block:
1110000 XOR [1101000 XOR 00111000 =00100000

Notice that a single-block update operation involves all disks (slow)
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Block update RAID 4

» Have an array of 3 data disks + | parity

» Application updates block | on disk 2

Disk |,block I: 11110000

Disk 2, block 1: 10101010 (old) =» 11101000 (new)
Disk 3, block 1: 00111000

Disk 4,block 1: 01100010 (old parity)

» Alternative technique:

Mod-2 Sum between old block, old parity, new block
10101010 XOR 01100010 XOR 11101000

|
Force old parity to forget old block

Rule: (new parity) = (old data) XOR (old parity) XOR (new data)
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Properties of x XOR y

» Result is | if input bits differ, 0 otherwise

» 0101 XOR OI'10O=0011I
0

» 0011 XOROI10=010]

\ |
and Y

1
» 0011 XOROI0OI =0110




Quiz
» (A XOR B XOR C) XOR C XORA =?

» (A XOR B XOR C XOR D) XOR C =
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RAID 4

» How many drives participate in concurrent reads?
App data is fetched from disks A,B,C
25% of read bandwidth is lost, in the example bellow

» How many drives participate in a write operation?

Parity disk penalty + overhead of reading old status

————————————————————————————————————————————
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Disk Arrays
» RAID Level 5 (Striping + distributed parity)

Like level 4, but balanced read & write load

————————————————————————————————————————————

—> Parity partition on each disk

RAID 5

From Wikipedia: (>
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Disk 0

——

N
A2
B2
G
D1

— T

)
NLER
\_&_/
G2
D2

~
Disk 1

-/

Disk 2

Disk 3



O kavovag twv 5 Aettwv (Jim Gray 1986)

» MpoomaBeil va moooTkomolnNoeL To KEPHOC TOU val
TOTOBETW eyypaPEC ov PoomeAQUVOVTAL CUXVA OTN

LA .

» Xpnolpormolel dedopeva Owe ta pEyeboc, KOOTOC,
TOXUTNTO MVAUNG Kat SLoKOoU yla val artavTnoeL O0TO
EpWTNUO TTOON MVAUN XpeLalopon og eva 2ABA.
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[Mapaderypa (amo to 1986)

» 'Evac HDD Tandem kootilst 15KS ko ipoodEpel 15
random accesses/sec. Kootoc controller & I/O interface
aAla 15K$

Eotw A=Kootoc/aplOuoc mpoomneldoswv/deutepOAemnTto
A=30000/15 = 2000%/accesses/sec
Eotw OTL pla eyypadn avalnteital amo tnv epapuoyn Kabe
(Read Interval) Rl 6sutepolenta
1/RI accesses / sec
A = cost/accesses/sec
Kootog oXeTWl{OMEVO LIE TNV AVAKTNON TNC eyypadnic armo to
Sdioko A*(1/RI) = A/RI
AUTO TO KOOTOC UITOpW VAL TO armoduyw av eyypadeC mou

XPNOLLLOTIOLW CUXVA TLE dLatnpw otnV KUPLAL LvAUN
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Kootog Mvnung (1986)

» 1MB pvApng kootilet $5000 !
Kootog/byte = M = 5000/1024/1024

» Eotw pia eyypadn peyeboug B (mx B = 1KB = 1024Bytes)
» Kootoc amobrikevong tng eyypodnc otn LvAun
B*M
» Koéotoc avaktnoncg armno to dioko A/RI
» looppormia otav ta 2 KOotTn eivat oLa
» A/RI = B*M - Rl = A/(M*B)
» To 1986
Rl =2000/(5000/1024/1024 * 1024) = 409 secs ~ 5 Aemta
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YUOoYETIONOL

ARl ~ B*M
» T dedopeva mou avalntouvtal CUXVOTEPA o ava 5 AETTA To apLloTEPO
HEAOC (kOoToC poomeAaonc Slokou) elval peyaAutepo =2 amobrkeuon
OTN UVAUN
» T dedopgva mou npoomeAalvovtal AlyOTEPO CUXVA, TO KOOTOC
amoBnkeuong otn KvApN lvat peyaAltepo =2 amobrkeuon oto dloko

Anuo@IAn dedopéva
(TouhaxioTov 1 npoonéAaon/5 AenTa)

MNHMH (A/RI > B*M)
- +
RI=5 AenTd

i
'
| AIZKOZ (A/RI < B*M)

N
r g

M£oog XpOVOoG avapEDa OE
O1ado0x1kEC avalnTNOEIG
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Kavovoag twv 5 Aettwv

Aedopéva mou avalntouvtol Kabe 5 Asnta n

OUXVOTEPO TIPETEL VAL BPLOKOVTOL OTN HVAN.

» TLEXEL aAAAéeL onpepa?
» MvAun onuovtika oo ¢nvn

» Alokol (HDD) moiwo ¢6nvol aAAa pikpr BeAtiwon ota
accesses/sec

» SSD: xt\adec accesses/sec aAAQ APKETA TTOLO aKpLBol armo
HDD ($/bytes)



(BM)

O xavovag “onuepa’”

» looduvapun ekbpaon

» 40 eupw 4GB pvnun, 8KB peyeBoc oeAidocg

» PricePerMBofRAM =40/(4*1024)

» PagesPerMBofRAM = 1024/8=128

» PricePerDiskDrive = 200 evpw (| TB disk+controller)
» AccessPerSecondPerDisk = 64 a/s/disk

» Rl =11 hours!

Kpdta ta records mou dtafalelg kaBe 11 wpeg 1 cUXVOTEPA OTN KUVAMN
84



1986 vs present!

11 wpeg
< ] >
MNHMH  AIZKOZ HDD
MNHMH AIZKOz
< >
- AenTa M£oog XpOVOG avapeoa o€

O1ad0x1kEC avalnTNOEIG



RAM vs SSD (outdated)

4
4
4
4
4
4
4

40 svpw 4GB pvnun, 8KB peyeboc oeAidac
PricePerMBofRAM =40/(4*1024)
PagesPerMBofRAM =1024/8=128
PricePerSSD = 500 supw yia 256GB
AccessPerSecondPerDisk = 2000 a/s/disk
RI = | hour

Apa av xpnotuormoww SSD xpetalopon to ~1/10 tng
LvNUNG (utoBEtovtac opolopopdn KATAVOLLN...) OE GXEON
ue eva HDD
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1986 vs present (outdated)!

1 wpa
<< ] >
MNHMH | AIZKOZ SSD
11 wpeg
<< ] >
MNHMH  AIZKOZ HDD
MNHMH AIZKOZz
< >
;5 AenTa Méoog XpOVoG avapeoa o€
_______________________________________________________________________________________ d1adoxikeG avalnTnosig



SSD vs HDD

» Av katefoupe 1 okaAl TNV LEpapXia LVANG TOTE UTTOPOUE VO
OUYKpPLVOUE TO KEPSOC Ao €va SSD av UmeL oav
cache(=pvnun) pnpoota amno eva HDD

» 2TOV TPOoNYyOoULEVO TUTIO avTlkateotnoe ta dedopeva yioe RAM
ue ta dedopéva yla toug SSD

» PricePerMBofSSD =500/(256*1024)

» PagesPerMBofSSD = 1024/8=128

» PricePerHDD =200 supw

» AccessPerSecondPerHHD = 64 a/s/disk

» RI=....=58,3 wpec !
Apa paAAov cupudepeL va Baloupe Eva peyalo pepoc tou dataset (N
oAo!) og SSD
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Optimizations: Prefetching

» Prefetching = Ann dedopevwy mpLv auta xpELACOTOUV

» Locality of access = 6gdopeva, 0TO XpOvVo KaAouvtal amo
OLaOOXLKEC 1 KOVTLVEC TIEPLOXEC oTOo HloKO.
» Mapadetypa: table/relation scan

MpoUTOoBETEL OTL EXOUUE LEPLUVNOEL OL 0EALDEC TNC O)XEONC VAL
Bpilokovtol «Kovta» 1ty oto (&Lo track, KUAWEpo

» Mmopoupue va “kpuoupue” LEPOC TOU XPOVOU
avAyvVwWonc amno to 6LoKOo XpPNOLLOTIOLWVTOC Alyo

MEPLOCOTEPN UVALN
Double buffering
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Double Buffering

» Problem: Have a File
Sequence of Blocks Bl, B2

» Have a Program
Process Bl
Process B2
Process B3
(oepLakn avayvwon)
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Single Buftfer Solution

92

(I) Read Bl — Buffer

(2) Process Data in Buffer
(3) Read B2 — Buffer

(4) Process Data in Buffer ...



Single Butfer Time

Eotw: P = xpovoc enetepyaocioc/oeAida

R = xpovocg yia va dtafacw 1 oeAida (utoBETW
Tuyola tpoomeaon)

n = # aplOpog oeAldbwv

Single buffer time = n(P+R)
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Double Buffering

Memory:

Disk:
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DIOCESS

DIOCESS

donedone




Double Buftering Time

P = xpovoc ene€epyaaiac/oelida

R = xpovoc yia va diapacw 1 oegAida
(unoBeTw TUXAia NnpooneAacn)

n = apiBuoc oeAidwv

YnoBstw P >R

= Double buffering time =R + nP
= Single buffering time = n(R+P)
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More on Prefetching (application
level)

» Requires efficient asynchronous I/O implementation
» Data dependant scheduling of /O

» DB process queues up several requests
Better chance for disk controller to optimize seeks

Better utilization of multiple disks (allow them to work in
parallel)

» Big savings in CPU intensive tasks (e.g. sorting)
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Circular Bufifering

97

Operating System User Process
™ ( ™
I \Y .
VO Device = t Jore l ]

(¢) Double buffering

Operating System User Process
4 N

I Move ‘

VO Device = ' ' i S
. J

(d) Circular buffering

I/0 Buffering Schemes (input)



[TeplocOTEPEG BEATIOTOTTONOELG VI KAAVTEPN
aTtO600T TOU VTTOGVOTNUATOG SLIOKWV

» Disk Scheduling Algorithm

Elevator algorithm

» Disk Arrays (RAID)
» On Disk Cache
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First- Come-First-Served (FCFS)

 Alain moALITIKN

* Apyn

queue = 98, 183, 37, 122, 14, 124, 65, 67
head starts at 53

37 536567 98 122124 183 199




SCAN or Elevator Algorithm

» H kedpaAn tou diokou Eekvael amo tn pia akpn (ry e€w)
KoL KLVeltal mpoc tnv aAAn (my peoca) eEumnpeTwVTOC
aLtnoels. MoAlc ptaoel oto aAAo akpo aAAaleL
KatevBuvon

2uvoAka kaAutepn anodoon (Lelwvel To seek time)

KArmoleg attioeLg yLot oeAOEC eVOEXETAL VA TIEPLLLEVOUV OLPKETA
HEXPL N kKedbaAn var aAAael katevBuvon

NewTePEC aALTNOELC Urtopel va e€umtnpetnBolv vwpltepa armo
AAAEC TTOU TIEPLUEVOUV TIEPLOCOTEPN WP
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SCAN

*Total head movement=208 cylinders

queue = 98,d83,37, 122, 14, 124, 65, 67
head starts at 53

\
536567 98 122124 183 199
|
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Solid State Disks (SSD)

» Xpnon pvnung flash, amouvcia kKivoupevwyv pepwv

2NUavTka Taxutepn tuxaia npoonelaon (random 1/O) og cuykplon pe
HDD

Mikpotepeg amattnoelg yia Yuén (OxL mavta)
KaboAouv 66puoc
» Apketa akplBotepot ano HDD (€/GB)

KatavaAwon pelpatog Umopel va eival kpotepn 1 LeyaAUTepN
arno eva HDD (avaloya pe tn xpnon)
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Solid State Disks (SSD)

» Yrmootnpl{ouv CUYKEKPLUEVO aPLOUO eyypadwv-
enaveyypadwv (wearing)
Mrmopw va ypapw apeca o€ pia kevy oeAida (4KB) aAda av autr dev
elvall kevn n emaveyypadn yivetal og emninedo moAAwv oeAldwv (rty 128)
KAVOVTOLC TEC TIPWTA erase aKopa Kol av aAAAleL pia povo oeAidba 4K

YriapxeL €vag (oxeTIka LeYaAog) aplBuog amo erase cycles peta ta omola
o€ pmopw va xpnotpomnotnow Eava to block

2Tnv mpagn o aplBpog autog umopel va avadoyel oe pepikd PB ano writes (ta
onoia note 6€ Ba dbw o€ desktop xprion)

Ye éva data center OpWG?

» 2tadlokn Helwon Tng anodoonc, avaykn yla avadlatoén
(Garbage Collection, TRIM)
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[Mapaderypa Opada 16 ceAidwv twv 4KB

Opada X

FREE FREE FREE FREE
FREE FREE FREE FREE
FREE FREE FREE FREE
FREE FREE FREE FREE

F'pawe oelidec A,B,C,D

Oupada X

A B C D
FREE FREE FREE FREE
FREE FREE FREE FREE

FREE FREE FREE FREE
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[Mapaderypa: opada 16 ceAidwv twv 4KB

paye oeAidec E,FG,H

A
E
FREE
FREE

B
F

FREE
FREE

Tpononoinoe A’,B’,C',D’
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A

E

A
FREE

B

B’
FREE

FREE
FREE

C’
FREE

FREE
FREE

D’
FREE

Mark as Stale

[a va ypayw nai
edw MNPENEl va KAvw
erase OAn TNV
opada



Garbage Collection: Ilwg Eavakepdlow Ta
stale pages?

A
E
A,

FREE

Ouada X
B C
F G
B’ C
FREE FREE

Kave erase 0An Tn X

FREE
FREE
FREE
FREE
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FREE
FREE
FREE
FREE

FREE
FREE
FREE
FREE

D’
FREE

FREE
FREE
FREE
FREE

FREE
FREE
FREE
FREE

Ouada Y
FREE FREE
FREE FREE
FREE FREE
FREE FREE

FREE
FREE
FREE
FREE

Avteypaye otnv Y Ta xpnoiya pages Tnc X

E

A’
FREE
FREE

F
B’

FREE
FREE

G
C
FREE
FREE

H

D’
FREE
FREE
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