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Evyaprotieg

[Mpdta amd 6Aa Bo M0k va gvyapioticm Tov Oed mov pe a&imoe va OAOKANPOG®
avt) ™ Atoukn Aummlopatikn Epyacio kot kot’ em€KToon vo TEAEIMO® e EMTUYIN TIG
onovdég oto Tunqua ITAnpopopikng tov Iavemotuiov Konpov. Eniong Ba 0eia va
EVYOPLOTHC® TOLG AVOPAOTOVG TOL LE TNV EUTEPIN KOl TIG YVOGELS TOVS e fondnoav
va eépm €1¢ mEPaG avtn TV gpyacia. Ovopaotikd Ba HBela va gvyaploTiom Tov Ap.
Mopyo Zapdpa wov NTav o emPAEnmv Kadnynmge avtng g dovietdc. Erxiong Oa fela
Vo EKQPACH TIG W101TEPEG EVYOPLOTIEG LoV 6TO Ap. Anuntpn Zeivaimovp mov ftav o
EUMVELGTNG TOL BEpOTOC Kot KaBOdNYNTNHG 0 OAEC TIG PAGELG AVATTLENG TNG EPYOCING
avtg. Aev Ba UTopovGH VO OPC® TG® TOV UETOMTLUYLOKO QPOLTNTH TOV TUNUOTOG K.
[Tovayiwtn Avépéov mov ftav 0 AvOpwOTOg TOL EPYOUACTAV GE GUYVN EMOPY| Y10, OTTOL0
TpOPAnua Ko dvokoMa avipuetdmioo. Téloc Ba Mbeha va €uyapIGTIC® TOVG
ocvvepydreg pov oto Epyaoctipro Kivntod kot Acvppotov Ymoloyiopoo yio v dpiotn

ouvepyacio pog Tov giyape o€ OAN T SLAPKELD TOL £TOVC.

Bo NTav AdKO Vo UMV ovoPEP® TIG EVYAPIOTIEC OV GE KATOL0 TOAD OyOTNUEVOL LLOV
TPOCOTA TOV TOPOAO TOLG OTEPNONKA KOl PE oTEPNONKOY, HE OVEYTNKAV VT TN
mePi0d0 TOV TOVG £l AVAYKN.

Evyapiotd mor,

Opéong Zmavog



IHepiinyn

H eEotepicn ta&vounon givatl évag 0pog yio po Kotnyopio akyopibuov ta&vounong
OV UTOPOVV Vo XEPLOTOOV HEYAAES TOcOTNTEG dedopuévov. H eEmtepikn ta&ivounon
amouteiton 6tov 10 péyebog twv dedouévev givor peyaivtepo amd v Kopio Mviun
(KM) ovvibog v RAM «xo mpémer va ypnowyomombel  éva mo apyd HEGO
amofnkevong m.y. TkANpoc Aiokog.

e avt v Atopkn Aumlopatikny Epyacia 6o mpoteivoupe, o vAomomocovpe kot Ha
a&loroynoovpe éva adyoplBuo eEmtepikng Tagvounong mov mpoteivovpe, tov FSort o
omoiog Oa 6Yed100TEL TPOCEXTIKA MGTE VA TPOVOEL TOVE TEPLOPICUOVE TNG LUVIUNG TOTTOV
Flash kot vo expetodAedeTon To 10104TEPA YOPUKTNPIOTIKE TOVG MOTE VO TPOGPEPEL TN

péytotn anddoon oe pvipeg tomov Flash.
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1.1 Ewayoyn

Ot Bertidoelg ot oyedioon vAkoy pall pe v gupeia S00eGOTNTO TOV OTKOVOULKE
Bliooov evoopatopéveov Xvokevmv Atenmpov (SDs), kabiotovv TAlov eiKTo va
OAANAETIOPOVUE KOl VO KOTOAGPBOVUE TO QLOIKO KOGHO pe peydAn axpifew [1,2,3].
Emmiéov n avantoén tov vynAod emumédov TPOTOKOAA®Y EMKOW®VIOG OTMG TO
IEEE802.15.4 xou ZigBee [4] mov ypnoylomolodv HKpE Kol YOUNANG KATOVIA®ONS
eVEPYEWNG YNOKE  padtokOpate emETpeyay TNV Onupovpyic t@v AcOpHotov
Yvokevav Atenmpov (WSDs) mov emkotvavovy acOpUOTe ONUIOVPYOVTOG £TGL TV
Acvppota Aiktva AoOnmpov(WSNs). Avtd pali pe mv e&éMén tov péowv
amofnkevon tomov Flash (Flash-based Storage) €yer emtpéyel otovg aicOnmpeg v
Tomikn amofnkevon Ko eneEepyasio twv palikég mooodtnteg petpnocmv. Exel mov oty
apyn ot ovokevég arcOnmpov 0betav 128-512 KB pvnueg tomov flash —m.y. o
Crossbow’s MICAz (Ewova 1) 61a0étel S12KB - tdpa ot vedtepot d1a0étovv moAd o

peyain meplektikotnta m.y. o Crossbow’s Imote2 drobéter 32MB [5].



Ewova 1 Crossbow MICAz

H oapyitektovikny evog WSD @aivetoan otv Ewdva 2. Onwg BAémovpe vmbpyer M
KevTpkn povada emeepyaciog mov amoteAeiton and tov enefepyaoty (Processor),
Kvpio Mviun (SRAM) kot v Onchip Flash. Emiong PAémovpe tovg d1d4popovg
a1oONTPEC KoL TNV TNy EVEPYELXL TOV UTOPEL va €lval Ol pmatopieg 1 oKOUO KOl M
nMoxn evépyelo. Metd pmopovpe vo dovue to Radio mov ypnowomoteitanr yuo v
acOppatn emkowvovio kot t€hog v e&mtepikn pvnun Flash mwov pmopel va evaobei pe

10 MCU péow tov SPI Bus.

[ Tovg 6KOTOVG OVTNG NG SMAMUATIKNAG HOG EVOOPEPOLY OVO KOUUATIOL OTd TNV
apyrrektovikn. I[Ipdto n Onchip Flash cvvnfwg elvar tomov NOR aArd mpocpépet
pikpotepeg yopntikodtteg ko 1 External Flash mov cuviBwg eivar thmov NAND mov

TPOGPEPEL LEYAADTEPES Y WP TIKOTNTEG.
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Ewdva 2 Apyrtektovikn evog WSD
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Ewodva 3 Acvppato Alktvo AtoOntmpav (WSN)



Ta WSNs (Ewova 3) pmopodv va ypnoiponombovv 6e moAvdplOpes poproyEG mov
Kopoivovtor petald TOAAGDV amd Tov mEPPaAlovIikd €leyyo (OmwG UHETPNOELg
atpocPalpkng mieong kot  Oepuoxpaciog PA. Ewdva 4) [6,3] péypt kot celopikd 1
dopkd €reyyo PA. Ewdva 5 [7] xaboc emiong kot otov €Aeyyo KOTAGKELNG OTNV

Brounyavia [5,2].

Ewova 4 Great Duck Island — Maine (®@gppokpacio, Yypacio)

Ewova 5 'Eleyyog d6vnong kot petotdmions g ooung e yeevpag Golden Gate — SF

ZuvNOmg aVTEG Ol EPOPUOYES KATAYPAPOLY GUVEYXMG TIG HETPNOELS Kot Tig dtafifalovv
ouveY®G o€ €va, oTaBO Paong 0mov ekel ta dedopéva emeepydlovtotl Kot TaipvovTot ot
avéloyeg omopdoelg kol amoteAécpato  (Synchronous Data). Evtovtoig oe
HOKPOYPOVIEC EQPAPUOYEC OCLYVE TPOTYEITOL Vo amoONKELOVTAL TOMKA Kot Vo
Swpipalovtar povo otav {ntmbodv amd 1o ypnotn (Asynchronous Data). Ot dVo avtég
npooeyyioels paivovtal oty Ewova 6. Avtd givar diaitepa kodd a@od 1 acHpUAT)

emKowvovia etvar evepyelokd moAd mo axkpipn amd povtiveg amobrkevong [8] won



eneEepyaoiag [2]. Zvykekpiuéva xet amoderybel O6TL M KATOVOA®ON EVEPYEWNS Yol
dwPifaon 1 bit dedopévav ypnoyonoidvag tov acnmpa MICA esivon mepimov ion

pe v extéreon 1000 evtoadv KME [8].

Micro Sensor Node

Current
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Routing Liata l'
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Logged E Mo aag T g Data
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Data
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Ewova 6 Synchronous Vs. Asynchronous Data

Av Ko amofnkevovTag ToL 000UEVH TOTIKA Eivar 1010{TEPOL EVEPYETIKO, O TPOTOC UE TOV
omoio &yovpe mpdoPacm oTa dESOUEVE ONAAOT Ol SOUES dEdOUEVMV KOl Ol aAydpifpot
Yo T 0moOKELGN KOl OVAKTNGT TOV OEO0UEVOV Elval MioNG TOAD OMUAVTIKO. Zvyvd
0l YpNoTEC TOMOOETOVV EMEPMOTNCELS Ol OTOIEG 1) EMIO0OT EKTEAEONC TOVG emMnpedleTon
amd Tov TpOmo oL  givol opyavopéve TomiKA. Idtaitepa o1 QAPUOYEG TOV EKTEAOVV
EMEPMOTNOELS dlaotnuatog (range queries), m.y. “Bpeg tovg ypdvovg Omov 1
Beppokpacio frov peta&d 60°C kot 70°C”, umopodv Tpayuatikd va o@eAnfovy ord
mv vmopEn  taSvopnpévov dedopéveyv. EmmAéov vmdpyovv mepmTdcES OmOv Ol
TEXVIKEG €VOOOIKTLOKMV cvvabpoicewv (in-network aggrecation/fusion) amattovv amd
ToUG Oldpopovg acOnmpeg yivovror JOIN kdtw omd pio GUYKEKPUEVN 1O10TNTO.
Tétoteg JOIN dwadikaocieg ektehovvtal ypnyopdtepa OTav vIdpyovy ta dedopéva givat

tavounpéva.

H ta&wounon ce WSDs pmopel va ektelectel pe dvo tpodmove:
1. Online: Ta dedopéva tagvopodvior cvvexds kobmg maipvovtor ot VEeg

UETPNOELG O TOVG oGO T pES.



2. Offline: Ta dedopéva amobnkevovtal oy flash kot ta&vopovvral Teploducd

KOTOTLY QUTNGEWG,.

H epdon mov eyelpetarl eivor moo amd T1g 600 TEYVIKEG Ba oG TPOCPEPEL TV
KaAOtepn enidoon ota WSDs. ' va amavticovpe avty v epdtnon Bo Tpénel Tpdta
VO €PEVVICOVUE KOl VO KOTOAGPBOVE Ta dtaitepa yopaktnplotikd piog pvnung flash

oL ypnoonoteitor ota. WSDs.

1.2 Xapoaxtnprotika pvijung Tomov Flash

H Flash memory avikel ot Katnyopio twv electrically erasable programmable read-
only memory yvoot| oc EEPROM. Eivor poviun pvaun (datnpet to dedopéva Kot
YOPIG NAEKTPIKO PELLLA), Y10l VTO YPNOCLUOTOLEITOL Yo o KeLoN OpYElV Kol GAAWDV
dedopévev oe otabuovg epyaciog, eEuaNPETTOV KOONDC KOl VTOAOYIOTEG YEWPOG,

KIVNTAOV TNAEPOVOV, 01oONTNpE KAT.

H ovunepipopd tov flash memory otig kOpieg Aettovpyieg read/write/erase eivon pilikd
OLOPOPETIKEG A0 QVTEG TOV EEPOLUE OTO. AAAG HECO HOVIUNG amofnKeELoNG 0TS TO
KUPLOTEPO, O payvnTikol okAnpoti dickol. Mo amd TIg ONUAVTIKOTEPES d1aPopEG Elvar
01t 10 kaBe memory cell oe pa flash memory €yel mepropiopuévo apOud eyypaong ,
peta&y 10.000 wor 1.000.000, 115 omoieg av Eemepdoel T0Te POeipovTon Kal yivovtal
ava&lomota (Wear).

Yrdpyovv 600 kotnyopieg flash memory, ot Nor kot ot Nand, mov drapépovv apketd
peta&y tovg. Kot otic 600 katnyopieg, ov Asttovpyieg write umopovv va kabopicovv
(clear) bits dnAaon va aAAGEEL N TN Tovg amd 1 og 0. O pudvog Tpdmog va KAVELS set Ta
bits (aAALa&er Ty Toug amd 0 o 1) givor va dtaypayelg (erase) ol OAOKAN PN TEPLOYN
mov ovopdleton erase unit. 'Eva erase unit éyxer otabepd péyebog cuvnbwg amd pepid

puéxpt ekatovtadeg KB.

Ot Nor flash, mov eivor o mwoAdg TOTOG, gival o Tuyoio TPOSTEAAGIUN GUGKEVT] TTOV

elvar mpoosPdoun amevbeiog and tov emeEepyactn. Kdébe bit umopei aveEdptmra va
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kabapiotel (1 o 0) o eopd o kKGbe KOKAO dlaypaene Tov erase unit 6To 0moio

avikel. Ot pVApES aVTEC VTTOPEPOVY amd PEYAAOVS xpdvoLs dtaypapng [3].

Ot Nand flash, o vedtepoc TOmOC, £X0VV TOAD YPNYOPOTEPOLS YPOVOLS dLYPOUPNC, ALK
dev etvan amevbeiag TposPacipot and tov eneEepyaotn (vdpyet controller o omoiog €xet
mpocPaon kot d€xetan evrorés). To daPacpa yivetan og pages kot Oyt o€ bit 1 byte. Ta
erase units mov avdeepa mo mave yopilovtor oe pages (cuvnbwg 512B). ‘Eva page
umopel va tpomomonOei LOvo av dlaypa@el To OAOKANPO TO erase unit 6To 0moio aviKEL.
"Etot tav 0éAovpe va Tpomomotcovpe £vo. sector cuveyms Bo TPEMEL Vo avTIYpAYOLLE
OAa To. GAAOL pages oL OVIKOLV GE oTO TO erase unit, va dtaypdyovpe OAo ToO erase
unit, Kot okoAoVOw¢ va ypdwyovue Eavd OA0 erase unit pe avovem®UEVO TO page mov
Bélovpe. O1 Nand flash yopiCoviar oe 2 xatnyopiec v Single-Level Cell (SLC) ko
v Multi-Level Cell (MLC).

Ot SLC amobnkedovv éva bit og kaOe cell oe avtiBeon pe 1ig¢ MLC mov amobnkevovv
nepLocdTEPO TOL €VOG bit oe KAOe cell ypnoipomoidvTog SPOPETIKNY EVTOCT PEVUATOG
m.y. ot 2-bit MLC ypnoipomolovv 4 S10popetikés evidoels pedprotoc. A0y Tov 0Tt ot
MLC mpoc@épovy peyaddtepn yopnTIKOTNTO 68 AYOTEPO KOGTOG, YPNOLOTOIOVVTOL
TOPO T EVPEMG Kot VIoAoyileTtan OTL Bo AVTIKOTAGTNGEL G€ TOAAEG GUOKEVLEC TO

oKANPO dioKo.

Block

= |—* Page
-
oy
"
','F
=
PRl
.
r" .
L L CCCEEEETEEH 3. Corruption
.-“-.
Ry €= =** 1. Write operation
r.b
-
<) 2. Power
ol failure

«----»  Paired page

Ewova 7

Ot MLC amd v dAAN £x0VV Kot KATo1o LOVAOTKE YOpUKTNPIGTIKA EKTOC Atd QLTA TOV
eldape péypt topa. (2-4KB) xor 0yt sector. Emiong ta To ehdyioto puéyebog eyypaong

elval to page pages TPEMEL vaL YPAPTOVV G€ dladoyIkn oelpd pésa oe €va block (erase
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unit) SnAadN HETA TNV €YYPAPT TOVL 106TOL page, To j(0<j<i) page dev pmopel va ypaptel

péxpt va dtaypapei kot Tl oAokAnpo to block. Emiong av dwakonel to peduo katd

dugpkele evOg write o€ éva page 10T Umopel Vo EMNPEAGTOVV Kot GAAES GEAIdES amd TO

i01o0 block (paired page problem) (Ewova 7). Avtd yiveton ywoti to bits mwov

amoOnkevovtar o€ éva cell dev givar Tov 1610V page adAd Srapopetikdv page. Ot ceAideg

mov popdlovrat Ta idwa cell ovopdlovran paired pages [9].

AOY® QVTOV TOV WO10UTEPOTHTMV, O TEXVIKES Y10 TNV AmoONKELGN TOV £Y0VV GYEONOTEL

Y1o. GAAOVG TOTTOVG UVIUNG, OTIMG Ol LOyVNTIKOL 81oK01, dev glval TAVTA KATAAANAES Y10

flash. 'Etot amd 11g apyég tov 1990 émov gppaviotnkov evpémg ot pvnueg flash éyovv

avantoyfel teyvikés ovykekppuéva yu flash. Kdmoteg amd avtég éxovv avamrvydel

ovykekppéva yuo flash, eved moAAEG amd aVTEC ival TPOGUPUOYES TV TEXVIKOV Y10

GALOVG TOTTOVG VNG

[Tivakag 1 Evoektikol mapdpetpor enidoong yio NAND-based flash memory

ypnoporowwvtog 3.3V voltage, 512B Page size kot 16KB Block size

NAND-based flash memory installed on a WSD
Page Read Page Write Block Erase
1.17mA 37mA 57mA
Time 6.25ms 6.25ms 2.26ms
Energy | 24pJ 7630 4251
Page Erase — Write Flash Idle Flash Sleep
43mA 0.068mA 0.031mA
Time 6.75ms N/A N/A
Energy | 957uJ 220ul/sec 100pJ/sec

1.3 Online VS Offline Sorting

Thpa mov €yovpe det Ta WHTEPA YOPAKTNPIOTIKA Kot TEPLopiopons e pviung Flash

Bo amavticovpe ol amd TG 000 Tpoceyyicelg elval KaAVTEPN LE TN EKTEAECT] KATOLOG

TPOKATOPKTIKNG OVAALONG.

12



Mew record [

Step 1. Find position k lk

Step 2. Read block records and erase

Step 3. Write records in sorted order

Step 4. Repeat Steps 1-3 with the excess record

Block 1 Block 2 Block B

Ewoéva 8 TTapaderypa Online Sorting

Topa Ba eEetdoovpe to mopdderypo oty Ewova 8. To mapddetypo mopovctdlel pio
pviun flash mov amotekeiton and B Blocks 10 xk00é éva and avtd meptrapupaver 4 P=4
Pages. X¢e o ypovikn otiyun » n flash mepihappdver N otoryeio og ta&vounuévn celpd.
Av vrmoBéocovpe OtL ™ Ypovikny otiyun r+1 éva véo otoyeio £pyetan Kol TPEMEL Vo
amofnkevtel kot avtd Kot va mapopeivel n tasvopnuévn oepd. To mpdto Prina elvan
va Bpebet n Béon k oto omoio mpémet va sloayBel T0 vEo ototyeio. Avtd yperdleton k
reads. Otav Bpebet 10 £, T0 block 10 omoio meprhapfavel 1o k dwapaletor (P reads) ko
yivetan erased AOyw tov Erase-Constraint ovtmg ®ote va yiver update. Av 1o block
neplhappdvel meplocodTEPO omd €va Aol pages TOTE TO oTOlXEl0 €1GAyETOL KO
akoloV0wg Eavaypapetar To Block. Avtifeta av 1o block dev €xel ddeia pages 10T 1
ddkacio cvveyiletan oto emdpevo block pe to emmAéov page péypt va Ppedel kdmoto
block mov drabétel kdmolo page Gdelo. Avti 1 TEXVIKN €lval eEopeTikd emiKivovuvn yla
v flash a@ov amoteleitor amd mhpa mToAAEG TpdEelg writes/erases To, OmoOio LELDOVOVY
NV amddoot Kot T dbpkela LonNg ™G LvRung. Xt rpaypatikotnto Oa dsiéom avtd 1o
eminedo {nuidg ypnoomowdvtog po ogpd benchmarks wov 6o mopovclacTovy 610

kepaiaro [epapatikn AEoldoynon.

Amd v @AM, to offline sorting amattel povo 6Tt ta dedopéva givar Ta&vounuévo Lovo
otav {nteital. Avto givar yevikd KaAOTEPO G€ TEPUTOGEIS Omov Ypapovtag otn flash
glvalr onuaviikd axplpotepo and v avdyvoon Omwg oty pvhiun flash. Emiong

yivovtol mo Alya erases mov onpiovpyovv 1o mpdfAnua g avaélomotiag (wear). O

13



alyopOpog FSort mov mpoteivovpe elval oyedaoéVOC MOTE VO ETEKTEIVEL TIC POCIKES
apyés tov offline sorting yio vo avénoet meplocdTEPO NG amdOS0GN TOL UE TNV
elaylotomoinon twv writes/erases. AVTO TAPEYEL OMOSOTIKY TPOGPacn oto. oToLyEin
mov amodnkevovtar ot flash xkabmdg emiong kol v pokpolwio TG LE TO VO KATAVELEL
OLLOLOHOPPO. TO. Write/erases o€ OA T pages MOTE 1 SBEGIUN YOPNTIKOTNTO VO UnV

pelmvetal og oplopéveg meployég g flash.

14
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Topa Oa eetdoovpe 4 Tpoceyyioelg yia Pacelc dedopévov o flash memory, to Flash
Translation Layer, to Log-Structured Approach, 1o In-Page Logging Approach (IPL)
kot téhog to AceDB Flashlight. @a eEetdoovpe mwg 60VAEHOVV GE YEVIKES YPOLLLES

KaBmG Kot oL VoTEPOHV N KAOE LuaL.

2.1 Block-Mapping Techniques (Flash Translation Layer - FTL)

Mo pocéyyion va ypnowonombel n pviun flash sivon va v yepilopaote cov pa
ovokevn pe blocks otabepov peyébovg mov pmopoHv vo defactodv Kot vo ypapTouV
Omwg axpPmg Ta sectors og Eva okANPO dioko. AVTO EMTPEMEL VAL YPNCUYLOTOUCOVLE TN
pviun flash pe to oM vapyovra file systems. ‘Etor o kddwkog tov file system kaAel
puebodovg otov driver g ovokevng (ntdvtag Aettovpyieg read/write. To driver g
flash memory &ivot vrevBuvo yia To0 TG Ba yivouv awTéc o1 Asttovpyieg.

Opowc, to mwg Ba yivouv avtd ta read/write dev givar 1660 amAd 660 og €va GKANPO
dloko ooV eumePLEYEL TOVG TEPLOPICUOVS OV gidape To Tave. Tlpénet va mpocsé&ovpe
va unv vrapyovv blocks otn flash mov va dtaypapovv moAd mepiocdTEPES POPES QO
dAha. Emiong to dAlo elval yio va ypdyovpe kdtt ot flash mpéner exel va eivon 1on
Sypappévo kot dtoypa@n yivetor pdvo og erase unit kot Oyl o€ eminedo bytes. Eivan
Qoavepd Oumg 0Tl av Avcovpe 10 mpmto (Wear-leveling) o Avbel avtdpota Kot to

devTEPO.

H Boown 10éa wicw amd Oiec T1g wear-leveling teyvikég eivor to block number mov
&éper 1o file system (virtual block number) va kéver map ot @uown dievboven ot
flash (sector). Avto Aéyete virtual-block-to-sector map. Otav éva virtual block 6a
Eavaypaptel, Ta véa dedopéva Ogv Ba YpapTovV 6ToV 1510 YMOPOo TOL NTAV TO TAALA ALY
oe éva MOM dwypoppévo sector kot Ba avovewbei to virtual-block-to-sector map.
Zuvnbmg ta sectors gival vodlaipeon tov erase unit Kot £xovv uéyeboc pog oerMoags.
Avt N Tervikn mpoomobel vo AVvoel o OVO TPOPANUATO TOL OVAPEPL OTNV
TPONYOVUEVN TOPAYPUPO KOOMDS Kot Vo TPOPEPEL ATOUIKOTNTO 6T Writes. AV T0 pedua

amoKoTEL KATA TNV OBPKELD TNG EKTEAEOTG TOV Write TOTE gV YAVOVUE JESOUEVO Kot
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UmopovpEe vo eTavEABOVLE GTNV KOTAGTOOT TOL MUOCTAY ooV dgv dayplyoaue To

oAb dedopéva, [10].

2.2 Log-Structured Approach

Mo 6AAN Ttpocéyyion sivar va €xovpe mpdcPaon amevbeiag otn flash ywpig ™ ypnon
Kémowov emmAéov emmédov omw¢ to FTL. H Aoywm oe avt)y  teyvikny givon va
yep1lopaote oAOKANPN T Pdon dedopévov cav Eva peydro log. Otav yivel avavéwmon
KAmoov avtikeévou Ttote glodyovpe o gyypaon log yopic va aridEovpe Tto
avtikeipevo. 'Etol ol gyypagég yivoviar cvveydueveg mhvto oto téhog g BA. Zta
fetikd avtg TG MPocEyyong sivar OTL TPOCEEPEL KOAN AmOOOCN OTIS EYYPOUPES
(writing). Opmg v vo Bpodue v Tun evog aviikelnévov Bo mpémet va dtofdoovpe
moALG log pages. Emiong ovte avty n mpocéyyion Aaupdvel vwoyn mme kabdAov 10

paired-page problem [11].

2.3 In-Page Logging Approach (IPL)

e autn TV TPocéyyion, Ta log records mov oyetiCovton pe avtikeipeva mov Ppickovial
oe «Kamowo block amoOnkevovtar oto 00 avtd block. ‘Etor  pmopodue va
avaO UIOLPYNoOLE amodoTikd éva database page pe 1o va dafacovpe LOvo Tao pages
oto 10w block. Xe éva block kabopiCovpe omd mpwv méco Kou moww pages Oa
YPTOCLOTOIOVE Y10 OVTIKEILEVO KOl TOGH Kot Tole pages Bo ypnoipomombovv yio
logging. Avtd PeAtuidvel ) amddoon 610 writing a@od €lodyovpe Kot TaA poévo log
eyypapés avti vo ordalovpe to  database pages. To ot to log files eivon
OlOCKOPTIGUEVO OTN VAU Ogv pog emnpedlel a@old umopodue OTMG EIMOUE Kol O
mhveo Oev  éyovpe emmAéov kOcTOG oto read AOYy® pETOKIVIONG  KIVOOUEVOV
eEapmmuatov ot flash kot 6da ta pages Swafdlovion pe to 1010 Ypovikd kd6cTog (251S)

oOmov ko av Ppiockovrot.
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Opowc to 6t ta log pages ivan mpokabopiopéva oe kdbe block, av yepicovv 16te Ot
npénet va Ppebel véo block ddelo oto omoio Oa mave kdmola database pages kot OAo Ta.
log records mov a@opovv avtd ta avtikeipeva. Emiong énwg kot mo mpwv, otigc MLC
flash to ddewo pages Bo TeEAEIOOOLV 7O YPIYOPQA OPOV TO EAAYIGTO HEYEDOC EYYPAPNS
elvar to page. Téhog ovte v 1 TPoc€yyion Aapufdvel veoyn to paired-page problem

[12].

2.4 AceDB Flashlight

To AceDB Flashlight yia va eoieiyet ta mo ndve tpofAnuota dev Bo ¥pncionomoet
KaB6Aov log records mov gival cuYVES LKPES EYYPAPES 0pOV TO Va Ypdyovuue pkpd log
dev €yel doupopd e to va ypdyovue oAokANpo page ot flash. ‘Etot avti va ypaeet log
Ba ypdoel To avaveouévo page oAdkAnpo av yperaletal. Emiong petatpénetl ta toyaio
Aoywkd write amd éva transaction o€ PLGIKA cuveyoueva writes o€ kdmowo block. Télog
Aappdéver véym tov 10 page paired problem Kot €161 TPOGPEPEL AEIOMOTION GTOL

dedopéva o€ TEPIMTMON OMOKOTNG TOL NAEKTPIKOL PEVUATOG.

Xpnowonotei logical-to-physical map kot 6tav yivet pa aAhoyr] 6€ KATO0 AVTIKEILEVO
0€ KGO0 page autd TO page YPAQeTe o€ £va AdE0 YDPo Kot aAAdlel KatdAinio To
logical-to-physical page map otnv RAM. Avtog o unyavicpdc Ovpiler shadow
mapping. 'Etot dev €yovpe logging aALd LTOPOVUE VO KAVOVLE KAVOVIKA reCovery apov

T TOALG Oedopéva OV GfnvovTat.

Eniong, oe avtifeon pe dheg Tig TEYVIKEG TOL AVAPEPO TO TAV®, OTOV YpeLaleTal va
yiver allocate éva doeio block Aappdveror vdyn AapPdvetor vedyn to transaction 1o
omoio 0éAel vo kdvel to write Kou OAo to. vwoOAowma write Bo yivouv amd TO id10
transaction 610 1610 block, 6nwg deiyver n Ewkdva 9 yo ta 3 transaction txnl, txn2, txn3.
"Etotl Mvetan 1o pair-page problem yiati av éyovpe andielo peOIOTOC 68 KATO0 Write
avtd emnpedlel povo pages yw To 1010 transaction. 'Etol to transaction ovtd Oa yivel
abort ko apa dev pog voldlel mov to dedopéva kel dev givan reliable. Emiong Adyw tov
OTL Tavta Yivoviol cuveyoueva writes YOVHE TOAD KOAY amdd06N G€ AVTd TOV TOUEN

onw¢ oto log-structured approach.
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2.5 Micro-Hash: An efficient index structure for flash-based sensor devices

Avtd mov mpoomabei vo Avbel pe to microhash eivon vo peumoel T dtoypapéG mov
kootilovv otig puvnueg flash. Emiong va mpoceéper ypryopeg avalnthioelg 1060
100TNTOG Y. oV amodnkevovue HETPNOELS BepUOKPACIiag GE KATOLOVG XPOVOVGS, V.
Bpiockovpe og moovug ypovoug 1 Beppokpacio ntav 30C (value-based equality queries),
0G0 KOl VO TAPOLVUE TIC LETPNOELG GE £VAL YPOVIKO EVPOC T.). VO TAPOVE TIG LETPTGELS
mov mnpape and to 10:00 péypr tig 10:30 (time-based range and equality queries).
Emiong Aebnkov vrdéyn ot @uowkoi meplopicpoi mov €yovv ot flash dnwg avtég
e€nynoa 6to TPOA0YO LoV, INAadT] Stopolpdlel TIC YYPAPEG GE OAN TN UVIUN OOTE Vo
amo@Vyel to wearing o€ KAmolec ceAideg mov TLYOV Ypaeovtolr o ovyvd (Wear-
Leveling), Ehayiotomoiel 11g Olaypoapés GeAldmv a@ov Yyl va yivouv Tpémel vo
dlypapovv Oleg ov celideg oto erase block mov avt) oavrker (Block-Erase) ko
ehayotomolel 10 péyebog g wuvpiowg pvaung RAM mov yperdlovior yioa dopég

dedopévev yla to indexing.

Mnopet vo. ypnowwonombei oe sensor networks kor yevikd o6mov 0éhovue va
amofnkevovpe dedopéva, cuVNOMS oTadePOV LEYEBOLG OVEL TAKTA YPOVIKA Ol0GTH 0T,

KOl VoL LITOPOVE VaL KAVOLLLE queries oTa 0gdopéva avtd [8].

2.6 External Sorting

H ta&wounon eivor éva and to Bepeiiddn mpoPAnpato e TANPOPOPIKNG Kot €xel
peretn el extevag amd v epeuvntikn kowotnta. H e€wtepikn tagvounon mpokvntel
otav 10 péyebog tov dedopévav mov Ba tastvounBovv eivar peyaAvTEPOG OO TNV
dwbéoun Kopla pviun tov cuatNUatog. Ot Bactkég apyés TG eEmTEPIKNG TASVOUNONG
&xovv avoivbei Aemtopepdc oto [13] ypnoiponowdvrag tapes cov amodnKevTIiKO PEGO.

Ao tOTE, £)YEL YIVEL TOAAN EPELVNTIKN GOVAELL Y10 TNV EVGOUATOON Kol PEATimon Twv
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alyopifumv eEmtepucng ta&vopnong (I/0O Operations, amoitnoelg LWNUNG KAT) GTOVG
oKANpovg dioKoug.

Ot mopadoctokol adydpBpol eEmtepikng TaEvouNons amoteAovvTol cLvB®G amd 6V0
Qaoec:

1. Eocwtepwn Ta&ivounon: Ze avtn ) @don 1o apyeio €166d0v peyébovg S pages
gloépyetar ot Kopio Mviun katd xoppdtio t€towa mov va yopovv ot KM,
taSvopovvioar kKot ypagovionw micw otn flash (Pass 0). Ot mpokdmTovoeg
taSvounpéveg oelideg ovopdlovion runs. MOMG teAeldoel | pdon avty apyilet
n 0gvTepn @don g EEmtepikng Zvyydvevong.

2. E&otepwkn Xvyydvevon: Ag vrtobéocovpe 6t £xovpe dabéoiun KM peyébovg M
Pages, otn ¢@don avt) ypnowomnolel £va page amd avtd Yo 6KOmovg output
buffer ka1 t1¢ vroOrowmeg M-1 ywn input buffers. e kébe népacpa M-I runs

GLYY®VEDOVTOL KOl TOPAYOVTOL LEYOADTEPQ rUns.

[34][62][9.4][87] Inputfie

Pass 0 — [ B — J—
[34](26]|[49][7.8] 1-pageruns
23 4T 2-page runs
4.6 8,9
Pass 2 &Y i
[23]
g; 4_page runs
8,9

Ewova 10 Mapdostypo EEwtepikng Ta&ivoumong pe M=3 (2 input ko 1 output page
buffers)

Mo oAb mpdoatn epyacio EpELVA TO TOL €peLVA TN eEMTEPIKN TAEVOUNGT GE
Kvntég ovokevé, ovopdletoan FAST, €xel donpoocievbetl mpoceata oto [14]. O FAST
HELDVEL TOV aplOUd TV writes ypnoiorolmvtog cwpd peyédovg M-1 pages otn KM ko
éva page yia €i0000/€€000. To apyelo €16600V aviyveEDETOL CUVEXDS TPOKEUEVOD VL
Swmpnbovv to pkpdTEPO KAEWLE 6T0 GmOPI. XPNOUOTOIDOVTINS OLTOV TOV TPOTO, O
FAST amoAeiper v avaykn yoo v QAo NG SLYYMOVELONS 0OV TaPAYETAL VO KO
povo run o€ €vol pass. Avti 1 TpocEyyion avEavel TNV YEVIKT amOd00T Kol LEIDVEL TO

TPOPANUa TG avaSlomotiog aAld ypeldleTor TOAD TEPICCOTEPEG AVIXVEVCELS TOL
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apyeiov e166dov. EmmAéov or cuvtdkteg vmobétovv 6tL vdpyet apkety flash yuo va

Yopécel 1o apyeio eE6S0v.
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Kepdraro 3

Movtého LuoTipRaTog

[Tivakag 2 Opiopol Zopforwv

2opuporo | Opiopodg

N Xopnrikotnro Flash
M Xopnrikdtro KM (pages)
B ITAn00g Blocks

. Block pe deiktn i: 1<i<<B

P ApBudg tov Pages oe éva Block

7
P Page e deixtn 1 oto block j

Y& autd 10 KePoiaio Bo Tvmomomaoovpe T Pacikéc opoAoyieg pag kol vmobéoelc. Ta
Kopl ovpPora kot ot avtictolyolr optopoi Tovg cvvoyiloviar oto Ilivaxoag 2. Ta
ocvvtopia Ba avapepopacte ot pviun NAND-based Flash Memory cav Flash. Ztn

Ewova 11 BAémovpe po amhoikn avarnapdotaon g Flash. H Flash mepiéyer B Blocks

(by, b,,..bg) xon k6Oe €vo meprrapBaver P pages. Kabopilovue p;f ooV TO page e
ogiktn i I=i<P mov avnkel oto block j : /<j<B. Emiong vmobétovpe 611 0 WSD

ownBéter KM peyéboug M pages.
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P-Buffers

Block 1 —J- i —————————l | Data Page
Block2 | Lo Empty Page
Buffer Read
J Directicn
IPL record
- write direction
Bleck B
Page Index 4 2 e P

Ewova 11 Movtélo Zuotiuatog

e avt) ™ Atopukn AmAiopotikn Epyoacio vioBetodpot pio tpomomonpévn £k6oon g
IPL mpocéyyiong Omov o1 vEeg €yypapeés TOL TPOKVTTOLV Omd TIG GULVEYOUEVES
enepwtnoelg dwtnpovvror oe €vo buffer. MoAc to buffer yepicer tote yphpetan
ddoykd oto téhog ¢ Flash my. oto emduevo dwwbécipo kevd Page. Apydtepa Oa
TOPOVCIACOLLE Yot Eva TETo10 oevaptlo etvar evepyetikd. H Ewova 11 mapovsialel

KatevBvvon twv IPL writes.

Onwc meprypagetor vopitepa oto Kepdiowo 1.3, o adydpiBuog FSort amoteleiton and
000 QAcelg, TV €0MTEPIKY TaSvOunon kot v eEmtepikn ovyywvevorn. Kotd
SLIpKELL TNG PAONG €6MTEPIKNG TaASvOUNong onpovpyovvtar P buffers kot yiveton
pocPaon toug kdbeta Ommg deiyvel N Ewkdva 11 pe ta kabeta daxekoppéva BEAN. Ta

oAoKANpoUEVE TUNS TAVTO YpapovTon 6To TEAOC TG pvnung flash.
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Kepararo 4

O AlyoprOpoc FSort
4.1 Ddon Ecodteptk)C TOEWOLNONC oo oo, 24
4.2 Do EEQTEPIKNC ZUYYDVEVOTIC ..o eeieieieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 27

Xe outd T0 KePdAao Ba meprypayovpe tov dkd pog adydpiduo pe é6vopo FSort. O
FSort amoteleitor amd 6Ho paoels:

1. ®don Ecwtepikne Ta&vounong

2. ®aon E€mtepikng Zuyydvevong

4.1 ®aon Ecotepucric Talivopnong

Avt 1 edon mapdyel TaSvopnuéves akolovdieg oe avEovoa oepd (sorted runs) mov
YPNOOTO0VVTOL oav €l6000¢ otn dgvtepn @domn. Ta dedouéva SwPdlovior kot
petapépovior oty KM pe kataxopoven cepd kot to sorted runs ypdpovtor 610 TEAOG

g Flash. O Akydp1Buog yio avt ) @don givat:
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Algorithm 1 : FlashSort - Phase A

Input: [} unsorted data pages, Awailable Flash Memory M,
EBuf:M-1 input buffers, min:1 output buffer
Output: [ sorted data pages

1: procedure GENERATE_INITIAI_RUNS(S')

2: Allocate( Buf( P)): ;’ /Allocate P page buffers for input

3: C'n:runtEmpt}- =0; //Allocate P page buffers for input

4: //Initiate the P-buffers

o fori=1thFclc:-

6: set Bufj =p%;

[ end for

B while true do

9: //find the page with the smallest key (min) and its
index in Buf

10: set (min, BIH-:EE.I'J = SelectionTree{ Bu f);

11: Output({men); //write sorted output to flash

12: //tind the next page that t,he Bufgin, must retrieve

13: set PIndexr = Bufffndﬂ = header(pos) + +;

14: if (IsEmpty (pEInderj then / [check if empty page

15: set Bufpindex = Pgﬂﬂﬁs

16: else

17: set CountEmpty + +;

18: end if

19: if (CountEmpty == FP) then

20: Break;

21: end if

22: end while

23: end procedure

H Paocwn 10éa wicw and avtd 1o Pruo eivor vo petwdel o apBpdc twv passes mov Oa
ypeotel n devtepn @don tov aAyoplBpov dote vo pelwbel kat’ eméktacn TG0 1
evépyelo mov Ba koatavarlmBel yio v dwdwkasio g tagivounong 66o kot o xpovog
mov Oa ypelaotel va yiver n tagwvounon. H peiwon g evépyeog Ba yiver apod Ha
pelwBodv ta reads ko writes. Avtd givatl oAV onpavtikod agov Ba yivel n ypnom tov og
WSDs nov 6mwg €xm avapépel o mive £xel TEPLOPIGUEVO, amoBENATO EVEPYELOS TOV

emmpedlel 1o ypdvo mov Eva WSD eivan {ovtavo.
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Mo va peiwbovv ta passes 0o mpémel va peiwbet o apBudg tov sorted runs wov Oa
onuovpynbovv. H Pacikn dtapopd avthg tg @dong 6€ oy€omn Ue TNV TPAOTN PACT] TOL
KAaoowov external merge sort gival 0Tt Tapdyel 660 T dVvATO PEYaAVTEPQ sorted runs
petapintd oe péyeboc. Avtd ompiovpyel Mydtepa oe aplBud sorted runs amd TOV
Bacwkd adyopiBpo. Me tov TpOTo TOL VAOTOEITAL 1) ACT] QLT TOTE 0 HEYIOTOG oplOUdS

Total Data Pages

sorted runs mov Ba dnpiovpynbovV ivan [ W nov giva o 1010 apBpog

Buf fers Pages in RAM

e To runs mov wapdyet o external merge sort.

Ag vmoBécovpe 0Tt Egovpe D ataSivounta pages kot owabéoiun Kopio Myvnun peyébovug
M pages. Ta M-1 buffers 6o ypnoipomromBovv yw input ko €va ywo output. O
alyopOpog Eekvd pe v apywonoinon tov buffers pe ta mpota M-1 pages amd
flash kot apywkonoinon pe 0 tov petpnt CountEmpty mov Ba ypnoyoromdei yio va
teppatioet ™ dadkacio dOnpovpyiag evog sorted run av 0ev pmopet v LeYOA®oEL GALO
glte AOYm O0TL OAa. Ta. pages ypnoipomodnkay gite AOym 0Tl dev VILAPYEL kKdmolo record
o KM mov vo umopet va ypnowomombel dote va unv yoAdost 1 adéovso celpd.
AxoAoVBmg 0 ahyoplBpog cuveXDS eMALYEL GUVEYELD TO TILO PIKPO KAEWT (1 peyolvtepo
avéloya av 0éhovue @Bivovoa ta&vounon) cvumeptiapfavopévov tov buffer index,
Blndex, omAadn o deikng tov buffer mov €xer 1o pkpoOTEPO KAEWI. AKoAoVOM®G
ypdoetor oto output buffer. H e0peon tov pikpdtepov Khedov pmopel va yivel
QTOOOTIKA OV PN CLULOTOMGOLLE Eva selection tree. AkoAoVOmG TPETEL VoL EPOVLE GTO
Bufgmgex ™V emopevn katdAAnin ceiida oniadr M-1 ocelideg petd v televtaio
ceMoa mov dlaPacape Yoo To ocvykekpipuévo buffer. To tehevtaio page mov dafdacape
amodnkevetar oto header tov Bufgpgex 0T0 medio lastPageRead. Av 1o gmduevo key
elvar pikpotepo amd ovtd mov UOAG oteilape oto output N 1 EnOUEVN GEMOA deV
avikel ota opywd dedopéva tote avéavoope to CountEmpty xatd éva. Moig to
CountEmpty yivel ico pe M-1 t6te 10 sorted run olokAnpdOnke. AkorovBw¢ Bétovpe

Ko TaAL ™ T 0 oto CountEmpty ko Egkivd To véo run.
H o¢don oavt] olokAnpovetor Otav OAheg ov oeAideg amd t0 apyeio €10660vV

enefepyactovy. MOMG teleidoel avt) M @Aacn akohlovBel 1 devtepn @don NG

eEMTEPIKNG GLVYY®VEVONG e 0000 Ta sorted runs amd TN TPOTN PACN.
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4.2 ®aon EEoTtepucng Xvyy®vevong

Kotd ™ dudpkeln ovtng e edong, ta tasvounuéva runs wov €xovv mapoaydel ot
@don 1, ocvyyovevovtal pEypl vo petvel éva Kol HOVO run mov Eival Kol To TEMKO

QTOTELECLLAL.

>mv Ewova 12 [15] éva moapddetypo eEmtepikng ovyydvevons. O alydpiBuoc mov
yiveton Onwg meprypapeton oto [15] eivat:
1. Load the available sorted runs R1 and R2 into main memory buffers B1 and B2
a page-at-a-time (i.e., initially first page from each run)
e Obviously R1>=B1 and R2>=B2 (a Run might be larger than a Buffer)
e The rest pages will be loaded to main memory during subsequent steps.
2. Initialize indices 1, j to the head of each list (i.e., i==0)
3. Compare B1[i] with B2[j] and move smallest item to OUTPUT buffer.
e If Bl[i] was smallest item then i++ else j++ (see right figure)
e [f OUTPUT gets full, it is appended to the end of a file on DISK and
cleared in RAM.
4. Repeat the above until either index i or j reaches the end of its buffer.
e Ifireached the end of B1 then load next available page from run R1, else
load next available page from run R2 into B2. If neither option applies

append remaining records to OUTPUT and finish.

= —— ‘7‘3‘9‘15‘3o|m| ‘3‘5‘15‘
| I
OUTFUT B1 R m
i i
min{B1[i].B2
= r< [3 )
Dick Main memory buffers Disk OUTPUT | 3 | 5 | 7 | B ‘ }

Ewéva 12 ®don EEmtepikn Zvyydvevong
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Ke@araro 5

Hewpopatikny ASoldoynon

5.1 FIash EMUIALOT. .. ..uvviiiiiiiiiieeeiieee ettt e e et tee e e e e e s eeaaas 28
5.2 DALASEES....eeuiieiietieteete ettt sttt nees 30
5.3 Iewopatikd Amoteléouoro Online vs. Offline Sorting on flash.................... 31
54 Iewopatik MEtpnon Emiooonc Tov FSOrt ...ooovveivveieiiieiieeeeeeeeee 34

Xe auT0 T0 KEPAAMO Oo TOPOLGLAC® OVOALTIKA TIG TEPOUATIKES GLYKPIGES TOL

alyopiOuov FSort.

5.1 Flash Emulator

‘Exo viomomoet éva Flash Emulator o omoiog mpocopoidvel pio peoAoTikng Hviun
flash. Eivon ypappévoc ot yikooca C. O flash emulator pmopel va pog dmoet
peTpnoelg 0mmg aplfuog reads, writes, erase ava page kabmg ko erases ova blocks. Me
OVTEG TIC LETPNOELS KO GE GLVOLOGUO €val Tivaka Omwg m.y. o Iivakag 1, pmopovue va

ThPOVUE TN KATOVOA®OON eVEPYEWNS KOOMS Kot TOo ¥pdvo mov avordbnke oe /0O g

pvnung flash.

Ot Baoikég ocvvapthoelg Tov mpocpépet to flash emulator giva:

bool flash create(Flash Memory* newFlashMem,
char* filename,
uintlé t B,
uintl6é t PPB,
uintl6 t BPP);
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H ocuvvapmon avt onuovpyei pia véa swovikn flash pe B Blocks, PPB pages avd
block kot BPP Bytes avé page. H flash amofOnkevetar 6to dicko 610 apyeio pe tov
ovopo filename kot 1o newFlashMem eivon deiktmg ot véa ewovikn flash mov

onovpynonke.
Emotpéper TRUE av n dnpiovpyia €yve pe emtoyia.

bool flash open(Flash Memory* fm,char* filename);
Avotyer po ewcovikn| flash mov Bpioketar oto apyeio filename kon to fm eivor deikTng
otV ewovikn flash.

Emotpéper TRUE av to apyeio filename vdpyet ko mepiéyet pia eikovikn| flash.

bool flash import (Flash Memory fm,

uint32 t offset,

char *sourceFilename) ;
Amobnkedel ta mepieyopeva tov apyeiov sourceFilename otn ewoviky pviun fm. To
TpdTO byte mov Oa ypaptel eivar oto byte pe deiktn offset.

Emotpéper TRUE av petapopd tov apyeiov £yve pe emrvyia.

bool flash export (Flash Memory fm,

uint32 t offset,

uint32 t length,

char* targetFilename) ;
E&dyel ta length bytes Eexvavtag amd to byte offset mov £xet ) ewkovikn flash fm ko
T amobnkevel oto apyeio targetFilename.

Emotpéper TRUE av 1 e€aywyn tov dedopévav £ytve pe emttuyio.

bool flash close(Flash Memory fm);
AoV amobnkevtel n Katdotaon g ewovikng flash fm oto dioko tote Kheivovpe v
ewovikn flash kot amwodecpevovtat ot TOPOL TOL YPNGYLOTOLEL.

Emotpéper TRUE av 10 KAgioyo €yve pe emrvyia

bool flash flush(Flash Memory fm);

Amofnkedel v Koatdotaon g ewovikng flash fm oto dioko.
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Emotpépel TRUE av n amoBnkevon €yve pe emtouyio.

bool flash readPage (void* buffer,

uint32 t pagelndex,

Flash Memory fm);
AwBdaletor To page pe deiktn pagelndex amd v ewovikn flash fm ko amoOnkeveTon
oto buffer.

Emiotpéper TRUE av n avéyvoon tov page £yive pe emtvyio.

bool flash writePage(void* buffer,

uint32 t pagelndex,

Flash Memory fm);
[paoet Ta mepreydpeva tov buffer mov éxovv péyebog 660 to péyebog evdg page, oto
page ue deiktn pagelndex otn ewcovikn| flash fm.

Emotpéper TRUE av n eyypaen| tov page £yve pe emroyia.

bool flash eraseBlock(uint32 t blockIndex,
Flash Memory fm);
Awypaoet Ta meplexopeva tov block pe deiktn blockIndex ot eucovikn flash fm.

Emotpéper TRUE av n dwaypagn tov block éywve pe emtroyio.

bool flash erasePage (uint32 t pagelndex,
Flash Memory fm);
Awypdipet Ta mepteyopeva Tov page pe osiktn Pagelndex ot ewcovikn flash fm.

Emotpépet TRUE av 1 dtoypagr| tov page £ytve pe emtuyioL.

H vlomoinon g BipAodnkng Bpioketon oto [Mapdptnua A.

5.2 Datasets

Yto mepdpato mov Ba akoAovOncovy ypnoonoinca va mpayuatikd dataset mov Exet
cvAdegytel amd 58 awcOnmpeg otig eykatactdoelg ¢ Intel Research oto Berkeley
petalh 28 dgfpovdprov kar 5 Ampidiov 2004. Or asbntipeg mov ¥pnoLonoOnKay

Ntav e£omAMouévol pe Kapikd sensor boards kol cuvéreEav mAnpo@opiec tomoloyiog
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kabBhg emiong xor TWES vypoaoiag, Oepupoxpaciog, eOTOC kot thong kabe 31

devtepodenta. To dataset mepthapfavet 2.3 ekatoppdpla €yyPOQES.

5.3 llewpapotikd Aroteréopata Online vs. Offline Sorting on flash

2NV TPOTN TEPAUATIKY] CEPA EYOVUE KAVEL VO TTEIPAO DOTE VO OTTOVTI|COVUE GTO
EPMOTNUO TO0L Elva 1 KAADTEPT TEXVIKN VO akoAovOcovpe Yo Tov adydpidpo mov Ha
nmpoteivovpe. YAOTOMGOUE U0 ATAOVGTEVUEVT €KO00T TOV adyopiBuov Insertion Sort
Kot TV mapadootakn €kdoon tov External Merge Sort yio va petpriicovpe ™ Online
Sorting ko Offline Sorting mpocéyyion avtictouya. Xt mepintmon tov InsertionSort 1
TaEvounon yvotTov HE TO TOL €PYOTOV U0 EYYPAPN EVM OTNV TEPIMTOGCN TOL

MergeSort £ytve agod NpOav OAEC 01 £YYPUPES Kot amodnKevTNKOLVY.

Awcape oto simulator 1000 gyypapég amd to dataset mov meprypdopete oto 5.2 o¢ pia
ewovikn flash peyéBouvg 512KB pe po eyypagn ové page yio AOYoug amAOTnTog Kot
taSvopnocape to 0edopéva pe Bdon v T tov eotds. To simulator pog €édwoe to
noca reads, writes Kot erases £Yvay Kot TIG LETACYNHATICOUE GE KATOVOAWDGCT EVEPYELNG
Kot xpévov. To simulator étpele yia 2 €idn flash: o) NAND-based Flash b)NOR-based
Flash.

Ta amoteléopota 1060 Yo NOR-based flash 660 kot yio NAND-based flash @aivovrot
oto [livaxag 3. Onwg PAémovpe  wpocéyyion tov Offline sorting vrepvikd KaTd TOAD
v Offline kot oe 6o katavarlmong evépyelag kat oe BEpa ypdvov, Kot 6Tovg VO
tomovg flash. Xvykexpyuévo Tapatnpovpe pio LEIMON KOTOVAA®GT EVEPYELNG TEPITOL
v tééemv peyébovg otn NAND-Based kot 600 tdéemv peyéBovg otn NOR-Based
Flash. Eniong o InsertionSort kéver moAld erases kot pdAiota ota 10w blocks mov
umopet va kévouv ta block avtd va yivouv ava&idmiota. O merge sort kdvel ToAD To
Mya erases Kot paAlota o OAa ta otabéoua blocks mov vapyovv (wear leveling). O
InsertionSort €yer évo mieovéxktnuo o€ oyéon pe tov Merge Sort. Aev yperaleton

emmAéov yopo ot flash yuo va yivel n ta&vounon 6rmg tov merge sort wov yperaleton
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vo umapyel obéoiun xopnTikOTTa 66N 1 YOPNTIKOTNTO TOV £Y0VV T dedopéva

£16000V.

[Tivaxag 3 Enidoon Online vs. Offline Sorting

Evépyera (mJ) Read | Write Erase
Dt Bt S| 1| 507 1o
o tu |ttt S {59 | 1021 |77
Xpovog (s)

Dt [t S 247 205

Mo kGt @oaivovior ot YPoEIKEG TAPOCTAGELS YL TNV KOTOVOAMOY EVEPYEWG KOl

xpovov 1660 6 NAND Flash 660 kot e NOR Flash. Ot a&oveg Y elvan AoyapiBuikol

pe Béon to 10 dote va paiveror E0KOAX 1 O1POpA TAENG LETAED TV dVO aAyopiBumy.

{mlJ)

KatavaAwon Evépyeirag NAND-Flash

10000000

1000000

100000

10000 -

1000 -

100 -

Read

Write

Erase

M Insertion Sort

M Merge Sort
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KatavaAwon Evépyetag NOR-Flash

1000000

100000

10000

1000 M Insertion Sort

{mlJ)

100 | M Merge Sort

10

1 _
Read Write Erase

KatavaAwon Xpovou NAND-Flash

100000
10000 -
1000 -
= M Insertion Sort
100 ~ H Merge Sort
10 -
1 |

Read Write Erase
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KatavaAwon Xpovou NOR-Flash

10000
1000 -
= 100 ~ H Insertion Sort
M Merge Sort
10
1 A

Read Write Erase

5.4 Ilewpapotikn Métpnon Eridoong tov FSort

g ot TN TEWPAPATIKN 6€1pd Ba cuyKpive v eridoon tov adydpipov N-Way Megre
Sort pe tov FSort. "Eym vAomomoet tovg dvo avtodg akyoptBpovg oe yAwooa C vmd
popen simulation. H ovykpion g emidoong Oa yiver pe Pdon v kotovoimon
gvépyelog kot xpovov oe 1/0 kan to wear leveling.

Amocape oto simulator 32768 eyypoeég and 1o dataset mov meprypdopeton oto 5.2. Ot
EYYPAPES ElGAyovVTaY 0TO cuoTnua pa-pa kibe 30ms. Kdabe 30.72s dniaon kabe 1024
eyypooéc ywotav tawvounon tov oedopévev.  To mepdpoata Eywvoav yuoo 3
yopaxtnpotikd: 1) g, 2)Ospuokpacio kot 3) Yypacio, ypnoLOTOUOVTIOS 2 TOTOVG
ewovikng flash: 1) NAND-Based kot 2) NOR-Based. I'a ti¢ avdykeg tov simulation
vroBéoape 0Tt ot RAM vrdpyovv dwbéoyeg 9 page buffers mov ypnoipomombnkay
Kot 6Tovg 0vo alyopBpovg wg e€ng: 8 page buffers ywo eicodo katr 1 page buffer yia
£€000.

[T kdtow B0 TAPOLVGLAGOVHE OVOAVTIKG TO ATOTEAECUATO OV THPAUE To. simulation
oV £€ytvav Yo 10 yopaktplotikd “@w¢”. O Ilivakag 4 dgiyvel TIg PeETPNOELS OV
TNPOLE YL TNV KATOVAA®ON evépyelag kol xpodvov oe flash tomov NAND. Onwg

PAémovue o OAeg Tic petpnoelg o FSort €xel mo yapnAn katavaiwon evépyelag. ITo
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ovykekpipéva PAEmovpe uéypt ta 4096 records va Exovpe e€otkovounon mepinov 24%
kot petd mepimov 41%. O Ilivakag 5 delyvel Tov GLVOAKS ¥POVO TOV GTATUANONKE GE
/O and tovg dvo arydpBuovs. To mocootd eEotcovounong Kot €00 givat avdioya pe
mv eEoovounon evépyelng mov elyape mo mhveo. To evBappuvtikd kot pe ta dVo
amoteAéopato givatl OTL To TOGOGTA ££0IKOVOUNONG EVEPYELNS KOl YPOVOL avEAvovTal

oTad0KE 0G0 peyadmdvovpe Ta dedopéva E16050V.

O Ilivokag 5 moapovotdlel To omOTEAEGUOTO E€KTEAEONG TOL 1010V Gevapiov OAAG
ypnoonowwvtag flash thmov NOR. Kot £dd PAEmovpe Ta 10100 amoTeAéopaTO OTTMG KO
o Tave. Avtd eivar ToAd KaAd yati vrdpyovv apketd WSDs mov dwobétovv flash

tomov NOR 6mwg m.y. n owkoyéverar WSDs MICA.

O FSort givor mo amodotikdg and tov External Merge Sort oe 0épata evépyelag kot
xpévov. Emiong amd ta mepdupato eidape O6tL yivovtar mo Alyo erases kol Gpa
enektetveTan n ddpketa Cong g uvnung flash apov ta blocks yivovtat ava&idmota mo

apya o oxéon e tov External Merge Sort.

[Tivaxog 4 Anotedéopata yio NAND-Based Flash

Power 1K 2K 4K SK 16K 32K
Merge Sort 3441 6882 13765 34412 68823 | 137646
FSort 2581 5162 10323 20647 41294 82588
Time

Merge Sort 52 105 209 524 1047 2094
FSort 39 79 157 314 628 1257
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Kat. Evépyeilag - NAND - Light
160000
140000 >
120000 /
100000 /
€ 80000 A
- 60000 / =——Merge Sort
40000 // —B—FSort
20000
0
1024 2048 4096 8192 16384 32768
Data Pages
Koat. Xpovou - NAND - Light
2500
2000 ﬁ
1500
- 1000 /./) —Merge Sort
500 —l—FSort
0
1024 2048 4096 8192 16384 32768
Data Pages
[Tivaxkag 5 Anoteréopota yio NOR-Based Flash
Power 1K 2K 4K 8K 16K 32K
Merge Sort 4018 8036 16073 | 40182 | 80364 | 160727
Fsort 3014 6027 12055 | 24109 | 48218 | 96436
Time
Merge Sort 53 106 213 532 1065 2130
FSort 40 80 160 319 639 1278
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{mlJ)

Kart. Evépyelag - NOR - Light

130000

160000 ’—

140000 /

120000 /

100000 |
80000 // —4—Merge Sort
60000 g
40000 == Fsort
20000

0

1024 2048 4096 8192 16384 32768

Data Pages

{s)

Koat. Xpovou - NOR - Light

2500
2000 /’
1500
/ =——Merge Sort
1000 // —@—FSort
0

1024 2048 4096 8192 16384 32768
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Kepalraro 6

Eriloyog
0.1  ZUUTTEDUGILOTO eeeeeeeeeeeeirreeeeeeeeeeeeirrerereeeeeeeeaesssreseeaeeeeaaassssseseeeeseesasrrseseseeeannnns 38
6.2 MEMOVIIKEC EDYOGTES ..ooiiioeiieiiiiiee ettt 39

6.1 Xvprepaocporta

Y& TOAEC TEPMTMOELG LITAPYEL I avaAykn To dedopéva o WSD va eivan taivopnuéva
Yo va yivovtol 7o amodoTikd kAmoleg Aettovpyiec Omwg my. ot mpaelg JOIN,
enepoTuato 16otTag (equality queries) Kot emepoTipOTe Sl0TNHOTOG (range
queries). Xe avt) v AAE ocvykpivope 000 mpooeyyioelg yo taStvounon. Avtr tov
Online Sorting ko1 Offline Sorting. Onwg amodeifope kol Oewpntikd oAAG Ko
nepapatikd to Offline Sorting elvor katd moAd katoAAnAdtepo yio WSD pe pviun

flash.

Ye ovmv v AAE, emiong mpoteivope éva  omodotikd oaAyopiBuo eEmtepikng
ta&vounong yw pvqun tomov Flash, tov FSort. O FSort, Aapupdvoviag vmoyn tovug
nepoptopos e uvnung Flash  kabmg kot toug mepropiopovc twv WSDs, Bektidvet
NV enidoon and TALLPAS EEOIKOVOUNGONG EVEPYELNG, LEIMOTNG TOL XPOVOL EKTEAECT|G KOl
anokpiong. Emiong, mapateiver v didpketag {ong g pvnung flash.

Ta mepdpota wov kdvope £oeiEav 6Tt 0 aAyoplBpog peldvel Tov aplBud tov read,

writes Kot erases og oxéon pe tov External Merge Sort mov ypnoipomomOnke g faon

GUYKPLONG.
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6.2 Melhovtikég Epyacieg

210 HEAAOV Y10 VO YOVUE TO OAOKANP®UEVT avdAvoT TV alyopiBuwv Bo mtpénet va
VTOAOYIGOVUE KOl TO KOGTOG EVEPYELNG KOl XPOVOL TNG EMEEEPYNTING TOV AAYOPIOU®V.
Emiong 0o mpémetl va yivelr ovykpion Tov kot pe GAAOLG aAyOPIOLOVS €KTOG AO TOV

External Merge Sort.

Olo To EPAUOTA TOV EYVAY HEYPL TOPO EYIVAV KOTO OO TOV TPOCOUOLMTH NG
pvnung Flash. Oa ftav cwotd va yivouv kot TEPAPOTE 68 TPAYUOTIKEG GLUVONKES Le
npaypotikég pvnueg Flash oote va €yovpe mo axpifn anotedéopata. Téhog Oa mpémet
va oe€ayBovv mepdpota kot pe dAlovg tomovg flash d6nwe T SSDs.

Emiong éyovpe oyedidoel va PBeltiwcovue tov adyopiBuo FSort pe indexes ywn vo
&yovpe mo amodotikn tpdsPacr ota dedopéva. Avto dev Eyve GTa TAAIGLO VTS TNG

AAE Loym Eddenyng xpOvov aALA elval TPOYPOUUOTIGUEVO VA YIVEL GTO AUECO PEALOV.
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Hopaptnpo A

#include <stdio.h>
#include <stdlib.h>

typedef unsigned char uint8_t;
typedef char int8_t;

typedef unsigned short uintlé_t;
typedef short intlé_t;

typedef unsigned int uint32_t;
typedef int int32_t;

typedef enum{FALSE=0, TRUE=1} bool;

typedef struct
{

void* Data;
FILE* FilePtr;

uintl6_t Blocks;

uintl6_t PagePerBlock;

uintl6_t BytesPerPage;
}Flash Memory;

bool flash create(Flash Memory* newFlashMem,char* filename,uintl6_t Blocks,uintl6_t
PagePerBlock,uintl6_t BytesPerPage) ;

bool flash open (Flash Memory* FlashMem,char* filename);

bool flash close(Flash Memory flashMemory) ;

bool flash flush(Flash Memory FlashMem) ;

bool flash read(void* buffer,uint32_t len,uint32_t offset,Flash Memory FlashMem);
bool flash readPage (void* buffer,uint32_t pagelndex, Flash Memory FlashMem) ;

bool flash write(void* buffer,uint32_t len,uint32_t offset, Flash Memory FlashMem) ;
bool flash writePage (void* buffer,uint32_t pagelndex, Flash Memory FlashMem) ;

bool flash erase (uint32_t offset,uint32_t len,Flash Memory FlashMem) ;
bool flash eraseBlock (uint32_t blockIndex, Flash Memory FlashMem) ;
bool flash erasePage (uint32_t pagelndex, Flash Memory FlashMem) ;

bool flash import (Flash Memory FlashMem,uint32_t offset,char *sourceFilename);

bool flash export (Flash Memory FlashMem,uint32_t offset,uint32_t len,char*
targetFilename) ;

bool flash exportApp (Flash Memory FlashMem,uint32_t offset,uint32_t len,char*
targetFilename) ;



#include "flash emulator.h"

bool flash create(Flash Memory* newFlashMem,char* filename,uintl6é_t Blocks,uintl6_t

PagePerBlock,uintl6é_t BytesPerPage)

{
newFlashMem->Blocks=Blocks;
newFlashMem->PagePerBlock=PagePerBlock;
newFlashMem->BytesPerPage=BytesPerPage;

if (! (newFlashMem->Data=malloc (Blocks*PagePerBlock*BytesPerPage))) return FALSE;

if (! (newFlashMem->FilePtr=fopen (filename, "w+b")))
{

free (newFlashMem->Data) ;

return FALSE;

fwrite(&Blocks,sizeof(uint16_t),l,newFlashMem—>FilePtr);
fwrite(&PagePerBlock,sizeof(uint16_t),l,newFlashMem—>FilePtr);
fwrite (¢éBytesPerPage, sizeof (uintl6_t), 1, newFlashMem->FilePtr) ;
return TRUE;

bool flash open (Flash Memory* FlashMem,char* filename)
{
if (! (FlashMem->FilePtr=fopen (filename,"r+b"))) return FALSE;
fread (& (FlashMem->Blocks), sizeof (uintl6_t), 1, FlashMem->FilePtr) ;
fread (& (FlashMem->PagePerBlock) , sizeof (uintl6_t), 1, FlashMem->FilePtr);
fread (& (FlashMem->BytesPerPage) , sizeof (uintl6_t), 1, FlashMem->FilePtr);
if (! (FlashMem->Data=malloc (FlashMem->Blocks*FlashMem->PagePerBlock*FlashMem—
>BytesPerPage) ) )
{
fclose (FlashMem->FilePtr) ;
return FALSE;
}
fread (FlashMem->Data, FlashMem->Blocks*FlashMem->PagePerBlock*FlashMem-
>BytesPerPage, 1, FlashMem->FilePtr) ;
return TRUE;
}

bool flash flush(Flash Memory FlashMem)
{
if (!FlashMem.FilePtr) return FALSE;
fseek (FlashMem.FilePtr, 3*sizeof (uint32_t), SEEK_SET) ;

fwrite (FlashMem.Data,FlashMem.Blocks*FlashMem.PagePerBlock*FlashMem.BytesPerPage, 1, Flash

Mem.FilePtr) ;
return TRUE;

}

A-2



bool flash close(Flash Memory FlashMem)
{
if (! (flash flush(FlashMem))) return FALSE;
fclose (FlashMem.FilePtr) ;
free (FlashMem.Data) ;
return TRUE;

bool flash readPage (void* buffer,uint32_t pagelndex, Flash Memory FlashMem)
{

return (flash read (buffer,FlashMem.BytesPerPage, pageIndex*FlashMem.BytesPerPage, FlashMem)
)i

}

bool flash writePage (void* buffer,uint32_t pagelndex, Flash Memory FlashMem)
{

return (flash write (buffer,FlashMem.BytesPerPage, pagelndex*FlashMem.BytesPerPage, FlashMem
))

}

bool flash eraseBlock (uint32_t blockIndex, Flash Memory FlashMem)
{
uint32_t BytesPerBlock=FlashMem.PagePerBlock*FlashMem.BytesPerPage;

return (flash erase(blockIndex*BytesPerBlock,BytesPerBlock,FlashMem)) ;

bool flash erasePage (uint32_t pagelndex, Flash Memory FlashMem)
{

return (flash erase(pagelIndex*FlashMem.BytesPerPage,FlashMem.BytesPerPage, FlashMem) ) ;
}

bool flash import (Flash Memory FlashMem,uint32_t offset,char *sourceFilename)
{

FILE* inp fp=fopen (sourceFilename,"rb") ;

uint32_t size;

uint32 t flashSize=FlashMem.Blocks*FlashMem.PagePerBlock*FlashMem.BytesPerPage;
if (!inp fp) return FALSE;

fseek (inp fp, 0, SEEK END) ;

size=ftell (inp fp);

fseek (inp fp, 0, SEEK SET);
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if (flashSize-offset<=size) return FALSE;
fread (FlashMem.Datatoffset,size,1,inp fp);
return TRUE;

bool flash export (Flash Memory FlashMem,uint32_t offset,uint32_t len,char*
targetFilename)
{

FILE* outp fp=fopen (targetFilename, "wb");

if (loutp fp) return FALSE;

fwrite (FlashMem.Data+toffset,len,1,outp fp);

fclose (outp fp);

return TRUE;

bool flash exportApp (Flash Memory FlashMem,uint32_t offset,uint32_t len,char*
targetFilename)
{

FILE* outp fp=fopen (targetFilename, "r+b");

if (l!outp fp) return FALSE;

fseek (outp fp, 0, SEEK _END) ;

fwrite (FlashMem.Data+toffset,len,1,outp fp);

fclose (outp fp);

return TRUE;

bool flash read(void* buffer,uint32_t len,uint32_t offset,Flash Memory FlashMem)

{
uint32_t flashSize=FlashMem.Blocks*FlashMem.PagePerBlock*FlashMem.BytesPerPage;
uint32 t length=offset+len>=flashSize?flashSize-offset:len;

if (offset>=FlashMem.Blocks*FlashMem.PagePerBlock*FlashMem.BytesPerPage) return
FALSE;

memcpy (buffer, FlashMem.Datatoffset, length) ;

return TRUE;
}

bool flash write(void* buffer,uint32_t len,uint32_t offset,Flash Memory FlashMem)

{
uint32_t flashSize=FlashMem.Blocks*FlashMem.PagePerBlock*FlashMem.BytesPerPage;
uint32_t length-offset+len>=flashSize?flashSize-offset:len;

if (offset>=flashSize) return FALSE;
memcpy (FlashMem.Datatoffset,buffer, length) ;
return TRUE;

}

bool flash erase (uint32_t offset,uint32_t len, Flash Memory FlashMem)
{
uint32_t flashSize=FlashMem.Blocks*FlashMem.PagePerBlock*FlashMem.BytesPerPage;
uint32 t length=offset+len>=flashSize?flashSize-offset:len;
if (offset>=flashSize) return FALSE;
memset (FlashMem.Datatoffset, 0, length) ;
return TRUE;
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#include <stdio.h>
#include <stdlib.h>

typedef struct
{
unsigned short ts;
short val;
}RECORD;

uintl6é_t RecordsPerPage;

uint32 t getFileSize (char* filename)
{
FILE *temp;
uint32_t size;
if (! (temp=fopen (filename,"rb")))
fseek (temp, 0, SEEK END) ;
size=ftell (temp) ;
fclose (temp) ;
return size;

return 0;
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#include "../flash emulator.c"
#include "../ExternalSort.h"

uint32_t inpStartingPage=0;

uint32 t totalRECORDS;
uint32 t TotalPages;
uint32_t Pages;

Flash Memory fm;

RECORD* RamBuffer;

uintl6_t* ReadPageCounter;

uintl6_t* WritePageCounter;
uintl6_t* ErasePageCounter;
uintl6é_t* EraseBlockCounter;

double ReadPowerCons;
double WritePowerCons;
double ErasePagePowerCons;
double EraseBlockPowerCons;

double ReadTimeCons;
double WriteTimeCons;
double ErasePageTimeCons;
double EraseBlockTimeCons;

bool pageErasePolicy=TRUE;

void readPage (RECORD* bfr,uint32 t pagelndex,Flash Memory fm)
{

ReadPageCounter [pageIndex] ++;

flash readPage (bfr,pageIndex, fm);
}

void writePage (RECORD* bfr,uint32_t pagelndex,Flash Memory fm)
{

WritePageCounter [pageIndex]++;

flash writePage (bfr,pagelndex, fm);
}

void eraseBlock (uint32_t blockIndex,Flash Memory fm)
{

EraseBlockCounter [blockIndex]++;

flash eraseBlock (blockIndex, fm);
}

void erasePage (uint32_t pagelndex,Flash Memory fm)

{
ErasePageCounter [pagelndex]++;
flash erasePage (pageIndex, fm) ;
}
void updatePage (RECORD* bfr,uint32 t pagelndex,Flash Memory fm)
{
uint32_t i;
int currentBlock=pageIndex/fm.PagePerBlock;

if (pageErasePolicy)
{

erasePage (pagelndex, fm) ;

writePage (bfr,pagelndex, fm) ;
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}

else

for (i=currentBlock*fm.PagePerBlock;i< (currentBlock+1l)*fm.PagePerBlock;i++)
if (i!=pagelndex)
readPage (&RamBuffer[i-currentBlock*fm.PagePerBlock], i, fm) ;

RamBuffer [pageIndex%fm.PagePerBlock]=*bfr;
eraseBlock (currentBlock, fm) ;
for (i=currentBlock*fm.PagePerBlock;i< (currentBlock+1l)*fm.PagePerBlock;i++)

writePage (¢RamBuffer[i-currentBlock*fm.PagePerBlock], i, fm);

}

void calculateResults ()

{

int i;

int totalReads=0,totalWrites=0,totalErases=0,totalBlock=0;
double totalPower=0,totalTime=0;

char dump[64];

char resultFilename[64];

FILE* out fp;

FILE* cfg fp=fopen ("configuration.txt","r");
fscanf (cfg fp,"%s $1f",dump, dReadPowerCons) ;
fscanf (cfg fp,"%s $1f",dump, &WritePowerCons) ;
fscanf (cfg fp,"%s $1f",dump, éErasePagePowerCons) ;
fscanf (cfg fp,"%s $1f",dump, &EraseBlockPowerCons) ;
fscanf (cfg fp,"%s %1f",dump, &ReadTimeCons) ;
fscanf (cfg_fp,"%s %1f",dump, &WriteTimeCons) ;
fscanf (cfg fp,"%s $1f",dump, &éErasePageTimeCons) ;
fscanf (cfg fp,"%s $1f",dump, &éEraseBlockTimeCons) ;
fscanf (cfg fp,"%s %s",dump, resultFilename) ;

out fp=fopen (resultFilename,"w");
fprintf (out fp,"");

fprintf (out fp, "Page");

for (i=0;i<Pages;i++)
{
totalReads+=ReadPageCounter[i];
totalWrites+=WritePageCounter[i];
totalErases+t=ErasePageCounter[i];
if (i<fm.Blocks)
{
totalBlock+=EraseBlockCounter[i];

fprintf (out fp, "%$d%d%d%d%d", i, ReadPageCounter[i],WritePageCounter[i], ErasePageCounter 1]
,EraseBlockCounter[i]) ;

}
else

}
fprintf (out fp,"------——--"---—----—— ")

fprintf (out fp,"-----------------—— ")
fprintf (out fp, "Power Analysis");

fprintf (out fp, "Read:%1f", totalReads*ReadPowerCons) ;
fprintf (out fp,"Write:%1f", totalWrites*WritePowerCons) ;

if (pageErasePolicy) fprintf (out fp,"Erase

(
(
fprintf (out fp,"-----—-------------— ")
(
(
(

Page:%$1f", totalErases*ErasePagePowerCons) ;

else fprintf (out fp,"Erase Block:%1f",totalBlock*EraseBlockPowerCons) ;

totalPower=totalReads*ReadPowerCons+totalWrites*WritePowerCons+totalErases*ErasePagePowe
rCons+totalBlock*EraseBlockPowerCons;

fprintf (out fp,"TOTAL:%1f",totalPower);

fprintf (out fp,"-----—------------—— ")

fprintf (out fp, "Time Analysis");

fprintf (out fp, "Read:%1f", totalReads*ReadTimeCons) ;

fprintf (out fp,"Write:%1f", totalWrites*WriteTimeCons) ;

if (pageErasePolicy) fprintf (out fp,"Erase Page:%1f",totalErases*ErasePageTimeCons) ;
else fprintf (out fp,"Erase Block:%1f",totalBlock*EraseBlockTimeCons) ;
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totalTime=totalReads*ReadTimeCons+totalWrites*WriteTimeCons+totalErases*ErasePageTimeCon
st+ttotalBlock*EraseBlockTimeCons;

fprintf (out fp, "TOTAL:%1f", totalTime);
}

int main ()
{
uint32 t i,3j;
RECORD index;
RECORD temp;
flash create (&fm, "AT45DB041B.efm",16896,8,4);
flash import (fm, inpStartingPage*fm.BytesPerPage, "input.txt");
RamBuffer=(RECORD *)malloc (fm.PagePerBlock*fm.BytesPerPage) ;

RecordsPerPage=fm.BytesPerPage/sizeof (RECORD) ;
totalRECORDS=getFileSize ("input.txt") /sizeof (RECORD) ;
TotalPages=totalRECORDS/RecordsPerPage;

Pages=fm.Blocks*fm.PagePerBlock;

ReadPageCounter=(uintlé_t*)malloc (Pages*sizeof (uintlé_t))
WritePageCounter=(uintl6_t*)malloc (Pages*sizeof (uintl6_t)
ErasePageCounter=(uintlé_t*)malloc (Pages*sizeof (uintl6é_t)
EraseBlockCounter=(uintlé_t*)malloc (fm.Blocks*sizeof (uint

)
) ;
16_t));

for (i=0;i<Pages;i++)
{
ReadPageCounter[i]
WritePageCounter[i
[

O .
ErasePageCounter [i

0;
0

for (i=0;i<fm.Blocks;i++) EraseBlockCounter[i]=0;
for (i=1;i<totalRECORDS;i++)

readPage (&index, i, fm) ;
readPage (&temp,i-1, fm) ;
j =i
while ((j > 0) && (temp.val > index.val))
{
updatePage (&temp, j, fm) ;
j=3 -1
readPage (&temp, -1, fm) ;
}
updatePage (&index, j, fm) ;
}

flash export (fm,inpStartingPage*fm.BytesPerPage, totalRECORDS*sizeof (RECORD), "out");
flash close(fm);

calculateResults () ;
system ("pause") ;
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#include <math.h>
#include "../flash emulator.c
#include "../ExternalSort.h"

"

uint32_t inpStartingPage=0;
uint32_t outpStartingPage;

uint32_t totalRECORDS;
uintl6_t RecordsPerPage;
uint32_t Pages;

uintl6é_t TotalPages;
uintl6_t RecordsInLastPage;

Flash Memory fm;
char* configFile="configuration.txt";

uint8_t BufferPages=9;
uint8_t NWay=8;
RECORD* ramBuffer;
RECORD** ReadBuffer;
RECORD* WriteBuffer;

RECORD **RBPtr;

uintl6_t *RBCount;
uintl6_t *RBLastPageReaded;
uintl6_t WBCount;

uintl6_t* ReadPageCounter;

uintl6é_t* WritePageCounter;
uintl6_t* ErasePageCounter;
uintl6é_t* EraseBlockCounter;

double ReadPowerCons;
double WritePowerCons;
double ErasePagePowerCons;
double EraseBlockPowerCons;

double ReadTimeCons;
double WriteTimeCons;
double ErasePageTimeCons;
double EraseBlockTimeCons;

bool pageErasePolicy=FALSE;

void shellsort (RECORD a[],uint32_t n)
{
int32_t j,i,m;
RECORD mid;
for (m = n/2;m>0;m/=2)
{
for (j = m;j< n;j++)
{
for (i=j-m;i>=0;i-=m)

{

if (a[i+m].val>=a[i].val)

break;
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ali+m] = mid;

}

unsigned char notNull (RECORD* al[])

{
unsigned short i;
for (i=0;i<NWay;i++) if (a[i] !=NULL) return 1;
return 0;

}

unsigned short min (RECORD* RBPtr[]
{
unsigned short ret=0;
unsigned short min;

while (RBPtr[ret]==NULL) ret++;
min=ret;

ret++;

while (ret<NWay)

{
if (RBPtr[ret] !=NULL && RBPtr[ret]->val<RBPtr [min]->val) min=ret;

ret++;

}

return min;

}

void readPage (RECORD* buffer,uint32_t start,uint32_t pagelndex)
{

ReadPageCounter | (start+pageIndex) $Pages] ++;

flash readPage (buffer, (start+pagelndex) %Pages, fm);

}

void readPages (RECORD* buffer,uint32 t start,uint32_t pagelndex,uint8_ t count)
{
int i;
for (i=0;i<count;i++) readPage (&¢buffer[i*RecordsPerPage],start,pagelndex+i) ;

}

void writePage (RECORD* buffer,uint32_t start,uint32_t pagelndex)
{
if (pageErasePolicy)
{
ErasePageCounter|[ (start+pagelndex) $Pages]++;
flash erasePage ( (start+pagelIndex) SPages, fm) ;
}
else
{
if ((start+pageIndex)%fm.PagePerBlock==0)
{
EraseBlockCounter|[ ( (start+pageIndex) %$Pages) /fm.PagePerBlock]++;
flash_eraseBlock(((start+pageIndex)%Pages)/fm.PagePerBlock,fm);
}

}
WritePageCounter| (start+pageIndex) $Pages] ++;
flash writePage (buffer, (start+pagelndex) $Pages, fm);

}

void writePages (RECORD* buffer,uint32 t start,uint32_t pagelndex,uint8 t count)
{

int i;

for (i=0;i<count;i++) writePage (&ébuffer[i*RecordsPerPage],start,pagelndex+i) ;
}

void export (uint32_t fp,uint32_t countRECORDS,char* filename)

{
if (fp*fm.BytesPerPage+countRECORDS*sizeof (RECORD) >Pages*fm.BytesPerPage)

{

flash_export (fm, fp*fm.BytesPerPage, ( (Pages—
fp) *RecordsPerPage) *sizeof (RECORD) , filename) ;
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flash exportApp (fm, 0, ( (countRECORDS- (Pages-—

fp) *RecordsPerPage) ) *sizeof (RECORD) , filename) ;

}

}

else

{
flash export (fm, fp*fm.BytesPerPage, countRECORDS*sizeof (RECORD) , filename) ;

}

void calculateResults ()

{

int i;
int totalReads=0,totalWrites=0,totalErases=0,totalBlock=0;
double totalPower=0,totalTime=0;
char dump[64];
char resultFilename[64];
FILE* out fp;
FILE* cfg fp=fopen (configFile,"r");
fscanf (cfg fp,"%s $1f",dump, &ReadPowerCons) ;
fscanf (cfg fp,"%s $1f",dump, &WritePowerCons) ;
fscanf (cfg fp,"%s $1f",dump, éErasePagePowerCons) ;
fscanf (cfg fp,"%s $1f",dump, &EraseBlockPowerCons) ;
fscanf (cfg fp,"%s $1f",dump, &ReadTimeCons) ;
fscanf (cfg_fp,"%s %1f",dump, &WriteTimeCons) ;
fscanf (cfg fp,"%s $1f",dump, &éErasePageTimeCons) ;
fscanf (cfg fp,"%s $1f",dump, &éEraseBlockTimeCons) ;
fscanf (cfg fp,"%s %s",dump, resultFilename) ;
out fp=fopen (resultFilename,"w");
fprintf (out fp,"");
fprintf (out fp, "Page");
for (i=0;i<Pages;i++)
{
totalReads+=ReadPageCounter[i];
totalWrites+=WritePageCounter[i];
totalErases+=ErasePageCounter[i];
if (i<fm.Blocks)
{
totalBlock+=EraseBlockCounter[i];

fprintf (out fp, "%$d%d%d%d%d", i, ReadPageCounter[i],WritePageCounter[i], ErasePageCounter 1]
,EraseBlockCounter[i]) ;

}
else

fprintf (out fp, "%d%d%d%d", i, ReadPageCounter[i],WritePageCounter[i], ErasePageCounter(i]) ;

}

fprintf (out fp,"--------—- - ")
fprintf (out fp, "%d%d%d%d", totalReads, totalWrites, totalErases, totalBlock);
fprintf (out fp,"------------------— ")
fprintf (out fp,"------------------—— ")
fprintf (out fp, "Power Analysis");

(

fprintf (out fp, "Read:%1f", totalReads*ReadPowerCons) ;
fprintf (out fp,"Write:%1f", totalWrites*WritePowerCons) ;
if (pageErasePolicy) fprintf (out fp,"Erase

Page:%1f", totalErases*ErasePagePowerCons) ;

else fprintf (out fp,"Erase Block:%1f",totalBlock*EraseBlockPowerCons) ;

totalPower=totalReads*ReadPowerCons+totalWrites*WritePowerCons+totalErases*ErasePagePowe
rCons+totalBlock*EraseBlockPowerCons;

fprintf (out fp,"TOTAL:%1f",totalPower);

fprintf (out fp,"------------""-----——-— ") ;

fprintf (out fp,"Time Analysis");

fprintf (out fp, "Read:%1f",totalReads*ReadTimeCons) ;

fprintf (out fp,"Write:%1f", totalWrites*WriteTimeCons) ;

if (pageErasePolicy) fprintf (out fp,"Erase Page:%1f",totalErases*ErasePageTimeCons) ;
else fprintf (out fp,"Erase Block:%1f",totalBlock*EraseBlockTimeCons) ;

totalTime=totalReads*ReadTimeCons+totalWrites*WriteTimeCons+totalErases*ErasePageTimeCon
sttotalBlock*EraseBlockTimeCons;

}

fprintf (out fp, "TOTAL:%1f", totalTime);

int main ()

{

int 1i,7,k;
int countRECORDS=0;
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unsigned int page, sortedRuns;

flash create (&fm, "AT45DB041B.efm",16896,8,4);
flash import (fm, inpStartingPage*fm.BytesPerPage, "input.txt");

RecordsPerPage=fm.BytesPerPage/sizeof (RECORD) ;
totalRECORDS=getFileSize ("input.txt") /sizeof (RECORD) ;
TotalPages=totalRECORDS/RecordsPerPage;
RecordsInLastPage=totalRECORDS%RecordsPerPage;
Pages=fm.Blocks*fm.PagePerBlock;

if (RecordsInlastPage==0) RecordsInlastPage=RecordsPerPage;
else TotalPages++;

outpStartingPage= (inpStartingPage+TotalPages) $Pages;

ramBuffer=(RECORD*)malloc (BufferPages*RecordsPerPage*sizeof (RECORD)) ;

ReadBuffer=(RECORD**)malloc (NWay*sizeof (RECORD*) ) ;

for (i=0;i<NWay;i++) ReadBuffer[i]=&ramBuffer[i*RecordsPerPage];

WriteBuffer=&ramBuffer [i*RecordsPerPage];

RBPtr= (RECORD**)malloc (NWay*sizeof (RECORD*)) ;
RBCount=(uintl6_t*)malloc (NWay*sizeof (uintl6é_t));
RBLastPageReaded=(uintl6é_t*)malloc (NWay*sizeof (uintl6é_t));

ReadPageCounter=(uintlé_t*)malloc (Pages*sizeof (uintlé_t))
WritePageCounter=(uintl6_t*)malloc (Pages*sizeof (uintlé_t)
ErasePageCounter=(uintlé_t*)malloc (Pages*sizeof (uintlé_t)
EraseBlockCounter=(uintlé_t*)malloc (fm.Blocks*sizeof (uint

’

for (i=0;i<Pages;i++)
{
ReadPageCounter [i]
WritePageCounter[i
ErasePageCounter

——
b
RN

for (i=0;i<fm.Blocks;i++) EraseBlockCounter[i]=0;

for (page=0;page<TotalPages;paget=BufferPages)

countRECORDS=0;

for (j=0,i=page;j<BufferPagesé&&i<TotalPages; j++,1i++)
{

readPage (&ramBuffer[j*RecordsPerPage], inpStartingPage, i) ;

if (i==TotalPages-1)countRECORDS+=RecordsInlastPage;
else countRECORDS+=RecordsPerPage;

shellsort (ramBuffer, countRECORDS) ;

for (j=0,i=page;j<BufferPagesé&&i<TotalPages;j++,i++)

{

writePage (&ramBuffer[j*RecordsPerPage],outpStartingPage,i) ;

}
}

sortedRuns=BufferPages;

while (sortedRuns<TotalPages)

{

inpStartingPage=outpStartingPage;
outpStartingPage= (inpStartingPage+TotalPages) $Pages;

page=0;
while (page<TotalPages)
{

for (i=0, j=page;i<NWay&&j<TotalPages;it++, j+t=sortedRuns)

)
) i
16_t));
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for

RBPtr[i]=ReadBuffer[i];
RBLastPageReaded[1]=7;
if (TotalPages-j>sortedRuns)RBCount[i]=sortedRuns*RecordsPerPage;

else RBCount[i]=totalRECORDS- (j*RecordsPerPage) ;
readPage (ReadBuffer[i], inpStartingPage, ) ;

(;i<NWay;i++)

RBPtr[i]=NULL;
RBCount [1]=0;

WBCount=0;

while (notNull (RBPtr)==1)

{

k=min (RBPtr) ;

WriteBuffer [WBCount%RecordsPerPage]=*RBPtr[k];
RBPtr[k]++;

RBCount [k]-—;

WBCount++;

if (RBCount[k]==0) RBPtr[k]=NULL;

else if (RBPtr|[k]-ReadBuffer|[k]==RecordsPerPage)
{

RBLastPageReaded [k]++;
readPage (ReadBuffer k], inpStartingPage, RBLastPageReaded[k]) ;
RBPtr[k]=ReadBuffer[k];

}

if (WBCount%RecordsPerPage==0)
{

writePage (WriteBuffer, outpStartingPage, (page-—

1+WBCount/RecordsPerPage)) ;

}

if
{

}

}

(WBCount%RecordsPerPage!=0)

writePage (WriteBuffer, outpStartingPage, (page+WBCount/RecordsPerPage)) ;

page+=NWay*sortedRuns;

}

sortedRuns*=NWay;

export (outpStartingPage, totalRECORDS, "out") ;
calculateResults () ;

flash close(fm);

system ("pause") ;
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#include
#include
#include

uint32_t
uint32_t
uint32_t
uintl6é_t
uint32_t

uintlé_t
uintlé_t

<math.h>
"../flash emulator.c"
"../ExternalSort.h"

inpStartingPage=0;
outpStartingPage;

totalRECORDS;

RecordsPerPage;

Pages;

TotalPages;
RecordsInLastPage;

Flash Memory fm;

char* configFile="configuration.txt";

uint8_t BufferPages=9;
uint8_t NWay=8;
RECORD* ramBuffer;
RECORD** ReadBuffer;
RECORD* WriteBuffer;

RECORD **RBPtr;
uintl6_t *RBCount;
*RBLastPageReaded;
WBCount;
sortedRuns [2048];

uintlé_t
uintlé_t
uint32_t
uint32_t

uintlé_t
uintlé_t
uintlé_t
uintlé_t

sortedRunsCount=0, newSortedRunsCount;

* ReadPageCounter;

* WritePageCounter;
* ErasePageCounter;
* EraseBlockCounter;

double ReadPowerCons;
double WritePowerCons;
double ErasePagePowerCons;
double EraseBlockPowerCons;

double ReadTimeCons;
double WriteTimeCons;
double ErasePageTimeCons;
double EraseBlockTimeCons;

bool pageErasePolicy=FALSE;

void shellsort (RECORD a[],uint32_t n)

{

int32_t j,i,m;
RECORD mid;
n/2;m>0;m/=2)

for
{

(m

for
{

(J

for

{

=m;j< n;j++)

(i=3-m;1i>=0;i-=m)

if (a[i+m].val>=a[i].val)
break;

else
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}

unsigned char notNull (RECORD* al])
{

unsigned short i;
for (i=0;i<NWay;i++) if (a[i]!=NULL) return 1;
return 0;

}

unsigned short min (RECORD* RBPtr[])
{

unsigned short ret=0;

unsigned short min;

while (RBPtr[ret]==NULL) ret++;
min=ret;

ret++;

while (ret<NWay)

{
if (RBPtr[ret]!=NULL && RBPtr[ret]->val<RBPtr[min]->val) min=ret;

ret++;
}

return min;

}

void readPage (RECORD* buffer,uint32 t start,uint32_t pagelndex)
{

ReadPageCounter|[ (starttpageIndex) $Pages] ++;

flash readPage (buffer, (start+pagelndex) %Pages, fm);

}

void readPages (RECORD* buffer,uint32_t start,uint32_t pagelndex,uint8_t count)
{
int i;
for (i=0;i<count;i++) readPage (&¢buffer[i*RecordsPerPage],start,pagelndex+i) ;

}

void writePage (RECORD* buffer,uint32 t start,uint32_t pagelndex)
{
if (pageErasePolicy)
{
ErasePageCounter|[ (start+pagelndex) $Pages]++;
flash erasePage ( (start+pagelIndex) $Pages, fm) ;
}
else
{
if ((start+pageIndex)%fm.PagePerBlock==0)
{
EraseBlockCounter| ( (start+pageIndex) %$Pages) /fm.PagePerBlock]++;
flash eraseBlock( ((start+pageIndex) %Pages)/fm.PagePerBlock, fm) ;
}
}

WritePageCounter|[ (start+pagelndex) $Pages]++;
flash writePage (buffer, (start+pagelndex) $Pages, fm);

}

void writePages (RECORD* buffer,uint32_t start,uint32_t pagelndex,uint8_t count)
{
int i;
for (i=0;i<count;i++) writePage (&¢buffer[i*RecordsPerPage],start,pagelndex+i) ;

}

void export (uint32_ t fp,uint32_ t countRECORDS,char* filename)

{
if (fp*fm.BytesPerPage+countRECORDS*sizeof (RECORD) >Pages*fm.BytesPerPage)

{
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flash export (fm, fp*fm.BytesPerPage, ( (Pages-—
fp) *RecordsPerPage) *sizeof (RECORD) , filename) ;
flash exportApp (fm, 0, ( (countRECORDS- (Pages—
fp) *RecordsPerPage) ) *sizeof (RECORD) , filename) ;
}
else
{
flash export (fm, fp*fm.BytesPerPage, countRECORDS*sizeof (RECORD) , filename) ;
}
}

void calculateResults ()
{
int i;
int totalReads=0,totalWrites=0,totalErases=0,totalBlock=0;
double totalPower=0,totalTime=0;
char dump[64];
char resultFilename[64];
FILE* out fp;
FILE* cfg fp=fopen (configFile,"r");
fscanf (cfg fp,"%s $1f",dump, sReadPowerCons) ;
fscanf (cfg fp,"%s $1f",dump, &WritePowerCons) ;
fscanf (cfg fp,"%s $1f",dump, &éErasePagePowerCons) ;
fscanf (cfg fp,"%s $1f",dump, &EraseBlockPowerCons) ;
fscanf (cfg fp,"%s $1f",dump, sReadTimeCons) ;
fscanf (cfg_fp,"%s %1f",dump, &WriteTimeCons) ;
fscanf (cfg fp,"%s %1f",dump, &ErasePageTimeCons) ;
fscanf (cfg fp,"%s $1f",dump, &EraseBlockTimeCons) ;
fscanf (cfg fp,"%s %s",dump, resultFilename) ;
out fp=fopen (resultFilename,"w");
fprintf (out fp,"");
fprintf (out fp, "Page");
for (i=0;i<Pages;i++)
{
totalReads+=ReadPageCounter[i];
totalWrites+=WritePageCounter[i];
totalErases+=ErasePageCounter[i];
if (i<fm.Blocks)
{
totalBlock+=EraseBlockCounter[i];

fprintf (out fp, "%d%d%d%d%d", i, ReadPageCounter[i],WritePageCounter[i],ErasePageCounter[i]
,EraseBlockCounter[i]);
}
else
fprintf (out fp, "%d%d%d%d", i, ReadPageCounter[i],WritePageCounter[i],ErasePageCounter[i])
}
fprintf (out fp,"------------------—— ")
fprintf (out fp, "%d%d%d%d", totalReads, totalWrites, totalErases, totalBlock);
fprintf (out fp,"------—--------—--—— - ")
fprintf (out fp,"-----—------------— ")
fprintf (out fp, "Power Analysis");
fprintf (out fp, "Read:%1f", totalReads*ReadPowerCons) ;
fprintf (out fp,"Write:%1f", totalWrites*WritePowerCons)
if (pageErasePolicy) fprintf (out fp,"Erase
Page:%1f", totalErases*ErasePagePowerCons) ;
else fprintf (out fp,"Erase Block:%1f", totalBlock*EraseBlockPowerCons) ;

totalPower=totalReads*ReadPowerCons+totalWrites*WritePowerCons+totalErases*ErasePagePowe
rCons+totalBlock*EraseBlockPowerCons;

fprintf (out fp, "TOTAL:%1f", totalPower);

fprintf (out fp,"---------—--""-"---——-— ")

fprintf (out fp,"Time Analysis");

fprintf (out fp, "Read:%1f", totalReads*ReadTimeCons) ;

fprintf (out fp, "Write:%1f", totalWrites*WriteTimeCons)

if (pageErasePolicy) fprintf (out fp,"Erase Page:%1f",totalErases*ErasePageTimeCons) ;

else fprintf (out fp,"Erase Block:%1f",totalBlock*EraseBlockTimeCons) ;

totalTime=totalReads*ReadTimeCons+totalWrites*WriteTimeCons+totalErases*ErasePageTimeCon
st+totalBlock*EraseBlockTimeCons;

fprintf (out fp,"TOTAL:%1f",totalTime);
}

int main ()
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int 1i,3,k;

int countRECORDS=0;

unsigned int page,sr;

short minKey;

flash create (&fm, "AT45DB041B.efm",16896,8,4);

flash import (fm, inpStartingPage*fm.BytesPerPage, "input.txt");

RecordsPerPage=fm.BytesPerPage/sizeof (RECORD) ;
totalRECORDS=getFileSize ("input.txt") /sizeof (RECORD) ;
TotalPages=totalRECORDS/RecordsPerPage;
RecordsInLastPage=totalRECORDS%RecordsPerPage;
Pages=fm.Blocks*fm.PagePerBlock;

if (RecordsInlastPage==0) RecordsInlastPage=RecordsPerPage;
else TotalPages++;

outpStartingPage= (inpStartingPage+TotalPages) $Pages;

ramBuffer= (RECORD*)malloc (BufferPages*RecordsPerPage*sizeof (RECORD)) ;
ReadBuffer=(RECORD**)malloc (NWay*sizeof (RECORD*)) ;

for (i=0;i<NWay;i++) ReadBuffer[i]=&ramBuffer[i*RecordsPerPage];
WriteBuffer=&ramBuffer|[i*RecordsPerPage];

RBPtr= (RECORD**)malloc (NWay*sizeof (RECORD*)) ;
RBCount=(uintlé_t*)malloc (NWay*sizeof (uintlé_t));

RBLastPageReaded= (uintl6_t*)malloc (NWay*sizeof (uintlé_t));

ReadPageCounter=(uintlé_t*)malloc (Pages*sizeof (uintlé_t))
WritePageCounter=(uintl6_t*)malloc (Pages*sizeof (uintl6_t)
ErasePageCounter=(uintlé_t*)malloc (Pages*sizeof (uintl6_t)
EraseBlockCounter=(uintlé_t*)malloc (fm.Blocks*sizeof (uint

) ;
) i
16_t));

for (i=0;i<Pages;i++)
{

ReadPageCounter[1]=0;
WritePageCounter[1i]=0;
ErasePageCounter [i]=0;

}

for (i=0;i<fm.Blocks;i++) EraseBlockCounter[i]=0;

countRECORDS=0;

sortedRuns [0]=0;

for (i=0;i<NWay&&i<TotalPages;i++)

{
readPage (ReadBuffer[i], inpStartingPage, i) ;
RBLastPageReaded[i]=1;
RBPtr[i]=ReadBuffer[i];
if (i==TotalPages-1) RBCount[i]=RecordsInlLastPage;
else RBCount[i]=RecordsPerPage;

for (;i<NWay;i++)

RBPtr[i]=NULL;
RBCount [1]=0;
}
WBCount=0;
while (countRECORDS<totalRECORDS)
{
k=min (RBPtr) ;
minKey=RBPtr[k]->val;
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WriteBuffer [WBCount%RecordsPerPage]=*RBPtr[k];
RBPtr[k]++;

RBCount [k]--;

WBCount++;

countRECORDS++;

if (RBCount[k]==0)

{
if (RBLastPageReaded[k]+NWay<TotalPages)
{

readPage (ReadBuffer[k],inpStartingPage, RBLastPageReaded[k]+NWay) ;
RBLastPageReaded[k] +=NWay;
RBPtr[k]=ReadBuffer[k];
if (RBLastPageReaded|[k]==TotalPages-1) RBCount[k]=RecordsInlLastPage;
else RBCount[k]=RecordsPerPage;

}

else RBPtr[k]=NULL;

}

if (RBPtr[k] && minKey>RBPtr[k]->val) RBPtr[k]=NULL;

if (WBCount%RecordsPerPage==0)
{

writePage (WriteBuffer, outpStartingPage, (WBCount/RecordsPerPage)-1);
}

if (notNull (RBPtr) !=1)
{

sortedRunsCount++;
sortedRuns [sortedRunsCount ] =countRECORDS;

for (i=0;i<NWay;i++)
{
if (RBCount[i]==0)
{
if (RBLastPageReaded[i]+NWay<TotalPages)

{

readPage (ReadBuffer[i], inpStartingPage, RBLastPageReaded[i]+NWay) ;
RBLastPageReaded[1]+=NWay;
RBPtr[i]=ReadBuffer[i];
if (RBLastPageReaded[i]==TotalPages-1)
RBCount [i]=RecordsInlastPage;
else RBCount[i]=RecordsPerPage;
}
else RBPtr[i]=NULL;
}
else
{
RBPtr[i]=&ReadBuffer[i] [RecordsPerPage-RBCount[i]];
}

}

if (WBCount%RecordsPerPage!=0)

{
writePage (WriteBuffer, outpStartingPage, WBCount/RecordsPerPage) ;

}

while (sortedRunsCount>1)

{

inpStartingPage=outpStartingPage;
outpStartingPage= (inpStartingPage+TotalPages) $Pages;

newSortedRunsCount=0;
for (sr=0;sr<sortedRunsCount;sr+=NWay)
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page=sortedRuns|[sr];

for (i=0,]J=sr;i<NWay && j<sortedRunsCount;i++,j++)

{
readPage (ReadBuffer[i], inpStartingPage, sortedRuns|[j]);
RBLastPageReaded[i]=sortedRuns[]j];
RBPtr[i]=ReadBuffer[i];
RBCount [i]=sortedRuns[j+1]-sortedRuns[j];

for (;i<NWay;i++)

RBPtr[1i]=NULL;
RBCount [1]=0;

WBCount=0;

while (notNull (RBPtr)==1)
{
k=min (RBPtr) ;
WriteBuffer [WBCount%$RecordsPerPage]=*RBPtr[k];
RBPtr[k]++;
RBCount [k]-—;
WBCount++;
if (RBCount[k]==0) RBPtr[k]=NULL;
else if (RBPtr[k]-ReadBuffer[k]==RecordsPerPage)
{

RBLastPageReaded[k] ++;
readPage (ReadBuffer[k],inpStartingPage, RBLastPageReaded[k]) ;
RBPtr[k]=ReadBuffer[k];

}

if (WBCount%RecordsPerPage==0)
{

writePage (WriteBuffer, outpStartingPage, (page-
1+WBCount/RecordsPerPage)) ;
}
}

if (WBCount%RecordsPerPage!=0)
{

writePage (WriteBuffer, outpStartingPage, (paget+WBCount/RecordsPerPage)) ;

}

newSortedRunsCount++;

sortedRuns [newSortedRunsCount]=sortedRuns [newSortedRunsCount-1]+WBCount;

}

sortedRunsCount=newSortedRunsCount;

export (outpStartingPage, totalRECORDS, "out") ;
calculateResults () ;

flash close(fm);
system ("pause") ;
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ABSTRACT

Wireless Sensor Networks (WSNs) typically execute contin-
uous queries that periodically record measurements from
the sensors and transmit them to a base station. More
than often, users post queries whose performance can bene-
fit from the existence of sorted data (e.g., range, top-k, join
queries). In long-term deployments, due to the high cost
of recurring communications, it is more efficient to store
an immense number of measurements locally, sort them lo-
cally and only transmit them when requested. Since the be-
ginning of Wireless Sensor Devices (WSDs), flash memory
has been the most prevailing storage medium for stockpil-
ing and processing measurements locally. However, due to
the unique characteristics of flash memory, traditional disk-
based sorting algorithms, that concentrate on minimizing
I/O operations, are rendered inefficient. This, along with
the limited battery, processing and memory capabilities of
WSDs necessitates the development of new flash-aware and
power-efficient algorithms. In this paper, we present, F'Sort,
an efficient external sorting algorithm for WSDs. Our F'Sort
algorithm utilizes a small footprint procedure that traverses
flash memory in a manner that releases continuous blocks
of pages that can be efficiently erased and reprogrammed.
We experimentally validate our approach using real datasets
and show that F'Sort increases the overall performance of
sorting compared to traditional approaches while in parallel
decreasing the wearability of flash memory.

1. INTRODUCTION

The improvements in hardware design along with the wide
availability of economically viable embedded sensor devices
make it feasible today to interact and understand the phys-
ical world at an extremely high fidelity [22, 20, 12]. Appli-
cations of Wireless Sensor Networks (WSNs) devices range
from environmental monitoring (such as atmosphere and
habitant monitoring [22, 19, 3]) to seismic and structural [15]
monitoring as well as industry manufacturing [5, 12].

In many WSNs, recorded measurements are continuously
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transmitted to a base station for storage and analysis. How-
ever, in long-term deployments it is often preferred to store
measurements locally at each sensor and transmit them to
the user only when requested. Such a scheme is particularly
favored because communication over the radio in a WSN is
far more energy demanding than all other functions, such as
storage [25, 2, 1] and processing [12, 21, 23, 24].

Although storing the data locally is more efficient than
transmitting it continuously to a sink point, the storing pro-
cess by itself raises some important challenges. For instance
when users perform range queries by a given attribute, (e.g.,
“Find GPS locations where humidity is in the range A to
B”), then that requires that the data is sequentially orga-
nized (i.e., sorted) by the humidity attribute. Otherwise,
the query will end up traversing a very large number of data
pages incurring a large read cost. Notice that reading data
off the flash card in large numbers or repetively, has a sig-
nificant cost in its own right. Another example where data
needs to be sorted on flash is when a query aims to JOIN
data under a specific attribute.Such JOIN operations are
executed more swiftly when sorted data exist [14].

Sorting in WSDs can be performed in two modes, a) on-
line: the data are continuously sorted upon the acquisition
of new measurements from the sensors, and b) offline: the
data are stored on flash using some database scheme and are
periodically sorted upon request. The question rises which
of the two approaches delivers the best performance on flash-
based WSDs. Our experimental study presented in Section 5
suggests that online sorting is two to three orders of magni-
tudes worse than offline sorting both for NAND and NOR
flash memory.

The majority of WSDs utilizes NAND-based flash mem-
ory for storing local measurements; we will further describe
this specific type of flash memory in Section 2.1. NAND-
based flash memory has some unique characteristics which
are listed below. Later, in Section 4, we will address these
constraints when presenting the FSort algorithm.

e Write-Constraint A: The minimum unit of write
operation in flash is a page. Page sizes typically vary
from 256B to 4KB.

e Write-Constraint B: Pages in flash can only be writ-
ten in sequential order, i.e., after page i has been writ-
ten, any page j : 1 < j < i can not be written even if
it is empty.

e Erase-Constraint: A page i cannot be deleted unless
the block that contains page i has been erased.
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Figure 1: Example of Online Sorting

e Wear-Constraint: The number of times a block can
be written or erased is limited.

e Fast Read/Slow Write-Constraint: Whereas typ-
ically read and write access on a hard disk are almost
identical, in flash it is much faster to read (60us)
rather than write (~=800us).

Now that we have seen the characteristics/constraints of
flash memory, we will respond on which of the two sort-
ing approaches (online vs. offline) is superior by performing
some preliminary analysis. Let us consider the example de-
picted in Figure 1 which illustrates a flash memory consisting
of B blocks each containing P=4 pages. At some time 7 the
flash memory contains N elements distributed throughout
the blocks in sorted order. Let us assume that on time 741
a new element arrives and needs to be stored in sorted or-
der. The first step is to discover the position k that the new
element must be inserted (this requires logn reads). When
k is found, the block containing k is first read into memory
(P reads) and then erased (due to the Erase-Constraint) in
order to update it. If the block contains >1 empty pages
then the procedure halts, otherwise the procedure contin-
ues to the next block with the excess page at hand. This
technique is extremely inefficient to flash memory as it con-
sists of too many write/erase operations that decrease both
the performance and wearability of flash memory. In fact,
we will demonstrate this level of detriment using a series of
microbenchmarks in Section 5.

On the other hand, offline sorting requires the input be
sorted only when requested, thus using less write/erase op-
erations. This is generally preferable in cases where writing
to memory is significantly more expensive than reading like
flash memory. Our FSort algorithm extends the basic prin-
ciples of offline sorting to further enhance its performance
by minimizing the write/erase operations. This provides
efficient access to the data stored on flash memory while
in parallel increases the longevity of the flash memory by
spreading page writes out uniformly so that the available
storage capacity does not diminish at particular regions of
the flash media.

Our Contributions
In this paper we make the following contributions:

e We devise a sorting algorithm, coined FSort that in-
telligently exploits the characteristics of flash memory

NAND-based flash memory installed on a WSD
Page Read Page Write | Block Erase
1.17mA 37mA 57TmA
Time 6.25ms 6.25ms 2.26ms
Energy 24pJ 7631 425uJ
Page Erase-Write | Flash Idle Flash Sleep
43mA 0.068mA 0.031mA
Time 6.75ms N/A N/A
Energy 957 220pJ /sec 100uJ /sec

Table 1: Performance Parameters for NAND-based
flash memory using a 3.3V voltage, 512B Page size
and 16KB Block size

to deliver good performance both in terms of time and
energy.;

e We provide an extensive experimental evaluation using
traces from a real sensor network deployment at Intel
Research Berkeley [6].

The remainder of the paper is organized as follows: Sec-
tion 2 overviews the related research work and Section 3
formalizes our system model and assumptions. Section 4
introduces the FSort algorithm with its two phases. Next,
in Section 5 we present our experimental study and finally
Section 6 concludes our paper.

2. BACKGROUND AND RELATED WORK
2.1 Flash Memory

Flash is a new generation of non-volatile memory that in-
troduces many advantages compared to traditional storage
media, including: shock-resistance, fast read access, low pro-
duction cost and power efficiency. Flash memory is nowa-
days the de-facto storage medium for WSDs and a variety
of other mobile devices.

There exists two types of flash memory, namely NOR and
NAND (both names where chosen because the internal struc-
ture resembled the respective gates) NOR flash characteris-
tics are fast read access, slow write/erase time, low density
and a random-access interface. The latter property makes
NOR flash ideal for application or boot code execution as
it allows direct access any address location. On the other
hand NAND-flash has faster write/erase time and requires a
smaller chip area per cell; thus increasing the overall storage
capacity; this also lowers the cost of NAND flash. However,
NAND flash does not allow random access to any memory
location like NOR flash.

2.2 Flash-based Databases

In this section we briefly describe some of the most pop-
ular approaches to flash-based databases that try to cope
with the constraints mentioned in Section 1.

e Flash Translation Layer (FTL) approach: One
way to deploy traditional hard disk based database
software on flash memory is by utilizing a Flash Trans-
lation Layer (FTL) [11]. FTL maintains an internal
mapping table between logical and physical pages that
translates write request to flash memory. This ap-
proach simplifies the deployment of traditional database
software but it also introduces a significant overhead
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Figure 2: External Sorting example with M=3 (2
input and 1 output page buffers).

on flash memory as most popular database systems
require frequent small log writes to store the old and
updated values of data.

e Log Structured approach: The Log Structured ap-
proach (LSA) [18] differs from FTL as it enables data-
bases to access flash memory directly. LSA consid-
ers the database as one large log and any update to
the database (i.e., log) is appended at the end of flash
memory. This approach uniformly distributes write
requests on flash thus improving both performance
and wearability. However, like FTL, LSA suffers from
the existence of frequent small log writes. Addition-
ally, since only log pages are written on flash, when a
database is requested it has to be recreated by reading
all associated log pages.

e In-page Logging approach: A more recent approach,
coined In-page Logging (IPL), that tries to overcome
the problems of LSA was introduced in [10]. IPL stores
the log records associated with a specific database page
on the same block thus allowing faster recreation of the
database page. However, frequent small writes also af-
fect the IPL approach.

e AceDB flashlight: AceDB [9] tries to overcome the
small log frequent writes problem by maintaining a log-
ical to physical page map in RAM. Additionally, physi-
cal pages are allocated to logical pages on a transaction
basis which allows for more sequential writes within a
block.

In this work, we assume that the data is structures on flash
media using a modified version of the IPL approach. In this
approach, new records arising from continuous queries are
maintained in a buffer and when the buffer reaches the size
of a page it is appended sequentially at the end of the flash,
i.e., the next available empty page. This scheme is highly
beneficial as it eliminates frequent small writes to flash me-
dia. Additionally this scheme does not fragment flash mem-
ory as it operates in a top-down, left-to-right manner which
satisfies the Write-Constraint B.

2.3 External Sorting

Symbol | Definition
N Flash capacity
M Available main memory (pages)
B Number of Blocks in flash
b; Block with identifier :: 1 <7< B
P Number of Pages in a Block
pl Page with identifier ¢ in block j

Table 2: Definition of Symbols

Sorting is one of the fundamental problems of computer
science and has been extensively studied by the research lit-
erature. External sorting arises when the number of records
to be sorted is larger than the available main memory of the
system. The fundamentals of external sorting, including re-
placement selection and polyphase merging strategies have
been thoroughly analyzed in [7] using tapes as the storage
medium. Since then, many researches devised solutions to
integrate and improve the performance of external sorting
algorithms (I/O operations, memory requirements) on hard
drives disks [17, 16, 8].

Traditional external sorting algorithms usually consist of
two phases i) internal sorting, and ii) external merging. In
the internal sorting phase, the input file (size S pages) is
streamed into main memory, sorted on a page basis and
written on to flash (Pass 0). The resulting sorted pages are
called runs [7]. As soon as the runs are produced, the exter-
nal merging phase starts. Assuming an available memory of
size M (pages), the external merging phase utilizes 1 page
for output and M-1 pages for input buffers. On each sub-
sequent, pass, M-1 runs are fed into the input buffers and
are merged using the output buffer to produce longer runs.
The output buffer is written out to flush and emptied so as
to be used in the next pass. Figure 2 illustrates an example
of external sorting with M=3 (2 input and 1 output page
buffers).

3. SYSTEM MODEL

In this section we will formalize our basic terminology and
assumptions. The main symbols and their respective defi-
nitions are summarized in Table 2. For brevity in our de-
scriptions let us denote NAND-based flash memory as flash.
Flash contains B blocks (b1,b2,...,bp) each containing P
pages. We define p! as page with identifier : : 1 < i < B
that belongs to block b;. We also assume that the WSD has
a maim memory module of capacity M (M pages). Accord-
ing to the modified IPL approach, each time a WSD acquires
measurements from the sensor-board it stores them sequen-
tially on flash in a top-down, left-to-right manner. In our
experiments, we assume that a measurement is acquired ev-
ery lms.

At periodic time intervals (e.g., every 1024ms) 71,72, ...,
a user posts a query @ to the sensor network that requires
sorted data. Upon reception of ) a sensor sorts the locally
stored data and transmits them. Note that the amount of
data, X, sorted each time is linearly correlated with 7;, i.e.,
71 =X, =2X,73 = 3X, ... and so on.

As described earlier in Section 1, our FSort algorithm con-
sists of two phases, namely internal sorting and external
merging. During the internal sorting phase M-1 buffers are
created in memory that access blocks in a top-down, left-
to-right manner. These buffers are used to create the initial



runs which are always appended at the end of flash. As soon
as the first phase is completed the external merging phase
produces the sorted output by merging the runs recursively.

4. THE FSORT ALGORITHM

In this section we describe our FSort algorithm. FSort
consists of two phases:

1. Internal Sorting phase: This phase produces sorted
runs by streaming data pages into memory, sorting
them using a top-down replacement selection algorithm
and outputting and appending them at the end of flash
memory.

2. External Merging phase: During this phase, the
sorted runs that were generated in the internal sort-
ing phase, are recursively merged until a single sorted
output is produced.

Our initial sorting phase algorithm accesses flash memory
in a top-down manner by initiating a page buffer array in
available memory. Since in WSDs the amount of available
memory is very limited we have chosen to set the size of
the buffer array equal to the number of pages in a block
(usually 8-16) [5, 4]. This enables us to use linear control
flow structures that speed up operations. Data pages are
continuously traversed until all input is examined.

The intuition behind our approach is that the measure-
ments generated by continuous queries in WSNs are not al-
tered erratically in small time windows. As a result, our ap-
proach generates longer runs on each pass thus minimizing
the overall number of passes; decreasing in this way both
read, write and erase operations. Furthermore, accessing
pages in a top-down manner frees up empty space at the top
(as soon as all pages in a block have been fed to the buffer
array the block can be erased). This is particularly useful
as erasing individual pages is not permitted in flash memory
due to the Erase-Constraint mentioned in Section 1. Algo-
rithm 1 outlines the operation of the internal sorting phase
of FSort.

Assuming that we have D unsorted data pages and an
available main memory M, our algorithm starts out by ini-
tiating a P-page buffer array, coined Buf, that will be used
to traverse the flash memory in a top-down manner (line 2).
We also set the counter CountEmpty to zero (line 3);this
counter will be used to halt the procedure when all buffers
are accessing empty ore new pages (i.e., we have read all data
pages). The algorithm continues with streaming the pages
of the first block into the Buf array (lines 5-7). Next, the
algorithm proceeds continuously by selecting each time the
smallest key (or highest depending on the request) includ-
ing the buffer index, BIndex, that the key was discovered
(line 10) and forwards it to the output buffer (line 11). This
is done efficiently by utilizing a selection tree. As soon as
the key is outputted onto flash we need to retrieve the next
page for Bufpindez- To do this, we store in the header of
the buffer the current page position and assign it to a tem-
porary variable PIndexr while in parallel increasing it by 1
(to access the next page) (line 13-14). If the page pointed
by PIndex is empty or if a sorted page has been outputted
to this position (line 16) then we simply increase counter
CountEmpty (line 19); this also removes the Buffer from
the selection tree, otherwise we load the new page to the
current buffer (line 17). Finally, we test if there exists more

Algorithm 1 : FSort

Input: D unsorted data pages, Available Flash Memory M,
Buf:P = (M — 1) input buffers, min:1 output buffer

Output: D sorted data pages

1: procedure SORT

2: Allocate(Buf(P)); //Allocate P buffers for input
3: CountEmpty=0; //Terminating counter

4: //Initiate the Buf buffer array

5: for i =1 to P do

6: set Buf; = pZ%P;

7 end for

8: while true do

9: //find the smallest key (min) and its index in Buf
10: set (min, BIndex) = SelectionTree(Buf);
11: Output(min); //write sorted output to flash
12: //find the next page that the Bufprn, must retrieve
13: set Bufprndes— > lastPageRead+ = P;

14: set PInder = Bufgrndes— > lastPageRead;
15: //check if empty or new page

16: if (IsSEmptyOrNew(pBInder) then

17: set Bufprndes = pg;zgg;;

18: else

19: set CountEmpty + +;

20: end if

21: if (CountEmpty == P) then

22: //all buffers read empty pages

23: Break;

24: end if

25: end while

26: Merge();

27: end procedure

than one buffer accessing data pages and if not we exit the
loop (line 21-24). The procedure ends by recursively merg-
ing the runs (line 26).

As soon as the internal sorting phase begins, the sorted
runs are merged into longer runs by the external merging
phase. This procedure continuous recursively and termi-
nates when a single sorted run is generated.

5. EXPERIMENTS

In this section we present an extensive experimental com-
parison of the FSort algorithm.

5.1 Experimental Methodology

Power Model: We adopt the power model of the RISE
platform [25] which consists of the following parameters:
We use a 14.8 MHz 8051 core operating at 3.3V with the
following current consumption 14.8mA (On), 8.2mA (Idle),
0.2¢A (Off). We utilize a 128MB flash media with a page
size of 512B and a block size of 16KB. The current to read,
write and block delete was 1.17mA, 37mA and 57uA and the
time to read in the three pre-mentioned states was 6.25ms,
6.25ms, 2.27ms.

Datasets: We utilize a real trace of sensor readings that
is collected from 58 sensors deployed at the premises of
the Intel Research in Berkeley [6] between February 28th
and April 5th, 2004. The sensors utilized in the deploy-
ment were equipped with weather boards and collected time-
stamped topology information along with humidity, temper-
ature, light and voltage values once every 31 seconds (i.e.,
the epoch). The dataset includes 2.3 million readings col-
lected from these sensors.



Power (mJ) Read Write | Erase
Online | 47815 | 1519376 | 105789
NAND-flash | Offline 96 3052 213
Online | 5998 | 189921 | 48279
NOR-flash Offline 96 3052 776
Time (s) Read Write Erase
Online | 12452 12446 563
NAND-flash | Offline 25 25 1
Online 1562 1546 122
NOR-flash Offline 25 25 2

Table 3: Online vs. Offline Sorting Performance

Algorithms: We implement the FSort algorithm and an
optimized version of the traditional external mergesort al-
gorithm that utilizes M-1 buffer pages for input and one for
output.

5.2 Experimental Results

In this Section we present the results of our experimental
study.

A. Online vs. Offline Sorting on flash

In our first experimental series we have conducted a micro
benchmark that shows the deficiencies of online sorting on
flash memories used in WSDs. We have implemented: i)
the InsertionSort algorithm, and ii) the External MergeSort
algorithm for benchmarking the online and offline sorting
approaches respectively. We feed 1000 records (1 record per
page) to our simulator and record the number of read, write
and erase operations which we then translate to power and
time consumption.

The results for both NOR and NAND-based flash mem-
ories are depicted on Table 3. We observe that the offline
sorting approach greatly outperforms the online approach
on NAND and NOR-based flash memory both with regards
to power and time. Specifically, we observe a decrease of
power consumption and time by 3 orders of magnitude on
NAND-based flash memory and 2 orders of magnitude on
NOR-based flash memory.

B. Power Consumption

In our second experimental series we measure the energy per-
formance of FSort and compare it with the external Merge-
sort with M-1 input buffers. We run experiments using three
different attributes included in our dataset, namely temper-
ature, humidity and light. The sensor records one attribute
every lms and a query requests sorted results every 1024ms.
Our simulator executes both the external MergeSort and
FSort algorithms every 1024ms and collects energy statis-
tics every 1024=1K records.

Figure 3 illustrates the results of our evaluation with re-
gards to energy consumption® for the light attribute; similar
results apply to the humidity and temperature attributes.
We observe that FSort always maintains a competitive ad-
vantage over MergeSort for all data sizes (1-32K). The ini-
tial energy savings for 1K are ~25% but as the number of
records increases the energy savings also increase reaching
as high as ~41%. This is augmented to the fact that FSort

"We omit the results of time performance as they are highly
correlated with energy consumption and do not present any
new findings.
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parison of MergeSort and FSort for the light at-
tribute. Sort occurs every 1K records.
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Figure 4: Time performance comparison of Merge-
Sort and FSort for the light attribute. Sort occurs
every 1K records.

minimizes write and erase operations by releasing continu-
ous blocks of pages every time which are the most expensive
operations; this also increases the longevity of flash memory.

C. Time Consumption

In our last experimental series we assess the efficiency of our
FSort algorithm with regards to time performace. Like the
previous setting sensor records one attribute every 1ms and
a query requests sorted results every 1024ms. Our simulator
executes both the external MergeSort and FSort algorithms
every 1024ms and collects time statistics every 1024=1K
records.

Figure 4 illustrates the results of our evaluation with re-
gards to energy consumption for the light attribute; similar
results apply to the humidity and temperature attributes.
We observe that FSort always maintains a competitive ad-
vantage over MergeSort for all data sizes (1-32K). The initial
energy savings for 1K are ~25% but as the number of records
increases the energy savings also increase reaching as high as
~41%. This is augmented to the fact that FSort minimizes
write and erase operations by releasing continuous blocks of
pages every time which are the most expensive operations;



this also increases the longevity of flash memory.

6. CONCLUSIONS

In this paper we proposed a novel flash-aware and power-
efficient algorithm coined FSort. FSort takes into account
the limitations of flash memory used in WSDs and improves
both overall execution and response time performance.

Our experiments with real traces show that FSort, greatly
outperforms the traditional external mergesort approach by
minimizing write and erase operations which are the most
expensive operations on flash. In the future we plan to ex-
tend our work by including indexes to access the data more
efficiently as well as perform experiments on other types of
flash memory like SSDs.
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