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PERILHYH
Eggu�seic gia poi�thta exuphr�thshc �QoS� se d�ktua ja prosf�rontai s	ntoma

me th qr�sh our�n kai prohgm�nhc qronodromol�ghshc �scheduling�� Oi periss�teroi

prohgm�noi alg�rijmoi qronodromol�ghshc sthr�zontai se �na koin� upologistik� m��

roc� tic our�c proterai�thtac� Meg�lec our�c proterai�thtac fti�qnontai me dom�c

dedom�nwn �pwc oi swro� �heaps�� Gia na uposthr�xoume prohgm�nh qronodromol�ghsh

se rujmo	c OC�	
� �	� Gbps� kai p�nw� qr�sh thc teqnik�c thc omoqeir�ac �pipelining�

apaite�tai gia th diaqe�rish thc our�c proterai�thtac� Parousi�zoume �na diaqeirist�

swro	 �heap� pou k�nei qr�sh thc teqnik�c omoqeir�ac� ton opo�o �qome sqedi�sei san

�na pur�na �core� topojet�simo �integradable� kukl�mata ASIC� kai ton opo�o �qome

perigr�yei se morf� sunj�simhc �synthesizable� Verilog� Suzhto	me p�c mpore� na qrh�

simopoihje� se switches kai routers� ta pleonekt�mat� tou se sq�sh me tic our�c hme�

rolog�ou �Calendar Queues�� kai anal	oume enallaktik�c l	seic gia k�stoc�ap�dosh�

Qrhsimopoi�ntac d�portec kai tetraplo	 pl�touc mn�mec �SRAM� kai oikoumenik� pro�

sper�smata �global bypasses�� oi entol�c�leitourg�ec mporo	n na xekino	n me rujm� m�ac

an� k	klo rologio	��Otan mei�netai to k�stoc� o rujm�c apodoq�c entol�n ellat�netai

se m�a an� k�poio mikr� arijm� k	klwn� To s	sthma mpore� na tropopoie�tai gia opoio�

d�pote m�gejoc swro	 kai uposthr�zei �narxh miac entol�c an� k	klo rologio	� ekt�c

an �qome suneq�menec entol�c diagraf�c �delete�� �pou qrei�zetai �nac ken�c �idle� k	�

kloc rologio	 gia na tic diaqwr�zei��Eqome epalhje	sei �veri�ed� to s	sthm� mac� sun�

prosomoi�nont�c to me tr�a mont�la swr�n diaforetik�c poluplok�thtac kai afa�re�

shc� �Eqome ep�shc ektel�sei synthesis kai parousi�zome plhrofor�ec gia thn an�lush

k�stouc�
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ABSTRACT

Quality�of�Service �QoS� guarantees in networks will soon be provided using per��ow

queueing and sophisticated schedulers� Most advanced scheduling algorithms rely on a

common computational primitive� priority queues� Large priority queues are built using

calendar queue or heap data structures� To support advanced scheduling at OC�	
� �	�

Gbps� rates and above� pipelined management of the priority queue is needed� We present

a pipelined heap manager that we have designed as a core integratable into ASICs� in

synthesizable Verilog form� We discuss how to use it in switches and routers� its advan�

tages over calendar queues� and we analyze the cost�performance tradeo�s� using ��port�

��wide SRAMs and global bypasses� heap operations can be initiated at the rate of one

per clock cycle� when reducing these costs� issue rates drop to one every few cycles� Our

design can be con�gured to any heap size� and supports initiating operations on every

clock cycle� except that one idle �bubble� cycle is needed between two successive delete

operations� We have veri�ed our design by co�simulating it with three heap models of

varying abstraction� We have also performed synthesis� and are presenting cost analysis

information�





Euqarist�ec

Ja �jela na euqarist�sw �louc auto	c pou me bo�jhsan kat� th di�rkeia thc er�

gas�ac mou� Pr�ta ap� �louc ja �jela na euqarist�sw ton kajhght� k� Man�lh Kate�

ba�nh pou �dwse thn id�a gia thn �lh ergas�a� Ak�mh ja �jela na ton euqarist�sw t�so

gia tic anekt�mhtec prot�seic kai id�ec kat� th di�rkeia thc ergas�ac� �so kai gia thn

prosp�jei� tou na mou apokal	yei kai na mou metaf�rei ton tr�po me ton opo�o pr�pei

k�poioc na skeftetai �tan sqedi�zei� kai genik�tera �tan apasqole�tai me episthmonik�

�reuna�

Ja �jela na euqarist�sw idia�tera ton Ge�rgio Korn�ro pou me bo�jhse me ta erga�

le�a sqediasmo	 hardware thc CADENCE� t�so me thn enasq�lhs� tou gia th s	njesh

tou heap�manager� �so kai gia thn ekm�jhsh twn ergale�wn aut�n se em�na�

Ep�shc ton kajhght� Dion	sio Pneumatik�to gia tic bohjhtik�c tou parathr�seic

gia thn suggraf� synthesizable � kai m�lista apodotik� synthesizable � k�dika verilog�

kai touc kajhght�c E� Mark�to kai A� Tragan�th pou summete�qan gia thn axiol�ghsh

aut�c thc ergas�ac�

Ja �jela na euqarist�sw th Europractice kai to Panepist�mio Kr�thc gia thn pa�

roq� poll�n ap� ta ergale�a CAD pou qrhsimopoi�jhkan� kai to Instito	to Plhrofori�

k�c tou Idr	matoc Teqnolog�ac kai�Ereunac kaj�c kai thn Genik� Grammate�a�Ereunac

kai Teqnolog�ac Ell�doc gia thn oikonomik� upost�rixh aut�c thc ergas�ac�

T�loc ja �jela na euqarist�sw thn oikog�nei� mou gia thn bo�jeia kai thn upost��

rixh kat� th di�rkeia twn spoud�n mou�
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� Eisagwg�

H taq	thta twn dikt	wn aux�netai me dramatiko	c rujmo	c� Sumantik�c pr�odoi g�no�

ntai ak�mh sthn arqitektonik� twn dikt	wn� kai eidik� sthn paroq� egg	hsewn poi�th�

tac uphresi�n �Quality of Service�� Metagwge�c �Switches� kai dromologht�c �routers�

bas�zontai �lo kai pio pol	 se eidik� ulik� �hardware� gia thn paroq� tou apaito	menou

uyhlo	 throughput kai prohgm�nouQoS� T�toio hardware upost�rixhc g�netai efikt� kai

oikonomik� me tic pro�douc sthn teqnolog�a hmiagwg�n� Gia na mporo	n na par�qoun

uyhlo	 epip�dou eggu�seic QoS� ta switches kai oi routers en�c dikt	ou qrei�zontai ou�

r�c an� ro� �per��ow queueing� kai prohgm�nh qronodromol�ghsh �advanced scheduling�

�Kumar
��� To j�ma aut�c thc ergas�ac e�nai h upost�rixh me hardware gia prohgm�nh

qronodromol�ghsh�

To per��ow queueing anaf�retai sthn arqitektonik� �pou ta pak�ta pou antagwn��

zontai kai perim�noun thn apostol� se �na sugkekrim�no link ex�dou� topojeto	ntai se

pollapl�c our�c� Sta enallaktik� �single�queue systems� o tr�poc exuphr�thshc e�nai

anagkastik� �rst�come��rst�served �FCFS�� o opo�oc stere�tai dikai�thtac kai apom��

nwshc metax	 twn swst� kai twn l�joc sumperifer�menwn �ows� Mia merik� l	sh e�nai

h qr�sh FCFS� all� na basisto	me se �legqo thc kuklofor�ac stic phg�c� basism�no

se sumb�laia exuphr�thshc �admission control� � se prot�kola gia end�to�end �ow con�

trol ��pwc to TCP�� En� aut� mporo	n na epit	qoun d�kaih katanom� tou throughput

se meg�lo qronik� di�sthma� upof�roun ap� mh�apodotik�thta se s	ntoma qronik� dia�

st�mata� �tan �na kaino	rgio �ow zht�ei mer�dio tou throughput� t�te up�rqei kaju�

st�rhsh sto na epibradunjo	n ta pali� �ows� kai ant�strofa� �tan �na n�o �ow zht�ei

th qr�sh mh qrhsimopoio	menwn �idle� stoiqe�wn� up�rqei kajust�rhsh e�c �tou k�ti

t�toio epitrape�� Se mont�rna d�ktua uyhlo	 throughput� aut�c oi kuklik�c �round�trip�

kajuster�seic �uparkt�c se k�je s	sthma el�gqou� antistoiqo	n se suneq�c auxan��

meno arijm� pak�twn�

Gia thn paroq� pragmatik�c apom�nwshc metax	 twn �ows� ta pak�ta tou kaj�na

ja pr�pei na perim�noun se xeqwrist�c our�c� kai �nac scheduler pr�pei na exuphret�sei

tic our�c me mia seir� pou na d�nei d�kaia to diaj�simo throughput sta energ� �ows�

Shmei�ste pwc dikai�thta den shma�nei katan�gkh is�thta �diaforopo�hsh thc exuph�

r�thshc� me elegq�meno tr�po� e�nai mia apa�thsh gia ton scheduler� Emporik� switches

kai routers �dh qrhsimopoio	n pollapl�c our�c an� �xodo� all� o arijm�c twn our�n

aut�n e�nai mikr�c �merik�c dek�dec � mikr�teroc�� kai o scheduler pou tic diaqeir�ze�

tai e�nai sqetik� apl�c �p�q� apl�c proterai�thtec�� To m�llon ja f�rei pio leptomer�

diaqwrism�� kai t�te poll�c qili�dec our�n ja apaito	ntai� H diat�rhsh poll�n our�n

	



kai h diaqe�ris� touc se uyhl� taq	thta pro
poj�tei �na �qi amelht�o k�stoc� all� e�nai

efikt� me th mont�rna teqnolog�a hmiagwg�n �Korn
���

H paro	sa ergas�a asqole�tai me to ex�c pr�blhma� thn ulopo�hsh prohgm�nwn al�

g�rijmwn scheduling se uyhl� taq	thta� �tan up�rqoun poll�c qili�dec ap� antagwniz��

mena �ows� H en�thta � parousi�zei mia s	noyh twn di�forwn alg�rijmwn scheduling�

�Oloi bas�zontai se �na koin� upologistik� m�roc gia thn pio qronob�ra diadikas�a touc�

h e	resh tou m�gistou �� tou el�qistou� an�mesa ap� �na meg�lo pl�joc tim�n� Proh�

go	menh doulei� sthn ulopo�hsh auto	 tou m�rouc d�netai sto �Ioan��� section ��� Gia

meg�lo arijm� eur�wc diesparm�nwn tim�n� oi our�c proterai�thtac se morf� thc do�

m�c dedom�nwn tou swro� �heap data structure� e�nai h pio apodotik� anapar�stash�

par�qontac entol�c eisagwg�c �insert� kai diagraf�c elaq�stou �delete� se logarijmik�

qr�no� Gia heap arket�n ekatont�dwn stoiqe�wn� aut� metafr�zetai se merik�c dek�dec

prospel�seic se mia RAM gia k�je entol� sto heap� to opo�o d�nei �na rujm� entol�n

metax	 � kai 	� qili�dwn entol�n to deuter�lepto �Mops� � kai lig�tero �Mavro
���

�Omwc� gia rujmo	c OC�	
� �	� Gbps� kai parap�nw� kai gia pak�ta se m�gejoc per�pou

�� bytes� periss�tera ap� �� Mops apaito	ntai� Gia na pet	qoume t�toiouc rujmo	c�

oi entol�c tou heap pr�pei na g�nontai pipelined� T�te apaito	ntai metatrop�c stouc

aplo	c �software� alg�rijmouc en�c heap� �pwc e�qe protaje� to 	

� �Kate
�� �de�te

ep�shc to Technical Report �Mavro
���� Sthn paro	sa ergas�a asqolo	maste me �nan

pipelined heap manager pou sqedi�same sth morf� en�c core� topojet�simo se ASICs�

H en�thta � parousi�zei mia sunolik� eik�na tou tr�pou leitourg�ac thc dom�c me

thn opo�a asqolo	maste� afo	 d�sei mia perigraf� twn domik�n thc l�jwn� H perigraf�

aut� �qei skop� na bohj�sei sthn suz�thsh pou akolouje�� Sthn en�thta � parousi�zo�

ntai oi entol�c pou ja mac apasqol�soun� �tsi �ste o manager na par�qei thn anagka�a

leitourgik�thta� Sthn en�thta � parousi�zontai oi alg�rijmoi gia gr�gorh e�sodo twn

entol�n�

Telik� h en�thta � parousi�zei thn sqed�as� mac� h opo�a e�nai se morf� synthe�

sizable Verilog� O pur�nac ASIC pou sqedi�same mpore� na metatrape� se opoiod�pote

m�gejoc our�c proterai�thtac� Ta datapaths parousi�zontai� en� k�poia probl�mata

gia thn upopo�hsh twn algor�jmwn se hardware kai oi l	seic touc parousi�zontai sta

ant�stoiqa parart�mata �Appendices�� H apal�jeush �veri�cation� parousi�zetai sth

sun�qeia� kaj�c kai to k�stoc kai h ap�dosh tou heap manager�

�



� Prohgm�no Scheduling me th Qr�sh Our�n Prote�

rai�thtac

Sthn en�thta 	 exhg�same thn an�gkh gia per��ow queueing gia thn paroq� prohgm��

nou QoS se d�ktua uyhl�n epid�sewn tou m�llontoc� Gia na e�nai apodotik�� to per��ow

queueing qrei�zetai �na kal� scheduler� Pollo� prohgm�noi alg�rijmoi scheduling �qoun

protaje�� Kal�c anafor�c apotelo	n ta �Zhang
�� kai �Keshav
�� chapter 
�� Oi prote�

rai�thtec e�nai �nac pr�toc� shmantik�c mhqanism�c� Sun�jwc l�ga ep�peda proterai��

thtac arko	n� op�te aut�c o mhqanism�c ulopoie�tai e	kola� To aggregation �ierarqik�

scheduling� e�nai �nac de	teroc mhqanism�c� pr�ta dial�goume metax	 en�c arijmo	 ap�

s	nola �ows� met� dial�goume �na �ow ap� to sugkekrim�no s	nolo �Bennett
��� Me�

rik� ep�peda thc ierarqe�ac peri�qoun l�ga s	nola� en� �lla mpore� na peri�qoun qili��

dec �ows� H paro	sa ergas�a afor� ta teleuta�a ep�peda� Oi duskol�teroi alg�rijmoi

scheduling e�nai auto� pou an�koun sthn oikog�neia weighted round robin� Asqolo	maste

me auto	c sth sun�qeia�

��� H oikog�neia twn Weighted Round Robin

To Sq� � parousi�zei to weighted round robin scheduling� Bl�poume eft� �ows� ap� to

A ewc to G� T�ssera ap� aut�� A� C� D� F e�nai proc to par�n energ� �mh��deiec our�c��

O scheduler pr�pei na exuphret�sei ta energ� �ows me seir� t�toia �ste h exuphr�thsh

pou ja deqte� to k�je energ� �ow se meg�lo qronik� di�sthma na e�nai an�logo tou

suntelest� b�rouc tou �weight factor�� Den e�nai apodekt� na episkept�maste ta �ows

me seir� plain round robin� exuphret�ntac to kaj�na analogik� me to b�roc tou� giat� oi

qr�noi exuphr�thshc gia ta �ows me meg�lo b�roc ja sugkentrwn�tan maz�� odhg�ntac

se burstiness kai se meg�lo jitter gia to qr�no exuphr�thshc�

Xekino	me me ta energ� �ows na e�nai qronodromologhm�na �scheduled� na exuphre�

thjo	n se k�poio sugkekrim�no mellontik� qr�no to kaj�na� To �ow A e�nai na exu�

phrethje� sto qr�no t���� to C sto t���� to D sto t���� kai to F sto t���� To �ow

pou ja exuphrethje� ep�meno e�nai aut� pou �qei to nwr�tero� dhl� to mikr�tero� sched�

uled qr�no exuphr�thshc� Sto par�deigm� mac aut� e�nai to �ow C� H our� tou �qei

m�no �na pak�to� op�te met� thn exuphr�ths� tou g�netai anenerg� kai digr�fetai ap�

to schedule� Met�� o qr�noc proqwr�ei sto �� kai exuphrete�tai to �ow A� To �ow

A param�nei energ� met� th met�dosh tou prwtop�rou pak�tou� kai pr�pei na xanadro�

mologhje� �rescheduled�� To rescheduling bas�zetai sta ant�strofa twn suntelest�n
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Sq�ma 	� Weighted round robin scheduling

b�rouc� oi opo�oi antistoiqo	n sta sqetik� diast�mata exuphr�thshc� To di�sthma exu�

phr�thshc tou A e�nai ��� op�te to A g�netai rescheduled gia na exuphrethje� sto qr�no

��������� ��Otan to m�gejoc pak�tou diaf�rei� aut� to m�gejoc summet�qei ep�shc ston

upologism� tou ep�menou qr�nou exuphr�thshc�� H seir� exuphr�thshc pou prok	ptei

fa�netai sto Sq� � � �Opwc bl�poume� o scheduler leitourge� me to na el�gqei thn

tim� tou �ep�menou qr�nou exuphr�thshc� gia k�je energ� �ow� Se k�je b�ma pr�pei na

bro	me thn el�qisth aut�n twn tim�n� kai met� na thn enhmer�soume �aux�soume� an to

�ow param�nei energ�� � na th diagr�youme an to �ow g�netai anenerg���Otan �na n�o

pak�to en�c anenergo	 �ow �rqetai� aut� to �ow ja pr�pei na epaneisaqje� sto schedule�

Pollo� alg�rijmoi scheduling an�koun se aut� thn oikog�neia� �Otan �qoume work�

conserving arq�c �disciplines� p�nta o �twrin�c qr�noc� prowje�tai sto qr�no exuphr��

thshc tou ep�menou energo	 �ow� anex�rthta me to p�so makri� sto m�llon e�nai aut�c�

Me aut� ton tr�po� ta energ� �ows aporrofo	n �lh th qwrhtik�thta tou dikt	ou� Ta

non�work�conserving disciplines qrhsimopoio	n �na rol�i pragmatiko	 qr�nou��Ena �ow

exuphrete�tai m�no �tan to rol�i pragmatiko	 qr�nou ft�sei � xeper�sei ton scheduled

qr�no exuphr�thshc� �Otan den up�rqei t�toio �ow� o metad�thc m�nei anenerg�c� T��

toioi schedulers leitourgo	n san elegkt�c �regulators�� anagk�zontac to k�je �ow na

upako	ei sto sumb�laio exuphr�ths�c tou� A� lla shmantik� stoiqe�a en�c alg�rijmou

scheduling e�nai o tr�poc pou enhmer�nei to qr�no exuphr�thshc gia to �ow pou exuph�

ret�jhke �p�q� basism�no sto di�sthma exuphr�thshc tou �ow� � se k�poio deadline an�

pak�to�� kai o tr�poc pou apofas�zetai o qr�noc exuphr�thshc gia neo�energopoihm�na

�ows� Aut� ta zht�mata odhgo	n stic diafor�c metax	 twn algor�jmwn weighted fair

queueing kai twn parapl�siwn� �pwc o alg�rijmoc virtual clock kai ta earliest�due�date

kai rate�controlled disciplines �Keshav
�� ch�
��
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��� Ulopoi�seic Our�n Proterai�thtac

�Oloi oi parap�nw alg�rijmoi scheduling bas�zontai se �na koin� upologistik� m�roc gia

thn pio qronob�ra diergas�a touc� mia our� proterai�thtac� dhl� thn e	resh tou m�gi�

stou �� tou el�qistou� ap� �na s	nolo arijm�n� O our�c proterai�thtac me m�no meri�

k�c dek�dec stoiqe�a � me arijmo	c proterai�thtac epilegm�nouc ap� �na mikr� s	nolo

tim�n e�nai e	kolo na ulopoihjo	n� p�q� qrhsimopoi�ntac sundiastik� kukl�mata kwdi�

kopo�hshc proteraiot�twn �priority encoder circuits���Omwc� gia our�c proterai�thtac

me poll�c qili�dec stoiqe�a kai me tim�c epilegm�nec ap� �na meg�lo s	nolo apitrept�n

arijm�n� oi dom�c dedom�nwn t	pou heap � calendar queue pr�pei na qrhsimopoihjo	n� A�

llec dom�c t	pou heap �Jones��� e�nai endiaf�rousec se software all� den e�nai prosar�

m�simec se ulopoi�seic hardware uyhl�c taq	thtac�
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Sq�ma �� Priority queues� �a� heap� �b� calendar queue

To Sq� � �a� parist�nei �na heap� E�nai �na duadik� d�ntro �p�nw�� fusik� apojh�

keum�no se �na seiriak� p�naka �k�tw�� Ta mh��deia stoiqe�a e�nai �la mazem�na p�nw

kai arister�� To stoiqe�o se k�je k�mbo e�nai mikr�tero � �so ap� ta stoiqe�a twn d	o

jugatrik�n tou k�mbwn �h idi�thta tou heap�� Oi eisagwg�c �insertions� g�nontai sthn

arister�terh �deia j�sh� kai met� pijan�c enall�ssontai me touc prog�nouc twn gia na

epanisq	sei h idi�thta tou heap� To el�qisto stoiqe�o br�sketai p�nta sth r�za� Gia na

to diagr�youme �delete�� metakino	me to teleuta�o gem�to stoiqe�o sth r�za� kai met�

pijan�c to enall�ssoume me touc apog�nouc tou pou e�nai mikr�tero� tou� Sth qeir�terh

twn peript�sewn� ja qreiasto	n t�sec anakatat�xeic �so kai to 	yoc tou d�ntrou�

To Sq� � �b� parist�nei �na calendar queue �Brown���� E�nai �nac p�nakac me alus��

�



dec� Ta stoiqe�a topojeto	ntai sthn alus�da pou upodikn	etai ap� mia sun�rthsh dia�

spor�c �hash function�� To ep�meno el�qisto stoiqe�o br�sketai me to na y�xoume sthn

twrin� alus�da kai met� na y�xoume thn ep�menh mh��deia alus�da� Ta calendar queues

�qoun kal� m�sh ap�dosh �tan to m�so �ro upolog�zetai se mia meg�lh seir� entol�n�

�Omwc� braqupr�jesma� merik�c entol�c mpore� na e�nai pol	 akrib�c� Sto �Brown���� to

calendar all�zei m�gejoc �tan h our� g�netai pol	 meg�lh � pol	 mikr�� Aut� h allag�

emperi�qei thn antigraf� �lhc thc our�c� Qwr�c allag� tou meg�jouc� e�te oi sundede�

m�nec l�stec ja g�noun pol	 makri�c� kajuster�ntac tic eisagwg�c �an oi l�stec e�nai

taxinomhm�nec� � to y�ximo �an oi l�stec den e�nai taxinomhm�nec�� � oi seir�c �deiwn

stoiqe�wn ston p�naka mpore� na g�noun pol	 meg�lec� kai ja qrei�zontai eidik� upost��

rixh gia na y�qnoume to ep�meno mh��deio stoiqe�o� Sto �Ioan��� section �� up�rqoun

anafor�c se prohgo	menh doulei� p�nw se ulopoi�seic our�n proterai�thtac�

� HDom� mac� HAnalo�wth Sunj�kh thc kai Ta Stoi�

qe�a thc

Ac xekin�soume exet�zontac ti ja j�lame na prosf�retai ap� mia arq� qronodromol��

ghshc �scheduling�� Pr�ta ap�la� �pwc anaf�rjhke prin� ja j�lame na �qoume mia dom�

pou apojhke	ei ta stoiqe�a me t�toio tr�po� �ste plhrofor�a sqetik� me �nan arijm�

di�taxhc na mpore� na exaqje�� Gia na e�maste pio akribe�c� ja j�lame na mporo	me na

p�roume to stoiqe�o me th mikr�terh proterai�thta sto mikr�tero dunat� qr�no� dhlad�

O�	�� epom�nwc anex�rthto ap� ton arijm� twn stoiqe�wn �N� pou e�nai apojhkeum�na

sth dom�� Epom�nwc den apaite�tai sunolik� di�taxh twn stoiqe�wn� �Omwc �llec lei�

tourg�ec gia na krato	n th dom� enhmerwm�nh ja pr�pei na g�nontai� �pwc eisagwg�c

kai diagraf�c� Aut� h diaqe�tish thc dom�c ja pr�pei epipl�on na g�netai apodotik��

�tsi �ste na petuqa�noume uyhl� sunolik� ap�dosh� Gia na to pet	qoume aut�� mia me�

rik� di�taxh twn stoiqe�wn mpore� na e�nai pol	 bohjhtik�� Sunoy�zontac �la aut�� ja

j�lame mia dom� pou na apojhke	ei stoiqe�a sundedem�na me mia arijmhtik� tim�� pou na

mpore� na d�sei to stoiqe�o me th mikr�terh tim� se qr�no t�xhc O�	�� kai me �lec tic

apara�thtec entol�c gia enhm�rwsh pou diaqeir�zontai th dom� na apod�doun par�moia�

toul�qiston sto ep�pedo thc diepif�neiac �interface level��

H dom� pou diaqeiriz�maste e�nai �na duadik� d�ntro pou krat�ei ta stoiqe�a tou me

t�toio tr�po �ste na ulopoie� mia our� proterai�thtac� �Ena d�ntro pou ulopoie� mia

our� proterai�thtac e�nai �na d�ntro me k�je tou k�mbo na e�nai mikr�teroc � �soc ap�

touc jugatriko	c tou k�mbouc ��pwc anaf�rjhke �dh sthn en�thta ��� �� Me aut� ton
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tr�po h r�za e�nai to mikr�tero stoiqe�o ap� �la tou d�ntrou� To d�ntro den akolouje�

pl�rh di�taxh� �na periorism�c �mwc pou �pwc anaf�rjhke den e�nai anagka�oc� �Otan

epipl�on asqolhjo	me me thn apodotik�thta sth diaqe�rhsh miac t�toiac dom�c� j�loume

na �qei m�a ak�mh idi�thta� na e�nai isorrophm�no kai ak�mh periss�tero pl�rwc isor�

rophm�no� dhlad� na �qei �la ta ep�peda tou d�ntrou pl�rwc kathleim�na� me m�nh pijan�

exa�resh to qam�l�tero ep�pedo� pou mpore� na �qei ta arister�tera f	lla tou kathlei�

m�na kai ta dexi�tera �an up�rqoun� na e�nai ele	jera� Me aut� ton tr�po h ap�stash

twn f	llwn ap� th r�za mpore� na diaf�rei to pol	 kat� �na� kai kaj�lou tr	pec den

emfan�zontai sto d�ntro� Epom�nwc� sthn ak�loujh suz�thsh� �tan anafer�maste sthn

analo�wth sunj�kh tou d�ntrou� ennoo	me thn idi�thta tou wc �na pl�rwc isorrophm�no�

f�ltro epilog�c elaq�stou� duadik� d�ntro� Epipl�on� h merik� di�taxh twn stoiqe�wn

pou par�qei �na heap bohj� sthn apodotik�thta ekt�leshc twn enhmer�sewn�

T�ra ac do	me ti ja pr�pei na e�nai to k�je stoiqe�o� Apo thn wc t�ra suz�thsh� x��

roume �ti �na stoiqe�o ja pr�pei na apotele�tai ap� d	o arijmo	c� m�a taut�thta �id� kai

thn susqetism�nh proterai�thta �priority�� To id mporei na qrhsimopoihje� me pollo	c

tr�pouc� p�q� san arijm�c en�c VC se �na d�ktuo ATM� To priority e�nai h tim� pou ka�

jor�zei th sqetik� j�sh tou stoiqe�ou sto d�ntro� E�nai loip�n to m�tro thc di�taxhc kai

thc s	gkrishc metax	 twn stoiqe�wn tou d�ntrou� Sto prohgo	meno par�deigma mpore�

na anaparist�nei thn proterai�thta tou ant�stoiqou VC� Ed� ja j�lame na anaf�roume

�ti sth suz�thsh pou akolouje� kai stic perigraf�c� �tan anafer�maste se �na stoiqe�o

san megal	tero � mikr�tero se sq�sh me k�poio �llo� anafer�maste sth s	gkrish thc

ant�stoiqhc tim�c proterai�thtac� To �dio isq	ei kai se k�je arijmhtik� anafor� se

stoiqe�a� ekt�c an shmei�netai diaforetik��

� Oi Leitourg�ec�Entol�c pou Ektelo�ntai se m�a Den�

drik� Dom� kai Merik� Probl�mata pou Sunant��

jhkan

Ed� ja parousi�soume tic leitourg�ec pou ja mporo	san na uposthr�zontai ap� �na dia�

qeirist� swro	 �heap manager�� Mia basik� parous�ash aut�n leitourgi�n kai o l�goc

	parx�c touc d�netai sto �Ioan��� section ��� Ed� d�noume mia genik� perigraf� tou pwc

aut�c diaqeir�zontai th dendrik� dom�� Sth sun�qeia asqolo	maste me j�mata ap�doshc

kai eis�goume to pipelining��Ena eidik� pr�blhma me to pipelining gia tic entol�c delete

paroousi�zetai� maz� me th l	sh tou�
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��� M�a Genik� Perigraf� thc K�je Leitourg�ac
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Sq�ma �� Mia sqhmatik� perigraf� thc entol�c Insert

Ed� ja do	me pwc h k�je leitourg�a �entol�� lamb�nei q�ra sth dendrik� dom�� me

�lec tic anagka�ec anatopojet�seic pou apaito	ntai�

��� H Diaqe�rhsh twn Entol�n Insert ap� thn Koruf� Proc ta K�tw 
Top�

to�Bottom�

Ac xekin�soume th suz�ths� mac me thn entol� insert� H entol� insert pa�rnei san par��

metro �na n�o stoiqe�o kai pr�pei na to eis�gei sto d�ntro� H insert diaisjhtik� ektele�

thn eisagwg� sto arister�tero �deio f	llo tou kat�terou epip�dou tou d�ntrou� kai

met� anadiat�sei ta stoiqe�a pou br�skontai ap� p�nw� �tsi �ste na diathr�sei thn idi��

thta thc our�c proterai�thtac se isq	� �Omwc� gia na uposthr�xoume pipelining sth

diaqe�rish tou heap� ja j�lame �lec oi entol�c na leitourgo	n top�to�bottom� kai epo�

m�nwc xekino	me mia insert ap� th r�za tou d�ntrou� Sthn pragmatik�thta h insert den

ektele� thn eisagwg� am�swc� To neoeisag�meno stoiqe�o ja pr�pei na brei th swst�

j�sh tou sto d�ntro� Swst� me thn �nnoia tou na diathre� h dendrik� dom� mac �jikth

thn analo�wth sunj�kh� Epom�nwc �na n�o stoiqe�o ja pr�pei stadiak� na topojethje�

sto arister�tero �deio f	llo tou d�ntrou ��qi anagkastik� peri�qontac to neoeisaqj�n

stoiqe�o�� krat�ntac �tsi to d�ntro isorrophm�no� kai me k�je k�mbo tou na pram�nei

mikr�teroc ap� touc jugatriko	c tou k�mbouc� Giaut� mia insert sugkr�nei to neoeisa�

g�meno stoiqe�o me to stoiqe�o sth r�za� kai topojete� to mikr�tero ek twn d	o san th
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n�a r�za �pijan�n to �dio stoiqe�o na suneq�sei na e�nai sth r�za�� Aut� suneq�zei na

g�netai anadromik�� kaj�c diatr�qoume to d�ntro ap� thn koruf� proc ta k�tw� To mo�

nop�ti pou ja akolouj�soume e�nai gnwst�� mia kai to arister�tero �deio f	llo mpore�

na entopiste� l�gw thc suneq�c mac gn�shc tou sunoliko	 arijmo	 twn stoiqe�wn� H

e	resh loip�n thc diadrom�c e�nai pl�on e	kolh� all� h ulopo�hsh e�nai k�pwc per�plokh

kai parousi�zetai arg�tera�

��� Diagraf�c � Enallag�c

Ac asqolhjo	me t�ra me thn entol� diagraf�c �delete�� H entol� delete pr�pei na dia�

gr�yei to rizik� stoiqe�o �epistr�fontac to perieq�men� tou san apot�lesma�� Kaj�c
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Sq�ma �� H entol� delete

af�nontac mia tr	pa
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Sq�ma �� H entol� delete apo�

fe	gontac th dhmiourg�a miac

tr	pac

t�ra h r�za g�netai �deia� �na �llo stoiqe�o tou d�ntrou pr�pei na topojethje� san mia

n�a r�za� An epil�xoume �nan ap� touc jugatriko	c k�mbouc �to mikr�tero�� t�te m�a

tr	pa ja metakino	ntan proc ta f	lla tou d�ntrou� dial�gontac to monop�ti thc tu�

qa�a kaj�c diatr�qei ta ep�peda tou d�ntrou� Ed� to tuqa�a den ja pr�pei na metafra�

ste� kuriolektik�� Aut� pou ennoo	me e�nai �ti h k�je kaino	rgia strof� epil�getai

me to m�tro thc kat�taxhc kai to monop�ti pou apaite�tai gia na diathrhje� to d�ntro

isorrophm�no den akolouje�tai� Epom�nwc aut� h m�jodoc den e�nai h kat�llhlh� Aut�

pou ja j�lame e�nai na �qoume k�je n�a tr	pa na topojete�tai sto dexi�tero kathl�

leim�no f	llo� Aut� mpore� na epiteuqje� me to na diagr�youme to teleuta�o kai na to

metaf�roume sth r�za� h opo�a m�lic �gine �deia� Met� h neoeisaqje�sa r�za sugkr�netai

me ta paidi� thc kai to mikr�tero ap� ta tr�a stoiqe�a enall�setai me th r�za� Aut� g��

netai anadromik� gia to teleuta�o ennalaqj�n stoiqe�o� ewc �tou den qrei�zontai �llec

anatopojet�seic� Se aut� th stigm� h leitourg�a thc delete jewre�tai wc telesje�sa kai






to d�ntro param�nei pl�rwc isorrophm�no kai me thn idi�thta thc our�c proterai�thtac

se isq	�

Telik� suzhto	me thn entol� ennallag�c �replace�� �Opwc anaf�retai sto �Ioan���

section ��� aut� h entol� den ulopoi�jhke sto sq�di� mac� all� mpore� na prosteje� pol	

e	kola� kaj�c h ulopo�hs� thc moi�zei pol	 me ton tr�po pou ulopoi�same thn entol�

delete� H entol� replace qrei�zetai mia tim� san par�metro �jetik� � arnhtik�� kai pro�

sj�tei aut� thn tim� sto rizik� stoiqe�o �dhl� aux�nei th r�za kat� thn tim��� Ap� eke�

kai p�ra aut� h entol� dr� �pwc h delete� af�tou h teleuta�a �qei metakin�sei to teleu�

ta�o f	llo sth r�za��Ena n�o stoiqe�o tpojete�tai san n�a r�za kai k�poia stoiqe�a tou

d�ntrou ja pr�pei na anatopojethjo	n me th bo�jeia anadromik�c s	gkrishc tou mhtriko	

k�mbou me ta paidi� tou� �ste na diathrhje� se isq	 h idi�thta thc our�c proterai�thtac�

��� Eis�gwntac to Pipelining

Gia na epit	qoume uyhl� throughput entol�n gia th dom� mac kai to ak�loujo sq��

dio�ulopo�hsh� ja pr�pei na epitr�poume n�ec entol�c na eis�rqontai kai na xekino	n na

leitourgo	n �dhl� na anatopojeto	n ta stoiqe�a tou d�ntrou� prin h prohgo	menh na

�qei telei�sei� Me aut� ton tr�po� poll�c entol�c mporo	n na e�nai se ex�lixh� leitour�

g�ntac sta stoiqe�a tou d�ntrou� Gia na epit	qoume t�toio parallhlism�� k�je entol�

pou �qei eisaqje� ja pr�pei na diaqeir�zetai �na xeqwrist� s	nolo stoiqe�wn� O kal	te�

roc tr�poc na g�nei aut� e�nai na �qoume �lec tic entol�c na diasq�zoun to d�ntro ap�

thn koruf� proc ta k�tw me thn p�rodo tou qr�nou� kai me thn k�je m�a na akolouje�

thn prohgo	men� thc me pipelined tr�po� Aut�c e�nai kai o l�goc pou prospaj�same

stic prohgo	menec suzht�seic mac na �qoume �lec tic entol�c na exel�sontai ap� thn

koruf� proc ta k�tw��Omwc� par�lo pou o tr�poc aut�c moi�zei pol	 apodotik�c� pol	

pr�sjeth prosp�jeia qrei�zetai gia to sqediasm� kaj�c exart�seic dedom�nwn �data

hazards� parousi�zontai� kai monop�tia pro�jhshc �forwarding paths� kai logik� el�g�

qou pr�pei na prostejo	n� Epipl�on to na eis�goume k�je n�a entol� am�swc met� thn

prohgo	men� thc �dhl� ston ep�meno k	klo rologio	� e�nai pol	 d	skolo �apaite� pol	

pr�sjeto ulik�� kai to �dio isq	ei gia thn ep�lush k�poiwn ant�stoiqwn exart�sewn de�

dom�nwn� Aut� suzht�ntai analutik� se ep�menec en�thtec�

��� Alg�rijmoi Swro� gia Pipelining

To Sq� � parousi�zei tic basik�c id�ec thc diaqe�rishc heap me pipelining� K�je ep�pedo

tou heap apojhke	etai se xeqwrist� fusik� mn�mh� kai diaqeir�zetai ap� �na afosiwm�no
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ep�pedo el�qgou� O exwterik�c k�smoc �rqetai se �mesh epaf� m�no me to ep�pedo 	�

Oi entol�c pou par�qontai e�nai� �i� insert� �na n�o stoiqe�o sto heap �sthn �fixh en�c

pak�tou� �tan to �ow pa	ei na e�nai anenerg��� �ii� deleteMin� di�basma kai diagraf�

tou el�qistou stoiqe�ou dhl� thc r�zac �sthn anaq�rhsh pak�tou� �tan to �ow g�netai

anenerg��� kai �iii� replaceMin�� antikat�sthse to el�qisto me �na n�o stoiqe�o pou �qei

megal	terh tim� �sthn anaq�rhsh pak�tou� �tan to �ow param�nei energ���

Stage 4
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Stage 2

Stage 1 L1
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L4
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ins/del/repl
op1 arg1

op2 arg2
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Sq�ma �� Aplopoihm�no di�gramma thc pipeline

�Otan zhte�tai ap� �na ep�pedo na ektel�sei mia entol�� ektele� thn entol� ston ka�

t�llhlo k�mbo tou sugkekrim�nou epip�dou� kai met� mpore� na zht�sei ap� to pio k�tw

ep�pedo na ektel�sei mia gennhm�nh entol� pou mpore� na apaite�tai �ste na diathrhje�

h idi�thta tou heap� Gia ta ep�peda � kai pio k�tw� ekt�c ap� to na kajor�soume thn

entol� kai �na dedom�no� h ar�jmhsh tou k�mbou� i� ja pr�pei ep�shc na kajoriste���Otan

oi entol�c tou heap g�notai me aut� ton tr�po� k�je tm�ma �maz� kai to tm�ma 	 gia I�O�

e�nai �toimo na exuphret�sei mia n�a entol�� ap� th stigm� pou h prohgo	menh entol�

�qei oloklhr�sei th leitourg�a thc sto dik� thc ep�pedo m�no�

H entol� replace e�nai h eukol�terh gia katan�hsh� Sthn Sq� � � to arg� �par�me�

troc 	� pou d�netai� pr�pei na antikatast�sei th r�za sto ep�pedo 	� To m�roc 	 �stage

	� diab�zei ta d	o paidi� tou ap� to L�� gia na apofas�sei poi� ap� tic treic tim�c e�nai

to n�o el�qisto� gia na grafte� sto L	� An �na ek twn d	o paidi�n �tan to el�qisto� to

dosm�no arg� ja pr�pei na antikatast�sei aut� to paid�� ekin�ntac �tsi mia n�a entol�

replace gia to m�roc �� k�o�k�

�mil�ntac ed� jewrhtik�� afou oi entol�c replace den ulopoi�jhkan sto telik� sq�dio

		



H entol� delete e�nai par�moia me th replace� Gia na diathr�soume to heap isorroph�

m�no� h r�za diagr�fetai antikajist�ntac th me to dexi�tero mh��deio stoiqe�o sto kat��

tero mh��deio ep�pedo� H arthr�a �bus� lastEntry qrhsimopoie�tai gia na diab�soume

aut� to stoiqe�o� kai to ant�stoiqo ep�pedo enhmer�netai pwc pr�pei na to diagr�yei�

�Otan poll�c entol�c e�nai se ex�lixh se diaforetik� m�rh thc pipeline� to pragmatik�

teleuta�o stoiqe�o mpore� na mhn e�nai to teleuta�o stoiqe�o tou teleuta�ou epip�dou�

h aiwro	menh tim� tou ne�terou�se�ex�lixh insert ja pr�pei na qrhsimopoihje� �peris�

s�terh an�lush d�netai sto �Ioan��� section ���� Se aut� thn per�ptwsh h arthr�a las�

tEntry leitourge� wc �na monop�ti prosper�smatoc �bypass path�� kai to pio pr�sfato

insert akur�netai�

O paradosiak�c alg�rijmoc gia thn insert ja pr�pei na tropopoihje�� �pwc anaf��

retai sthn en�thta ��	�	 � Se �na mh�pipelined heap� ta n�a stoiqe�a eis�gontai ston

p�to �bottom�� met� to teleuta�o mh��deio stoiqe�o� An to n�o stoiqe�o e�nai mikr�tero

ap� ton gon�a tou� t�te enall�ssetai me aut�n� k�o�k� T�toiec entol�c ja exel�sontan

sth l�joc kate	junsh� sth pipeline tou Sq� � � Ston tropopoihm�no alg�rijmo� ta n�a

stoiqe�a eis�gontai sth r�za� To n�o stoiqe�o kai h r�za sugkr�nontai� To mikr�tero

ap� ta d	o param�nei wc h n�a r�za� kai to �llo anadromik� eis�getai sto kat�llhlo

apo ta d�o up��heaps� Me to na str�boume swst� �sto arister� � dexi� up��heap� aut�

thn alus�da twn insert sto k�je ep�pedo� mporo	me na e�maste b�baioi �ti to teleuta�o

insert ja kajodhghje� na g�nei akrib�c ston k�mbo tou heap d�pla ap� to prohgo	mena�

teleuta�o stoiqe�o� Shmei�ste pwc oi paradosiak�c insert proqwro	n m�no gia �sa ep��

peda qrei�zetai� en� o tropopoihm�noc alg�rijm�c mac diatr�qei �la ta ep�peda� Aut�

p�ntwc den ephre�zei to throughput twn entol�n� Sto �Ioan��� section �� mpore�te na

de�te analutik� k�poia ap� ta j�mata pou aforo	n thn arqitektonik��

� H Ex�lixh twn Ide�n mac M�sa ap� mia Seir� Bh�

m�twn kai K�poiec Id�ec pou Apor�fjhsan

K�je entol� pou ektele�tai sto d�ntro kai xekin�ei ap� th r�za tou� p�ftei proc ta

f	lla me taq	thta en�c epip�dou an� �nan arijm� k	klwn� To k	rio j�ma gia suz�thsh

e�nai h taq	thta thc pt�shc kai ep�shc o rujm�c eisagwg�c entol�n� dhlad� to qronik�

di�sthma met� to opo�o m�a entol� mpore� na akolouj�sei thn prohgo	men� thc� Aut�c oi

par�metroi kajor�zoun to throughput twn entol�n pou mpore� na epiteuqje�� Oi arqik�c

id�ec d�nontai sto �Ioan��� section ��� Edw bl�poume apeuje�ac tic telik�c l	seic�
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��� Qrhsimopoi�ntac	Olouc touc Dunato�c Mhqanismo�c gia Uyhl�

Ap�dosh

Se aut� thn en�thta parousi�zoume thn telik� mac ap�fash gia th diaqe�rish thc do�

m�c� qrhsimopoi�ntac �louc touc mhqanismo	c ��Ioan��� section ���� kai epipl�on pro�

sj�tontac pio epijetik� pro�jhsh� katal�gontac se �na pol	 apodotik� sq�dio� Ta

diagr�mmata qronismo	 f�inontai sta Sq� � � Sq� � � Sq� � kai Sq� �� �
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Sq�ma �� O qronism�c gia thn akolouj�a DEL�DEL

Ja xekin�soume me thn entol� insert pou apeikon�zetai sto Sq� �� � mia kai fa�netai

pio apl�� Se aut� to di�gramma bl�poume th de	terh insert na eis�getai am�swc met�

thn pr�th ston k	klo �� Se aut� th stigm� h INS� diab�zei thn tim� pou j�lei prin

ak�mh aut� h tim� apofasiste� ap� thn s	gkrish ston k	klo ���Omwc an e�maste pro�

sektiko�� aut� mpore� na doul�yei swst�� qwr�c na �qoume kajuster�seic� Aut� e�nai

al�jeia� mia kai h INS� qrei�zetai thn tim� pou diab�zei� gia thn s	gkrish ston k	klo

�� Se aut� thn stigm� h tim� e�nai gnwst�� mia kai h s	gkrish thc INS	 �qei g�nei ston

k	klo 	 kai mpore� na prowjhje���Omwc h an�gnwsh ap� th mn�mh e�nai qr�simh� giat�

kaj�c diatr�qoume to d�ntro proc ta k�tw� d	o suneq�menec entol�c insert mpore� na

p�roun diaforetik� strof�� Ap� eke� kai p�ra h tim� pou ja grafte� ap� thn pr�th e�nai

anex�rthth ap� th de	terh� kai epom�nwc h de	terh insert mpore� kai pr�pei na diab�sei

to stoiqe�o pou j�lei� m�nh thc� H amfibol�a tou kat� p�so h entol� an�gnwshc e�nai

qr�simh � �qi� fa�nerai sto di�gramma me �na latinik� erwthmatik� p�nw ap� to b�loc

thc an�gnwshc� M�a par�moia kat�stash fa�netai sto di�gramma tou Sq� � � �pou

mia insert pou akolouje� mia delete eis�getai kai p�li ston k	klo �� me thn tim� gia th
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s	gkrish ston k	klo � na prowje�tai ap� th s	gkrish ston k	klo ��
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Sq�ma �� O qronism�c gia thn akolouj�a DEL�INS

Sto Sq� � mporo	me na do	me to qronism� gia thn entol� delete� H de	terh delete

eis�getai ston k	klo �� Epom�nwc h entol� an�gnwshc ektele�tai kai p�li pol	 nwr�c�

�Omwc h s	gkrish ston k	klo � mpore� kai p�li na �qei tic eis�douc thc �gkurec� H

r�za �dh gr�fetai ston k	klo ���Ena ap� ta paidi� pijan�c gr�fetai ston k	klo � �an

qreiaz�tan na enallaqje� me th r�za�� all� mpore� na prowjhje� met� th s	gkrish ston

k	klo �� To tr�to stoiqe�o �to de	tero paid�� e�qe swst� diabaste� ston k	klo � ap�

thn entol� an�gnwshc� An� met� thn k�jod� mac gia merik� ep�peda� ta d	o suneq�mena

delete �qoun p�rei diaforetik� strof�� t�te kai ta d	o paidi� ja parjo	n ap� thn ant��

stoiqh entol� an�gnwshc� �Omwc gia d	o suneq�menec delete� mia diaforetik� strof�

den tic k�nei anex�rthtec am�swc� �pwc gin�tan gia tic insert� Mia kai k�je delete dia�

qeir�zetai taut�qrona d	o ep�peda tou d�ntrou� m�a ak�mh pt�sh �dhlad� �nac k	kloc�

ja qreiaste� gia na g�noun oi d	o anex�rthtec� Sto Sq� � bl�poume thn per�ptwsh

�pou mia delete akolouje� mia insert� H delete eis�getai kai p�li ston k	klo �� kai h

an�lush orj�thtac mpore� na g�nei me ton �dio tr�po�

Met� ap� aut�c tic belti�seic �qoume thn k�je insert na akolouje� thn prohgo	menh

entol� ston am�swc ep�meno k	klo� en� h delete eis�getai me �na m�no k	klo ken� �idle��

Aut� d�nei �na aplopoihm�no m�so �ro gia throughput entol�n� miac ana 	�� k	klwn� me

m�no ��� k	klouc na m�noun idle�
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Sq�ma 	�� O qronism�c gia thn akolouj�a INS�INS
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��� Pwc o Rujm�c Eisagwg�c Mpore� na G�nei Ak�mh Pio Uyh�

l�c

�Eqoume loip�n pet	qei thn ap�dosh thc en�thtac ��	� �pou e�pame pwc �tan mia delete

eis�getai� ja pr�pei na prohge�tai �nac ken�c k	kloc� Epom�nwc �tan j�loume na eis��

goume mia akolouj�a entol�n �pwc INS�INS�DEL� ja pr�pei na eisaqje� san INS�INS�

idle�DEL��Omwc� gia touc l�gouc pou fa�nontai sto �Ioan��� section ��� h ne�terh insert

ja pr�pei na akurwje� �tan eisaqje� h delete� Met� ap� aut� h akolouj�a g�netai INS�

idle�idle�DEL�Oi d	o keno� k	kloi fa�nontai t�ra pollo�� mia kai �nac m�no ken�c k	kloc

ja arko	se gia na mh prokal�sei probl�mata sthn pipeline� Aut� mac d�nei thn id�a na

epitr�youme mia DEL na akolouj�sei am�swc mia INS �me �na ken� k	klo na apaite��

tai m�no gia tic akolouj�ec DEL�DEL� k�nontac aut�c DEL�idle�DEL�� mia kai e�maste

s�gouroi pwc h INS pou prohge�tai ja akurwje�� prokal�ntac thn anagka�a fusal�da

�bubble� pou ja diatr�xei thn pipeline� mprost� ap� thnDEL� Epom�nwc me aut� th belt��

wsh� �qoume mia DEL na apaite� �na ken� k	klo m�no gia na diaqwriste� em�swc met�

ap� mia �llh DEL� O upologism�c thc prok	ptousac sunolik�c ap�doshc e�nai k�pwc

par�xenoc� mia kai �nac qronodromologht�c pou �qei gn�sh tou mhqanismo	� ja mpore�

pijan�c p�nta na qronodromolog�sei mia endi�mesh INS gia na diaqwr�sei mia akolouj�a

DEL�DEL� metatr�pont�c thn se DEL�INS�DEL� H teleuta�a mpore� na eisaqje� qwr�c

pr�sjetouc k	klouc� katal�gontac �tsi se rujm� eis�dou m�ac n�ac entol�c an� k	klo

rologio	��Omwc� an upoj�soume �nan qronodromologht� pou den e�nai gn�sthc� kai me

aplopoihm�na posost� entol�n� mporo	me na upoj�soume pwc mia DEL ja akolouje�

�se pl�rh leitourg�a� dhlad� �tan �qoume se k�je k	klo mia n�a entol�� e�te mia DEL �

mia INS� me �sh pijan�thta� Epom�nwc h pijan�thta na �qoume thn akolouj�a DEL�DEL

d�netai ap� ton t	po P �DEL �DEL� � P �DEL�� P �DEL� � ���� ��� � ����� Epo�

m�nwc �nac ken�c k	kloc ja prost�jetai k�je � entol�c �met� ap� k�je de	terh DEL�

kat� m�so �ro� d�nontac taq	thta � entol�n an� � k	klouc�

Par�lo pou aut� fa�netai arket� apl�� �na pr�blhma prok	ptei� to opo�o eutuq�c�

an g�nei antilhpt�� mpore� na xeperaste���Otan mia DEL akolouje� am�swc mia INS� e��

pame pwc h INS ja akurwje�� odhg�ntac sth dhmiourg�a miac fusal�dac� �Omwc� �pwc

kajor�zetai ap� th seiriak� e�sodo twn entol�n� h DEL ja pr�pei na �qei ta �dia apo�

tel�smata� �pwc an h INS e�qe afeje� pr�ta na telei�sei� Aut� shma�nei �ti h dom�

thc pipeline den ja pr�pei na ephre�zei ta apotel�smata� Epom�nwc mia DEL� asq�twc

tou k	klou pou eis�qjhke� an akolouje� tic �diec entol�c ja pr�pei na �qei ta �dia apo�

tel�smata� kr	bontac �tsi tic leptom�reiec thc ulopo�hshc ap� ton �xw k�smo��Omwc�

�pwc ja fane� kai sthn en�thta � � �tan h INS miac akolouj�ac INS�DEL akur�netai�

	�



den �qei ak�mh prol�bei na gr�yei th n�a r�za �an qreiaz�tan se per�ptwsh pou to n�o

stoiqe�o e�nai to mikr�tero �lwn�� Epom�nwc h DEL ja d�sei mia �pijan�c� pali� r�za

proc ta �xw� qrhsimopoi�ntac to �pijan�c mikr�tero� akurwm�no stoiqe�o thc INS san

antikatast�th thc r�zac� Aut� to mikr�tero stoiqe�o ja exaqje� ap� thn ep�menh DEL�

odhg�ntac sthn enallag� duo suneq�menwn tim�n �se s	gkrish me th swst� alolouj�a

ex�dou� sthn akolouj�a ex�dou pou prok	ptei ap� ton diaqeirist� tou heap� Mia kai

aut� sumba�nei �tan h INS miac akolouj�ac INS�DEL prospaje� na eis�gei �na n�o el��

qisto stoiqe�o� mporo	me na xeper�soume aut� to pr�blhma me to na �qoume thn DEL

na leitourge� elafr�c diaforopoihm�na� Den ja pr�pei am�swc na ex�gei th r�za� all�

to mikr�tero thc r�zac kai thc akurwm�nhc tim�c� �Etsi p�nta ja ex�gei to el�qisto

stoiqe�o� af�nontac to mh epilegm�no gia antikatast�th thc r�zac �pijan�c thn �dia thn

pali� r�za� all� aut� den prokale� kan�na epipl�on pr�blhma� afo	 de diaf�rei ap� th

genik� per�ptwsh��

�Enac enallaktik�c grafik�c tr�poc parous�ashc kai ex�ghshc tou qronismo	 d�netai

sto �Ioan��� section ��� Oi duskol�ec gia thn eisagwg� miac entol�c an� k	klo rologio	

d�nontai ep�shc sto �Ioan��� section �� kai h mel�th perissot�rwn enallaktik�n k�stouc

kai ap�doshc sto �Ioan��� section ���

	 H Ulopo�hsh se Ulik� 
Hardware� tou Prwtot�pou

tou Diaqeirist� Swro�

�Opwc e�pame nwr�tera� suneq�same thn ergas�a mac� proc thn ulopo�hsh en�c prot�tupou

ASIC tou wc t�ra diaqeirist� swro	 pou perigr�yame� Ja perigr�youme ton �lo sqe�

diasm� me meg�lh leptom�reia� xekin�ntac me mia genik� exwterik� perigraf� pou d�qnei

to ep�pedo diepif�neiac� Met� suneq�zoume parousi�zontac ta sqetik� datapaths me thn

prosj�kh epipl�on an�lushc gia to pwc leitourgo	n k�poia sugkekrim�na tm�mata�

��� H Diepif�neia tou Diaqeirist� Swro�

To per�gramma �outline� tou diaqeirist� swro	 fa�netai sto Sq� �� � Ac xekin�soume

exhg�ntac ta s�mata eis�dou kai ex�dou� Xekin�ntac me to s�ma cmd� e�nai h entol� pou

d�netai sto diaqeirist�� Proc to par�n� h insert kai h delete e�nai oi d	o dunat�c entol�c�

H e�sodoc valid kajor�zei thn egkur�thta thc entol�c pou d�netai se k�je k	klo� H �lh

diepif�neia e�nai sugqronism�nh me thn e�sodo rologio	 clk in kai �tsi �la ta s�mata

deigmatolhpto	ntai m�a for� se k�je per�odo rologio	� To data in e�nai ta dedom�na

	�
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Sq�ma 		� To per�gramma tou diaqeirist� swro	

pou d�nontai san e�sodo� an aut� qrei�zontai� Aut� odhge�tai ston �dio k	klo maz� me

thn ant�stoiqh entol�� H taut�thta �id� kai mia ant�stoiqh arijmhtik� tim� �p�q� pro�

terai�thta� qrei�zontai na dwjo	n se mia entol� insert� H delete de qrei�zetai �llec

param�trouc eis�dou� Sthn ulopo�hs� mac to id e�nai pl�touc 	� bits kai d�netai sta pe�

riss�tero shmantik� bits tou data in� en� h ant�stoiqh arijmhtik� tim� �� apl� arijm�c

gia apl�thta� e�nai pl�touc 	� bits kai d�netai sta lig�tero shmantik� bits tou data in�

To reset qrei�zetai gia k�poiec apara�thtec arqikopoi�seic sth �narxh thc leitourg�ac�

�Oson afor� tic ex�douc� to reset ack shmatodote� p�te h arqikopo�hsh oloklhr�jhke�

op�te h kanonik� leitourg�a mpore� na l�bei q�ra� To clk out e�nai to s�ma rologio	

pou sugqron�zei ta s�mata ex�dou� T�loc� to data out d�nei ta dedom�na pou epistr�fo�

ntai ap� ton diaqeirist�� Mia insert den perim�nei dedom�na ex�dou� en� h delete d�qetai

to el�qisto stoiqe�o m�sw tou data out� To id kai o arijm�c peri�qontai sta �� bits

tou data out me ton �dio tr�po pou perigr�yame gia to data in� �Ena teleuta�o stoi�

qe�o pou ja j�lame na anaf�roume e�nai pwc oi entol�c insert mporo	n na eisaqjo	n se

k�je k	klo� en� gia mia delete j�loume �na ken� k	klo na th diaqwr�sei ap� mia am�swc

prohgo	menh delete� Aut� e�nai to apot�lesma auto	 pou �qei �dh exhghje� stic en�th�

tec pou perigr�yame thn ekt�lesh me tr�po pipelined kai tic sqetik�c mej�douc gia na

epit	qoume uyhl� throughput entol�n�

��� H Parous�ash twn Datapaths

To datapath tou sqed�ou mac mpore� na diaqwriste� se d	o shmantik� m�rh� To pr�to

perilamb�nei thn anagka�a leitourgik�thta gia tic entol�c insert� kai to de	tero thn

ant�stoiqh leitourgik�thta gia tic entol�c delete� Wc sun�jwc ta periss�tera s�mata

	�



el�gqou den fa�nontai� H mn�mh fa�netai kai sta d	o datapaths� �mwc up�rqei m�no �na

ant�tupo pou qrhsimopoie�tai kai ap� ta d	o �me pol	plexh twn eis�dwn kai twn ex�dwn��

Mia kai oi d	o entol�c den moir�zontai sqed�n kaj�lou ap� th leitourg�a touc� o dia�

qwrism�c twn datapths tairi�zei �morfa kai e�nai bohjhtik�c t�so gia thn katan�hsh�

all� kai gia thn ulopo�hsh tou sqed�ou� Par�la ta	ta� ta d	o kat� ta �lla xeqwri�

st� datapaths epikoinwno	n metax	 touc m�sw shm�twn prosp�rashc kai ant�stoiqwn

dedom�nwn� ta opo�a apaito	ntai gia na uposthriqje� to pr�gmati �ntono pipelining�

��� To M�roc tou Datapath gia tic Entol�c Insert
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Sq�ma 	�� To m�roc tou datapath gia tic entol�c insert

To datapath gia thn entol� insert fa�netai sto Sq� �� � Me mia pr�th mati� pa�

rathro	me pwc e�nai pol	 kanonik� �epanalamban�meno���Ena tm�ma �stage� thc pipeline

kajist� to basik� tm�ma� to opo�o epanalamb�netai omoi�morfa� Me aut� ton tr�po

o diaqeirist�c tou heap g�netai e	kola anaprosarmoz�menou meg�jouc� apait�ntac ton

kat�llhlo arijm� epanal�yewn twn tmhm�twn �ste na �qoume ton diaqeirist� tou ka�

t�llhlou meg�jouc� M�no ta pr�ta d	o kai to teleuta�o tm�ma diaf�roun ap� to basik��

Par�la aut�� apotelo	n apl�terec metatrop�c tou basiko	 tm�matoc� To pr�to tm�ma

peri�qei epipl�on leitourgik�thta pou afor� th diepif�neia proc ton �xw k�smo� arqiko	c

upologismo	c kai k�poia epipl�on apoj�keush gia dedom�na� Xekin�ntac thn perigraf�

mac ap� aut� to tm�ma� bl�poume �nan metrht� pou krat� ton arijm� twn stoiqe�wn pou

e�nai an� p�sa stigm� apojhkeum�na sth dom�� K�je for� pou mia insert �� mia delete�

	




eis�getai� o metrht�c aux�netai �� mei�netai�� Mia perigraf� se megal	tero b�joc gia

ton metrht� kai to mhqanism� enhm�rws�c tou d�netai sto �Ioan��� section ��� mia kai

k�poiec epipl�on teqnik�c pou apaito	n periss�terh an�lush qrhsimopoio	ntai se aut�

to m�roc� Sto tm�ma 	 h tim� thc r�zac d�netai sto ep�meno tm�ma� H r�za krate�tai se

�na kataqwrht� pou antistoiqe� sto ep�pedo mn�mhc 	� To stoiqe�o pou ja eisaqje� d�ne�

tai ep�shc sto tm�ma �� afo	 l�fjhke m�sw thc diepif�neiac��Ena teleuta�o pr�gma pou

g�netai se aut� to tm�ma e�nai o upologism�c thc die	junshc an�gnwshc gia to ep�meno

ep�pedo� Aut� h die	junsh upolog�zetai me b�sh thn tim� tou metrht� kai thn paro	sa

die	junsh �dhl� th die	junsh pou qrhsimopoi�jhke gia thn an�gnwsh ap� th mn�mh tou

ant�stoiqou tm�matoc�� H teleuta�a e�nai 	� mia kai aut� h die	junsh antistoiqe� sth

r�za� �Oso gia ta s�mata el�gqou pou de fa�nontai� pr�pei na anaf�roume pwc �na bit

egkur�thtac pr�pei na sqhmatiste� gia na d�qnei �ti mia entol� insert �qei eisaqje�� Aut�

ja d�netai kai sta ep�mena tm�mata kai ja summet�sqei ston upologism� twn shm�twn

oe� we kai cs�

Sth sun�qeia perigr�foume to basik� tm�ma� to opo�o� qrhsimopoio	meno ton ka�

t�llhlo arijm� for�n� dhmiourge� �nan diaqeirist� tou apaito	menou meg�jouc� De ja

exhg�soume xeqwrist� to de	tero kai to teleuta�o tm�ma� ta opo�a anaf�rame pwc dia�

f�roun ap� to basik�� mia kai apotelo	n aplo	sterec diaforopoi�seic tou teleuta�ou�

e	kola katanoht�c� Kaj�c d�noume thn perigraf�� o anagn�sthc mpore� na parap�mpetai

sto tm�ma � �stage �� tou Sq� �� � Pr�ta ap�la blepoume sta arister� �na sugkrit�

�cmp� me d	o eis�douc� H pr�th �p�nw� e�nai to stoiqe�o pou aiwre�tai proc ton p�to

tou d�ntrou� en� to de	tero e�nai to stoiqe�o pou e�nai proc to par�n apojhkeum�no sto

prohgo	meno ep�pedo tou d�ntrou� To monop�ti pou akolouje�tai kajor�zetai ap� to mo�

nop�ti pou pr�pei na akolouj�soume gia na ft�soume sthn ken� j�sh tou d�ntrou pou

ja filoxen�sei to n�o stoiqe�o� �Omwc� kaj�c �llec entol�c mpore� na diasq�zoun to

d�ntro� aut� to stoiqe�o� pou diaisjhtik� katalamb�nei th j�sh sto d�ntro� �swc den

e�nai efikt� na dwje� ap� th mn�mh tou epip�dou �� mia kai aut� mpore� na peri�qei pali�

dedom�na� �Ena monop�ti prosp�rashc pr�pei na energopoihje� gia na prosf�rei ta de�

dom�na pou aut� th stigm� prospajo	n na eggrafo	n sth mn�mh ��lec oi prosper�seic

anal	ontai sto �Ioan��� section ���� D	o polupl�ktec� �nac sta arister� tou tm�matoc �

kai �nac sta dexi� tou tm�matoc �� epil�goun thn kat�llhlh e�sodo� Anafer�menoi stic

eis�douc ap� ton pr�to �tm�ma �� polupl�kth sto de	tero� kai pa�rnontac tic eis�douc

tou k�je polupl�kth ap� p�nw proc ta k�tw� �qoume tic ex�c peript�seic� �a� Pa�r�

noume ta dedom�na apeuje�ac ap� th mn�mh� Aut� sumba�nei �tan kam�a prohgoum�nwc

eishgm�nh entol� pou en�qei eggraf� sto ep�pedo � den ektele�tai aut� th stigm�� �b�

Mia insert e�qe prohgoum�nwc eisaqje� me �nan endi�meso ken� k	klo� �g� Mia delete

��



e�qe prohgoum�nwc eisaqje� me �nan endi�meso ken� k	klo� �d� Aut� e�nai h e�sodoc pou

lamb�netai ap� ton pr�to polupl�kth� �e� Mia insert e�qe eisaqje� ston prohgo	meno

k	klo� �st�Mia delete e�qe eisaqje� ston prohgo	meno k	klo� Af�tou �qoume kajor�sei

kai ta d	o stoiqe�a� o sugkrit�c br�skei aut� me th mikr�terh tim� proterai�thtac� Aut�

epil�getai ap� ton pr�to polupl�kth gia na grafte� sth mn�mh L�� sth die	junsh ap�

thn opo�a prospaj�same prohgoum�nwc na diab�soume� To �llo stoiqe�o d�netai m�sw

tou �llou polupl�kth sto ep�meno tm�ma kai kajist� to epwnomaz�meno aiwro	meno

antike�meno� H n�a die	junsh gia an�gnwsh upolog�zetai ep�shc� Aut� pou fa�netai san

�nac pollaplasiast�c ���� kai �nac ajroist�c� ulopoio	ntai me apl� diaqe�rish twn bits�

��� To M�roc tou Datapath gia tic Entol�c Delete
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Sq�ma 	�� The datapath portion for the delete operation

To datapath gia tic entol�c delete fa�netai sto Sq� �	 � Kai auto to datapath

e�nai pol	 kanonik�� an kai aut� den mpore� na fane� kal� sto sq�ma� Aut� sumba�nei

giat� to basik� tm�ma qrhsimopoie�tai ap� to tm�ma � kai p�ra� Epom�nwc �qoume ta

pr�ta � na apotelo	n apl�terec metatrop�c tou basiko	 tm�matoc� Epanalamb�nontac

to teleuta�o mporo	me na �qoume ton diaqeirist� tou kat�llhlou meg�jouc� To teleuta�o

tm�ma apotele� kai p�li aplo	steush tou basiko	� To pr�to tm�ma e�nai h aplo	sterh

�lwn twn metatrop�n� all� perilamb�nei epipl�on leitourgik�thta gia touc l�gouc pou

anaf�rjhkan kai sto pr�to ep�pedo thc insert� Diab�zei th r�za kai ex�gei to el�qisto

stoiqe�o� kai h r�za sth sun�qeia ja antikatastaje�� To n�o stoiqe�o pou �diaisjhtik��

�	



ja topojethje� proswrin� sth r�za� �pwc perigr�fthke sthn ��	� ja dwje� e�te ap� mia

akurwm�nh insert� � apeuje�ac ap� th j�sh thc mn�mhc pou br�sketai� Aut� fa�netai apl�

me �na b�loc sto sq�ma� H die	junsh an�gnwshc gia th mn�mh L� ep�shc upolog�zetai�

Ac perigr�youme t�ra th logik� gia to tm�ma � tou Sq� �	 � Aut� e�nai �na ant��

grafo tou basiko	 tm�matoc gia th delete� kai m�sw auto	 mporo	me na katal�boume

pwc leitourgo	n kai ta �lla tm�mata pou anaf�rjhkan san aplo	sterec metatrop�c�

T�ssera stoiqe�a d�nontai ap� to prohgo	meno tm�ma� ta opo�a shmei�nontai san 	� ��

	 kai �� Aut� e�nai ta t�ssera paidi� pou qrei�zetai na diabasto	n ap� to prohgo	meno

tm�ma gia touc l�gouc apodotik�thtac pou anaf�rjhkan �tan suzhto	same pwc ektelo	�

ntai oi entol�c delete �de�te ep�shc to �Ioan��� section �����Omwc thn �ra pou ft�noume

to tm�ma �� x�roume poi� d	o paidi� e�nai ta qr�sima� Epipl�on� monop�tia prosper��

smatoc e�nai upoy�fia na d�soun tic pragmatik�c tim�c twn paidi�n� mia kai h mn�mh

mpore� na peri�qei pali� dedom�na� �Eqoume treic peript�seic pou qrei�zontai �na mo�

nop�ti prosper�smatoc na energopoihje�� oi opo�ec antistoiqo	n se sugkekrim�nec ako�

louj�ec entol�n� �a� Mia DEL e�qe eisaqje� m�sw thc akolouj�ac INS�INS�idle�DEL� H

de	terh insert ja �qei akurwje� gia logariasm� thc DEL� �mwc h pr�th ja e�nai ak�mh

energ� kai prospaje� na gr�yei to ep�pedo thc mn�mhc ap� to opo�o prospajo	me na dia�

b�soume� �b� Mia DEL akolouje� thn paro	sa DEL me duo endi�mesouc keno	c k	klouc�

�g� Mia DEL akolouje� thn paro	sa DEL me �na m�no endi�meso k	klo� Oi ant�stoiqoi

polupl�ktec pou apofas�zoun poio monop�ti ja energopoihje� e�nai o ��se�	 polupl�kthc

sto dex� p�nw �kro tou tm�matoc � kai o ��se�	 polupl�kthc sta arister� tou tm�matoc

�� Oi peript�seic prosper�smatoc pou anaf�rjhkan pio p�nw akoloujo	n th seir� eis��

dwn twn poluplekt�n ap� ton arister� �tm�ma �� ston dexi� kai ap� p�nw proc ta k�tw�

�Eqontac apofas�sei ta d	o paidi� pou ja qrhsimopoihjo	n� aut� sugkr�nontai metax	

touc kai me to gon�a touc gia na kajoriste� to mikr�tero ap� ta tr�a� O pr�toc polu�

pl�kthc �mat� touc sugkrit�c� dial�gei to apot�lesma thc s	gkrishc an�mesa sto gon�a

kai to mikr�tero paid�� To mikr�tero paid� prowje�tai m�sw tou ep�menou polupl�kth kai

o tr�toc polupl�kthc epil�gei to mikr�tero metax	 tou gon�a kai tou mikr�terou paidio	�

To stoiqe�o pou epil�getai ja grafte� sthn kat�llhlh j�sh thc mn�mhc� Mporo	me na

upolog�soume thn die	junsh aut� mia kai x�roume th die	junsh pou qrhsimopoi�jhke gia

na diab�soume ta � paidi� kai epipl�on x�roume ta apotel�smata twn sugkr�sewn ap�

ta prohgo	mena tm�mata� O polupl�kthc sto sq�ma pou epil�gei metax	 twn �� 	� � �

� kai o ajroist�c ulopoio	ntai me apl� diaqe�rish twn bits� T�loc bl�poume k�tw ton

upologism� thc n�ac die	junshc an�gnwshc� Ki aut� ep�shc apaite� apl� diaqe�rish twn

bits�

Di�fora j�mata pou ep�feran duskol�ec sthn arqitektonik� d�nontai sto �Ioan���

��



section �� maz� me tic l	seic touc�

��� Epal�jeush thc Orj�c Leitourg�ac

Gia na epalhje	soume to sq�di� mac� suggr�yame tr�a mont�la en�c heap� me diaforetik�

ep�pedo afa�reshc� kai ta prosomoi�same par�llhla me to sq�dio se Verilog� �tsi �ste

k�je uyhl�terou epip�dou mont�lo na el�gqei thn orj�thta tou ep�menou �pio k�tw� epi�

p�dou� wc to telik� ep�pedo�sq�dio� To uyhl�terou epip�dou mont�lo� gramm�no se Perl�

e�nai mia our� proterai�thtac pou apl� epalhje	ei oti to stoiqe�o pou epistr�fetai ap�

tic delete e�nai k�je for� to el�qisto �swn �qoun eisaqje� kai den �qoun diagrafe�� To

ep�meno pio analutik� mont�lo� gramm�no se C� e�nai �na apl� heap� Ta perieq�mena

thc mn�mhc tou pr�pei na tairi�zoun me aut� thc Verilog gia sq�mata el�gqou pou den

energopoio	n to mhqanism� ak	rwshc twn insert ��Ioan��� section �����Omwc� �tan aut�c

o mhqanism�c energopoie�tai� h sunolik� topoj�thsh twn stoiqe�wn sto pipelined heap

mpore� na diaf�rei ap� aut� tou aplo	 heap� giat� merik�c insert akur�nontai pr�n ft��

soun to teleiwtik� touc st�dio� kai epom�nwc h tim� pou ja antikatast�sei th r�za sthn

ep�menh delete mpore� na mhn e�nai h m�gisth tou monopatio	 thc insert ��pwc sun�baine

sto apl� heap�� all� mia �llh tim� tou monopatio	� �pwc kajor�zetai ap� to sqetik�

qronism� twn entol�n� To pio analutik� mont�lo C analutik� perigr�fei�prosomoi�nei

aut� th sumperifora��Eqoume epalhje	sei to sq�dio me poll�c diaforetik�c akolouj�ec

entol�n� energopoi�ntac �la ta pijan� monop�tia prosper�smatoc� Sq�mata el�gqou

�test patterns� dek�dwn qili�dwn entol�n qrhsimopoi�jhkan� �ste na elegqjo	n �la ta

ep�peda tou heap� ft�nontac kai se sunj�kec koresmo	� Di�forec par�metroi mporo	n

na dwjo	n� �pwc o m�gistoc arijm�c plhr�thtac pou ja ep�ljei� ta �dh twn akolouji�n

entol�n ��pwc p�q� tuqa�a� � suneq�menec insert akoloujo	menec ap� suneq�menec delete

gia th suneq� energopo�hsh tou mhqanismo	 thc ak	rwshc twn insert klp��� � o el�qi�

stoc arijm�c stoiqe�wn pou mpore� na parame�nei sto d�ntro �krat�ntac to �tsi arket�

baj	 �tan j�loume� �ste na energopoio	ntai pol	plokoi mhqanismo�� � na epitr�petai

sto heap na adei�zei� �ste na elegqje� h sumperifor� tou se mia t�toia per�ptwsh�� O

arijm�c id �p�q� VC� gia k�je stoiqe�o pou eis�getai� d�netai ap� �na s	nolo VCs� Aut�

to s	nolo enhmer�netai me k�je entol� pou eis�getai� Gia na x�roume poio id ja eleuje�

rwje� ap� mia delete� h genn�tria twn akolouji�n �qei gn�sh tou tr�pou pou leitourge�

to heap �me th bo�jeia tou aplo	 mont�lou Perl�� Ep�shc� oi proterai�thtec d�nontai me

tr�po pou na ikanopoie� tic an�gkec tou mhqanismo	 s	gkrishc pou d�netai sto �Ioan���

section ��� op�te h genn�tria �qei gn�sh tou mhqanismo	 epanat	lixhc �wrap�around��

T�loc scripts se Perl qrhsimopoio	ntai gia na epalhje	soun thn orj� leitourg�a tou

��



sqed�ou se Verilog� sugkrin�meno me ta mont�la epal�jeushc�

��� Ta Apotel�smata se K�stoc kai Ap�dosh

�Opwc �qoume anaf�rei prin� h ulopo�hs� mac apotele�tai ap� stoiqe�a pou �qoun m�gejoc

�� bits� kai to megal	tero komm�ti SRAM e�nai �Kx��� me k	klo rologio	 per�pou sta

	�ns� Mil�ntac me orolog�a Verilog� to datapath tou basiko	 tm�matoc thc pipeline

�qei poluplok�thta per�pou ��� bits kataqwrht�n� 	�� bits poluplekt�n d	o eis�dwn�

��� bits poluplekt�n tess�rwn eis�dwn� kai 	�� bits arijmhtik�c s	gkrishc� To tm�ma

el�gqou �perilambanom�nou kai tou el�gqou tou prosper�smatoc� �qei poluplok�thta

per�pou �� gramm�n se k�dika Verilog�

Epexergast�kame to sq�dio m�sw tou Synopsys kai katal�xame sta parak�tw apote�

l�smata� Xekin�ntac me th di�stash tou sqed�ou� h mh sundiastik� logik� katalamb�nei

q�ro ����mm� kai h sundiastik� ��mm�� Ap� ta teleuta�a ��mm�� �pwc fa�netai sto

�Ioan��� section ��� ta ��mm� katalamb�nontai ap� th mn�mh pou apojhke	ei ta stoiqe�a

tou d�ntrou� Ta up�loipa aforo	n kataqwrht�c tic pipeline kai �llouc kataqwrht�c tou

datapath� H sunolik� epif�neia e�nai loip�n �
���mm�� qwr�c thn epif�neia thc dias	n�

deshc� Aut� h epif�neia prosj�tei per�pou 	��� k�nontac to telik� sq�dio sunolik�c

epif�neiac ��mm��

O k	kloc rologio	 e�nai 	� ns gia sunj�kec worst case� To monop�ti pou d�nei th

magal	terh kajust�rhsh e�nai aut� pou br�skei to teluta�o stoiqe�o tou heap� �tan aut�

br�sketai sthn teleuta�a mn�mh �L	��� mia kai aut� e�nai h megal	terh kai h arg�terh�

Aut�c o k	kloc odhge� se �na rol�i per�pou �� MHz� d�nontac rujm� entol�n �� Mops�

Sumper�smata
�Eqoume parousi�sei mia s	noyh prohgm�nwn alg�rijmwn qronodromol�ghshc��Opwc

e�dame� h e	resh tou el�qistou ap� �na meg�lo s	nolo tim�n e�nai h koin� upologistik�

an�gkh� H dom� dedom�nwn tou swro	 �heap� parousi�sthke sth sun�qeia san mia elpi�

dof�ra b�sh gia thn ep�lush auto	 tou probl�matoc� Oi tropopoi�seic pou qrei�zontai

stouc paradosiako	c alg�rijmouc gia heap parousi�sthkan sth sun�qeia� Suneq�zontac

thn ergas�a mac� ulopoi�same �nan diaqeirist� swro	 �heap manager� pou qrhsimopoie�

pipelining� d�qnontac �tsi thn efikt�thta meg�lwn our�n proterai�thtac� me rujmo	c

thc t�xhc twn 	�� ek� entol�n to deut� me rujmo	c rologio	 thc t�xhc l�gwn ekatont��

dwn rologio	� me mont�rna teqnolog�a� To k�stoc t�toiwn heap managers e�nai h �ana�

p�feukth� mn�mh pou krat�ei tic tim�c proterai�thtac kai tic taut�thtec twn ro�n� kai

ep�shc mia ntouz�na � per�pou t�sa tm�mata thc pipeline �qi idia�terhc poluplok�thtac�

��



Aut� sugkr�netai arket� euno�k� me ta calendar queues � thn ennallaktik� ulopo�hsh

gia ulopoi�seic our�n � me thn auxhm�nh touc an�gkh se mn�mh kai thn poluplok�thta

na diaqeir�zontai sugkro	seic��Eqoume parousi�sei se meg�lh leptom�reia ton tr�po pou

o heap manager leitourge�� d�nontac l	seic se poll� probl�mata pou prok	ptoun �tan

eis�goume to pipelining� Epipl�on parousi�same �na s	nolo enallaktik�n l	sewn pou

antall�soun ap�dosh kai k�stoc� Aut� upodikn	oun kai to l�go pou h sugkekrim�nh

ulopo�hsh akolouj�jhke� Mpore� ep�shc na apotel�sei th b�sh gia l	seic qamhl�te�

rou k�stouc� an k�poioc endiaf�retai gia mia t�toia ulopo�hsh� T�loc poll�c ap� tic

l	seic pou d�jhkan se probl�mata mporo	n na qrhsimopoihjo	n xeqwrist�� an an�loga

probl�mata emfanisto	n� se pijan�c mh sqetik�c ulopoi�seic�

H efikt�thta our�n proterai�thtac me poll�c qili�dec stoiqe�a sto e	roc twn 	��

Mops afor� pol	 ta d�ktua uyhl�n taqut�twn kai to mellontik� diad�ktuo� Oi peris�

s�teroi ap� touc prohgm�nouc alg�rijmouc gia thn paroq� eggu�sewn exuphr�thshc

uyhlo	 epip�dou� bas�zontai se our�c an� ro� kai se qronodromologht�c basism�nouc

se our�c proterai�thtac� Epom�nwc� epidikn	oume �ti t�toioi alg�rijmoi e�nai efikto��

se qamhl� k�stoc kai gia rujmo	c OC�	
� �	� Gbps� kai uyhl�terouc�

��



��



Parart�mata

A Qarakthristik� Mnhm�n

AREA

mm
�

ACCESS

TIME
ns�

DATA

SETUP
ns�

ADDR

SETUP
ns�

CYCLE

TIME
ns�

mux

�� x 	� ����� ���� ���� 	�
� ���� �

�� x �� ����� ���� ���� 	�
� ���� �

	�� x �� ���
� ���� ���� ���
 ���� �

��� x �� 	�	�� ���� ���� ��	� ��	� �

�	� x �� 	��	� ���� ��
� ���� ���� �

	��� x �� ���	� ���� ��
� ���� ���
 �

���� x �� ����� ���	 ���� ���	 
��� �

Table 	� Di�forec mn�mec kai ta qarakthristik� touc�
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B Plhrofor�ec Sqetik� me ton K�dika

K�dikac Verilog ���� gramm�c

Automatopoihm�noc K�dikac Verilog �	�� gramm�c

Sunolik�c K�dikac �qwr�c mn�mec� ���� gramm�c

K�dikac Perl ��� gramm�c

K�dikac C ��� gramm�c

Meg�jh El�gqou wc kai 	��K entol�c

Scripts gia to Synopsys ��� gramm�c
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