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e fghi gj gk glmnkkgohi jn gl mpnqi nr jfi snpkj tuki mipvnplurti nv w xhny z { vnp u kiuptfvnp nri pitnp| gr z }kgry ~������� ���� si tur ��� �~� u kiuptf jn tnkj hi kk gv si |n rnj }kitnlmupgknrk � �fgk gk jfi kitpij nv |gpitj uttikk � grkjiu| nv tnlmupgry jfi kiuptf �i� jnquh}i k uhpiu|� gr jfi � hi � }ki jfi kiuptf �i� jn ~��~����� jfi u||pikk sfipi jfuj pitnp| gk jnoi vn}r| ��rvnpj}rujih�� fup|h� ur� k}tf tuht}hujgnr gk tnlmhijih� utt}puji � ur| ~�� ��� ���� upgki grsfgtf jsn |g�ipirj kiuptf �i�k upi lummi| jn jfi kuli u||pikk � �n |gpitj utti kk jitfrg�}iktnrkgkj nv jsn kjimk � jfi � ������������� ������ ��� ������ ur| jfi ~�� ��� ��� ��� ��������ei hnn� uj jsn �gr|k nv �i��jn�u||pi kk jpurkvnplujgnr � ���� v}rtjgnrk � ur| ���� v}rtjgnrk �ei s ghh tnrkg|ip tnhhgkgnr piknh}jgnr gr jfi tnrji�j nv fukf v}rtjgnrk � oitu}ki gj gk iukgip jn}r|ipkjur| tnhhgkgnr piknh}jgnr nrti si fuqi u mupjgt}hup �i��jn�u||pikk jpurkvnplujgnr grl gr| ��ivnpi si kjupj � si kfn}h| hn n� uj jfi mpnohil k grfipirj gr �i��jn�u||pi kk jpurkvnpl �ujgnrk �  nrkg|ip jfi rgri�|gygj kn tguh grk}purti r}loipk x�¡¢k{ }ki| gr u tn}rjp� nv £¤¥minmhi � ur| k}mmnki jfuj � nr kitnr|up� kjnpuyi � ohn t�k s ghh fnh| £¤¤ pitnp|k � �fi ohnt�k s ghhoi jfi u||pikki k � ur| kn jfipi s ghh oi £¤¦ nv jfil vnp jfi £¤§ m nkkgohi �i�k � �fi no¨ itjgqi gkjn lum uhh jfiki �i� quh}ik jn u||pikki k gr k}tf u su� uk jn l grgl g©i tnhhgkgnrk �ª gy}pi £ kfns k jfpii �i��jn u||pikk jpurkvnplujgnrk vnp jfgk i�ulmhi � �fi �pkj gk kjpugyfjktuhgry � | gq g|i iutf �¡¢ o� £¤« � jn pi|}ti jfi puryi vpnl £¤§ quh}ik jn £¤¦ ohn t� u||pikki k �
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distribution

Address space (e.g., 10^5 blocks)

(not to scale)

Key-to-address transformation
(scaling)

Key space (e.g., 10^9 SINs)

� �
distribution

Address space (e.g., 10^5 blocks)

(not to scale)

Key-to-address transformation
(randomizing)

Key space (e.g., 10^9 SINs)

� �
distribution

Address space (e.g., 10^5 blocks)

(not to scale)

Key-to-address transformation

(order-preserving)

Key space (e.g., 10^9 SINs)

ªgy}pi £� �i��jn��||pikk �purkvnplujgnrk�



�fgk kglmhi ummpnutf sn}h| oi �ri gv iutf �¡¢ sipi u l}hjgmhi nv £¤« � iqip� u||pikksn}h| oi n tt}mgi| ur| iqip� �¡¢ sn}h| fuqi u }rg�}i u||pikk � �nsiqip � |uju xgrth}|gry�¡¢k{ upi }k}uhh� th}kjipi| gr gppiy}hup su�k � �fgk gk kfnsr o� ur xupjg�tguh{ ������������t}pqi gr jfi �i� kmuti � �fi ktuhgry jpurkvnplujgnr sn}h| ¨ }kj k�}ii©i jfiki th}lmk o� jfivutjnp nv £¤« � hiuqgry u hnj nv ilmj� kmuti ur| u hnj nv tnhhgkgnrk gr jfi u||pikk kmuti �
�ri su� nv kl nnjfgry n}j jfi th}lmk sfghi |ngry jfi jpurkvnplujgnr gk jn ujjilmj jnyiripuji u ���� ��� |gkjp go}jgnr gr jfi u||pikk kmuti � �fgk tur oi |nri o� u pur|nl g©gryjpurkvnplujgnr � sfgtf gk kfnsr kitnr| gr �y}pi £� �fgk lijfn| gk �rnsr uk ���� ��� �
� ukfgry }rvnpj}rujih� |nik rnj mpikipqi np|ip � u }kiv} h pi�}gpilirj vnp fgyf utjgq gj��mupjgt}huph� puryi �}ipgi k � �n �y}pi £ �ruhh� kfns k ur np|ip�mpikipqgry jpurkvnplujgnr ��fgk gk tuhhi| ������� �

� � ��� 	
�

�fi ynuh nv fukfgry gk jn kmpiu| jfi �i�k }rgvnpl h� nqip jfi u||pikk kmuti � ¡j gk | g� t}hjirn}yf jn utfgiqi }rgvnpl |gkjp go}jgnrk s gjf u kgryhi pur|nl r}loip yiripujnp  |ngry gj vnp ukij nv �i�k s gjf ur upogjpup� |gkjp go}jgnr nv gjk nsr gk mupjgt}huph� tfuhhirygry � �fi tfngti nvfukf v}rtjgnr pi�}gpi k u ohir| nv jfinpijgtuh tnrkg|ipujgnrk ur| i�mipgirti s gjf utj}uh � hi k �ªnp mpglup� lilnp�� fukf v}rtjgnrk fuqi oiir i�jirkgqih� kj}|gi| x��r}��� � kitj � � �� { �ªnp kitnr|up� lilnp�� pi�}gpilirjk upi hi kk kjp gryirj � kmii| gk nv hi kk tnrtipr � oitu}kituht}hujgry ur u||pikk gk riyhgygohi gr tnlmupgknr s gjf kii�gry jfi ohn t� kn |ikgyruji|  ur|jfi uoghgj� nv jfi fukf v}rtjgnr jn pi knhqi tnhhgkgnrk gk uhkn hi kk glmnpjurj � oitu}ki jfi kjujgkjgtknv hupyi ohn t� kg©i k pi|}ti k jfi kiqipgj� nv tnhhgkgnrk sfir jfi� fummir ��n si s ghh |gkt}kk nrh� jsn nv jfi lnkj k}ttikkv} h fukf v}rtjgnrk � ����� ������� ������� ur|������ ��~������ �njf ukk}li jfi fukf �i� gk ur grjiyip � jfgk gk rnj u hgl gjujgnr � oitu}ki ur��i� tur oi pimpikirji| uk ur grjiyip uvjip u hgjjhi lurgm}hujgnr xk}tf uk i�th}kgqi�npgry jfio�ji k nv jfi fukf �i�� np jpiujgry hijjipk uk grjiyipk jn ouki ��{ ��fi |gq gkgnr�pilugr|ip lijfn| gk jfi oukgk vnp pur|nl r}loip yiripujnpk � ur| kn sifnmi gj s ghh uhkn klnnjf u kij nv �i�k grjn u }rgvnpl |gkjp go}jgnr � �fi fukf v}rtjgnr �
� x� { � � ln| �

yiripujik � u||pikki k � ¤ ��� � � £� ur| snp�k oi kj vnp u mpgli quh}i vnp � � � mpgli r}loipgk tfnkir oitu}ki u r}loip s gjf vutjnpk � mupjgt}huph� kluhh nri k � jir|k jn mpi kipqi jfi piy}�hupgjgi k jfuj upi vn}r| gr lnkj |uju � jf}k tu}kgry tnhhgkgnrk � ªnp grkjurti � gv � gk u l}hjgmhi nv
� � � ln| � s ghh lum iqir � k grjn iqir u||pikki k ur| n|| � k grjn n|| u||pikki k � ur glouh�urti nv iqirrikk ur| n||rikk ulnry jfi �i�k s ghh ummiup ulnry jfi u||pi kki k � s gjf lnpitnhhgkgnrk vnp sfgtfiqip thukk fuk l npi �i�k � ¡v � gk u l}hjgmhi nv � � jfi �i�k ur| u||pikki ks ghh oi mupjgjgnri| grjn � thukki k � s gjf rn tpnkknqip � ur| s gjf kgl ghup mpnohil k gr jfi tukinv glouhurtik �

�}hjgmhgtujgqi fukfgry suk npgygruhh� grqirji| vnp tnlm}jipk s gjf fup|supi l}hjgmhgipko}j rn |gqgkgnr fup|supi � u tnllnr iuph� |ikgyr � ¡j pilugrk }kiv} h sfir �hi kg©i k upi mnsipknv � � sfgtf gk jfi njfip i�jpili vpnl �hik s gjf u mpgli r}loip nv ohn t�k � �fi fukf v}rtjgnr �
� x� { � xx�� { l n| � { � �

pij}prk jfi �pkj � ogjk nv x�� { ln| � � sfgtf gk jfi �pkj � ogjk nv jfi hi kk kgyrg�turj snp|nv �� � kgrti � gk liurj jn oi jfi snp| kg©i � i �y �� � � �� � � gk u hupyi � mpi|i�ri| r}loip �u|qgki|h� pihuji| jn jfi !ynh|ir pujgn" � g �i �� riup x#$ � £{� %� xkii ��r}��� � kitj � � �� { � x�fgk
�



gk s pgjjir s gjf jfi l n| nmipujnp vnp u kilohurti nv vnpluhgj�� o}j nv tn}pki gj gk ~��� ���� o�ogj luk�gry � �fi mpn|}tj � �� � nv jsn r}loipk ntt}m�gry nri snp| iutf rii|k jsn snp|k �ku� hy � ogjk iutf � ur| uhh si |n gk pij}pr jfi l nkj kgyrg�turj � ogjk nv jfi hi kk kgyrg�turjsnp| �{
ei s ghh uhkn |gkt}kk nrh� jsn lijfn|k nv tnhhgkgnr piknh}jgnr � ��� ��� � ������ ur| � �������~������� � ¡r mpglup� lilnp�� jfiki pimpi kirj jsn i�jpilik nv mipvnplurti � s gjf hgriupmpnogry oi gry kglmhi jn glmhilirj o}j fuqgry pihujgqih� fgyf tnkj � i kmitguhh� sfir jfi � higk �}gji v} hh � �r kitnr|up� kjnpuyi � fnsiqip � jfi hupyi ohnt�kg©i pi|}tik jfi kiqipgj� nv jfitnhhgkgnrk ur| jfi mipvnplurti nv jsn lijfn|k gk l}tf lnpi thnki jfur gr ��� �
� griup mpnogry kglmh� out�k uhnry jfi � hi � nri ohnt� uj u jgli � }rjgh jfi pitnp| gk vn}r|xnp � sfir grkipjgry � u mhuti gk vn}r| jn m}j gj{ � ¡v u pitnp| gk rnj vn}r| nr gjk fnli ohnt� �uj u||pikk � x� { � jfir ohnt� � x� { � £ gk jp gi| � jfir ohnt� � x� { � � � ur| kn nr � x�fi piuknrvnp |itpilirjgry grkjiu| nv grtpilirjgry gk uhkn fgkjnpgtuh � ur| lu� oi tfuryi| � piygkjipfup|supi gk uohi jn |itpilirj � s gjf u jikj vnp ¤ �{ �fi |itpilirjgry gk t�thgtuh � sfir ohn t�¤ gk piutfi| � jfi ri�j ohn t� gk � � £�
� mpnohil upgki k vnp hgriup mpnogry sfir jfi � hi yijk v} hh � np uhlnkj v} hh � �fi nqip�nsmpnogry tur snp� gjk su� uhh � np uhl nkj uhh � jfi su� upn}r| jfi � hi � uttikkgry � ohnt�k grjfi snpkj tuki � �f}k � jfi tnhhgkgnr piknh}jgnr ygqik fukfgry hgriup xw x� {{ tnlmhi� gj�� iqirjfn}yf jfi ��� �~��� tnkj gk np|ip £��imupuji tfugrgry gk l npi ihuo npuji � ¡r iutf ohnt� � m ngrjipk upi lugrjugri| jn x}k}uhh�kimupuji{ nqip�ns ohnt�k � ur| u tnhhgkgnr nr jfi fnli ohnt� tu}kik jfi mngrjip tfugr jn oivnhhnsi| }rjgh jfi pitnp| gk vn}r| � np tur oi mhuti| � �fi tn|gry lu�i k u kjpugyfjvnpsup|mngrjip � np |n}ohi�m ngrjip � tfugr � �}j gj gk l npi grqnhqi| jfur hgriup mpnogry � sfgtf pi�}gpi krn u||gjgnruh |uju kjp}tj}pi k �
�qir kimupuji tfugrgry k}�ipk vpnl w x� { tnlmhi� gj�� oitu}ki iqip� �i� l gyfj fummir jnfukf jn jfi kuli fnli ohnt� � �fgk fummirk jn hgriup mpnogry � jnn � o}j gk l}tf hi kk hg�ih� jnupgki jfur jfi tuki nv mpnoik jn jfi sfnhi � hi � | gkt}kki| uonqi �
e gjf jfi ki jsn lijfn|k nv tnhhgkgnr pi knh}jgnr � si fuqi kg� uhynpgjfl k � jfpii iutf vnpkiuptf � grkipjgnr � ur| |ihijgnr �
� � hynpgjfl �� x�ukf kiuptf s gjf kimupuji tfugrgry{
� � hynpgjfl �¡ x� ukf grkipj s gjf kimupuji tfugrgry{
� � hynpgjfl �� x�ukf |ihiji s gjf kimupuji tfugrgry{
� � hynpgjfl �� x� ukf kiuptf s gjf hgriup mpnogry{
� � hynpgjfl � ¡ x� ukf grkipj s gjf hgriup mpnogry{
� � hynpgjfl �� x� ukf |ihiji s gjf hgriup mpnogry{

�fiki upi uhh kjpugyfjvnpsup| i�timj vnp uhynpgjfl �� � ur| si hiuqi jfil uk i�iptgki k � ¡ruhynpgjfl �� x�y}pi �{ � nrti jfi jupyij pitnp| fuk oiir |ihiji| � si l}kj lnqi }m uhhnqip�ns pitnp|k gr jfi tfugr vnp gjk fnli ohn t� � uk hnry uk si irtn}rjip v} hh ohn t�k nr n}psu� |nsr vpnl jfi fnli ohn t� � �fgk gk oitu}ki |ihijgnr hiuqik ur ilmj� hn tujgnr � sfgtfgk ju�ir o� jfi kiuptf ur| grkipj uhynpgjfl k uk gr|gtujgry jfi ir| nv jfi nqip�ns tfugr � eil}kj oi k}pi si fuqi ���� �� tnli jn jfi ir| nv jfi nqip�ns tfugr � � k kjim �� � snp�k |nsrjfi ohn t�k oihns jfi fnli ohnt� � |itpilirjgry � nr gjk su�� gj gk rnj pi kjp gtji| jn l nqgry}m nrh� pitnp|k jfuj fukf jn jfi npgygruh fnli ohnt� � ¡j gk vpii jn lnqi }m ur� pitnp| � � � nrt}ppirj ohn t� � � uk hnry uk � x� { � gjk fnli ohn t� � |nik rnj hgi oijsiir � ur| jfi ohnt� � ���� �
�
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Example: delete 10 from

� � � � �
� x� { � � ����� � �

ªgy}pi � � � hynpgjfl �� � � ihiji � itnp| £¤
sfipi jfi ilmj� hn tujgnr fuk oiir hivj � ªnp k}tf u pitnp| hgi k nr ur nqip�ns tfugr sfgtfgrth}|ik o njf � ur| ���� �ª gy}pi � kfns k jfi i�ulmhi nv |ihijgry £¤ vpnl u ��ohn t� � hi gr sfgtf nrh� nri pitnp| �
� � nqip�ns k � s gjf u tfugrhiryjf nv � i�jpu mpnoik � �fi ki�}irti nv quh}ik nv � � ur| � tnppi k�mnr|gryh�� � x� { ur| ���� � upi kfnsr gr jfi juohi � �fi ir| pik}hj gk jfuj � gk l nqi| jn sfipi
�� suk �¡v ohn t� � fu| oiir v}hh xku�� s gjf �� ur| ��{ � ur| ohn t� £ fu| � grkjiu| nv � � jfi � sn}h|fuqi lnqi| }m jn pimhuti �� � iqir jfn}yf gj gk rnj nr jfi tfugr vpnl jfi ohnt� x�{ sfipi jfinpgygruh |ihijgnr nv �� fu| oiir |nri �
��� 	
������ � 	 ����� ��� ������ �������
� hynpgjfl k �¡ � �� � � ¡ � ur| �� mipl gj u fukf � hi jn ypns ur| kfpgr� � o}j jfgk qnhujghgj� gkhgl gji| o� jfi r}loip nv u||pikki k � � � kmitg�i| gr jfi fukf v}rtjgnr � �n ypns oi�nr| jfgkhgl gj � jfi � hi pi�}gpi k urnjfip fukf v}rtjgnr � �r }rkujgkvutjnp� su� nv }kgry u kitnr| fukfv}rtjgnr sn}h| oi jn pifukf jfi irjgpi � hi nrti uhh u||pikki k uhhnsi| o� jfi npgygruh fukfv}rtjgnr upi v} hh xnp nrti knli kmitg�i| hnu| vutjnp � �� � fuk oiir piutfi|{ � �}tf u tnlmhijipifukf gk jurjuln}rj jn tfurygry jfi uttikk kjp}tj}pi � ur| jf}k qgnhuji k jfi kjpujiy� siuhpiu|� hug| |nsr vnp |�rul gt �hi k � � ��� ���� �� � �~~��� � ��� �� xkii kitjgnr £�£ nv tfumjip£�� � nr ��jpiik{ ��fi jutjgt si uhkn |gkt}kki| uj jfuj jgli � �� ��� �� � ���~�� �� � ��� �� � uhkn fihmk }k fipi � ¡vsi fu| u fukf v}rtjgnr � � x� { � � ln| � � ur| u kitnr| fukf v}rtjgnr sfgtf uhhns k jfi � hi jn|n}ohi gr kg©i � � � x� { � � ln| �� � jfir ur� �i�� � � fukfi| o� � x� { jn ur u||pikk � � � s ghh oifukfi| o� � � x� { jn i gjfip nv � np �  � � �f}k � pifukfgry ohnt� � }kgry � � x� { uk u ris fukfv}rtjgnr � s ghh kmhgj � grjn � ur| �  � � �gl ghuph�� nr |ihijgnr � pifukfgry ohnt�k � ur| �  �s gjf � x� { sn}h| lipyi jfil grjn ohn t� � ��fi kiuptf jutjgt gk jf}k jn }ki � x� { � knlifns |ijipl gri gv jfi ohnt� � fuk oiir kmhgj �ur| gv kn jp� uyugr s gjf � � x� { �ªnp tnrjgr}i| ypnsjf � si s ghh iqirj}uhh� rii| u v}pjfip fukf v}rtjgnr � ku� � �� x� { �
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� � k u mpnouoghgj�� �� x� { grtpiukik l nrnjnrgtuhh� vpnl ¤ jn £� �n ktuhi jfgk }m jn jfi grjiyipu||pikki k vnp � ohnt�k � si l}kj �pkj l}hjgmh� o� � ur| jfir ju�i jfi ti ghgry � �fgk ygqik jfijg|� v}rtjgnr � x�{ � ���� x�{�
�

� v tn}pki � jfi mputjgtuh knh}jgnr gk rnj kn kgl mhi � �n ����� jfi t}l}hujgqi |gkjp go}jgnrsn}h| pi�}gpi uk l}tf kmuti uk jn kjnpi uhh jfi �i� quh}ik � �n si l}kj ummpn� gluji �
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ªgy}pi £¤ �  }l}hujgqi � gkjp go}jgnr uk � g|� ª}rtjgnr
�fi iukgi kj ummpn� glujgnr gk mgiti�s gki hgriup � }kgry kjpugyfj hgrik � �n lnjgquji jfivnhhns gry |gkt}kkgnr � si urjgtgmuji � ª gy}pi ££ kfns k jfi nmjgluh �j nv vn}p hgriup mgitik jn

�� �i� quh}i k � sfgtf fummir jn oi jfi �pkj jsn |gygjk nv u kij nv jihimfnri r}loipk � ei kiijfuj jfi t}l}hujgqi |gkjp go}jgnr gk u kjim v}rtjgnr � grtpiukgry nri }rgj }m jfi np|gruji iqip�jgli gj mukki k jfi quh}i nr jfi uoktgkku nv ur utj}uh �i���fi jg|� v}rtjgnr nv �y}pi ££ tnrkgkjk nv vn}p mgitik � kn si l}kj oi uohi jn �j gr ��� jfi�qi ir|mngrjk nv uhh jfi mgitik � uj jsn tnnp|grujik iutf xjfi muyi r}loip � ur| jfi �i� quh}inv jfi hukj pitnp| nr jfuj muyi{ � �fi� l}kj oi kjnpi| gr ��� � njfips gki jfi jg|� v}rtjgnr|nik rnj k}mmnpj |gpitj uttikk � x�r kitnr|up� kjnpuyi � si fuqi jfi u|qurjuyi jfuj � uhjfn}yfjfi jg|� v}rtjgnr lu� ju�i l}tf hnryip jn tuht}huji jfur fukf v}rtjgnrk � vnp grkjurti � |n �jfgk gk }k}uhh� riyhgygohi tnlmupi| jn |ngry jfi uttikki k jn kitnr|up� kjnpuyi vnp jfi |uju �{�n |ikgyr k}tf u jg|� v}rtjgnr vnp ygqir |uju � si l}kj |ijipl gri fns l}tf pnnl si turuhhns gr ��� vnp tnnp|gruji mugpk � }ki jfgk jn |itg|i fns lur� hgriup mgitik si tur fuqi grjfi ummpn� glujgnr � jfir �r| jfi oikj ummpn� glujgnr }kgry jfgk lur� mgitik ��fi �}ikjgnr gk � fns |n si �r| jfi oikj ummpn� glujgnr�ei rns mpn tii| jn grqikjgyuji jfgk � kjupjgry s gjf u kglmhi tuki � �fi np|gruji nv �y}pi £�kfns k kg� pitnp|k kjnpi| gr jfpii ohn t�k � jsn mip ohn t� � � " � " % " �$ " �� " �$ � �fi t}l}�hujgqi |gkjp go}jgnr gk jfi mupuo nhu kfnsr uk u |njji| hgri � ¡j gk ummpn� gluji| o� jfi kjpugyfjhgri �
� mipvitj jg|� v}rtjgnr � jfi mupuonhu gjkihv � sn}h| kfns jfuj ohnt�k ir| uj �i�k � "�$ � ur|

�$ � �}j jfgk sn}h| rii| ur gr|i� irjp� vnp iutf ohnt� � �n kuqi kmuti � si kutpg�ti utt}put���fi hgriup ummpn� glujgnr gk �ri vnp �}ipgi k gr jfi puryik ��� � ��� �$ � ur| ����$  o}j �}ipgi kvnp �i�k gr jfi puryik �� �� ur| �#��� s ghh oi grtnppitjh� |gpitji| �
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ªgy}pi £� � �fi � ppnp � jfi � piu �ijsiir jfi  }pqik
�fiki ippnpk lu� oi tuhhi| !nqip�ns k" � uhjfn}yf rn pitnp|k upi n}j nv mhuti gr jfi ohnt�knv jfi � hi � ur| uhjfn}yf !nqip�ns k" s ghh uhkn grth}|i kiuptfik vnp pitnp|k jfuj upi rnj grjfi � hi � ªgy}pi £� lu�ik gj thiup jfuj grtnppitjh� |gpitji| �}ip� puryik tur oi urksipi|o� xhgriup{ mpnogry ������� gr jfi � hi � �f}k � u kiuptf vnp �i� � s ghh oi |gpitji| o� jfiummpn� glujgnr jn ohnt� ¤ � sfghi gj tn}h| nrh� oi vn}r| � gv uj uhh � nr ohnt� £��fi r}loip nv jfiki !nqip�ns k" gk mpnmnpjgnruh jn jfi hiryjf nv jfi fiuq� fnpg©nrjuh hgri kkfnsr oijsiir jfi jp}i t}pqi ur| jfi ummpn� gluji t}pqi � ei tur kii vpnl �y}pi £� jfuj jfikiupi gr j}pr mpnm npjgnruh jn jfi upiu oijsiir jfi t}pqik � x��%�  x��  � {%�  � %�{� � ���� �
¡r lur� tukik � l npi jfur nri mpnoi lu� oi rii|i| oivnpi si �r| ��� nv jfi pitnp|kjfuj jfi ummpn� glujgnr ku�k upi nr jfi muyi � ª gy}pi £� kfns k tukik nv }m jn jpgmhi nqip�ns k �gr|gtuji| o� jfgt�ip fnpg©nrjuh hgrik � �fi ippnp gk kjghh i kkirjguhh� jfi upiu oijsiir jfi jp}it}pqi ur| jfi hgriup ummpn� glujgnr � e fipi fnpg©nrjuh hgrik nqiphum � jfi� |n rnj tn}rj js gti ��fi }mmip hgrik lu� oi jfn}yfj nv uk oi gry kfu|nsi| o� jfi hgri k oihns � �r jnm nv iutfonjjnl hgri � si o}gh| u r}loip nv ohn t�k nv fi gyfj � i�}uh jn jfi r}loip nv nqip�ns kpimpikirji| o� jfi hgri xgr jfi �y}pi � gr|gtuji| o� jfi jfgt�rikk nv jfi hgri{ � ei tur kii jfuj

�� jfi r}loip nv i�jpu mpnoik � jfi upiu oijsiir t}pqik �
� k sihh � �y}pi £� kfns k u tuki sfipi jfi nqip�ns mpnoik l}kj yn |nsrsup|k � ur| sikii jfuj mpnoik yn }m gv jfi i�utj t}pqi gk uonqi jfi ummpn� glujgnr ur| |nsr gv gj gk oihns �¡r knli tuki k � si l}kj |n lnpi jfur nri mpnoi oivnpi si �r| jfi muyi jfi pitnp| l gyfjoi nr � �n kuqi jfi i�jpu mpnoik � si kjnpi u m ngrjip nr iutf muyi kfns gry fns vup |nsr jnk�gm oivnpi jfi kiuptf tur mnkkgoh� k}ttii| �ei tn}h| iqir kjnpi u kitnr| mngrjip nr iutf muyi kfns gry sfipi jfi mpnoik l}kj kjnm ��fir � grkjiu| nv hgriup kiuptfi k nr jfi muyik oijsiir jfi jsn i�jpilik � si tn}h| iqir |nogrup� kiuptfik � kgrti jfi pitnp|k upi uhsu�k np|ipi| � �fgk pi|}tik jfi snpkj�tuki tnlmhi� gj�jn w xhny � { vpnl w x� { � ur| kmii|k }m jfi uqipuyi kiuptf �ei fuqi }ki| kgryhi kjpugyfj hgri k jn ummpn� gluji t}pqik ur| fuqi kfnsr jfuj jfi nqip�ns kgrt}ppi| upi mpnm npjgnruh jn jfi upiu oijsiir jfi jsn hgrik � ¢ns hij }k kii gv si tur �r| jfitnlogrujgnr nv lnpi jfur nri hgriup mgiti jfuj l grgl g©ik jfgk upiu � ur| s ghh jf}k oi nmjgluh �ª gy}pi £$ kfns k u mupuonhgt t}l}hujgqi |gkjp go}jgnr lummgry jn kg� muyi k � ur| jsn |g�ipirj
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ªgy}pi £� � �fi � ppnp �jghh � jfi � piu �ijsiir jfi  }pqik
nmjgluh ummpn� glujgnrk � nri nv jsn mgitik � ur| nri nv jfpii ��n tnrkjp}tj ur nmjgluh ummpn� glujgnr nv � hgriup mgitik jn � muyik pi�}gpi k u kiuptfjfpn}yf uhh m nkkgohi su�k nv tnrritjgry mngrj ¤ jn m ngrj � s gjf � � £ grjipli|guji kjnmk ujjfi � � £ pilugrgry mngrjk � �grti si l}kj i�mhnpi uhh m nkkgohi hgriup mgitik � si rii| jn �rns
� x� � � { � jfi |g�ipirti gr upiu oijsiir jfi i�utj t}pqi ur| u kjpugyfj hgri � oijsiir mngrj �ur| mngrj � � ªnp jfi mupuonhu nv �y}pi £$ � jf gk upiu gk x#� � # �{� ur| si yij u lujpg� nv
�  �� �!

 quh}ik �
� x��� { ¤ £ � � � $ �¤ £�¤ � �� $ �� � ££�� £� ��£ ¤ �¤� ¤ �� £ £�� � �¤

� ¤ �¤� ¤ �� ¤ �� £�£
� ¤ �¤� ¤ �£ ¤ ��
� ¤ �¤ £ ¤ �£
$ ¤ �¤ £
�

x¡r mputjgti � si sn}h| rnj fuqi ur uruh�jgtuh vnpl}hu vnp jfi upiuk � o}j si tur uhsu�ktuht}huji r}loipk hg�i jfiki �{ªnp � � � � si tur snp� |gpitjh� vpnl jfgk juohi nv � x� � � {k � ei rii| jfi l grgl}l nv jfi�qi su�k nv yijjgry vpnl ¤ jn � � kjnmmgry uj £� � � � � � � np $ � pi kmitjgqih��
� x� � � { � lgr� � x¤ � � {  � x� � � {
� x� � �{ � lgr x£ �¤  � �¤ � � ��  £ �£ � $ ��  ¤ �� � � �¤  ¤ �£ � ££ ��  ¤ �¤ £{
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� � �� qgu mngrj �
sfipi � x� � � { gk jfi l grgl}l tnkj nv opiu�gry ¤ ��� grjn � mgitik  ur| sfipi si l}kj pilil�oip � sfir si �r| jfgk l grgl}l � fns si ynj jfipi �

� npi yiripuhh�� si l}kj tnrkjp}tj u juohi nv � x� � � {k � ei tur kjupj s gjf uhh jfi £�mgititnkjk � � x£ � � { � � x¤ � � { � ªnp � � � ur| � � � � vnp grkjurti � si tn}h| s pgji pit}pkgqih�
� x� � �{ c>� INP574PLGA Id � lgr �

� x� � ${  � x$ � �{c^ INP574PLGA Id � lgr �
� x£ � � {  � x� � ${
� x£ � �{  � x� � ${
� x£ � �{  � x� � ${
� x£ � £{  � x£ � ${

� x� � �{  � x� � �{c_ INP574PLGA Id � lgr �
� x£ � �{  � x� � � {
� x£ � �{  � x� � � {
� x£ � £{  � x£ � � {

� x� � �{  � x� � �{c� INP574PLGA Id � lgr �
� x£ � �{  � x� � �{
� x£ � £{  � x£ � �{

� x� � �{  � x� � �{c> INP574PLGA d � lgr �
� x£ � £{  � x£ � �{

�}tf u pit}pkgqi ummpnutf pi�}gpi k
� � �

��� � 
� �

� � � � � � � � £
� � £ � � w x�� {

tuht}hujgnrk � ur i�mnrirjguh � �}j lur� nv jfiki tuht}hujgnrk upi pimiuji| � kn si tn}h| pi�}ki jfi pi k}hjk xu mpntikk tuhhi| � �� ���gry{ ur| pi|}ti jfi tnkj � �fgk gk tuhhi| ����� �~� ��� ���� ��� ur| pi|}ti k jfi tnlmhi� gj� vpnl i�mnrirjguh jn t}ogt � u yugr sfgtf lu�ik jfi|g�ipirti oijsiir glmnkkgo ghgj� nr nri fur| ur| � nr jfi njfip � viukgo ghgj� vnp mpnohil k kluhhirn}yf jn �j grjn ��� � xªnp u ogy mpnohil nr kitnr|up� kjnpuyi � si s ghh fuqi jn pi|}ti jfitnkj v}pjfip � sfgtf si |gkt}kk hujip �{
� ipi upi jfi �pkj jsn pns k nv jfi juohi vnp � x� � � { � �fi �pkj pns gk jfi kuli uk jfi �pkjpns nv � x� � � { � �fi kitnr| pns gk � x� � � { � l gr����� � x£ � � {  � x� � � { � ei k}oktpgmj iutfpik}hj s gjf jfi mngrj jfuj yuqi jfi l grgl}l tnkj � ei kii jfuj � x� � �{ gk � �� qgu mngrj � � uksi vn}r| oivnpi � �n jfi nmjgluh ��m giti mupjgjgnr oir|k uj mngrj � �

l x� �� { ¤ £ � � � $ �£ £�¤ � �� $ �� � ££�� £� ��
� £ �¤� � £ �� � � � � �� � � �� �fi pilugrgry irjpgi k gr jfi kitnr| pns upi rii|i| jn yn nr jn o}gh| jfi jfgp| pns � sfgtfsi rns |n � � x� � � { � l gr ����� � x� � � {  � x� � � { �

£�



l x� �� { ¤ £ � � � $ �£ £�¤ � �� $ �� � ££�� £� ��
� £ �¤� � £ �� � � � � �� � � �� 
� £ �£ £ ��� £ �$� £ ���

ªpnl jfgk si kii jfuj � x� � �{ gk £�� qgu mngrj � � sfgtf si ynj jn x� x� � �{{ q gu m ngrj £� �finmjgluh ��m giti mupjgjgnr oir|k uj mngrjk £ ur| � �ei tn}h| tnrjgr}i s gjf v}pjfip pns k gv si surji| jn grqikjgyuji ummpn� glujgnrk nv lnpijfur � mgitik � x¢nji jfuj jfi |guynruh � � x� � �{ � gk ¨ }kj jfi t}l}hujgqi k}l nv jfi |guynruh nv
� �{ �fi tuht}hujgnr vnp � mgitik l}kj �r| �  �� �!

 �  � �� ! ���� �!
 |g�ipirj � x� � � {k � ur| gk ujsnpkj t}ogt gr tnlmhi� gj��� putjgtuh mpnohil k |n rnj fuqi uruh�jgt t}l}hujgqi |gkjp go}jgnrk xsfgtf gk sf� si turrnj}ki tuht}h}k jn �r| jfi l grgl}l upiu{ � o}j jfi mpn ti|}pi gk jfi kuli nrti jfi � x� � � {k upivn}r| � ªnp �y}pi ££� jfi upiuk upi �� � ���� � ������ �� �� ur| upi kfnsr vnp jfi ihiqir muyikgr jfi }mmip mupj nv jfi juohi oihns �

�� �� �� �� $� �� �� �� �� �� ��£ �� $� ��£ ��¤ ��� ��� ��¤ ££�£ £��� �£��£� � ££� ��£ �$� $�¤ ��$ ��� £� £� £���
�� £� � � $� £�� �� £ ��¤ ��� � £� £¤�� £�$�
�� � � £��« � �� £�� £�� �$� ��� ��� ££��
�� $��¥ ��¥ £��¥ � �� �� ££� ��� $£� ���
$� ���¥ �¤�¥ £�«� ��«� £� � �¤ £££ ��� �¤�
�� £���¥ ��«� �¤«� ��¦� ��¦� � £� �� ��£ ���
�� ��$�¥ �$¦� ��¦� £�¦� �£¦� ���� � £� £�� ���
�� � £��¥ £��¦� �¤¦� ���� ���� ���� $��� � �� £��
�� ���«� �¤�¦� ££��� �£�� ���� � £�§ ���§ � £�§ £� � £
�� �£�¦� �$��§ £� £�§ £¤��§ ��¥« ��¥« ��¥« $$¥« ��¥« £
�� ���¦� ��¤�§ ��� ¥« £$� ¥« £¤�¥« ���« $¤�« ���« $��« ��§«

�fi hnsip mupj nv jfgk juohi gk jfi ������ �� � nv jfi � x� � � {k � s gjf � x£ � � { nl gjji| oitu}ki gjgk jfi kuli uk � x¤ � � { � ¡j gk tuht}huji| o� |�rul gt mpnypull gry � ur| yni k uhh jfi su� }mjn ££ mgitik xtnkj �� { � ªpnl jfgk si kii jfuj jfi nmjgluh vn}p�mgiti ummpn� glujgnr kfnsr gr�y}pi ££ gk q gu mngrjk �� xtnkj ��� { � $� xtnkj �¤�{ � ur| �� xtnkj ��{ ��fi t}ogt |�rul gt mpnypull gry mpnohil gk kjghh jn n ogy � � gk jfi r}loip nv muyik � sfgtftn}h| oi gr jfi l ghhgnrk �ei l gyfj |gq g|i jfi sfnhi mpnohil grjn u r}loip nv i�}uh�kg©i| kluhhip mpnohil k � jfirp}r jfi nmjgl g©gry uhynpgjfl nr iutf nv jfiki � ªnp i�ulmhi � u £ �o�ji � hi nv £ �o�ji muyiksn}h| fuqi � � £¤� muyi k � � gq g|gry jfgk grjn £¤ �¤¤¤ k}ompnohil k nv £¤¤ muyik iutf sn}h|pi�}gpi £¤ �¤¤¤ w x£¤¤� {�kg©i| nmjgl g©ujgnrk � grkjiu| nv nri w xx£¤� {� {�kg©i| nmjgl g©ujgnr �
� �� ������� � � ���� ������
��� ������
� k s gjf fukfgry � jg|�gry tur oi ummhgi| jn lnpi jfur nri �ih| uj nrti o� kglmh� jg|�gryjfi u�ik nv jfi l}hjg| glirkgnruh kmuti � �itu}ki � ��� gk kgyrg�turjh� kluhhip jfur � � iqirvnp �� � |glirkgnrk � si tur k}mmnki jfuj jfi tnlmhiji jg|� v}rtjgnr uhnry iutf u� gk s ghh �jgrjn ��� ur| jfipi gk rn rii| jn ummpn� gluji � ¡v jfgk k}mmnkgjgnr gk rnj jp}i � si tur lu�inmjgluh hgriup ummpn� glujgnrk uk gr jfi nri�|glirkgnruh tuki ��fi mpnohil nv �r|gry jfi mupjgjgnrgry nv mngrjk xpitnp|k{ gr l}hjg|glirkgnruh kmuti jfujm}jk ur i�}uh r}loip nv m ngrjk gr iutf muyi � gk tnrkjpugri| o� jfi rii| jn �iim jfi mupjgjgnrk

£�



n d
1

n d
1

(no!)

axial indexes

X

1

V =14

V=12

1

n=2*3=6
N=18

f =3
1

1

f =2
2

2 2

X
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The d axial indexes,

each of size ,

dimensions,

.

might fit in RAM.
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�fipi upi |gkjp go}jgnrk nv pitnp|k sfgtf upi mujfnhnygtuh ur| sn}h| rnj oi uttimjuohi vnpl}hjgmuygry � �ri k}tf |gkjp go}jgnr gk u |guynruh uppuryilirj nv jfi pitnp|k � �fir kjim ���sn}h| �r| jfi kuli mupjgjgnrgryk vnp iutf u� gk � ur| jfi tnlogrujgnr sn}h| fuqi l}tf jnnv}hh muyik nr jfi |guynruh ur| ilmj� muyik iqip�sfipi ihki �¡v jfi liurgryk nv jfi �ih|k nr jfi u�ik sipi k}tf jfuj pnjujgry jfi tnnp|gruji k sipiuttimjuohi � jf gk mujfnhnygtuh |gkjp go}jgnr tn}h| oi l}hjgmuyi| o� pnjujgry jfi kmuti ur||pnmmgry nri nv jfi |glirkgnrk � �rnjfip mujfnhnygtuh | gkjp go}jgnr sfgtf turrnj oi jpiuji|gr jfgk su� gk u pgry nv pitnp|k �

� �� ������� ��� 	
������ � ����� �� � ���������
�grti jg|�gry ur| l}hjgmuygry upi |i kgyri| jn tnmi s gjf onjf hns ur| fgyf utjgq gj� ur|hns ur| fgyf k�llijp�� fgyf qnhujghgj� gk jfi ri�j jupyij � �� pililoipgry jn kmhgj muyiks gjfgr u kjpujiy� nv mpi kipqgry jfi uttikk lijfn| � si tur ujjugr jfgk tumuoghgj� jnn � �itu}kijfi uttikk lijfn| pi�}gpi k u||pikkgry u sfnhi khuo nv muyik vpnl jfi u� gk � si turrnj kmhgjgr|gq g|}uh muyi k s gjfn}j uhkn kmhgjjgry uhh muyik gr jfi khuo npjfnynruh jn nri nv jfi u�ik �ª gy}pi �� kfns k nri mnkkgohi ki�}irti nv k}tf kmhgjk � s gjf jfi ris h� tpiuji| khuok nv muyikn}jhgri| gr |ukfi| hgrik ��ivnpi si m}pk}i v}pjfip jfi tnrkjp}tjgnr nv k}tf u qupgurj nv l}hjgmuygry � si kfn}h|
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ªgy}pi �� � �mhgjjgry �uyik vnp ��rul gt �}hjgmuygry
tfit� jfuj jfipi gk ur uttikk lijfn| � �fi mpnohil � uk si kii vpnl �y}pi �� � gk jfuj jfimuyi k upi rn hnryip r}loipi| gr kglmhi pns�lu¨ np np tnh}lr�lu¨ np np|ip � uk gr u lujpg� �¢nrijfihi kk � jfi muyik upi k�kjilujgtuhh� np|ipi| � gr jfi ki�}irti nv jfi gp tpiujgnr � �grti usfnhi khuo gk tpiuji| uj u jgli � jfgk fgkjnp� tur oi tumj}pi| o� irjpgi k gr jfi u� guh gr|i�i k � ¡rvutj � gj k}� ti k jn pitnp| jfipi jfi r}loip nv jfi �pkj muyi gr jfi khuo npjfnynruh jn jfi u� gkuj jfuj mnkgjgnr � ª gy}pi �� kfns k jfiki irjpgi k gr jsn jsn�|glirkgnruh tukik � iutf pi�itjgryu khgyfjh� |g�ipirj kmhgjjgry fgkjnp��¡v si surj jn �r| jfi r}loip nv jfi muyi s gjf tnnp|grujik x� � � { � si tur kii jfuj jfikhuo jfuj muyi gk gr kjupjk s gjf jfi muyi r}loipi| lu� x� � x�{ � �

�
x� {{ � sfipi � � ur| �

�
upi jfimuyi r}loipk pitnp|i| gr jfi jsn u� guh gr|i�i k � e fipi gr jfi khuo muyi x� � � { gk vn}r| gk ¨ }kjjfi quh}i nv jfi njfip tnnp|gruji � jfi nri jfuj |g| rnj ygqi jfi lu�gl}l � �fi �y}pi kfns kjfi pik}hjk vnp jfi u||pi kk � x� � £{ vnp o njf kmhgjjgry np|ipk � ªnp jfi hivj�fur| i�ulmhi � jfituht}hujgnr gk

� x� � � { � lu� x� � x�{ � �
�
x� {{ jfi njfip nri

� x� � £{ � lu� x� � x�{ � �
�
x£{{ jfi njfip nri

� lu� x� � �{ jfi njfip nri
� �  � � �  £ � �

ªnp fgyfip |glirkgnrk � jfi kuli mpntikk �r|k jfi kjupj nv jfi khuo uk jfi lu�gl}l � vnp uhhtnnp|grujik � nv jfi ouki muyik vpnl jfi u� guh gr|i�i k � �fi khuo gk u x� � £{�|glirkgnruh uppu��sfnki u||pikki k upi tuht}huji| }kgry jfi }k}uh uppu� gr|i� gry vnpl}hu gr � � £ |glirkgnrk �ei fuqi hivj n}j knlijfgry glmnpjurj � �}p |�rul gt l}hjgmuyi uppu� ypns k uj gjk vutik �o}j si kfn}h| oi uohi jn kmhgj muyik gr jfi l g||hi nv jfi kmuti � e fir ur grrip muyi gk kmhgj �jfi ris khuo tpiuji| gk tnrkg|ipi| jn oi u ris vuti � ur| jfi u� guh gr|i� jfuj fuk u ris irjp�vnp gj gk kgl mh� pi�np|ipi| � x�fipi gk rn fupl gr fuqgry !mngrjipk" jn khuok nv muyik � np iqirjn gr|gq g|}uh muyi k  gj gk m ngrjipk jn gr|gq g|}uh ��~���� jfuj upi gri� tgirj �{
ei tur pij}pr jn jfi gkk}i nv tnrkjp}tjgnr � sfgtf gk rns ¨ }kj u lujjip nv |itg|gry sfir
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ªgy}pi �� � �||pikkgry ��rul gt � ppu�k
ur| sfgtf su� jn kmhgj � � ipi upi kg� tpgjipgu � sfgtf si tur l g� ur| lujtf grjn u vul gh� nvuhynpgjfl k �
�mhgj  pgjipgu
£� x� { ¡v � � � � jfir kmhgj �
� � x� { �mhgj }rhi kk jfgk lu�ik � � �� �
� gpitjgnr tpgjipgu
� � x�fumi{ ¡rtpiuki �� vnp jfi u� gk � � � vnp sfgtf � �%�� gk hupyikj xgr np|ip jn i�}uhg©i uhh � �%�� �uk vup uk mnkkgohi{ �
� � x� { �mhgj gr jfi |gpitjgnr kn jfuj � gk l grgl g©i| � x¢ �� � �iim u hny nv nqip�ns k gr jfi u� guhgr|i� vnp iutf pns � tnh}lr � ��{
$ � x� { ¡rtpiuki �� vnp jfi u� gk � � � vnp sfgtf �� gk hupyi kj xjn tpiuji hiukj r}loip � �%�� � nv rismuyi k ur| kn |itpiuki � jfi hiukj{ �
�fgvj tpgjipgnr
� � x� { ¡v � � � � ur| kfgvjgry u o n}r|up� s ghh lu�i � � � � � kfgvj gr jfi |gpitjgnr kn jfuj � gkl grgl g©i| � x�ii x� { �{
¢nji jfuj kfumi ur| � tpgjipgu upi iuk� jn tuht}huji � �fi � tpgjipgnr gr x£{ l}kj oi jikji|o� |ngry np kgl}hujgry jfi kfgvjk np kmhgjk � ur| kn gk l}tf lnpi i�mirkgqi � �nsiqip � jfi �tpgjipgu |iuh |gpitjh� s gjf sfuj gk }k}uhh� jfi glmnpjurj tnrkg|ipujgnr � rulih� �iimgry jfimpnoi vutjnp |nsr � ªnp |ijipl grgry jfi |gpitjgnr nv jfi kmhgj � tp gjip gnr x�{ gk mpnouoh� lnpiglmnpjurj jfur x� { � gr np|ip jn �iim jfi u||pikk kmuti jfi kuli kfumi uk jfi |uju kmuti �
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 � x�}hjgmuyi ¡rkipj{
� tnhhitjgnr nv uhjiprujgqi uhynpgjfl k �
� � � £ � � � � � $ ilmfukg©i k �

� � � £ � � � $ � � � � jfir �
� � � � � � � $ � � kmhgj ilmfukg©i k �
� � � � � � � � � $ kmhgj }kgry � � jfir �

������
�� �

��r}��� � � � � �r}jf � �� �  �� �� ���� ���� � ��� ���� ��� � � ������ ��� � ���~� ��� � qnh}li¡¡¡ � �||gknr�eikhi� �}ohgkf gry  n �� � iu|gry � � ukk �� £��� � £kj i|gjgnr �
�� gj�¤� e � � gjs gr � � griup fukfgry � u ris jnnh vnp � hi ur| juohi u||pikkgry � ¡r ª � � �

�n tfnqk�� ur| � � e � �u�hnp � i|gjnpk � � ��~	 
�� ��������	 ���� 	 �� ���� ��� �
� ��� � �� ��� muyik �£�� �� � � tjnoip £��¤ �
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