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aLORZ@xuZkOR]k[/eSz7Z\ML[��bYbKNåR[�Z�V YbxyZ���[�TjYLQmQ`r(Z\]Nc�wR[�]Nx\[/e c7Z�[/cBKNM
xyZ\]k^mabqbzbcRaªYLabcRK/K_[/WiZkcR�LQm[dK�OBxyZ'&bZ\MPYbx
c.K�ORYLaÀZk[�]�V(YbxuZÆ��[
ML[/Q`e��gfCT�x\WbcRK�[.^`xdK�]\[�clZk[/eõTjOR] cRa'c7]k]kc�rªORT�K_ORYbaBZk[�]Nx}^ma
[�cRKNMÜZk]\^`[.aLOiei[BzSZ\ML[.abOPeL[/x}OiK�K�YLWPrÜVXOR]k[Xx\WbcBK_[Rz4�LYiZd^mT
ZkML[�r2c7]k[�xuZkOR]k[/e2^ma'c#Mb[/cReL[�]daLOiei[�^maæ[/cBKNMæ�LYbKNåR[�Z/z+cRx
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K_Q`Ybei^`aLq&eiYLWbQm^�K�c7Z\[/x/� n*ML['eL^`xyZ\]k^m�bYiZ\^`ORa�ORT�è�OR]NeLx
xyMbOlèìxy^`VX^mQ�c7]�KNM�c7]NcRK£Zk[�]k^`xyZ\^�K�x�Z\OXVXOBxyZ²abclZkYL]kcRQúQ`cRaié
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O7Tpx\OR]\Z\^`aLq

100000 1000000 10000000

Size of dataset

0.0002

0.0004

0.0006

0.0008

T
im

e 
(n

or
m

al
is

e)

MBM radixsort
Quicksort
Burstsort (List)
Burstsort (Array)
Multikey quicksort
Adaptive radixsort
MSD radixsort

1�^`qRYL]k[<��ò4365
7 ��Ø\Ô �  �+
-,lÔ
Ú_×7Ø��+
-3 � ��
 � Ô �_×7ØÆÔ) '�)4 � Ô���4L×�Ù ���4LÔ ,lÔ�Ø��+
��) � Ú7�) � Ô 
�Ú �+
 � Ô�
-3 � 
 �-� 
�Ú�Ô)�N×"3úÙ�ÚÜÙ"
-,B
¼ÙRÔNÙ � Õ
�}Q`ORq�� �

cRQmqBOR]k^�ZkMLV.x�zB�LYiZ<è�[²TjOBYLabeXZkMbclZ<Z\ML[/r�è�[�]k[�aLORZ<K_OBVXW�[�Zyé
^mZ\^`wR[�c7a�egeiO.abO7Z²]\[/W�OB]yZ²OBagZkML[�V,ML[�]k[R�
n*ML[ ]k[�W6OR]\Z\[�e#Z\^`VX[/x}c7]k[dZkOgx\OR]\Z�c7a2c7]k]kc�rgO7T@W6OR^`aÀZyé
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WL^`Q`[�]}c7abeÜZ\ML[ 	 ^`aPYi�ÜORW6[�]NclZk^maLqgxyrixyZ\[�V OBaëcª�l�R� t û��
|+[/aBZk^mYbV K�ORVXWLYiZk[�] è²^mZ\M��ë{��'O7T*T¼cRxyZ(^`aÀZ\[/]\abcRQ�VX[�V�é
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U�|@v Zk^mVX[
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TjOB]dxyWbcR]kx\[XaLOiei[/x/��n*ML[�:BYbeir2xyOBYL]NK_[X^`x c#ML^mqBMiéhóBY�c7Q`^�Zur
WL]kOieiYbK_Z\^`ORa�^`VXWLQm[/VX[�aÀZkc7Z\^`ORa�ORTpc7a�[���K_^`[�aÀZ²eLclZNc xyZ\]kYbK£é
ZkYL]\[Bz²c7abeÍ^`abK_Q`Ybei[�x�cäx\OR]\Z\^`aLqæZ\OPOBQ¥z²è²ML^�KNMíTjOR]oxy[�Zkx.ORT
ei^�xyZ\^`abK£Z(xyZ\]k^`aLqBx}^�xdc7�6ORYLZdMbc7QmT*Z\ML[�x\W6[�[/e2ORT��LYb]kxyZkx\OR]\Z/�
û
Olè<[/wR[�]�z�^mZ ^�xdaLORZ�TjOR]kVXcRQmQ`rõK�ORVXWbcR]kcR�LQm[Bz4�6[/K/c7Ybx\[XTjOR]
eiYbWLQm^�K�c7Z\[}xuZk]\^`aLqÀx<OBaLQ`r.ORaL[�K_OBWPr.^`x�V.c7^`aÀZkc7^`aL[�eSziè²^�ZkMoc
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ORT<xyOB]yZk^mabqgxyZ\]k^maLqÀx�zS^mZdK�cRaLaLO7Z���[.cRWLWLQ`^m[�eë^mT@ZkML[�xyZ\]k^`aLqBx
cR]\[}cRxkxyOiK�^`c7Z\[/e�è²^�ZkMªO7ZkML[�]�eLc7ZkcbzLxyYbKNM#cRx*]k[/K�OR]NeLx/�
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n*ML[ Z\^`VX[(]k[/óÀYL^`]\[�eoZ\OoxyOB]yZÆZ\ML[�eiYLWLQ`^`K/clZk[/x/z�Tj]kORV�JP[�Z��
ZkO2JP[�Z.�bz!^`xXx\MLOlè²a'^`aîn�c7�LQ`[ª�i�än*^mVX[�x�cR]\[oxyMbOlè²a'^ma
VX^`QmQ`^`x\[/K�ORabebx���fhadZ\ML[�xy[�]k[/x\YLQmZkx/z�ZkML[<x\^`��[!O7TiZkML[�]kOPO7Z�aLOiei[
^�xp� �@x\QmORZkx/z/�LY�KNåR[_ZNx4qB]\Olèõ[_�iW6ORaL[/aBZk^`cRQmQ`r}�Pr�c*T¼cBK£ZkOR]4ORTböLz
cRabeõK/c7WbcBK_^mZurÜ^�x�öL�/êÀ��xyZ\]k^`aLqBx/�.�
x}ZkML[/x\[X]\[�xyYLQmZkx�x\MLOlè�z
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K�^m[/abK_rBzi�LYiZ²Z\Mb[�]\[/Q`c7Z\^`wR[}W�[/]yTjOB]\V.cRabK_[�wlc7]k^m[�x*è²^�ZkM#ebclZkc
x\[_Zëx\^m�/[RòïORT(ZkML[/x\[äVX[_Z\MbOPebx�z t � t ]NcRei^m�LxyOB]yZ#^`xªZ\ML[
T¼cBxuZk[/xyZ�TjOR]pJi[_Z<�Bz�è²ML^mQ`[@cBeLc7WiZk^mwB[!]kcBei^m�ix\OR]\Z�^�xSZ\Mb[�T¼cRxyZ\[�xuZ
TjOB]
JP[_Z
�b�
>@?�ACBCDFE G6HJIKHLE M H8NOM PQH8R6S@S@SUTWVJXZYK[L\@]@^ZY8_@`UTa\JXZb;H8cOB
VJXZYK[�\J]ed8Xe[8fK]gTihL]Jj8k

l [LX@^@]K\Zj�VJk@^ZY8_K`Kk8m
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1p^`qRYb]\[@�bz/è²Mb[�]k[+Z\ML[@Z\^`V�[�Z\O
x\OR]\ZSZ\ML[<eLclZNc²^`x�aLOR]kV.c7Q`^`x\[/e
TjOR]+eLclZNc�xy[�Z�x\^m�/[@�Pr�ei^`wÀ^�ei^`aLq
�PrO�}QmOBq��!�pn*ML[��LYL]NxyZkx\OR]\Zkx
xyMLOlè�V(YbKNMÜZkML[X��[�xuZ�cRx\rPVXWiZ\ORZ\^�K �6[�Mbc�wP^`ORYL]�z6è²^�ZkMõ]k[�Qmé
clZ\^`wR[�Zk^mVX[��bcR]\[/Qmr�qB]\Olè²^`aLq�è²^�ZkMªeLclZNc�x\[_Z�x\^m�/[R�
JP^`VX^mQ�c7]<]\[�xyYLQmZkx<c7]k[
x\MLOlè²a.^ma�n�c7�bQm[�x@�dcRabe.�bzBTjOR]@aLO

eiYLWLQ`^`K/clZk[/x�cRabeXv s�	 x!]\[�xyW6[/K_Z\^`wR[/QmrB��ô:JPWLQ�c�rPx\OR]\Z!^`x+OBVX^�Z\é
Z\[/e�Tj]kORV Z\ML[�xy[�Zkc7�bQm[�x!��[�K�cRYbxy[²ORT6^mZkx@W�OPOB]!W�[/]yTjOB]\V.c7a�K_[
ORaÜZkML[XeiYLWLQ`^`K/clZk[/x/� ÷ 1LOB]
ZkML[(abO7éheiYLWLQ`^`K/clZk[/x�eLclZNcLzú]\[/Q`c7é
Z\^`wR[*W�[/]yTjOB]\V.cRabK_[*^�x!c7Q`V�OÀxuZ+^�ei[�aÀZ\^�K�cRQPZ\O}ZkML[²eiYLWLQ`^`K/clZk[/x/�
û�Olè�[�wR[/]/zÀZkML[�]\[�xyYbQ�ZNx*ORagZ\ML[�v s
	 x�cR]\[}xuZNc7]\Z\Q`^mabqRQ`r�ei^mTÄé
Tj[�]k[�aÀZ/� U<ORaPwR[/aÀZ\^`ORabcRQ c7abe V YLQmZ\^`åR[/r-óÀYL^�KNåixyOB]yZÜM�c�wR[
��ORZ\MñORYiZkW�[/]yTjOB]\VX[�e t � t ]kcBei^m�ix\OR]\Z/z�è²ML^�KNMñè�cBxõ^`a
VXcRaPrXK/cRx\[/x+ZkML[�V�OÀxuZ<[���K_^`[�aÀZ<ORTSZ\ML[Æ[_�i^�xuZk^maLq(VX[_Z\MbOPebx
ORa2Z\ML[�O7Z\Mb[�] eLc7Zkcb��n*ML[.�LYL]NxyZkx\OR]\Zkx}Mbc�wB[Xx\MLOlè²aæ[�wB[�a
��[�ZyZ\[/]}W�[/]yTjOB]\V.c7a�K_[�TjOB]�Z\Mb[�x\V.c7Q`QpeLc7Zkc�x\[_ZNx�ZkMbc7aëWL]\[�é
wÀ^`ORY�xyQ`rRz�c7abeæc7qÀc7^`aõM�c�wR[XqROPOieæcRx\rÀVXWiZkO7Zk^`K��6[�Mbc�wP^`ORYL]�z
cRx*^`QmQ`YbxyZ\]NclZ\[�eo^ma 1�^mqBYL]\[}���
t OÀxuZ
x\^mqBaL^mç�K�cRaBZkQmrBzPZ\ML[�]k[/x\YLQmZkx�K�Qm[�c7]kQmr�x\[�W�c7]NclZ\[�ZkML[

Zuè<O2wR[/]kx\^mOBabx(O7TÆ�bYL]kxyZkx\OR]\Z/�îv
x\^maLqäcR]\]Nc�rix�TjOR]X�LY�KNåR[_ZNx
^`x�V�OB]\[ë[���K_^`[�aÀZ�ZkMbc7aïYbx\^`aLq'Q`^`xyZkx/z�ei[/x\WL^mZ\[ªZkML[õx\WbcBK_[
è�cBxuZNc7qR[�^`V�WbQm^�K_^mZ
^`a�ZkML[�Q`c7ZyZk[�]��

��ã�� � à��²�là�à�� ß à�á �
#õ[.Zk[/xyZ\[�eëZkML[.[.�ú[/K_Z O7T�Ybx\^maLqª[/^�ZkML[�] ORaL[X�PrÀZ\[.OR]}Zuè�O
�ÀrÀZk[/x*ZkO.^mabeL[_�oZ\ML[�]kOPO7Z�aLOiei[BziZ\Mbc7Z
^�x�ziZkML[daLOiei[dK�ORYLQ�e
K_ORa�xy^�xuZ�O7T
[/^�ZkML[�].����OR].���

�W6OR^`aÀZ\[/]kx/�õn*ML[oQ�clZyZk[�]�è�cBx
K_ORa�xy^�xuZk[�aÀZ\Q`rÆZ\ML[<V�OÀxuZp[���K_^`[�aÀZ/zlè²^mZ\M ^mVXWL]kOlwR[/V�[/aÀZkxSOB�ié
xy[/]\wB[/eìcBK_]kOBxkx�cRQmQ}ZkML[äK_ORQ`Q`[/K£Zk^mOBabxgO7T�cR��OBYiZ � � 
6�������
n*ML[/x\[�[_�iW6[�]k^mVX[/aBZNx�è�[�]k[XTjOR]d�LYb]kxyZkx\OR]\Zdè²^�ZkMäQm^�xyZkx'&![_�Pé
W�[/]\^`VX[�aÀZkx²è²^mZ\MªcR]\]Nc�rÀé:�bcBxy[�e.�LYL]NxyZkx\OR]\Z*cR]\[�K_OBaÀZ\^`aÀYb^maLq�z
�LYiZ
è�[}[_�iW�[�K£Z²ZkOXx\[�[�TjYL]\Z\Mb[�]�^`VXWL]\OlwB[�VX[�aÀZNx��

, â�� - � ���R� � �L�Bãj� �
fhaäORYL]�ç�]kxyZd[_�iW6[�]k^mVX[�aÀZdè²^mZ\M'K/c7WbcBK_^mZurRz4è�[XZ\[�xuZk[/e2ZkML[
[���K_^`[�abK�rìORT TjORYb]ª�LYbKNåR[�ZÜxy^`��[�x�ò����Lz����7öbz(���B�7�bzÆcRabe
öL�/êÀ��W6OR^`aÀZ\[�]Nx'&PTjOR]�Z\ML[�cR]\]Nc�rX^mVXWLQ`[�VX[�aÀZNclZ\^`ORa4ziè<[�Ybx\[/e
T¼cRK£ZkOR]\é:ORTÄéCö��LYbKNåB[_Z}qR]kOlè*Z\M�� s [/x\YLQ�ZNx�c7]k[�x\MLOlè²aõ^maænpc7é
�LQm[�x �
cRabe �b� ��ORZ\[<Z\Mbc7Z!Ji[_Z���^�x�ORVX^�Z\Z\[�e ^`a(x\ORVX[<K/cRx\[/x/z
c7abeïJP[�Z �ë^`aÍORaL[ÜK/cRx\[Rz<��[�K�c7Y�xy[#TjOB]�xyV.c7Q`Q�K�cRWbcRK�^�Zk^m[�x
Z\ML[#ZkO7ZkcRQ�xyW�cRK_[#]k[/óÀYL^`]\[/VX[�aÀZkx#ô¼eLYL[#Z\OæqR]kOlè*Z\Mî^maíZkML[

Zk]\^`[�÷d[_�LK_[/[/eäWLMPrix\^`K/c7Q�V�[/VXOR]krR����O7Zk[gcRQ`x\OÜZkMbclZ(Z\ML[�xy[
]k[/x\YLQmZkx²c7]k[}�bcRx\[/eoOBa#x\V.c7Q`Qm[/]²aPYLV �6[�]Nx*O7T+]\Ybabx*Z\M�c7a#^ma
ZkML[}O7Z\Mb[�]�ZkcR�LQm[�x�ziMb[�abK�[ÆZkML[}]\[�eiYbK�[/e�Wb]\[�K_^�xy^`ORa��!�Æx�Z\ML[
]k[/x\YLQmZkx@x\MLOlè�zRZ\ML[ÆQ`cR]\qB[/xyZ�O7TSZ\Mb[ÆK�cRWbcRK�^�Zk^m[�x!Zk[/xyZ\[/e�qR^`wR[/x
ZkML[(qB]\[�clZk[/xyZÆ[���K�^m[/abK_rBzSè²^�ZkMÜZ\Mb[�qÀc7^`aÜ^`abK_]k[/cBxy^`aLq�è²^mZ\M
eLc7ZkcÜx\[_Z�xy^`��[B�Ün*ML[/x\[�]k[/x\YLQmZkx x\YLqBqR[/xyZ�Z\M�clZ ZkML[�]k[�V.c�r
�6[²TjYL]\Z\ML[/]@^`VXWL]\OlwB[�VX[�aÀZ@c�wlc7^`Q�c7�LQ`[²�Pr(cRebc7WiZk^maLqdZ\ML[
K/clé
WbcBK_^mZuroZ\OoZ\ML[Xx\^m�/[(ORT@Z\Mb[Xx\[_Z}O7T�xuZk]\^`aLqBx'&4eiOB^mabqox\O�^`a2c
WL]k^`abK_^`WLQ`[/egè�c�r�^�x²cXxyYb�i�u[/K_Z²TjOR]*TjYL]\Z\ML[/]�]k[/x\[/c7]NKNM��
fha�ORYb](x\[/K_OBabe'[��iW�[/]\^`VX[�aÀZ(è²^mZ\MíK�c7W�cRK_^mZurRz!è�[�wlcR]yé

^`[/e2ZkML[�è*c�rë^`a'è²ML^�KNMäZ\Mb[��LYbKNåB[_ZNxdqR]k[�è ^`aäZ\ML[oc7]k]kc�r
wB[�]Nxy^`ORa���fhaäORaL[�K/cRx\[Rz�ZkML[��bYbKNåR[�Zkx�qB]\[/è OlwR[/]��ªQm[/wR[/Q`x
cRabegZ\ML[�xy^`��[dORT![/cRKNMªx\YbK�K�[/xkxy^`wR[�Q`[�wB[�Q4eL^$�ú[�]k[/e#�ProW�Olè*é
[/]kx²ORT@öLz�è²ML[�]k[/cBx²^maÜZ\ML[(O7Z\Mb[�]ÆK/cRx\[RzbZ\ML[(�LYbKNåR[�Zkx²qB]\[/è
OlwB[�]²�.Q`[�wR[/Q`x
c7abegZ\Mb[ xy^`��[�ORT![/cRKNMªx\YbK�K�[/xkxy^`wR[}Q`[�wB[�Q4ei^mTÄé
Tj[/]\[�eë�PrÜW6Olè<[/]kx�ORT����X�Æx�K�cRa2�6[.xy[/[�aæ^`aæn�c7�bQm[���è<[
ei^�eXaLORZ�OR�bx\[�]kwR[²c7aPr�xy^`qRaL^mç�K/c7aÀZ@ei^
�6[/]\[/abK_[²�6[_Zuè�[�[/aXZ\ML[
Zuè�O�cRWLWL]kOBcBKNML[/x/�

, âp� - � ����à�����ã ß . ��� ����� ß ã¼� �
vÆxy^`aLq2Z\ML[ÜcR]\]Nc�rä^`V�WbQm[/V�[/aÀZkclZk^mOBa�z�è<[oZ\[�xuZk[/eÍcæ]Nc7aLqB[
ORT(VX[_ZkMLOieLx#TjOR]Üx\OR]\Z\^`aLqÍ�LYbKNåB[_Z�z�^`abK�QmYbeL^maLqÍ^`abx\[�]\Z\^`ORaié
x\OR]\Z/z�óBYb^`KNåix\OR]\Z/z t � t ]NcReL^��Lx\OR]\Z/z4V(YLQmZ\^`åR[�ræóÀYL^�KNåPx\OR]\Z/z
cRabe'cRebc7WiZk^mwB[�]kcBei^m�ix\OR]\Z/� t � t ]kcBei^m�ix\OR]\Z c7a�eäV YLQmZ\^mé
åB[�rÍóBYb^`KNåix\OR]\Z�è<[/]\[õxy^`qRaL^mç�K/c7aÀZ\Q`rÍV�OB]\[ë[���K_^`[�aÀZ�ZkMbc7a
ZkML[ÆORZ\ML[/]kx@TjOR]²cRQmQúeLclZNc(x\[_ZNx��!n*ML[ÆZ\^`VX^mabqBx*c7]k[
]k[�W6OR]\Z\[�e
^`aõn�c7�LQ`[XöL��fhaõK�ORaÀZ\]NcRxyZ�ZkO t � t ]kcBei^m�ix\OR]\Z/z6V YbQ�Zk^måB[�r
óÀYL^�KNåixyOB]yZ!^�x�aLORZ<cdxyZkc7�bQm[
x\OR]\Z\^`aLqdcRQmqBOR]k^�ZkMLV#�p�
x<K�cRa.��[
x\[�[/a�z�MLOlè�[�wB[�]�zSV YLQmZ\^`åR[/rõóÀYL^�KNåPx\OR]\Z}^`x��Prëc#x\^mqBaL^mç�K�cRaBZ
V.c7]kqR^`agZ\ML[dVXOB]\[}[���K�^m[/aBZ�c7WLWL]kOBcBKNM *&ei[/x\WL^mZ\[�Z\ML[}T¼cBK£Z
ZkMbclZ�^mZ
^�x
x\Qm^`qRMÀZ\Q`r�Q`[/xkx²[��.K�^m[/aÀZ/zLTjOB]
x\VXcRQmQpeLclZNc.xy[�Zkx/zL^ma
OBYL]*O7Z\Mb[�]²[_�iW6[�]k^mVX[/aBZNx��
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#2[õM�c�wR[æei[�wB[�Q`ORW6[/eìcîaL[/è Z\]k^m[�é:��cRx\[/eìcRQmqBOR]k^�ZkMLV TjOR]
x\OR]\Z\^`aLq
xyZ\]k^mabqBx/zl�LYL]NxuZNxyOB]yZ�z�è²Mb^`KNM(WL]\OiK�[�[/ebx��Pr�^ma�xy[/]yZk^maLq
[�cRKNMäxuZk]\^`aLqÜ^`aÀZ\OëcõeirPabc7VX^�KXZ\]k^`[Rz�Z\ML[/aäZ\]Nc�wR[/]kx\^`aLqoZ\ML[
Zk]\^`[�^maªx\OR]\Z²OR]Nei[�]��@npO�K_ORaÀZNc7^`a�ZkML[dwROBQmYbV�[}ORT!eLrÀa�c7VX^`K
VX[�VXOB]\r2Ybx\[/eSz+ZkML[gxyZ\]k^mabqBx cR]\[�ML[�Q�eä^`a'Q`cR]\qB[��LYbKNåB[_ZNx�z
è²ML^�KNMªc7]k[}^mabeL[_�i[/eo�Pr�ZkML[�^`]�Q`[/cReL^maLq�KNM�c7]NcRK£Zk[�]Nx�&P^`aoZ\ML[
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