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��yxvwtv u�DUNv R� 	CU�yrOt u� ��yQ�PBxOy�Wt u���t ���� Q���wQ �x��Q� w OvDUy
u�Om� R�i ����������� pwUm �t ��yD�r�ai R� u�wD�t �DU�Q u�� QO �tra VywSB
�u�O�t� ��qkv� ��D�Uv �x� Q�v CUv�wD ���� p�U QO �w 	OQ� s�v �OvrD�mU� �xDUHQ�
�U���vet w �m� QDmr� C�QF� V��tv CyH V�B �yDOt ����������� �O�Q�i xm �Q
hwQat �xrO�at Q�yJ w xOQw� QO ���� Q KQ� l� CQwYx� Ow� xOQm O�yvW�B ��i QO
u�� j� Q� R� w OQw� CUOx� OvDUy �U���vetwQDmr� ��yv�O�t Q�DiQ Q� Q
�v xm �Q OwN
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s�v�wD�t �t �p�Ft u�wvax� 	O�O s�Hv� �oO�J�B R� �vwo �vwo Kw�U QO u�wD�t �Q �R�U
��tting� VR�Q� �� w �� QHD j� Q� R� ��iQY �Q �m� R�i uwv�k l� x� �w� Qt �xrO�at
xm Ow� j� Q� u�� R� �Ck�kL QO 	s� Qw� CUOx� ���� Q �x���Q l� �� V��tR� l� G��Dv
��tO w �Q�Wi �sHL u���t ��x���Q xm �PV � nRT � pt�m ��yR�o hwQat uwv�k
pmW u� QDxO�U �R�U x� Q�v p��k u�� 	O�OQo x��Q� Q�� u�rw� Ovm�t u��� �Q pt�m R�o l�
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j���D QO 	Ovm�t Q��eD R�v Q�W l�B wmUwQm�t Cr�L xH�Dv QO w �xOQm Q��eD
Q�Ut l� w xO�O Q��eD R�i ���i QO �Q OwN u�mt �xOv��tv �x�kv �Q��eD u�� ��
R� �Q �m� R�i x�oDUO Qy �xJN� Q�D s�v�wD�t �t Ca��� QO 	Ovm�t s�UQD �Q
�xQtRwQ ��yQ�PBxOy�Wt s�tD 	s� Qw� CUOx� Q�Ut u�� uOQm p��vO j� Q�
u�� R� ���yxmD �wQ �v�tR ��yv�ov��t Ck�kL QO �j�D� uwQO ��tO Ovv�t
O� wo�t �t x� xm s� Q�O CUO QO �rtar�QwDUO O�vm ZQi p�L 	OvDUy Q�Ut
�yp w �yq Q��eD sU�v�mt �va� �OvQ�O VvmtyQ� pwmrwt N u�� xvwoJ xm
	OvQ�O VvmtyQ� jrat l�U �xQP �� �yrwmrwt u�� xvwoJ R�v w �CU�J
xO�iDU� u� R� xOQm 	iL OwN ORv �Q C�aq�� u�� s�tD OW�� umtt Qo �
�OOa �Q Q�W �x��B Cr�L s�v�wD�t �ki xv xm CU� K��w Ckw u� �s�vm
Cr�L u�� u� �UwD xm R�v �Q �Q�m w R�U u�vJty xmr� �s�vm �Q�PBxOy�Wt�
�x��Q� Ovm�t pQDvm s�kDUt Qw�x� �Q jrat �xQP ��xQwD�m CmQL l�t�v�O x��B
u� R� xO�iDU� w C�aq�� sHL u�� O�rwD �sDU�� uQk �� �xyO �D 	s�yO�t
	Ow�v V�� �r��N w ��wN ��xQwD�m CmQL p��k R� ���yxO�OB �UQQ� CyH
OWQ w V��O�B Oy�W uwvm � �t 	CU�v u�vJ Qo�O xm CU� �DOt uwvm � �rw
�xO�t CN�U w Q�DiQ uOW �OOa R� CU� CQ��a xm s�DUy sra QO ��qkv�
w �yrwmrwt w �ytD� R� �O�OaD x� �w� Qt Ov�wD�t uOW �OOa u�� 	�m� R�i
�D��U�Lt sra s�v x� u� wv sra u�� 	OW�� �yv�Wmym R� �O�OaD x� �w� Qt ��
u� �U�U� ��yQ�R�� w xOW �Q�Po s�v �Computational Science�

�xN�W �x��Ftx� w OvW���t QDw�Bt�m x� xDU��w �R�Ux��W w �OOa �R�UpOt
xDiQo Q�Qk �y�oW��tR� C�r�ai w �DvU �R�Ux� Q�v Q�vm QO VywSB swU

	CU�

x� w CU� sra QO u� wv �qkv� l� ��Dk�kL �D��U�Lt sra V��O�B
�t ��WywSB �xN�W u�� j� Q� R� 	CU� xDWo QHvt �O�OH s��O�Q�B O�H��
Q�Qk R�o �� w Q�W �Ot�H l� �tD� Q� R w �tD� C�QP �wQ Q� xm s� QO�k uwvm �
Cr�L l� R� x�oDUO xm �t�ovy �Q C�QP u�� ��yDmQL u� QD��RH w xDiQo
Qt� u�� �� u�tRsy w s�vm p��vO �Ovm�t Q�Po Qo�O Cr�L x� l�B wmUwQm�t
R�v �Q u� �tQv w �DNU p��k R� �x�oDUO Q�PBxOy�Wt X�wN �OOa Q�O�kt
u� x� �w� Qt �D��U�Lt sra V��O�B w �qkv� u�� �wkw 	s� Qw� CUO x�
��ywmU ��yQDw�Bt�m Q���� 
r�k QO �D��U�Lt s��a C�v�mt� V��O�B uwyQt
	CU� �YNW OvtDQOk Q��U� �rw lJwm ��yQDw�Bt�m w �D��U�Lt l�i�Qo
h� QaD Rwvy xm CU� u�yH K�U QO �v� wv �qt�m sra ��D��U�Lt sra
sra u�� �rm Qw� x� s�v�wD�t 	CU� xOWv x��Q� u� ��Q� �k�kO w �t�H
CyH ��OOa ��yy�oW��tR�� �yQDw�Bt�m R� xOQDUo �xO�iDU� �x��Ft x� �Q
��t�W �l� R�i ��yxDWQ QO �tra p��Ut �R�Ux��W w �OOa �R�UpOt
sra QO 	s�vm h� QaD �O�YDk� ��Q�N� w ��UOvyt ��U�vWCU� R �C����� Q
l� ���� wB w u�tDN�U xm ���yOv��Qi j�ta ���U�vW CyH ��D��U�Lt
��yQDw�Bt�m R� �Ovvm�t pQDvm �Q l� Swrw�� �� w �����t�W ��m� R�i x�oDUO
q�� u�wD �� x�U�Lt w �high performance computers� q�� u�wD ��
�u�v�O���� Q ��Q� 	OwW�t xO�iDU� �high performance computing�

QO VWwm �Q�v VywSB R� �t hOy ��QDj�ta K�U QO 	Ov�xO�yv s�v modelling�

�� u� Q� R ��yDr�L 
UL Q� Ca��� �xOy�Wt p��k u�v�wk h�YwD CyH

r�k QO sDU�� uQk pw� �xyO xU QO u� wv l� R�i V��O�B 	CU� ���v� Q� R
x� �Q �t �u�DWv�� s�a w X�N C��Uv w �twDv�wm l�v�mt �O��v� �x� Q�v wO
uwvm � �t 	CN�U RyHt �R�U x� Q�v xvwou�� CyH ��i�m xv �rw �sRq Q�R��
Ca��� �xQtRwQ ��yQ�PBxOy�Wt R� �NQ� �yx� Q�v u�� �Q�oQ�mx� �� s�v�wD�t
Ca��� CN�U Q� R QO xm �k�kO w xO�J�B Q��U� ��yOv��Qi 
ULQ� �Q
xm Qwv Q�WDv� �xO�OB R� �t h�YwD �p�Ft u�wvax� 	s�yO K��wD OvQ�O u�� QH
�� w �CU� xDN�U �w� Qt �ytD� �oDN�ov� �w x� �DUQO x� �Q u� u� wv l� R�i
��yQ�Ot 
ULQ� OQ�O Q�Qk �tW p��kt QO xm �R�t �v�tDN�U C��F h�YwD
Qw�a u�ovU s�UH� Q�vm R� xm �Qwv �oO�tN h�YwD �� w �ytD� �xOW xR�Dv�wm
Qw�u� ��space�time continuum� u�tR���i Q�DUw�B 
ULQ� Ovm�t
u�vJ QO 	OvQ�O Q�Qk x��B u�� Q� �Owtv u� wOD �Q u� �����������u�DWv�� xm
sy u�t��yx� Q�v xm s�W�� xDW�O Q��Dv� s�v�wD�t �t ��oO�J�B R� �L�U
xmv�� �� �lr�Pat 	OvW�� K��wD CQOk ��Q�O sy w �v�� V�B CQOk ��Q�O
K�U Q�PBxOy�Wt ��yxO�OB R� �Q��U� s��xDUv�wD �yx� Q�v u�� R� xO�iDU� ��
l�B wmUwQm�t K�U �xO�J�B Q��U� ��yDr�L 
ULQ� �Q l�B wmUwQm �t
CQwY u�O� �s��xOw� wQ� wQ �DU� u� �� �D��U�Lt Q�v R� �rw �s�yO K��wD
�OOa� uOW � tm p��k uwvm �D x��B l�B wmUwQm�t ��yDr�L u�� OwN xm
Q�v QO u� wv l� R�i R� �Q �r�Ft �
r�t uOW uWwQ CyH 	Ov�xOw�v �uOW
�xQP l� !�vw�Q� CmQL �xQ�� QO u�DWv�� ���� R Q��U� �x� Q�v �va� �s� Q�o�
Ci� R� �W�v CmQL u�� �u�DWv�� �x� Q�v j���t 	Q�W l� QO jrat l�U
CQwYx� �yR�N w Ci� u�� xm CU� Q�W ��yrwmrwt O�OW Q��U� ��yR�N w
Q�PBxOy�Wt CmQL Ea�� w OvwW�t pkDvt l�U �xQP x� ��xQwD�m C�tO�YD
wCi� �va� �u� Q� R ��yDr�L u�� xm���Hv� R�lr�Pat 	OvOQo�t u� �o �Ro� R
�OOa j� Q�x� �yrwmrwt �O�Qiv� ��yDmQL 
ULQ� OwN ��rwmrwt ��yR�N
u�DWv�� �x� Q�v R� s�v�wD�t xm �Q��Dv� xv�o� xH�Dv QO �Ov�xDWov xOy�Wt p��k
�r�tDL� ��yDr�L 
UL Q� �Q jrat �xQP CmQL xm CU� u� s�W�� xDW�O
Q��U� �Q�v pOt xm s�vm�t xOy�Wt TB 	Ovm h�YwD u�t��Q� Q�W u� Q� R
�OOQo�t wQ� wQ �D��U�Lt CU� u� l� �� ��xQwD�m CmQL �xQ�� QO �t �xO�J�B
R�N w Ci� Cr�L �xQ�� QO �D�aq�� xvwo I�y xQP CmQL ���yv �xrO�at �Q� R
uDN�U Q�PBxOy�Wt s�OvtR��v u�O� �t xm xJv� 	OQ�Ov Q� QO �yrwmrwt lD lD
ZQi p�L �OW���t Q�W �B wmUwQm�t u� Q� R Cr�L OwN �uOQm �OOa ���
�N �qFt ��O�� R ��D�Uv O�OaD R� xm s� Q�O Q��DN� QO xvwtv Q�W l� xm O�vm
	CU�t �D��U�Lt CQOk x� xDU��w N �xR�Ov� xm CU� xOW p�mWD pwmrwt
xt�vU�vW l� pwmrwt N u�� R� s�Om Qy x� s�v�wD�t xm s�vm ZQi u�vJty
C�F �p� ��xv�mD XDNt xU w �q� ����i XDNt xU u� QO xm s�yO�
u�� w OwW�t xDio wQm�t Cr�L �q� p� O�Oa� ���D�N �xDUOx� 	Ov�xDWo
w xDiQ QD�Qi sy u�� R� s�v�wD�t �t 	OyO�t V��tv �Q Q�W �x��B Cr�L xDUO
���i s�v x� �Oa"� �N ���i l� QO xOv��tv �x�kv l� �UwD �Q xDUO u��
sy �yp w �yq u�� �Ovm�t Q��eD u�tR xm �Qw� u�ty 	s�vm XNWt R�i
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QO V�B �yDOt R� �D��U�Lt swra x�oW��tR� l� O�H�� CQwQ� 	CU� xDWo
x� OwW �wHQ� CU� xOW�t T�UL� �IPM� �O��v� ��yWv�O x�oWywSB
l� R� u� wv �WywSB �xN�W u�� �v�yH C�ty� R� �W�v Qt� u�� 	���Q��N�
�x�v�H xty R��v w u�Q�� QO swra CiQW�B x� uwRi� RwQ w sQ�t G��DL� w hQ�
u�� x� MU�B QO 	CU� Qo�O hQ� R� �tra �xN�W u�� x� �v�Q�� u�QoWywSB
��D��U�Lt swra x�oW��tR�� l� O�H�� ��O��v� ��yWv�O x�oWywSB �R��v
�xN�W wO �xOvQ�oQ� QO x�oW��tR� u�� 	CU� xO�O Q�Qk OwN Q�m QwDUO QO �Q
swra x� �w� Qt �Qo�O w �m� R�i swra x� �w� Qt �m� ��D��U�Lt sra
�R�UpOt �WywSB ��yD�r�ai uOQm RmQtDt x�oW��tR� hOy 	CU� ���� Q
u�� R� xm CU� OL�w CN�U l� QO QDw�Bt�m x� xDU��w �R�Ux��W w �OOa
u�� QO w O�O #�kDQ� QDW�� xJ Qy �Q x�oWywSB �WywSB CQOk u�wD� j� Q�
�rrtr�u�� w �rt K�U QO �Q x�oWywSB �Qo�O ��yxv�tR Ovv�ty �R�v xv�tR
Kw�U QO �Q �WywSB ��yD�r�ai �D��U�Lt swra x�oW��tR� 	CN�U KQ�t
�x�rw� QO�m C�� QD Qw�vtx� 	CiQo Oy�wN Q� QO �QDmOCU"B w �QDmO hrDNt
VRwt� Rm �Qt w �yy�oWv�O QO xJ w x�oWywSB QO xJ �YYND ��yxQwO
hOy 	OW Oy�wN Q��O ��yv�DUQyW QO u�mt� CQwY QO w �u�QyD QO �r�a
j� Q� R� �v�yH K�U QO KQ� p��k ��yWywSB s�Hv� �yD�r�ai u�� �t�tD R�
QO CmQW ��v�yH Q�Dat ��yxrHt QO �yv� A�J w �WywSB Cq�kt �x�yD
u�� QH l� x� uOR ut�O xYqN Qw�x� w x�w� Qt ��yDUWv w �yUv�Qivm
R� Qo�O �m� �VywSB s�Hv� Q� xwqa 	OW���t QwWm K�U QO �tra u� wv
u�vJ OQ�W�B w ���B Q� �xv�tR QO xv�U�vWQ�m ��y�vR��Q �x��Q� x�oW��tR� h�Oy�
��Q� �Q u�mt� u�� �D��U�Lt sra 	CU� QwWm QU�QU QO ���yy�oW��tR�
��D�Uv ��yxv� Ry hQY �� xm CU� xOQw� OwHw x� �t QwWm Q��v ���yQwWm
w OR ut�O xDiQW�B p�L u�a QO w GQN sm �uQOt ��yWywSB x� u�wD� sm
Q�m w QU �tra ��yxv�tR u� QDxDiQW�B �� xm �Q u�QoWywSB R� �O�OH pUv
�Q u�mt� u�� Q�� u�rw� ��Q� �D��U�Lt sra p�L u�a QO 	OQm 
�DQD OvQ�O
CwQF O�H�� x� QHvt xm �Q ���yWywSB u�wD� xm CU� xOQw� OwHwx� �t ��Q�
l� O�H�� Q� �v�t xv� Q�O �wRQ� jkLD x� w OQm �QH� �rt K�U QO OvwW�t

	Owtv �OH ltm �Qw�vi w sra Q� �mDt O�YDk�
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w �tra C��U�Lt ��yQ�Ri� sQv �O�OH ��ytD� Qwor� �x�yD ��vat x� sra u��
sy Ovv�wD�t w OvDUy uOW �OOa p��k xm CU� ���� Q ���yrOt u� wOD
	OvQ�o Q�Qk xO�iDU� OQwt sra Qo�O ��yxN�W �� x���Q QO sy w pkDUt Qw�x�
uWwQ R�v �Q QDw�Bt�m sra w �D��U�Lt sra u���t hqDN� �yD�r�ai p��k u��
x�oW��tR� l� �x��Ft x� QDw�Bt�m R� xO�iDU� hOy �QDw�Bt�m sra QO 	Ovvm�t
�wQ C�r�ai RmQtD xmr� �CU�v Ca��� u�v�wk �R�Ux��W CyH �OOa
sOk �D��U�Lt sra �xDWPo p�U xO �� QO 	CU� QDw�Bt�m OwN OQmrta
�Q �v� wv ��yxN�W w xOQm Pwiv �DvU swra uwQO QO w xDiQo pmW sOk x�
�U�vWCU� R pt�W� �m� R�i swra QO 	CU� xOQw� OwHw x� swra u�� QO
�R�Ux��W w �OOa �R�UpOt 
r�k QO �D��U�Lt sra OQ� Q�m ��m� R�i
Computational��QDtwv�v C��U�Lt V��O�B x� QHvt QDw�Bt�m x� xDU��w
l� R�i ��yxDWQ u� wv �qt�m �xN�W l� �x��Ft x� xm xDWo �Nano�Science
QO �Q �D��U�Lt �U�vWCU� R w �twDv�wm �t�W �O�wt sra �p�oJ �xO�t
wO �u� Q� �mDt !�QDtwv�v �Qw�vi w �D��U�Lt �QDtwv�v sra 	OQ�o�t Q�
�tD� Ci�� QO �Ota C�Q��eD O�H�� w �Q�mDUO x� �w� Qt VywSB Q�R��
�wv Qy s�v�wD�t �yv� j� Q� R� xm OvyO�t p�mWD �Q xOW p�oJ ��yR�i
pwmrwt x� pwmrwt w sD� x� sD� �Q �m� Swrw�� w ����t�W ��m� R�i CN�U
V��O�B x� QHvt u�vJty �D��U�Lt sra OQ� Q�m 	s���tv O�rwD w xOQm �L�Q�
�R�UpOt ��CFD� �yQ�W �D��U�Lt l�t�v�O p��k R� O�OH �xDWQ OvJ
l� R�i w �tUqBl� R�i QO �R�UpOt ��U�vW xrRrR w�U�vW�wy ��ytDU�U
�CU� R ��Lt w � wH ���QW �R�UpOt �nQR� ��yvRNt �R�UpOt ��QR�r
�R�UsUHt ��mWRB swra QO �R�UpOt ��O�YDk� ��yOv��Qi �R�UpOt
��R�Uxv�y� �OvtWwy ��ytDU�U w ��Ya ��yxm�W �R�UpOt ��tra
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