
�13
96

Q=y@
�'h

}QW
l}

v=mt
|U

Ovyt
99

�93
"X

'1|
xQ=t

W'
33

�3
|xQ

wO

O
ri

gi
na

lA
rt

ic
leCqO=at |OOa pL |Q=Ri=CNU |R=UxO=}B

FPGA |wQ p}Uv=Qi}O
�Q=}Wv=O� �|vqe@ |v=LQi O= -wi

u=Q}= |DavY w |tra |=yVywSB u=tR=U 'l}v�t |xOmWywSB
�Q=}O=DU=� |v=OQotJ |t}y=Q@= T=@a

h} QW |DavY x=oWv=O '=[i=wy |UOvyt |xOmWv=O
�|QDmO |wHWv=O� |v=trW u=wQm}v ?w}=

u=Q}= |DavY w |tra |=yVywSB u=tR=U 'l}v�t |xOmWywSB

Q@ |vD@t GPU w CPU |=yQDU@ R= xO=iDU= =@ p}Uv=Qi}O CqO=at |OOa pL
|R=UxO=}B Q@ |vD@t |O}OH Q=my=Q 'Q}N= |=yp=U QO "CU= |Q=Ri=sQv |R=UxO=}B

Vy=m w pL CaQU V}=Ri= p}rOx@ 'FPGA QDU@ R= xO=iDU= =@ CqO=at |Q=Ri=CNU
|xr�Ut OvJ pL =@ VywSB u}= QO "CU= xDiQo Q=Qk |OH xHwD OQwt '|iQYt u=wD

pL |=Q@ |Q=Ri=CNU |R=UxO=}B VwQ 'Gwt |xrO=at w Qvi w sQH sDU}U pt=W '|awv
pL |=yVwQ w |R=UxO=}B u}= |=yVr=J w =}=Rt 'FPGA |wQ Q@ p}Uv=Qi}O CqO=at
OyO|t u=Wv Qvi w sQH lD sDU}U pL |=Q@ VR=OQB CaQU G}=Dv "CU= xOW x�=Q= u;
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xQ=wty '?U=vt |x_i=L hQYt =@ CqO=at |OOa pL CaQU V}=Ri= "OwW|t
'Qw_vt u}O@ "CU= xOw@ |UOvyt swra u=QoVywSB |rY= |=yVr=J R= |m}
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CU= |Q=Wa= C=}rta =yOY OvtR=}v =RHt sHL Qy |=Q@ Q=W |OOa |x@U=Lt
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"CU=

|xrO=at w Qvi w sQH sDU}U pt=W '|awv |xr�Ut OvJ pL =@ VywSB u}= QO
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FPGA |Q=Ri=CNU QDU@ "2
Ov=|R} Qxt=vQ@ p@=k p=D}H}O `tDHt |=yQ=Ot O}OH pUv FPGA |Q=Ri=CNU QDU@
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|x}v=Fwv=v OvJ OwOL QO |DL '|v=tR Q}N-=D xvwoQy RwQ@ CQwYQO xH}DvQO w Ov@=}|t
Oy=wN pL pm |Q=O}=B sOa x@ QHvt xm xOW CUQO=v =yxQo |HwQN 'QmPr=jwi

"OW
l} Qy u}@ |Q}N-=D |=yu=tr= =} =yQDU}HQ R= u=wD|t pmWt u}= pL |=Q@
sDU}U lqm =@ xm OvDUy |}x_i=L |=yu=tr= '=yQDU}HQ "OQm xO=iDU= =yxQo R=
Q=Okt u=ty Ovvmv Ci=} QO ?U=vt CyH QO =Q lqm xm |v=tR =D w CU= nvy=ty
=Q O}OH Q=Okt 'u; Ci=} QO ZLt x@ w O=O Ovy=wN u=Wv OwN |HwQN QO =Q |r@k
CUQO=v Q=Okt xm Ovm s}_vD |Qw] =Q lqm O}=@ Q@ Q=m "OvyO|t V}=tv |HwQN QO
Q=Qk w QDlJwm \=kv x@ C=@U=Lt Ov}=Qi pm uDUmW x@ "OQ}ov Q=Qk |HwQN |wQ Q@

"Ov} wo|t u}qB}=B =yv; u}@ QDUH} Q uO=O
=yv; u=tRsy pL xm xOW x} RHD |QDlJwm <=RH= x@ C=@U=Lt 'VwQ u}= =@
=yQDU}HQ u}= R= xO=iDU= sOa 'pL VwQ |Q=O}=B OwHw =@ "Ovm|t Q}PBu=mt= =Q
|Q=O}=B CQwYQO |DL 'Qo}O CQ=@ax@ "OwW pL |Q=O}=B=v x@ QHvt Ov=wD|t
K}LY s}_vD sOa CwYQO '|[=} Q Q_v R= |Q@H |xrO=at w |rY= |xrO=at
QF= |Oa@ |=yVN@ QO "OwW Q=O}=B=v pL G}=Dv CU= umtt '|Q=Ri=CNU |Q=tat
xOW |UQQ@ ?=wH |Q=O}=B=v QO u; Vkv w Gwt |xrO=at pL QO xO}OB u}= RwQ@

"CU=

FPGA Q@ |}xQ=B w |rwtat p}Uv=Qi}O CqO=at pL "3
w Qvi w sQH sDU}U Q@ sm =L p}Uv=Qi}O CqO=at |Q=Ri=CNU pL 'VN@ u}= QO
=@ |Q=Ri=CNU |R=UxO=}B G}=Dv 'xt=O= QO "CU= xOW x�=Q= Gwt pw= |x@DQt |xrO=at
'Qw_vt u}= |=Q@ "CU= xOW xU}=kt CPU R= xO=iDU= =@ |Q=Ri=sQv |R=UxO=}B G}=Dv
|xOQsy CN=U |SwrwvmD ^=Lrx@ xm 'RDQy=o}o 2 4 Ot=U@ =@ pDv}= CPU R=
x@ VywSB u}= QO 'u}vJty "CU= |D=k}kLD Q=m u}= QO xOW xDiQo Q=mx@ FPGA

'VERILOG w VHDL Q}_v |Q=Ri=CNU h}YwD |=yu=@ R R= xO=iDU= |=H
xOW xDiQo Q=m x@ MATLAB Q=Ri=sQv QO 6sDU}U Orwt Q=R@= |Q@ Q=m |oO=U p}rOx@
ltmx@ w xOW |R=UpOt sDU}U Orwt QO sDU}U =OD@= xm CU= u=vJ Q=m OvwQ "CU=
|xDUy w xOW OQ=w Xilinx ISE Q=Ri=sQv x@ TBU w OwW|t p}O@D VHDL x@ u;
=QH= Q=Ri=CNU uwQO '?U=vt |Q=PoOm R= TB w xOW xi=[= u; x@ Chiposcope

G=QNDU= Q=Ri=CNU uwQO R= Chiposcope Pro R= xO=iDU= =@ R}v G}=Dv "OwW|t
"OwW|t

Qvi w sQH |xrO=at %|rwtat p}Uv=Qi}O |xrO=at pL "1"3
|rwtat p}Uv=Qi}O CqO=at pL |Q=Ri=CNU |R=UxO=}B VwQ |UQQ@ Qw_vtx@ =OD@=
|xrO=at "CU= xDiQo Q=Qk xar=]t OQwt QBtO w Qvi w sQH |xr�Ut l} 'FPGA Q@
?} Q[ c 'Qvi sQH m u; QO xm O};|t CUO x@ 1 |x]@=Q R= Qvi w sQH p}Uv=Qi}O

"CU= Qvi u=UWm ?} Q[ k w |}=Q}t

m�x+ c _x+ kx = f(t) (1)

h} QaD pO=aD |x]kv |QDt 5 |xrY=i QO 'sQH u=mt |=Q@ x}rw= \QW 'xr�Ut u}= QO
xOW ZQi O=R; CQwYx@ w x}rw= CaQU uwO@ sQH V=aDQ= u}vJty "CU= xOW

C=QwDUO CQwYx@ xm '=Q u; pQDvm w xO=O *p=kDv= u=} QH x@ \w@ Qt C=QwDUO "1
|=yQDU@ |wQ 3u}qB}=B CQwYx@ u=wD|t 'OwW|t s=Hv= CPU |wQ =RHt
\@=Q l} =@ FPGA j}irD =@ C}=yvQO w OQm |R=UxO=}B FPGA |Q=Ri=CNU
u}OvJ OL QO =y|}=Q=m x@ |@=}CUO u=mt= '|HQ=N |x_i=L =@ q=@ Ov=@ |=vyB

"OwW|t sy=Qi TBqi=QD |DL w TBqi=o}o
OvQ}o|t Q=Qk xO=iDU= OQwt p}Uv=Qi}O CqO=at pL |=Q@ xm |OOa |=yVwQ "2
Qorta OvJ w =yxOvvmsU}kD w =yxOvvmj} QiD '=yxOvvm`tH '=yxOvvm?Q[ \ki

"�xO}J}B |=ysDU}U Cr=L QO |DL� OwW|t pt=W =Q Qo}O |xO=U
|=yQDU@ QO 'CU= C@=F =yv; Cash |x_i=L xm CPU |=yQDU@ hqNQ@ "3
R=}v OQwt |x_i=L 'OwHwt sD} Qwor= x@ xHwD =@ u=wD|t FPGA |Q=Ri=CNU
|L=Q] u}qB}=B x@ xHwD =@ =D OyO|t xR=H= u=Q@ Q=m x@ ẁ[wt u}= xm OQm O}rwD =Q
s=Hv= |=Q@ =Q \U=w |=yx_i=L u}= |xR=Ov= u} QDy@ 'FPGA pN=O QO xOW

"Ovm ?=NDv= |D=@U=Lt C=}rta sw=Ot
|R=UxO=}B w u}}aD xr�Ut R=}v x@ xHwD =@ u=wD|t =Q u; Q=Okt w x_i=L Ov=@ |=vyB "4
x_i=L R= u=R}t u; =@ |Q=Ot u=wD|t OW=@ sRq xv}y@ |R=UxO=}B Qo = ,qFt "OQm

"OQm O}rwD
x@ x}@W OQ=O OwHw |OOa VwQ l} |rN=O |=yxkrL QO xm |}=yOm ,qwtat "5
|=Q@ u; R= u=wD|t 'OW |Ov@ Qm}B sDU}U u; =@ FPGA l} Qo = w OvDUy sy

"OQm xO=iDU= x}rw= xr�Ut R= QD=Qi Qo}O p�=Ut pL
|xm@W =@ |Dq=}U w |}xR=U p�=Ut QO pL u=O}t |v=mt |R=UxDUUo ,qwtat "6
OwHwt |=yxO=O x@ |UQDUO |=Q@ u}=Q@=v@ "OwW|t s=Hv= 4u=tR=U|@ |D=@U=Lt
xm OQm O}rwD |D=aq]= ?U=vt Q=DN=U l} O}=@ x=oDUO |rY= |x_i=L QO
w =yxQo u=wD|t FPGA QO =t= "OQ}o Q=Qk TQDUO QO u=tR u} QDsm QO =yxO=O
|rLt CQwYx@ C=aq]= p=kDv= =D O=O Q=Qk Qo}Om} Q=vm =Q x}=Uty |=yu=tr=

"OQ}o s=Hv=

G=Hwa= |=]N p}rOx@ Q=O}=B |OOa VwQ l} |Q=O}=B=v "2"2
|y=o "OwQ|t Q=tWx@ |Ov@ Qm}B R=@C}r@=k =@ C=@U=Lt |=yVr=J R= |m} �5I}ro�
Cw=iDt Q=_Dv= OQwt|HwQN =@ ,=Dkwt|D=@U=Lt Qortal}|HwQN 'I}ro RwQ@ p}rOx@
|=yQ}Ut R= Qorta l} x@ |OwQw |=yxO=O xm OyO|t MQ |v=tR I}ro "OwW|t
u; |OwQw x@ |QD|vqw] u=tR QO =yxO=O R= |WN@ xm |Qw]x@ 'Ovm Qw@a Cw=iDt
QO xm u; p=L 'CU= a� b+ c Q=_Dv= OQwt |HwQN 3 pmW QO ,qFt "OUQ@ Qorta
sDU}U |HwQN '?Q[ Qorta QO |HwQN OwHw sOa p}rOx@ pw= |x}v=Fwv=v OvJ
Oy=wN a � b + c Q@=Q@ |HwQN 'a � b |xH}Dv uO}UQ R= TB w CU= c Q@=Q@

"OW

"a� b+ c |Q=Ri=CNU pO=at "3 pmW
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"""C
qO=a

t|
OOa

pL
|Q=

Ri=C
NU

|R=
UxO

=}B

w FPGA |wQ Q@ Qvi w sQH l} sDU}U xr�Ut |=Q@ |HwQN G}=Dv "6 pmW
"CPU

"Qvi w sQH lD sDU}U pL |=Q@ sRq C=@U=Lt "1 pwOH
(�s) u=tR lqm O=OaD (MHz) Ot=U@ xW=QD ẁv

27 3 65536 2400 CPU

20 5 1024 50 FPGA

s=Hv= |Q=Wa= C=}rta OOa 8 s=o Qy QO xm CU= 1024 pL |=ys=o O=OaD
"OwW|t

6 pmW QO CPU w FPGA Q@ Qvi w sQH sDU}U |R=UxO=}B R= pY=L G}=Dv
pO=aD |x]kv |QDt 5 |xrY=i R= sQH u=Uwv Q=_Dv= j@=]t "CU= xOW xO=O u=Wv
"OwW|t =Q}t u=Uwv u}= '�|v=tR s=o 1000� x}v=F 10 ,=OwOL CWPo R= TB w ẁQW
xyO nwr=v; |=yxv=}=Q x}@W Q=}U@ |R=UxrO=at ẁv u}= OwW|t xOy=Wt xm u=vJ
|R=UpO=at |=Q@ O=} R |=ys}U x=Qtyx@ nQR@ x=oDUO l} =yv; QO xm CU= 60 w 50
pw= 'OQ=O OwHw |U=U= jQi wO =Hv}= QO =t= 'OW|t xO=iDU= CqO=at |m} QDmr=
swO w 'OvQ=Ov =Q nwr=v; |=yC}OwOLt u}=Q@=v@ w Ov=p=D}H}O =ysDU}U u}= xm u}=
u=tr= =yuw}r}t =@ |QDt|Dv=U OvJ |xW=QD l} pN=O 's}HL sDU}U u; pm xm u}=

"CU= |R=UxO=}B p@=k |D=@U=Lt
|R=UxO=}B G}=Dv =@ FPGA |wQ |Q=Ri=CNU |R=UxO=}B G}=Dv |xU}=kt
x�=Q= p@=k �|Q=m |v=tR xQwO� 8lqm swyit R= xO=iDU= =@ CPU |wQ |Q=Ri=sQv
|xrO=at pL |v=tR s=o l} C=}rta pm CU= QO=k FPGA 'pw= OQwt QO "CU=
xm |r=L QO OyO s=Hv= lqm l} QO =Q |Q=Wa= C=}rta 8 pt=W 'Qvi w sQH
=Q u; QO |R=UxQ}NP w x_i=L R= |v=wN=Qi pt=W |Q=Wa= C=}rta Qy O}=@ CPU

"OyO s=Hv= lqm 64 QO =Q C=}rta pm ,=awtHt w lqm CWy QO
|xr�Ut pL |=Q@ R=}v OQwt u=tR COt xm OyO|t u=Wv 1 pwOH |UQQ@
u} QDy@ QO CPU |=Q@ w x}v=FwQm}t 20 5 OwOL FPGA QDU@ Q@ Qvi w sQH
x}v=FwQm}t 27 3 Q@=Q@ u=tR u}= �x_i=L |=yQ}N-=D uDiQo Q_v QO uwO@� Cr=L
QO w CU= u=Um} ,=@} QkD sDU}U wO Qy CaQU ,=@} QkD Cr=L u}= QO "CU=
CPU x@ C@Uv FPGA |Q@=Q@ 1 3 CaQU |xOvyOu=Wv Qt= u}= C}=yv

"CU=
|R=UxO=}B u=mt= 'VywSB u}= QO xO=iDU= OQwt FPGA C}r@=k x@ xHwD =@
jwi Ov}=Qi 'u}=Q@=v@ "OQ=O OwHw Qvi w sQH 6 R= pmWDt sDU}U l} xv}tm
QO u; G}=Dv xm OW Q=QmD Qvi w sQH 6 pt=W sDU}U u}= |R=UxO=}B |=Q@
u; |Q=Ri=CNU |R=UxO=}B u}= QO XN=W |xDmv "CU= xOW x�=Q= 2 pwOH

"Qvi w sQH l} sDU}U xr�Ut Q=Owtv lwr@ "4 pmW

"Q}op=QoDv= Q=Owtv lwr@ "5 pmW

"CU= xOW x�=Q= 2 |x]@=Q CQwYx@ xr�Ut u}= |tQH C=YNWt "CU=8>>>><>>>>:
m = 1 kg

k = 10 N=m

c = 1 Ns=m

(2)

4 pmW QO "CU= xOW xO=iDU= =Dwm � nvwQ |Q=QmD VwQ R= xr�Ut u}= pL |=Q@
"CU= xOW xO=O u=Wv xr�Ut u}= |Q=Ri=CNU |R=UxO=}B pO=at Q=Owtv lwr@
w ?=DW 'pw= Q}op=QoDv= |OwQw "CU= 7Q}op=QoDv= wO pt=W Q=Owtv lwr@ u}=
|Qw]x@ 'OwW|t pYDt swO Q}op=QoDv= |OwQw x@ w xOw@ CaQU u; |HwQN
5 pmW QO xm u=vJ "OyO|t u=Wv =Q sQH u=mt Q}op=QoDv= u}= |HwQN xm
l} R= =yQ}op=QoDv= R= l} Qy |Q=Ri=CNU |R=UxO=}B |=Q@ OwW|t xOy=Wt
s=o u; QO xm CU= xOW xO=iDU= xOvvm`tH l} w xOvvm?Q[ l} w QDU}HQ
x@ xHwD =@ Q=Okt u}= "CU= xOW ?=NDv= x}v=F 0 01 Q@=Q@ |Q}op=QoDv= |v=tR
xr�Ut u}= QO "CU= xOW ?=NDv= |v=tR s=o R= pL pqkDU= w |OOa |x@ QHD
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Ovyt j@=]t QDU}HQ l} w xOvvm`tH wO w xOvvm?Q[ l} =@ u=wD|t 'CU= sm =L =yv;

|Q=Ri=CNU pOt 'xQo Qy |=Q@ 8 pmW Ov}=Qi Q=QmD =@ "OQm |R=UxO=}B 8 pmW
u; QO xm 'Ow@ Oy=wN 9 pmW j@=]t FPGA |wQ 4 |xOW xDUUo |x]@=Q

"OvDUy =yxQo Qou=}=tv nQR@ |=yp}]DUt
'x}=Uty |=yxQo u}@ =yxO=O u=tRsy w p@=kDt pO=@D =@ 'FPGA QDU@ QO
=@ "O};|t CUO x@ hrDNt |=yu=tR QO xQo Qy |=Q@ Gwt |xvt=O w pL 4 |xrO=at
u}= QO "O};|t CUO x@ 10 pmW j@=]t =yxQo CmQL |vLvt '|Ov@ Qm}B u}= pL
u=tR x@ C@Uv xQo Qy |}=Hx@=H C=Q}}eD Qou=}@ =yQ=Owtv pN=O |=y|vLvt 'pmW
|r=L QO 'CU=y?=wH |Q=O}=B p}rO x@ 9 pmW QO xQo Qy u}@ =yQDU}HQ OwHw "CU=
Ea=@ u=WOwHw sOa =t= OvDU}v |[=} Q Qorta xvwo I}y ,qta =yQDU}HQ u}= xm
OwWv xO=iDU= =yQDU}HQ R= Qo = p=Ft |=Q@ "OwW|t xOW xDUUo |xrO=at |Q=O}=B=v
QmP x@ sRq "OW Oy=wN Q=O}=B=v ,qt=m 11 pmW j@=]t 5 xQ=tW xQo CmQL |vLvt
"ODi=|t j=iD= R}v 'TqBq |xrO=at uwJty '=}=B p�=Ut |=Q@ |DL pmWt u}= CU=
R= TB w ẁQW u = 1 R= 2 xQ=tW xQo |xvt=O Vy=m 'Gwt Q=DiQ j@=]t
|v=tR |xrY=i =@ Qo}O |=yxQo |xvt=O 'COt u}= QO "OUQ|t QiY x@ xvt=O |DOt

"O@=}|t Vy=m TBU w V}=Ri= =OD@= 'CU= a CaQU =@ ?U=vDt xm XNWt
p=kDv= C=aiO '�s=o 1024� xr�Ut u}= QO xOW u}}aD |v=tR |=ys=o x@ xHwD =@
'pL Ov}=Qi u=tR pm xm CU= QmP x@ sRq "CU= 1024�6 Q@=Q@ =yxQo u}@ C=aq]=
|=yxQo |rN=O C=@U=Lt s=Hv= u=tR w =yxO=O p=kDv= |=Q@ R=}v OQwt u=tR pt=W

"OW=@|t |Q=Ri=CNU
|xrO=at pL |=Q@ sRq C=@U=Lt Q_v R= CPU w FPGA |}=Q=m |xU}=kt
u=Wv G}=Dv "CU= xOW x�=Q= 3 pwOH QO R=}v OQwt u=tR =} lqm O=OaD Q_v R= Gwt
u}= "OQ=O CPU x@ C@Uv |Q@=Q@ 3 6 CaQU FPGA xr�Ut u}= QO xm OyO|t
CPU R= QDu}}=B Q=}U@ u; |Q=m Ot=U@ xm CU= |r=L QO FPGA CaQU V}=Ri=
|iQYt u=wD Vy=m Ea=@ Ov=wD|t u=R}t u}ty x@ xm CU= u; sryJl} OwOL QO w

"OwW C=@U=Lt QO

"Gwt |xDUUo |x]@=Q |=Q@ |Q=Ri=CNU xQo l} |Q=Owtv |xrO=at "8 pmW
"xQo OOa 6 =@ Gwt xrO=at pL |=Q@ sRq C=@U=Lt "3 pwOH
(�s) u=tR lqm O=OaD (MHz) Ot=U@ xW=QD ẁv

61 4 147456 2400 CPU

17 1024 60 FPGA

|wQ Q@ CqO=at |=yCQ=@a |R=wt |R=UxO=}B uOw@ Q}PBu=mt= p}rOx@ xm CU=
xm |r=L QO OQm p}rLD u=tRsy =Q Qvi w sQH 6 u}= |xty u=wD|t 'FPGA

QO "Ov=t|t |k=@ x}v=FwQm}t 20 u=ty u=m =tm OOa 6 u}= |=Q@ R=}v OQwt u=tR
xm ODi=|t j=iD= |v=tR Q}N-=D |v=}t |=yQDU}HQ R= xO=iDU= Crax@ Cr=L u}=
�2 pwOH� u=tRsy |=QH= p}rOx@ "CU= Z=te= p@=k pL u=tR pm x@ C@Uv
xOW CPU Q@=Q@ 8 OwOL Qvi w sQH OOa 6 pt=m pL |=Q@ FPGA CaQU

"CU=

|}xQ=B p}Uv=Qi}O |xrO=at "2"3
%CU= u}vJ u; |Oa@l} |x]@=Q w CU= |rwrPy ẁv R= Gwt pw= |x@DQt |xrO=at
@u(x; t)
@t

+ a@u(x; t)
@x

= 0 (3)

OyO|t u=Wv xm CU= |D@Ft OOa w Gwt CaQU a w Gwt |xvt=O u u; QO xm
|x}rw= \}=QW Qo = u}=Q@=v@ "Ovm|t CmQL CU=Q CtU x@ w a CaQU =@ C=aq]=
CmQL CU=Q CtU x@ hrDNt |=yu=tR QO Gwt pmW u}= 's}W=@ xDW=O =Q Gwt

"OQm Oy=wN
=} |w=Ut 'c = a�t

�x 'Cv=Qwm OOa CU= sRq 4 |x]@=Q |Q=O}=B u}t[D |=Q@
CaQU w 0 02 Q@=Q@ Cv=Qwm OOa 'xOW s=Hv= Gwt |xrO=at pL QO "OW=@ 1 R= QDsm
6 R= '|UQQ@ u}= QO u}vJty "CU= xOW xDiQo Q_v QO x}v=F Q@ QDt 1 Q@=Q@ Gwt
xm CU= |DQwYx@ =yxQo u}= |=Q@ u Gwt |xvt=O |x}rw= \QW w xOW xO=iDU= xQo
CyH QO OL=w 1 |xR=Ov= x@ 2 xQo w xOw@ QiY |x]kv QO 2 xQo RH x@ =yxQo |xty
1 xQ=tW xQo xm CU= u=vJ =yxQo u}= QO |RQt \QW "�7 pmW� OQ=O Q=Qk C@Ft

"OvO=R; =yxQo |x}k@ w xOW xDW=O xov QiY u=mt QO
'|v=mt |wQTB w |v=tR pw= x@DQt CUOq=@ OwOLt p[=iD VwQ R= xO=iDU= =@

%O};|t CUO x@ u}vJ 3 |x]@=Q |xDUUo |Q@H |xrO=at
un+1
i � uni

�t
= �au

n
i � uni�1

�x
(4)

QO 4 |xOW xDUUo |x]@=Q xm '=Q xQo 6 R= l} Qy 'sDU}U u}= |R=UxO=}B |=Q@
"Qvi w sQH 6 sDU}U pL |=Q@ sRq C=@U=Lt "2 pwOH

(�s) u=tR lqm O=OaD (MHz) Ot=U@ xW=QD ẁv
163 8 393216 2400 CPU

20 5 1024 50 FPGA

"QiY u=tR QO =yxQo C}akwt "7 pmW
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"Gwt |xr�Ut pm Q=Owtv lwr@ "9 pmW

R= xO=iDU= uwO@ |Q=Ri=CNU |R=UxO=}B Cr=L QO 5 xQo CmQL |vLvt "11 pmW
"QDU}HQ

"OwW|t |[=} Q Q=O}=B CqO=at pL |Q=O}=B=v x@ QHvt xm 'OQm
w Qvi w sQH p�=Ut pL =@ |OOa C=@U=Lt `} QUD QO |O=yvW}B VwQ OQmrta
FPGA Q@ CqO=at pL R= ,=t}kDUt xm |H}=Dv "CU= xOW xO=O u=Wv Gwt xrO=at
|Q=m |xNQJ O=OaD Vy=m =@ |Q=Ri=CNU |R=UxO=}B xm O=O u=Wv Ot; CUO x@
xm |Qw]x@ 'OW Oy=wN CqO=at pL CaQU V}=Ri= Ea=@ C=@U=Lt s=Hv= |=Q@
%xm OyO|t u=Wv VR=OQB CaQU G}=Dv 'Q=DWwv u}= QO xOW pL |xr�Ut wO |=Q@
xOw@ FPGA Q@=Q@ ,=@} QkD Qvi w sQH lD sDU}U pL |=Q@ CPU CaQU ��
OW CPU Q@=Q@ 8 ,=OwOL FPGA CaQU Qvi w sQH 6 sDU}U |=Q@ |rw
|D=@U=Lt |=yu=tr= O=OaD V}=Ri= =@ FPGA |}=Q=m V}=Ri= |xOvyOu=Wv xm

"CU=
CaQU |Q@=Q@ 3 6 V}=Ri= |xOvyOu=Wv Gwt |xrO=at pL VR=OQB CaQU ��
QDsm Q=}U@ FPGA |Q=m Ot=U@ xm |r=L QO 'CU= CPU x@ C@Uv FPGA

"CU= CPU R=

"=yxQo CmQL |vLvt "10 pmW

|Q}oxH}Dv "4
=@ |OOa C=@U=Lt `} QUD |xv}tR QO xaUwD p=L QO w O}OH |WwQ Q=DWwv u}= QO
xOW |iQat FPGA s=vx@ O}OH |Q=R@= |x}=B Q@ |Ov@ Qm}B R=@ p@=k C=@U=Lt u=wva
TQDUO QO |=yQ=Ri=sQv w QwWm pN=O QO OwHwt |=yQ=Ri=CNU R= Q=m u}= |=Q@ "CU=
CqO=at C=@U=Lt OQ@ Q=m |=Q@ ZQiV}B CQwYx@ xm xOW xO=iDU= ISE Ovv=t
p}Uv=Qi}O C=@U=Lt pL |=Q@ =yQ=R@= u}= R= xO=iDU= "CU= xOWv |L=Q] p}Uv=Qi}O
p}Uv=Qi}O CqO=at R= |}xDUO |R=UxO=}B =@ u; QO xm xDiQo CQwY Q=@ u}DUNv |=Q@
|Q=Ri=CNU |R=UxO=}B |xwLv 'Spartan6 ẁv R= FPGA |xW=QD QDU@ Q@
CQwYx@ x}=Uty |=yu=tr= w =yxQo u}@ =yxO=O p=kDv= w C=Q=@a |R=wt pL 'CqO=at

"CU= xOW xO=O u=Wv s}kDUt
CqmWt w =yxO}OB w CqO=at |Q=Ri=CNU |R=UxO=}B OvwQ Q=DWwv u}= QO
�OvwW|tv xO}O C=@U=Lt l}Uqm |=yOv}=Qi QO w� s} wW|t wQ@ wQ u; =@ xm |O}OH
xQ=W= G=Hwa= R= |W=v |=]N |xO}OB x@ u=wD|t xrtH u; R= xm OW x�=Q= =yv; pL w
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1. �eld programmable gate array
2. recon�gurable computing
3. Pipeline
4. unstructured grid
5. Glitch
6. system generator
7. integrator
8. Clock
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