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K1 68< 2
1v > 9 2v -4 1v ) (7)

K2 6 1cos− ( 2v > 9 < 1v )- :/; ´wÊG·
Ã x

v1
vw�o{

v2
l vw��rt��vwsur��onol��Uvwj � {}�<| po�wm�v�|�ykmort��no�or�noxcl mortz��G|�Ìwrtsun}�tl mor

| �4| l rtz�yk� j j��wno�ol � �opor�l n�p}| r�l mor�j � �ortvwsczMno{ortj�xunosc~�surt{o� �wl � no��vw�o{
v1
vw�o{

v2
l vw��rt��~�surt�U� nop}| j �avwsur0� qo�onosurt{}�UÆ<nozMrtl � zMr<|G�

t
zMvw�asurtvw�wm

2π / 2K
�UÃ x

l mo�G|�movw~�~�rt�}|G�4l mor�~�surt{o� �wl nos0yk� j jksurtqovwsu{*l mor�~�pojG| r�v�|kl rtsuzM� �ovwl rt{*vw�o{
ykvw� l'xunos4l mor�| l vwsul'nox4vW�orty�~�pojG| r<�
i�|�zMrt�ol � no�ort{,� �,l mor­~�surt�U� nop}|�| rt�wl � no�}��zMn}| l�nox8l mor�| vwzM~�j r�~�no� �olG|
�wno�o�wrt�ol suvwl r�vwsunopo�o{�l mor�nosu� qo� ��� x�j noy��Urtj no�w� l ��zMnol � no���G| � �o�Unoj �Urt{}�'Ã �
thi
| | � l povwl � no�}�Ñ� x�ykrk� �ol rtsu~�surtl�l mork{ovwl v�~�no� �olG|�yk� l m0nopos�rtj j � ~�l � ��zMno{ortj�� �

nosu{orts�l n8{ortl rtsuzM� �or�l mor�~�surtj � zM� �ovwsu�8�Uvwj por<|
noxWl mor�~�pojG| r��wno�}| l vw�olG|G��l mor
� �o�wsurtv�| rt{­| � qo�o� xu� �wvw�o�wr�nox��ono�G| r�vw�o{8{o�G| l nosul � no�8� �8l mor�{ovwl va~�no� �olG|
zMvw�
� �o�wsurtv�| rkl morkrtsusunos�� �0r<| l � zMvwl � �oq0l mork�Uvwj por<|�noxcl mor�~�pojG| r��wno�}| l vw�olG|G�t�}mo�G|
rtsusunos�yk� j j�vwxuxurt�wl�l mork~�surt{o� �wl � no�0vw�w�wposuvw�w�Mxunos�l mor��wnozM~�j rtl r�~�pojG| r�~�rtsu� no{
v�|
� ��noposWrtvwsuj � rtsWyknosu��½ Õ�Á���Âknoykrt�Urtsw��l morartsusunosk�wvw����rasurt{opo�wrt{�� xkykr
vw{ �Gp}| l
l mor��Uvwj por<|
noxkl mora~�pojG| ra�wno�}| l vw�olG|�����l mora�wmovwsuvw�wl rtsu�G| l � �

s
noxkl mor

user’
|c~�v�| lczMnol �

on
��rtmovw�U� nosw�oÆ<� �o�wr�l mor�~�pojG| r��wno�}| l vw�olG|c{ortl rtsuzM� �or�l mor

mort� qomolMvw�o{�yk� {ol m�noxav�~�pojG| r<�}l n­surt{opo�wr�l mor�rtsusunos�� �­r<| l � zMvwl � �oq­l mor
~�surtj � zM� �ovwsu���Uvwj por<|4nox
l morM~�pojG| rM�wno�}| l vw�olG|G��ykrMvw{ �Gp}| l}l morM�Uvwj por<|}nox�l mor
~�pojG| r��wno�}| l vw�olG|'no��l vw� �ort{¥xusunoz,rtÙ�povwl � no�}|'´uÕ�·4vw�o{¥´wÊG·4v�|

follows:

*
1K 6 1K 9 1δ + 1β v ) (9)

*
2K 6 2K ( 2δ + l2β ; (10)

ykmortsur *
1K and *

2K
vwsur�l mor�vw{ �Gp}| l rt{*~�pojG| r��wno�}| l vw�olG|G�

1δ
�

2δ
�

1βvw�o{
2β
vwsurÒ| nozMr¢�wno�}| l vw�olG|G�

v
�G|�l mor¢¶}� § i vw��| noj pol r,�Urtj no�w� l �

{ortl rtsuzM� �ort{
in
l mor�j v�| la~�surt{o� �wl � no�Ò| l rt~ vw�o{

l
�G|al mor­yk� {ol m,nox�l mor

¶}� § iÒ~�pojG| r�no��l vw� �ort{�xusunoz?l mor
last
zMnol � no��~�pojG| r<�

v
vw�o{

l
�wvw����r

�wvwj �wpoj vwl rt{¥� �¥vWykvw�8| � zM� j vws4l n¥nopos4¶}� § iË| �wmortzMr�½eÊ
]:

�
�
� ≠−+

=
otherwiseunchange

0if)1(ˆ 11 vvv
v

αα
(11)

lll )1(ˆ
22 αα −+= (12)

ykmortsur
1α vw�o{

2α vwsur8l mor�ykrt� qomol �wno�}| l vw�olG|G�
v
�G| l mor�{o�G| l vw�o�wr�zMno�Urt{

���0l mor�zMnop}| r�{oposu� �oq�l mor�j v�| l�| l rt~�´u�G� r<� �tl mor�j v�| l�| vwzM~�j � �oq�� �ol rtsu�Uvwj
)
�
l
�G|

l mor�yk� {ol m�nox�l mor�j v�| l�zMnol � no��~�pojG| r<�
v̂
vw�o{

l̂
vwsur�� ��xuvw�wl

v
vw�o{

l
�wnozM~�pol rt{�� ��l mor¥j v�| lW| l rt~��wikxul rts
l mor�| vwzM~�j � �oq�nox
l mor¥zMnop}| r¥�Urtj no�w� l �
vwl�rtvw�wm�| l rt~��tykr��wnozM~�pol r�rtÙ�povwl � no��´w¿�¿G·c� x

v
�G|4�onol4Ìwrtsun &Unol mortsuyk�G| r<�

v�G|4po�o�wmovw�oqort{}�wikxul rts
l mor¥rt�o{�nox
rtvw�wma~�pojG| r<��ykrM�wnozM~�pol rMrtÙ�povwl � no�a´w¿G��·
l n0po~�{ovwl r�l mor��Uvwj por�nox

l
�tÔ<sunoz�rtÙ�povwl � no�}|�´u¾�·cvw�o{�´w¿GÍ�·w� *

1K
� �o�wsurtv�| r

s

F-G HJILKNM@?-P QSRBA i \ X3R�T UVR�WScd_N_N\N^ \NgNcdT UVR�WScdklcdU W i T�Z]\N^VR�_NU T `f�R�g�c�j-R i U T U Z]\�j4AJ^ i \Lm

-40

-30

-20

-10

0

10

20

30

0 20 40 60 80 100

velocity

ac
ce

le
ra

ti
on



with
� �o�wsurtv�| � �oq

v
ykmo� j r *

2K
{ort�wsurtv�| r

s
yk� l m�� �o�wsurtv�| � �oq

l
��l n

�wvw~�l posur0l mor0~�v�| l�zMnol � no����rtmovw�U� nos nox l mor0p}| rtsw�UÃ �8vw{o{o� l � no�}�oykr�p}| r�l mor
¶}� § i��Uvwj por<|�nox

v
vw�o{

l
� �}| l rtvw{�noxkl mort� skzMrtvw���Uvwj por<|�l n�vw{ �Gp}| l�l mor

�Uvwj por<|
noxWl mora~�pojG| ra�wno�}| l vw�olG|���rt�wvwp}| ra¶}� § i�zMvw��vw{ovw~�l�Ù�po� �w��rtskl n
l mor0�wmovw�oqor0� ��l mor0zMnol � no���wmovwsuvw�wl rtsu�G| l � ��|�nox l mor0p}| rts

.
��r�{ortzMno�}| l suvwl r

l mor�� zM~�suno�UrtzMrt�ol'nox4l mo�G|'vw~�~�sunovw�wm¥l n�½ Õ�Á}� ��| rt�wl � no�¥Å��

+4© �!°�
(�/
(��0�� � � � �1	�� �2
(�!��'��('�0 
(�/
(�(5
�}�U~�� �wvwj j �4�wl mor¥~�suno�wr<|G|4�ono�G| r¥�wno�Uvwsu� vw�o�wr¥zMvwl su� ¦

Q
p}| rt{�� ��v0~�surt{o� �wl � �Ur

,kvwj zMvw��xu� j l rts��G|�xu� ¦ort{}�4Âkrtsur<�4ykr�p}| r�l ykn�~�suno�wr<|G|��ono�G| r��wno�Uvwsu� vw�o�wr
matrices

�
HQ
vw�o{

LQ
�<Ô<nos¥l mor8xu� sw| l � l rtsuvwl � no��nox�rtvw�wm�~�pojG| r<�'ykr�p}| r

HQ
��ykmo� �wmamov�|}mo� qomavw��| noj pol rM�wnozM~�no�ort�ol}�Uvwj por<|G���}mort�}��ykr�| yk� l �wm�l n

LQ
�<ykmo� �wm�mov�|�surtj vwl � �Urtj ��j noykrts�vw��| noj pol r��wnozM~�no�ort�ol �Uvwj por<|G�'xunos�l mor

sur<| l�noxcl mor�~�pojG| r<�t�}mo�G|�{or<| � qo���G|���v�| rt{�no��l mor¥xuvw�wl4l movwl4l mor¥~�surtj � zM� �ovwsu�
�Uvwj por<|4nox�l morM~�pojG| rM�wno�}| l vw�olG|}{ortsu� �Urt{axusunozËrtÙ�povwl � no�}|}´uÕ�·�vw�o{a´wÊG·�zMvw�
� �ol suno{opo�wr0v

higher
rtsusunos l movw��l mon}| r0qort�ortsuvwl rt{����al mor5,kvwj zMvw��xu� j l rts�� �

� lG|¢| l rtvw{o�£| l vwl r<�0Æ<n}�0ykr�p}| r
HQ
l n×�wnozM~�rt�}| vwl r�xunos�l mor�mo� qomorts

uncertainty
�'�k�¥l mor��wno�ol suvwsu�4�Gl morWzMrtv�| posurtzMrt�ol<rtsusunos}�wno�Uvwsu� vw�o�wrWzMvwl su� ¦

R
�G|'xu� ¦ort{}�
Ã x
ykr¥v�|G| � qo��l mor�| l vwl r¥�Urt�wl nos
v�|

kx̂ * ( *
1K , *

2K )T �wl mor¥po~�{ovwl r¥nox
l mor
| l vwl r��Urt�wl nos4� �¥j � �ortvws4xunosuz,�G|GÖ

−
+1ˆkx = kx̂ + ku (13)

ykmortsur
ku
�G|�v¥�Urt�wl noscpo~�{ovwl rt{�vwl�l mor�xu� sw| l�� l rtsuvwl � no��nox
rtvw�wm�~�pojG| r¥vw�o{�v

Ìwrtsun��Urt�wl nosWxunosWl mor�sur<| l
noxWl mor�~�pojG| r<��Ô<nosWl morart�Uvwj povwl � no��nox
ku
vwl�l mor

beginning
noxcrtvw�wm�~�pojG| r<�tykr��ortrt{��onol�{ortl rtsuzM� �or�� l

explicitly
�w��r¥zMvw�

�Gp}| l�rt�Uvwj povwl rk´ *
1K , *

2K )T xunos each
�orty�~�pojG| r�v�|�{or<| �wsu� ��rt{�vw��no�Ur�vw�o{

v�|G| � qo��� l�l n −
+1ˆkx
�<��� l m�zMrtv�| posurtzMrt�ol�po~�{ovwl r<�'l mor ,kvwj zMvw��xu� j l rts�yk� j j

qort�ortsuvwl r −
+1ˆkx as

l mor ������� ����� r<| l � zMvwl rkxunos�l mork�ort¦ol | l rt~�vw�o{
kx̂
v�|�l mor

�	����
�� 
���� ����� r<| l � zMvwl r0xunos�l mor��wposusurt�ol¥| l rt~��o�}mor�| l vwl r�l suvw�}| � l � no�8zMvwl su� ¦
kφ
�G|

fixed
l n

I
�l�k��l mor*nol morts�movw�o{}�cl mor*zMrtv�| posurtzMrt�ol0~�suno�wr<|G|0v�|

| monoyk��� ��rtÙ�povwl � no��´u��·
�G|4� ��vM�ono�
-
j � �ortvws�xunosuzËvw�o{amort�o�wr<������vw~�~�j �U� �oq

l mor�rt¦ol rt�o{ort{ ,kvwj zMvw��xu� j l rtsw��l mor�zMrtv�| posurtzMrt�ol�po~�{ovwl r�| l rt~��wvw�¢��r
written

v�|GÖ

kx̂ = −
kx̂ + kK ( kz - h( −

kx̂ )) (14)

where h( −
kx̂ )
�G|
vaxupo�o�wl � no��rtÙ�po� �Uvwj rt�ol
l n�l mor��0� Â�� Æ���noxkrtÙ�povwl � no�

(3)
�

kz
�G|�l morazMrtv�| posurt{��Urtj no�w� l ���Uvwj por�vw�o{

kK
�G| l mor ,kvwj zMvw��qovw� �}�'�}mor

zMvwl su� ¦��wnosusur<| ~�no�o{o� �oq�l n�l mor��ono�G| rtj r<|G|k�wno�o�ort�wl � no�*��rtl ykrtrt�*l mor�| l vwl r
�Urt�wl nos4vw�o{¥l mor�zMrtv�| posurtzMrt�ol'�G|'{ort�onol rt{¥v�|

kH
�GÃ l'�G|'{ortl rtsuzM� �ort{

by:

kH = (( xxh ∂∂ /)( )| −= kxx ˆ ) T (15)

which
�wvw�¥��r�surtyksu� l l rt�¥v�|GÖ

kH = (cos( 2K t)-1
�

- 1K � sin( 2K t)) (16)
���

substituting
rtÙ�povwl � no�M´u��·}� �ol nMrtÙ�povwl � no�M´w¿GÀ�·w�S´���j rtv�| rWsurtxurts}l n�½ Ø

,23].
·

T
nM{ortl rtsuzM� �orWl morW�Uvwj por<|<nox}~�vwsuvwzMrtl rtsw|

HQ
�

LQ
�
R
�

1β �
2β �

1δ � 2δ �

1α vw�o{
2α �oykr�vw~�~�j ��l mor���noykrtj j

’
|
zMrtl mono{�½e¿G¾�Ákmortsur����8zM� �o� zM� Ìw� �oq

l mor�vw��| noj pol r�rtsusunos4xunos4no�or�| l rt~M~�surt{o� �wl � no�¥v�|'l mor�no�G�Grt�wl � �Ur�xupo�o�wl � no�
:

HQ ≈ ��
�

�
��
�

	

852.47991.0

991.0852.37
LQ ≈ ��

�

�
��
�

	

011.40000.0

000.0021.30

R ≈ ( )000.2 1β ≈ 0.001 2β ≈ 3.448 1δ ≈ 0.037

2δ ≈ 0.165 1α ≈ 0.650 2α ≈ 0.800
Ô<nos�| � zM~�j � �w� l �4��l mor¢~�surt{o� �wl nosw|�xunos�l mor,monosu� Ìwno�ol vwj�vw�o{�l mor,�Urtsul � �wvwj
�wnozM~�no�ort�olG|
noxWl mor�zMnop}| razMnol � no��| movwsural mo�G|0| vwzMr*| rtl�noxk~�vwsuvwzMrtl rtsw|G�
§ nosurtno�Urtsw��l mor�l mosur<| monoj {�xunos�| yk� l �wmo� �oq�xusunoz!l mor�j � �ortvws¥zMno{ortj�l n�l mor
rtj j � ~�l � �WzMno{ortj

V∆
�G|
| rtl'l n¥���

5.
²��­²
6�ªu«�, �8«8°�
�®�������¬0²
6�ªu«�, �?ªw¬56
� ¯�¬0ªw¯�«�
�®��0°­ªw²8¬0ªw¯�«

Ã ��nopos0rtvwsuj � rts0�wnozMzMpo�o� �wvwl � no�}|�½eÊ
,9
Á���ykr�~�suno~�n}| rt{*l mor § � § ´uzMn}| l

surtÙ�po� surt{¢zMno�UrtzMrt�ol ·�| �wmortzMr�� �¢{ortxu� �o� �oq¢l mor­vw�w�wr<|G|�| �wnosur­nox�rtvw�wm
no�G�Grt�wlG�ÑÃ l��G|���v�| rt{0no�0l morkno��| rtsu�Uvwl � no�0l movwl�l morkxuvwsul morts�vw�0no�G�Grt�wl��G|�xusunoz
l mor��U� rtykrtsw�ol mor�j no�oqorts�� lcyk� j jcl vw��r�xunos�l mor��U� rtykrtsWl n�zMno�Ur�{o� surt�wl j �8� �
xusuno�olG����no�}| rtÙ�port�ol j �4��l mor­�Uvwj por­nox��wvw�wmo� �oq�l mo�G|�no�G�Grt�wl�� ��l mor�j no�wvwj
| l nosuvwqorWnos�~�surtxurtl �wmo� �oq0� l�xusunoz�l mor�| rtsu�Urts��G|�j noykrtsw�ÑÆ<� zM� j vwsuj �4�Ñl morkj vwsuqorts
l morWvw�oqopoj vws}{o�G| l vw�o�wrWnox}vw�Mno�G�Grt�wl<�G|<xusunoz¢l morW�U� rtykrtswÓu|<j � �orWnoxk| � qomolG�Ñl mor
�Uvwj por�noxa�wvw�wmo� �oq­nos�~�surtxurtl �wmo� �oq­l mor�no�G�Grt�wl¥�G|¥vwjG| n­j noykrtsw�}Ô<� qoposur��
| monoy�|'l mo�G|<surtj vwl � no�}| mo� ~��Syk� l m

oD
surt~�sur<| rt�ol � �oqMl morW{o�G| l vw�o�wrWnox}no�G�Grt�wl

oxusunoz��U� rtykrts
v
vw�o{

oθ
surt~�sur<| rt�ol � �oq�l mor�vw�oqopoj vwsc{o�G| l vw�o�wr�nox

o
xusunoz

v
Óu|

j � �or�noxW| � qomolG�

���	����� �� �!#" $���� %���&('('(�*)�)+) '(�� ��
So,v
��,-��.�/���'(�

o
� �	01" ��23�� 

v:

)
||

1)(1()1(
max,

, π
θαα o

o

o
vo

D

D
S −−+−= (17)

23%��� ��
oD
"�)*� %��4��"�) � &($�'(�4.���� 23����$

v
&($��

o 5 max,oD
"�)*� %��6) 7�!8��,� �&(��" "

��,9� %���01" ��23�� �) '(��:���&($��6��,�� %�����.�/���'(�	) '(��:�� 5 &($�� α ( 10 ≤≤ α ;�<�=?>@ >(A�>(B#C�D C�A-D E	F�C�D C�A�B#< G�C�D H�C�I(E�G�D A�< J�K�D < E�G�=LE�M oD >(G�F oθ D E So,v.
N G�E�K�A�O3P3Q @ A�E�D E�D @ C*RTS3C#C�B @�U E�VW>X= < B#< U >(A�G�>(Y1< Z�>(D < E�G�B#> @�@ < G�Z6>�=�>
D V @ < I(> U P3[�\X]^J�A�E�S6= C�A(_-`aCXB#> @ D H�CbY1C�A�D < I(> U B#E�K�= CbB#E�D < E�GcD EcD H�C
K�= C�A(d�=�M�E�A�S3>(A�F6E�A9J�>(I(e�S3>(A�F6Y1C U E�I(< D V�>(G�F6H�E�A�< f(E�G�D > U B#E�K�= C�B#E�D < E�G6D E
D H�CWK�= C�A(d�=+A�E�D >(D < E�G�> U Y1C U E�I(< D V-R�<�_ C*_ R�I(H�>(G�Z�CWE�M U < G�CWE�M�= < Z�H�D�Rg< GbD H�C�h�O
environment.N G6E�K�A9C�>(A U < C�A9S3E�A�e�R1S3C�K�= C�D H�C�Q�`a\Xij= I(H�C�B#C�D E @ A�C�F�< I(D?S3H�C�A�C�D H�C
Y1< C�S3C�A?S3< U U J�C�< G�D H�C�G�C�k�D�= D C @ _�l�H�C�I U < C�G�DmS3< U U D H�C�G�A�C�n�K�C*= D-D H�Co= C�A�Y1C�A
M�E�A�E�J�p�C�I(D�=�D H�>(D�D H�C3Y1< C�S3C�A�<�=�C�k @ C�I(D C�F�D EX= C�C3< M�< D�F�E�C*=�< G�F�C�C�F�B#E�Y1C3D E
D H�C @ A�C�F�< I(D C�F U E�I(>(D < E�G�_-l�H�<�= @ A�C�M�C�D I(H�< G�ZaE @ C�A�>(D < E�GaS3< U U < G�I(A�C�>�= CXD H�C
>(Y1>(< U >(J�< U < D VqE�M�E�J�p�C�I(D�=#>(D#D H�CrI U < C�G�D�_�s3E�S3C�Y1C�A(R�F�K�CrD EtD H�CrF�A�>(B#>(D < I
< G�I(A�C�>�= C#< G�C�A�A�E�A�>�=�S3C#>(D D C�B @ D�D E @ A�C�F�< I(D�B#E�A�Cb= D C @ =�>(H�C�>(F�K�= < G�Z�D H�C
Q�`a\Xiu= I(H�C�B#C*R�S3CvI(E�K U F8E�G U V @ A�C�M�C�D I(H8E�J�p�C�I(D�=6E�G�Cw= D C @ >(H�C�>(F�_
`aH�< U CxD H�<�=y= D < U U < G�I(A�C�>�= C*=tD H�C @ A�C�M�C�D I(H�< G�Zz>(I(I(K�A�>(I(V-R�D H�C{E�J�p�C�I(D�=
A�C�n�K�C*= D C�FbB#>(VoG�E�D�H�>(Y1C6A�C�>(I(H�C�FXD H�C6I U < C�G�D9< GXD < B#C6M�E�A�A�C�G�F�C�A�< G�ZXD H�C
G�C�k�D*M�A�>(B#C4>�=*D H�C4G�C�D S3E�A�e U >(D C�G�I(V#< G�I(A�C�>�= C*=�E�A�D H�C3G�C�D S3E�A�e�J�>(G�F�S3< F�D H
A�C�F�K�I(C*=�_ml�H�<�= U < B#< D�=3D H�CbK�= C�M�K U G�C*=�=3E�M�D H�C @ A�C�M�C�D I(H�< G�Zc> U Z�E�A�< D H�Bb_ N G

|+} ~L�m�T���+���#�T� �T���W� �L� �L��� �L�����T�T�m���9� �m���������3���r��� �T�T���



>(F�F�< D < E�G�R(F�K�C	D EWD H�C U < B#< D >(D < E�GW< GW>(I(I(K�A�>(I(V�E�M+D H�C#Q�`a\Xi = I(H�C�B#C*RTS3C
F�< FvG�E�D�K�= CcD H�C @ A�C�F�< I(D C�F U E�I(>(D < E�GvM�E�A6E�J�p�C�I(D�I(>(I(H�< G�Z�_ N G�= D C�>(F�R�S3C
siB @�U VrI(>(I(H�C�FcE�J�p�C�I(D�=3J�>�= C�FcE�GcD H�CbI(K�A�A�C�G�D U E�I(>(D < E�GcE�M#D H�CoY1< C�S3C�A(_
l�H�<�=mI(>(I(H�< G�Z = D A�>(D C�Z�V�H�>�=mD H�C @ A�E�J U C�B^D H�>(DmS3H�C�G�D H�C�I(>(I(H�C	<�=-M�K U U R(D H�C
I(>(I(H�< G�Zo> U Z�E�A�< D H�BxS3< U U A�C�B#E�Y1CWE�J�p�C�I(D�=+J�>�= C�FoE�GoD H�CWI(K�A�A�C�G�D U E�I(>(D < E�G
E�MbD H�CtY1< C�S3C�A(_9s3E�S3C�Y1C�A(R9< D�<�= @ E�=�= < J U CqD H�>(DWE�J�p�C�I(D�=WI(E�G�= < F�C�A�C�F >�=
Y1<�= K�> U U V U C*=�=?< B @ E�A�D >(G�D+>(D+D H�CWI(K�A�A�C�G�D U E�I(>(D < E�Go>(G�FoA�C�B#E�Y1C�FoM�A�E�BxD H�C
I(>(I(H�C�B#>(V�J�C�I(E�B#C�Y1<�= K�> U U V�< B @ E�A�D >(G�DL< G	D H�C�G�C�k�D+= D C @ =�_
i6=4= H�E�S3GW< GWD H�C	G�C�k�D4= C�I(D < E�G�R(D H�C @ A�E @ E�= C�F @ A�C�F�< I(D < E�GWB#C�D H�E�FW<�=-Y1C�A�V
>(I(I(K�A�>(D CoC�Y1C�GrS3H�C�GrS3C @ A�C�F�< I(D4>oM�C�S = D C @ =�>(H�C�>(F�_*s3C�G�I(C*R*S3C�H�>(Y1C
A�C�Y1<�= C�F�J�E�D H�D H�C�I(>(I(H�< G�Z�>(G�F�D H�C @ A�C�M�C�D I(H�< G�Z�> U Z�E�A�< D H�Bb=+E�M4E�K�A4O3P3Q@ A�E�D E�D V @ C D E K�= C D H�C @ A�E @ E�= C�F @ A�C�F�< I(D < E�G B#C�D H�E�F�_ `aC H�>(Y1C
C�k @ C�A�< B#C�G�D C�F�D H�C#>(I(I(K�A�>(I(VWE�M�D H�C#I(>(I(H�< G�Z�>(G�F @ A�C�M�C�D I(H�< G�Z6> U Z�E�A�< D H�Bb=
S3< D HrF�< M�M�C�A�C�G�D4G�K�B#J�C�A(=4E�M @ A�C�F�< I(D < E�G = D C @ =�_*i6=�S3< U U J�Cq= H�E�S3G U >(D C�A(R
< G�I(A�C�>�= < G�ZoD H�CWG�K�B#J�C�A4E�M @ A�C�F�< I(D < E�Gt= D C @ =+I(>(Go< B @ A�E�Y1CWD H�C�I(>(I(H�C�H�< D
A�>(D < Eo= < Z�G�< M�< I(>(G�D U V-_
���������	��

�
�����������������������������
`aC�H�>(Y1C�< B @�U C�B#C�G�D C�F	h @ A�C�F�< I(D E�A(=�R 1P R 2P >(G�F 3P R�M�E�A testing_�i U U E�M
them >(A�C E @ C�A�>(D C�FqS3< D Hq>��3> U B#>(GqM�< U D C�A(_ 1P F�C�G�E�D C*=	E�K�A @ A�C�F�< I(D < E�G
B#C�D H�E�F @ A�E @ E�= C�FbH�C�A�C*_ 2P >(G�F 3P >(A�C�D S3E @ E @ K U >(A @ A�C�F�< I(D E�A(=�_ 2P <�=
> @ A�C�F�< I(D E�A�K�= < G�ZcD H�C Guass-\X>(A�e�E�Y @ A�E�I(C*=�= modeling >(G�F 3P <�=3>
= C�I(E�G�F�E�A�F�C�A @ E U V1G�E�B#< > Um@ A�C�F�< I(D E�A(_�`aC�H�>(Y1C�< G�D C�Z�A�>(D C�F�> U U D H�C*= C�D H�A�C�C@ A�C�F�< I(D E�A(=3< G�D EcD H�CbI(>(I(H�< G�Zc>(G�F @ A�C�M�C�D I(H�< G�Z algorithms < GrE�K�A#O3P3Q@ A�E�D E�D V @ C�� ���3M�E�A4I(E�B @ >(A�<�= E�G�_�O3K�A�< G�Zb> U U E�K�A3C�k @ C�A�< B#C�G�D�=�RgD H�C�I U < C�G�D
B#E�F�K U C*R+S3H�< I(H I(E�G�D >(< G�=�D H�CaD H�A�C�C @ A�C�F�< I(D E�A(=�R+A�>(G E�G >� "!zS3< D Hv>
 �C�G�D < K�B N N N�#%$�$ \Xs3f&!' "(6_�l�H�C = C�A�Y1C�A B#E�F�K U CxA�>(GjE�Gj>�)*K�G
S3E�A�e�= D >(D < E�G	S3< D H	> n ( U D A�>�)* �i3['! -

N N <	+�, $ \Xs3f-!' "(6_. < Z�K�A�C0/cI(E�B @ >(A�C*=�D H�C�I(E�B @ K�D >(D < E�G�> U I(E�= D�=�E�M	D H�C�h @ A�C�F�< I(D E�A(=�_*`aC
E�J�= C�A�Y1C6D H�>(D 3P H�>�=9D H�C6H�< Z�H�C*= D9I(E�B @ K�D >(D < E�G�> U I(E�= D�_Ll�H�<�=9<�=9J�C�I(>(K�= C
D H�Cr= D >(D CWY1C�I(D E�A4>(G�FoD H�CWB#C�>�= K�A�C�B#C�G�D+Y1C�I(D E�A4H�>(Y1CW>a= < f(C�E�M3hX>(G�F1+�R
A�C*= @ C�I(D < Y1C U V-_ N D?<�=?Z�A�C�>(D C�A�D H�>(G�D H�E�= C�< G 2P R�S3H�< I(H�H�>(Y1C�D H�Cr= < f(CWE�M-+
>(G�F2+�_ms3E�S3C�Y1C�A(R 1P H�>�=3D H�Cv= B#> U U C*= D6= D >(D CbY1C�I(D E�A�>(G�FcB#C�>�= K�A�C�B#C�G�D
Y1C�I(D E�A = < f(C*=�E�M
+a>(G�F43�RmA�C*= @ C�I(D < Y1C U V-_5)*< G�I(CbD H�CbI(E�B @ K�D >(D < E�G�> U I(E�= D
< G�I(A�C�>�= C*=	= < Z�G�< M�< I(>(G�D U V6>�=?D H�C = < f(C*=?E�M�D H�CWD S3EoY1C�I(D E�A(=+< GoD H�C��3> U B#>(G
M�< U D C�A?< G�I(A�C�>�= C*R�E�K�A?B#C�D H�E�F�<�=mD H�C�M�>�= D C*= DmE�M?> U U D H�A�C�C�B#C�D H�E�F�=�_�i3G�E�D H�C�A
A�C�>�= E�G <�=�D H�>(D�< G E�K�A�B#C�D H�E�F�R+S3CaE�G U VvG�C�C�F D E A�K�GvD H�CcC�k @ C�G�= < Y1C
�3> U B#>(G	M�< U D C�A-S3H�C�G	D H�C�< G @ K�DL>(J�= E U K�D C�Y1C U E�I(< D V	Y1> U K�C4<�=*H�< Z�H�C�A�D H�>(G#D H�C
D H�A�C*= H�E U FWY1> U K�C V∆ _ N GW>#D V @ < I(> U S3> U e�D H�A�E�K�Z�H�R(D H�C	K�= C�A+E�M�D C�GWD C�G�F�=�D E
e�C�C @ D H�CWB#E�K�= Cr= D C�>(F�V�E�A3B#E�Y1C�< D�Y1C�A�Vt= U < Z�H�D U VoB#E�= D�E�M3D H�C�D < B#C*_ N G
D H�<�=�= < D K�>(D < E�G�RLD H�C6< G @ K�D9>(J�= E U K�D C6Y1C U E�I(< D VbY1> U K�C6S3< U U J�Ca= B#> U U C�A�D H�>(G

V∆ >(G�F	H�C�G�I(C*R 1P S3< U U H�>(Y1C�>4B#K�I(H U E�S3C�A-I(E�B @ K�D >(D < E�G�> U I(E�= D .

6
687 9
687 :
687 ;
687 <

= 9 = : = ;
>@?BABC@D EBF D GIHKJKABF L�GIC

MN
OPQ
R SRT NU
RT OV

(m
s)

`aCtH�>(Y1CtI(E�G�F�K�I(D C�Fx= E�B#CqG�>(Y1< Z�>(D < E�G C�k @ C�A�< B#C�G�D�=WK�= < G�Z E�K�AoO3P3Q
prototype S3< D H�D H�C�D H�A�C�C @ A�C�F�< I(D < E�GWB#C�D H�E�F�=�_ . E�K�A+D V @ C*=-E�M+G�>(Y1< Z�>(D < E�G@ >(D D C�A�G�=L>(A�C�C�k @ C�A�< B#C�G�D C�F	>�=+= H�E�S3G#< G . < Z�K�A�C-W�_ . < Z�K�A�C-W�X�>(;3= H�E�S6=*D H�C
CP @ >(D D C�A�G�R4S3H�< I(H8B#E�F�C U =6> I(E�G�= D >(G�D6I(< A�I(K U >(AXD A�>(G�= U >(D < E�G @ >(D D C�A�G�_

FigurC 5X�J�;3= H�E�S6=*D H�C CCP @ >(D D C�A�G�R�S3H�< I(H�B#E�F�C U =�D H�C6= >(B#C @ >(D D C�A�G�>�=
!' �C�k�I(C @ D�D H�>(D�D H�C3B#E�Y1< G�Z�F�< A�C�I(D < E�G�I(H�>(G�Z�C*= U C*=�=�A�> @ < F U V#>(D�C�>(I(HX= D C @ _. < Z�K�A�C 5X�I(;q= H�E�S6=�D H�C RW @ >(D D C�A�G�R+S3H�< I(H B#E�F�C U =�>aA�>(G�F�E�B S3> U e
>(A�E�K�G�F6D H�C�C�G�Y1< A�E�G�B#C�G�D�_1s3C�A�C*R1S3C�M�K�A�D H�C�A�F�< Y1< F�C�D H�C RW @ >(D D C�A�G�< G�D E
D S3E�D V @ C*=�_BY3G�C3H�>�=�>�M�>�= D�G�>(Y1< Z�>(D < E�GX= @ C�C�F�R�I(> U U C�F RW1 R�>(G�F�D H�C�E�D H�C�A
H�>�=�>x= U E�S G�>(Y1< Z�>(D < E�Gz= @ C�C�F�R4I(> U U C�F RW2 _4l�H�C B#E�K�= CvB#E�D < E�G8<�=@ A�C�F�< I(D C�Fw= C @ >(A�>(D C U VtJ�VtD H�CcD H�A�C�C @ A�C�F�< I(D E�A(= 1P R 2P >(G�F 3P < GtD H�C
C�k @ C�A�< B#C�G�D�=�_ TH�C @ A�C�F�< I(D C�F B#E�K�= CaY1C U E�I(< D Vv<�=�D H�C�G B#> @�@ C�FvD EvD H�C
D A�>(G�= U >(D < E�G6>(G�F6>(G�Z�K U >(A9Y1C U E�I(< D < C*=�< G6D H�C�h�O Y1< A�D K�> U C�G�Y1< A�E�G�B#C�G�D�_ZY3K�A
C�>(A U < C�A�Q�`a\Xi @ A�C�F�< I(D < E�G#B#C�D H�E�F�R�S3H�< I(H#<�=�G�E�D9= K�< D >(J U C3M�E�A @ A�C�F�< I(D < G�Z
B#E�K�= C�B#E�D < E�G�R�<�=L> U = E	< G�Y1C*= D < Z�>(D C�F	< Go= E�B#C�E�M-D H�C�C�k @ C�A�< B#C�G�D�= .

[ \�]Z^Z_a`cbZd�`c_8e fK`c\Zg%h%iIjk`
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`co8o8`cl�gp]ZorqZ`cg `c_8fKe \Ze \Zs�g nZ`tm�l�l�`*h%h
scores u m"h `cqv]Z\�l�^Z_8_8`c\Zgxw ]Zl�m�g e ]Z\yhxm�\Zq�]Z\�g nZ`
d�_8`cqZe l�g `cq�w ]Zl�m�g e ]Z\ szI{ `nZm�|I`rm�w%h ]}e \Z|I`*h g e sZm�g `cq}g nZ`rd�`c_8o8]Z_8fKm�\Zl�`r]Zoyg nZ`vh ~�h g `cf�jke g nKm�\ZqKjke g nZ]Z^Zg
prefetching,

g nZ_8]Z^ZsZn}fK`
asuring

g nZ`rd�_8`cqZe l�g e ]Z\}`c_8_8]Z_�m�\Zq}nZe g	_8m�g `
.
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qZ`cfK]Z\yh g _8m�g `*h*g nZ`-e fKd�]Z_8g m�\Zl�`-]Zoyg nZ`-e \Ze g e m�w*sZ^Z`*h%h"]Zoxg nZ`kd�^Zw%h `kl�]Z\yh g m�\Zg%h
]Z\}g nZ`rm�l�l�^Z_8m�l�~�]Zo�g nZ`rd�_8`cqZe l�g e ]Z\ z
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d
g nZ`0m�l�l�^Z_8m�l�~�]Zo}g nZ`

three
d�_8`cqZe l�g ]Z_�h%i
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qZ`cg `c_8fKe \Z`cq u ~�g nZ`�§"]Zjk`cw w%ª8h�fK`cg nZ]Zqyi
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contribution
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l
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m�l�g ^Zm�w

sampl
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p� �xi v� ¤vm�\Zq a=15.
³�h
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increases,
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