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T.  TUV3W/@*VTWU 
V;e re'e,( TV i,%u4(r0 i,i(i1(i)e4 i, u(i-i(0 '+28u(i,g 

e,)i4i+, (;1( (+%10X4 e,(er8ri4e %1(1 'e,(er4 Ii-- Le'+2e 
'+28u(i,g u(i-i(ie4 (;1( '1, 8r+)i%e i,.r14(ru'(ure +, %e21,% (+ 
Lu4i,e44 'ri(i'1- 188-i'1(i+,4 4u'; 14 e,(er8ri4e re4+ur'e 
8-1,,i,g 188-i'1(i+,4A %1(1L14e 188-i'1(i+,4A 'u4(+2er 
re-1(i+,4;i8 21,1ge2e,( 188-i'1(i+,4A 1,% ge,er1- eN'+22er'e 
188-i'1(i+,4. 6 >e0 e,1L-er .+r (;i4 )i4i+, i4 4er)er 
)ir(u1-iR1(i+, (;1( 1--+I4 188-i'1(i+,4 (+ Le ;+4(e% i,4i%e 
)ir(u1- 4er)er4 i,4(e1% +. 8;04i'1- +,e4. 6 ';1--e,ge (;1( '+2e4 
Ii(; )ir(u1-iR1(i+, i4 ;+I (+ e..e'(i)e-0 21,1ge '181'i(ie4 +. 
4u'; )ir(u1- 4er)er4 (+ i,'re14e re4+ur'e u(i-iR1(i+, I;i-e 
e,4uri,g (;1( (;e ;+4(e% 188-i'1(i+,4 '1, 2ee( (;eir 4er)i'e 
-e)e- +LYe'(i)e4 Z<OW4[. 64 +88+4e% (+ '181'i(0 8-1,,i,g (;1( 
%e1-4 Ii(; -+,gN(er2 1--+'1(i+, +. re4+ur'e4 (+ )ir(u1- 4er)er4A 

%0,12i' re4+ur'e 1--+'1(i+, re48+,%4 (+ ';1,ge4 i, %e21,%4 i, 
re1- (i2e. *+,(r+-N(;e+r0 L14e% (e';,i\ue4 ;1)e Lee, 188-ie% (+ 
%e1- Ii(; (;i4 ';1--e,ge. T, (;i4 818erA Ie 4(u%0 L+(; 8re%i'(i)e 
1,% .ee%L1'> '+,(r+-NL14e% (e';,i\ue4 (;1( '1, Le u4e% (+ 
8eri+%i'1--0 %e(er2i,e (;e 12+u,( +. re4+ur'e ,ee%e% .+r e1'; 
)ir(u1- 4er)er.  

<(1,%1r% .ee%L1'> '+,(r+--er4 4u'; 14 (;e "T Z8r+8+r(i+,1- 
1,% i,(egr1-[ '+,(r+--er4 '+281re (;e 2e14ure% 1((riLu(e4 Ii(; 
(;eir %e4ire% )1-ue4 1,% u4e (;e err+r4 (+ '+28u(e (;e 1'(u1(i+, 
-e)e-4 .+r (;e ,eH( i,(er)1-. <u'; 1 '+,(r+--er i4 re1'(i)e i, (;e 
4e,4e (;1( i( re-ie4 +, (;e .ee%L1'> 2e';1,i42 (+ ;1,%-e 
%i4(urL1,'e4 i, (;e 404(e2 '1u4e% L0 u,'+,(r+--1L-e .1'(+r4 
4u'; 14 ';1,ge4 i, (;e I+r>-+1%. T( '1,,+( re48+,% (+ 4u'; 1 
';1,ge u,(i- i(4 e..e'( +, (;e +u(8u( 2e(ri' ;14 Lee, +L4er)e%A 
I;i'; ,+r21--0 re4u-(4 i, 1( -e14( 1 +,e 4(e8 %e-10A I;i'; i, 
(ur, 210 -e1% (+ <OW )i+-1(i+,4 %ue (+ Lu..er +)er.-+I4A -+4( 
'+,,e'(i+,4A +r -+,g -1(e,'ie4. T, (;i4 818erA Ie eH8-+re (;e u4e 
+. (i2e 4erie4 8re%i'(i+, (+ eH8-+i( re8e1(1L-e 81((er,4 +r 4;+r(N
(er2 '+rre-1(i+, i, (;e I+r>-+1% 4+ (;1( 2+re 8r+1'(i)e '+,(r+- 
1'(i+,4 '1, Le (1>e, (+ 1)+i% (;e 8+(e,(i1- <OW )i+-1(i+,4 i, 
.1'e +. I+r>-+1% ';1,ge4. 

Vi2e 4erie4 8re%i'(i+, i4 1 Ie--Nu,%er4(++% (e';,i\ue u4e% 
i, (;e .i,1,'i1- +r +(;er i,%u4(rie4 (+ ;1,%-e ';1,ge4 1,% 
u,'er(1i,(ie4 i, 1, e,)ir+,2e,(. 6 '+22+,-0 u4e% 8re%i'(i+, 
188r+1'; u4e4 1u(+Nregre44i)e Z63[ 2+%e-4 (;1( 1''+u,( .+r 
(e28+r1- '+rre-1(i+,4 Le(Iee, (;e 'urre,( )1-ue +. 1, 1((riLu(e 
1,% i(4 re'e,( ;i4(+r0 ]2G^. 6,+(;er 2e(;+%A 6UW_6A 1,1-0Re4 
-+,gN(er2 re8e1(1L-e 81((er,4 i, 1 (i2e 4erie4 ]2`^. 6 
'+2Li,1(i+, +. 6UW_6 1,1-04i4 1,% 4;+r(N(er2 63NL14e% 
'+rre-1(i+, 1,1-04i4 i4 1,+(;er '+22+, (e';,i\ue u4e% .+r 
8re%i'(i+, ]`E^. ?e i,(r+%u'e 0e( 1,+(;er 8re%i'(i+, 1-g+ri(;2A 
1 2u-(iN8u-4e Za"[ 2+%e-A .ir4( u4e% i, 48ee'; 8r+'e44i,g ]22^A 
I;i'; 8er.+r24 4e1r';e4 .+r L+(; -+,gN(er2 1,% 4;+r(N(er2 
81((er,4 i, 1, +,-i,e .14;i+, 1,% (;ere.+re e-i2i,1(e4 (;e ,ee% 
.+r +..-i,e 1,1-04i4 14 i, (;e 6UW_6 188r+1';. 

"re%i'(i)e '+,(r+- i4 1 (e';,i\ue (;1( %e(er2i,e4 (;e 
1'(u1(i+, -e)e-4 .+r (;e ,eH( '+,(r+- i,(er)1-Z4[ L14e% +, 
8re%i'(i+,Z4[ +. 'er(1i, 1((riLu(e4 .+r (;e ,eH( i,(er)1-Z4[. T( i4 1 
8r+1'(i)e 188r+1'; 14 +88+4e% (+ (;e re1'(i)eA .ee%L1'>N%ri)e, 
188r+1';A e.g.A i, (;e 4(1,%1r% "T '+,(r+-.  T, (;i4 818erA Ie 
i,(r+%u'e 1 4i28-e 8re%i'(i)e '+,(r+--er (;1( %ire'(-0 4e(4 (;e 
1'(u1(i+, -e)e- .+r (;e ,eH( '+,(r+- i,(er)1- L14e% +, (;e (1rge( 
)1-ue .+r (;e +u(8u( 2e(ri' 1,% (;e 8re%i'(e% )1-ue .+r 1 re-1(e% 
)1ri1L-e. ?e (;e, '+281re (;e 8er.+r21,'e +. (;e 8re%i'(i)e 
'+,(r+--er u4i,g 63NA 6UW_6NA 1,% a"NL14e% 1-g+ri(;24 (+ 
(;1( +. 1, 1%18(i)e i,(egr1- ZT[ '+,(r+--er u4i,g 1 '14e 4(u%0. 
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Wur '14e 4(u%0 i4 L14e% +, 1 ;08+(;e(i'1- )ir(u1- 4er)er 
e,)ir+,2e,( u4i,g 1 4e( +. *"@ u(i-iR1(i+, (r1'e4 '+--e'(e% +, 
P6 4er)er4 .r+2 1, e,(er8ri4e %1(1 'e,(er. /ue (+ (;e .1'( (;1( 
(;e4e (r1'e4 Iere '+--e'(e% i, 1, +8e,N-++8 e,)ir+,2e,(A Ie 
u4e 1 4i28-e \ueui,g 1-g+ri(;2 (+ 4i2u-1(e (;e '-+4e%N-++8 
*"@ u41ge L14e% +, (;e +rigi,1- %1(1 1,% (;e '+28u(e% *"@ 
1--+'1(i+,. ?e 1-4+ e2u-1(e (;e I+r>-+1% +, 1 (e4( Le% u4i,g 1 
?eL 4er)er ;+4(e% i,4i%e 1 9e, )ir(u1- 21';i,e ]2E^ (+ reN
're1(e (;e +rigi,1- u(i-iR1(i+, (r1'e4 i,4i%e (;e )ir(u1- 4er)er4. 
V;e *"@ 1--+'1(i+, (+ 1 )ir(u1- 4er)er I14 '+,(r+--e% u4i,g (;e 
(I+ '-144e4 +. '+,(r+--er4. ?e '+281re (;e re4u-(4 +. (;e4e 
8re%i'(i)e +r .ee%L1'> '+,(r+--er4 .r+2 1-- (;e 4er)er4. ?e .i,% 
(;1( (;e a"NL14e% 8re%i'(i)e '+,(r+--er 8er.+r24 4-ig;(-0 Le((er 
4(1(i4(i'1--0 (;1, (;e +(;er (I+ 8re%i'(i)e '+,(r+--er4 L0 
1';ie)i,g 1 Le((er L1-1,'e 12+,g 2u-(i8-e 2e(ri'4. T( 1-4+ 
%e2+,4(r1(e4 1, i,(ere4(i,g 4e-.N-e1r,i,g Le;1)i+r. V;e 
6UW_6NL14e% 188r+1'; (;1( %eri)e4 (;e .iHe% 2+%e- +..-i,e 
%+e4 ,+( 8er.+r2 Ie-- '+281re% (+ (;e +(;er 2e(;+%4 (;1( 
1%18( (;eir 2+%e-4 +r 81r12e(er4 +,-i,e. Fi,1--0A 1-- (;e (;ree 
8re%i'(i)e 4';e2e4 8er.+r2e% 4ig,i.i'1,(-0 Le((er I;e, (;e 
8re%i'(i+, err+r I14 '+,4i%ere% u4i,g 1 .ee%L1'> 2e';1,i42. 

V;e re21i,%er +. (;i4 818er i4 +rg1,iRe% 14 .+--+I4. <e'(i+, 
TT %i4'u44e4 re-1(e% I+r>. <e'(i+, TTT re)ieI4 (;e (;ree %i..ere,( 
8re%i'(i+, 1-g+ri(;24. <e'(i+, T_ i,(r+%u'e4 1 4(1,%1r% 
.ee%L1'> '+,(r+--er 1,% 1 8re%i'(i)e '+,(r+--er. <e'(i+, _ 
%e4'riLe4 (;e %1(1 .+r +ur '14e 4(u%0 1,% (;e u(i-iR1(i+, '+,(r+- 
404(e2. <e'(i+, _T 8re4e,(4 (;e re4u-(4 .r+2 +ur 4i2u-1(i+, 
4(u%0. <e'(i+, _TT %e4'riLe4 +ur (e4( Le% 4e( u8 1,% 8re4e,(4 (;e 
e2u-1(i+, re4u-(4. Fi,1--0A Ie '+,'-u%e i, <e'(i+, _TTT. 

TT. 37O6V7/ ?W3d 

A.! Feedback control in computer systems 
Fee%L1'> '+,(r+- (;e+r0 ;14 Lee, 188-ie% (+ 4+-)e 1 ,u2Ler 

+. 8er.+r21,'e +r \u1-i(0 +. 4er)i'e Ze+<[ 8r+L-e24 i, 
'+28u(i,g 404(e24 i, (;e 814( 4e)er1- 0e1r4 Z4ee ]`^ ]2^ 1,% (;e 
re.ere,'e4 (;erei,[. T, (;e4e 188-i'1(i+,4A Ie 4ee (I+ 21Y+r 
';1--e,ge4 .+r 188r+8ri1(e 404(e2 2+%e-i,g 1,% e..e'(i)e 
'+,(r+--er %e4ig,4f (;e '+28-eH Le;1)i+r4 +. '+28u(i,g 
404(e24 (;e24e-)e4A 1,% (;e (i2eN)1r0i,g %e21,%4 8-1'e% +, 
(;e4e 404(e24 L0 4(+';14(i' 1,% 4+2e(i2e4 Lur4(0 I+r>-+1%4.  

a+4( e1r-0 I+r> i, (;i4 1re1 144u2e% (;1( (;e 404(e2 u,%er 
'+,(r+- i4 -i,e1rA 1,% (;e 81r12e(er4 '1, Le i%e,(i.ie% +..-i,eA 
e.g.A i, ]P^A I;ere 1 aTaW '+,(r+--er I14 u4e% .+r 1u(+21(e% 
'+,.igur1(i+, (u,i,g .+r 1 ?eL 4er)er. M+Ie)erA %ue (+ (;e 
Ii%e )1ri1(i+, +. %e21,%4 +L4er)e% i, '+28u(i,g 404(e24A (;e 
81r12e(er4 +r e)e, (;e 4(ru'(ure +. (;e 2+%e-4 '+u-% ';1,ge 
+)er (i2e.  V+ %e1- Ii(; (;e (i2eN)1r0i,g 81r12e(er4 i, -i,e1r 
2+%e-4A 1%18(i)e '+,(r+- (;e+r0 ;14 Lee, 188-ie% (+ 404(e24 i, 
(;e '+,(eH( +.A .+r i,4(1,'eA '1';i,g 4er)i'e4 ]D^A 4(+r1ge 
404(e24 ]g^ 1,% re4+ur'e '+,(1i,er4 ]6^. V;i4 188r+1'; 1--+I4 
(;e 81r12e(er4 +. (;e 2+%e- (+ 1u(+21(i'1--0 1%18( (+ ';1,ge4 
i, +8er1(i,g '+,%i(i+,4 u4i,g +,-i,e 404(e2 i%e,(i.i'1(i+,.  

Ue)er(;e-e44A i( i4 u4u1--0 ,+( e,+ug; (+ '+,4i%er +,-0 (;e 
-i,e1r Le;1)i+r 4i,'e 2u'; +. 404(e24X Le;1)i+r eH;iLi(4 '-e1r 
,+,-i,e1ri(0A .+r i,4(1,'eA (;e ,+,-i,e1r re-1(i+,4;i8 Le(Iee, 
(;e re48+,4e (i2e 1,% *"@ 1--+'1(i+, ]E^A (;e 41(ur1(i+, +. (;e 
'+,(r+- 1'(u1(+r4 1,% L+u,%e% Lu..er 4iRe4 ]h^A 1,% (;e i,(ri,4i' 

(i2eN)1r0i,g %e-10 i, \ueui,g 404(e24. T, ]2^ (;e 1u(;+r4 
2+%e-e% (;e re-1(i+,4;i8 Le(Iee, (;e '+,(e,( 1%18(1(i+, -e)e- 
1,% (;e *"@ u(i-iR1(i+, 14 1 (i2eN)1r0i,g 4(1(i' g1i, Ii(; ,+ 
%0,12i'4 Lu( Ii(; 1 (i2e %e-10. T, ]E^A (;e 404(e2X4 ,+,-i,e1r 
1,% Li2+%1- Le;1)i+r i, %i..ere,( +8er1(i,g regi+,4 I14 
4(u%ie% \u1,(i(1(i)e-0A 1,% '+,(r+--er4 (;1( '+u-% 1%18( (+ (;e 
Li2+%1- Le;1)i+r Iere %e)e-+8e%.  

B.! Proactive control algorithms 
a1,0 1-g+ri(;24 ;1)e Lee, %e4'riLe% i, (;e -i(er1(ure .+r 

8r+1'(i)e '+,(r+-. F+r i,4(1,'eA (;e %eri)1(i)e +8er1(i+, ]h^ i, 
"T/ '+,(r+--er4 1,(i'i81(e4 8+(e,(i1- ';1,ge4 1,% i28r+)e4 (;e 
re48+,4i)e,e44 +. (;e '-+4e%N-++8 404(e2. M+Ie)erA i( i4 )er0 
4e,4i(i)e (+ ,+i4eA (;ere.+re i4 +.(e, u,4ui(1L-e .+r 21,0 
'+28u(i,g 404(e24. a+%e- "re%i'(i)e *+,(r+- ]C^ i4 1 Ii%e-0 
188-ie% 2e(;+%+-+g0A I;i'; u4e4 1 2+%e- (+ 8re%i'( (;e 
404(e2X4 Le;1)i+r +)er 1 .i,i(e .u(ure ;+riR+, 1,% ';++4e4 (;e 
'+,(r+- 1'(i+, (;1( +8(i2iRe4 1 '+4( .u,'(i+, 4uLYe'( (+ 
'+,4(r1i,(4. V;i4 188r+1'; I14 u4e% i, ]`G^ (+ '+,(r+- *"@ 
u(i-iR1(i+, i, %i4(riLu(e% re1-N(i2e 404(e24. T( re\uire4 +,-i,e 
4+-u(i+, (+ 1 '+,4(r1i,e% +8(i2iR1(i+, 8r+L-e2A I;i'; 210 ,+( 
Le .e14iL-e .+r 1-- 404(e24. T( i4 1-4+ u4u1--0 -i2i(e% (+ .iHe% 
-i,e1r 2+%e-4 (;1( 1re >,+I, 1 8ri+ri. 

6,+(;er (e';,i\ue i4 .ee%N.+rI1r% '+,(r+- ]h^A I;i'; 4e(4 
(;e 1'(u1(+r %ire'(-0 L14e% +, (;e 8re%i'(e% Le;1)i+r 4+ (;1( (;e 
404(e2 '1, re1'( (+ %i4(urL1,'e Le.+re i( (1>e4 e..e'(. V;i4 
4';e2e '1, Le '+2Li,e% Ii(; .ee%L1'> '+,(r+- (+ '+rre'( (;e 
4(e1%0N4(1(e err+r4 .r+2 (;e e4(i21(i+,. T, ]``^A \ueui,g (;e+r0 
I14 188-ie% (+ 8re%i'( (;e .u(ure \ueui,g %e-10 L14e% +, 
+L4er)1(i+, +. re\ue4( 1rri)1- r1(e 1,% e4(i21(i+, +. 4er)i'e r1(eA 
.r+2 I;i'; (;e \ueui,g %e-10 i, (;e 4(e1%0 4(1(e '1, Le 
'+28u(e% Ii(; 1 4i28-e .+r2u-1 ]`2^. T, ]`P^A (;i4 8re%i'(+r 
I14 i28r+)e% (+ re48+,% (+ 4u%%e, 1,% (r1,4ie,( I+r>-+1% 
';1,ge4 1,% (;e i281'( +, (;e -1(e,'0 +. .u(ure re\ue4(4 Iere 
e4(i21(e% (;r+ug; ;euri4(i' .-+IN-e)e- 188r+Hi21(i+,. <i2i-1r 
(e';,i\ue4 1,% '+,(r+- 4(ru'(ure4 Iere 1-4+ 188-ie% i, ]`D^ .+r 
re-1(i)e %e-10 gu1r1,(ee4 i, ?eL 4er)er4. T, ]`g^A re4+ur'e 
1--+'1(i+,4 (+ 2ee( 'er(1i, <OW4 Iere '+28u(e% L14e% +, (;e 
8re%i'(e% I+r>-+1%4 u4i,g +,N-i,e 2e14ure2e,(4 +. (;e re\ue4( 
1rri)1- 8r+'e44A 4er)i'e %e21,% %i4(riLu(i+, 1,% \ueue -e,g(;.  

V;e \ueui,g (;e+r0 L14e% 8re%i'(+r4 '1, Le((er 2+%e- (;e 
\ueui,g Le;1)i+r 1,% 1,(i'i81(e (;e i281'( +. (;e I+r>-+1% 
';1,ge4 +, (;e '+,(r+--e% (1rge( 4u'; 14 (;e re48+,4e (i2e. 
M+Ie)erA i( %+e4 re\uire 1%%i(i+,1- i28-e2e,(1(i+, +. 4';e2e4 
(+ 2+%e- 1,% e4(i21(e (;e 1rri)1- 8r+'e44 1,% 4er)i'e %e21,%. 
V;e re-1(i+,4;i8 Le(Iee, (;e4e I+r>-+1% 2e(ri'4 1,% <OW 
2e(ri'4 4u'; 14 re48+,4e (i2e 1,% (;r+ug;8u( ;14 (+ Le 
1,1-0Re%. T, '+,(r14(A Ie 4(u%0 i, (;i4 818er (;e 8+44iLi-i(0 +. 
8re%i'(i,g .u(ure re4+ur'e %e21,%4 (;r+ug; re4+ur'e u(i-iR1(i+, 
2e(ri'4 4u'; 14 *"@ '+,4u28(i+,. V;i4 2e(ri' i4 i,(ui(i)eA 
e140 (+ 2e14ureA 1,% 188-i'1L-e (+ 1 Ii%er '-144 +. I+r>-+1%4.  

C.! Workload modeling and capacity planning 
?+r>-+1% .+re'14(i,g ;14 1-4+ Lee, Ii%e-0 4(u%ie% i, 

'181'i(0 8-1,,i,g ]2P^ 1,% .1u-( %e(e'(i+,. T, ]`6^A 188-i'1(i+, 
%e21,% 8r+.i-e4 Iere '+28u(e% .r+2 ;i4(+ri' re4+ur'e 
u(i-iR1(i+, (r1'e4 (;1( %e2+,4(r1(e% '-e1r %1i-0 1,% Iee>-0 
81((er,4.  6%2i44i+, '+,(r+- 1-g+ri(;24 .+r 1 %1(1 'e,(er Iere 
(;e, %e4ig,e% 4+ (;1( 4(1(i4(i'1- 144ur1,'e4 '1, Le +..ere% (+ (;e 
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;+4(e% 188-i'1(i+,4. V;e I+r>-+1% 2+%e- i, ]`E^ '+,4i4(4 +. 1 
,u2Ler +. regu-1r '1-e,%1r 81((er,4 1,% 1, 63Z2[ 8r+'e44 Ii(; 
2+%e- 81r12e(er4 e4(i21(e% .r+2 ;i4(+ri' %1(1. V;e4e 2+%e-4 
Iere (;e, u4e% (+ 8re%i'( (;e 8r+L1Li-i(0 +. (;re4;+-% )i+-1(i+,4 
Zi, MVV" +8er1(i+,4 8er 4e'+,%[ 4+ (;1( 8r+1'(i)e 1'(i+,4 '1, 
Le (1>e, L0 (;e 4er)i'e 8r+)i%er. V;i4 188r+1'; I14 .ur(;er 
4(u%ie% i, ]`h^ .+r 1,1-0Ri,g (;e (re,% 1,% %i4(riLu(i+, +. (;e 
re4i%u1- 8r+'e44. *14e 4(u%ie4 +, (;e 188-i'1(i+, +. 8re%i'(i)e 
1-g+ri(;24 (+ '+28u(i,g 404(e2 21,1ge2e,( Iere 8re4e,(e% i, 
]`C^ (+ %e1- Ii(; 404(e2 .1i-ure4 i, -+,gN(er2 +r 4;+r(N(er2. 64 
+88+4e% (+ (;e4e 188r+1';e4 (;1( re\uire +..-i,e (r1i,i,gA Ie 
eH8-+re i, (;i4 818er 4+2e +,-i,e 8re%i'(i+, 4';e2e4 (;1( '1, 
1%18( (+ ';1,ge4 i, I+r>-+1% 81((er,4. 

TTT. 37_T7? WF VM377 "37/T*VTWU 6OiW3TVMa< 
T, (;i4 4e'(i+, Ie 8r+)i%e 1, +)er)ieI +. (;ree 8re%i'(i+, 

2e(;+%4 1,% %i4'u44 (;eir re-1(i+,4;i8.  

A.! Auto-Regressive (AR) Model for Prediction 
Oe( Qx(k)S Le (;e (i2e 4erie4 +. 1, 1((riLu(e x (;1( i4 +. 

i,(ere4( (+ 1 81r(i'u-1r 8r+L-e2A I;ere x(k) re8re4e,(4 (;e 
2e14ure% )1-ue +. x %uri,g (i2e i,(er)1- k. 6( (;e Legi,,i,g +. 
e)er0 i,(er)1- kA 1 4(1,%1r% 1u(+Nregre44i)e 2+%e- 8re%i'(4 1, 
1((riLu(eX4 )1-ue .+r (;e 'urre,( i,(er)1- u4i,g 1 -i,e1r 
'+2Li,1(i+, +. i(4 2e14ure% )1-ue i, (;e 814( 4e)er1- i,(er)1-4A 

A[Z[Zj !̀
"

#"
m

i
i ikxakx    $%&'

I;ere [Zj kx  i4 (;e 8re%i'(e% )1-ue .+r x(k), aiX4 1re (;e 8re%i'(+r 
'+e..i'ie,(4A 1,% m i4 (;e +r%er +. (;e 2+%e- (;1( i,%i'1(e4 (;e 
,u2Ler +. 814( 4128-e4 u4e% .+r (;e 8re%i'(i+,. V;i4 2+%e- i4 
u4e.u- .+r 404(e24 Ii(; 4+2e 12+u,( +. 2e2+r0 1,% (;ere.+re 
1, 1((riLu(eX4 )1-ue i4 4(r+,g-0 '+rre-1(e% (+ i(4 re'e,( 814(. 

V;e 8re%i'(+r '+e..i'ie,(4 '1, ei(;er Le '+28u(e% +..-i,e 
u4i,g (;e -e14(N4\u1re4 2e(;+% +, (r1i,i,g %1(1A +r e4(i21(e% 
+,-i,e u4i,g (;e re'ur4i)e -e14(N4\u1re4 Z3O<[ 1-g+ri(;2 ]2D^. 
V;e -1((er 188r+1'; 1--+I4 (;e 63 2+%e- (+ Le u8%1(e% 
8eri+%i'1--0A 1%18(i,g (+ 8+44iL-e ';1,ge4 i, (;e 404(e2. 

V;e 4(1,%1r% 63 2+%e- i4 ,+( 4u..i'ie,( (+ re8re4e,( -+,gN
(er2 re8e1(1L-e 81((er,4 i, 1, 1((riLu(e. F+r eH128-eA i. (;e 
1((riLu(e x %e2+,4(r1(e4 'er(1i, Le;1)i+r 1( (;e .iHe% (i2e e)er0 
%10A I;i-e (;e 4128-i,g i,(er)1- .+r x i4 +,e 2i,u(eA (;e, 4u'; 
8eri+%i' 81((er, Ii-- ,+( Le '18(ure% i, (;e 1L+)e 2+%e-. 

B.! Prediction based on ANOVA Decomposition 
T. Ie 144u2e (;1( (;e 2e14ure% 1((riLu(e x i4 1..e'(e% L0 

'er(1i, i,%e8e,%e,( .1'(+r4A 4u'; 14 (i2eN+.N%10A +r %10N+.N
Iee>A (;e, x '1, Le 2+%e-e% Ii(; (I+ 8r+'e44e4 L14e% +, 
6UW_6 %e'+28+4i(i+, ]2`^f 

[AZ[Z[Z krkckx ("    Z2[ 
I;ere c(k) '18(ure4 (;e 8eri+%i' 81((er,4 1,% r(k) re8re4e,(4 (;e 
re4i%u1- 8r+'e44. F+r 1 81((er, L14e% +, (I+ .1'(+r4A .+r 
i,4(1,'eA c(k) '1, Le 2+%e-e% 14A  

A[ijji (c(k) )**)+ ((("   ZP[ 

I;ere µ i4 (;e +)er1-- 2e1, +. (;e 4erie4A i 1,% j i,%i'1(e (;e 
-+'1(i+, +. i,%eH k i, e1'; i,%i)i%u1- 8eri+%A )i 1,% *j 
re8re4e,( (;e 21i, e..e'(4 +. (;e (I+ .1'(+r4A 1,% (;e -14( (er2 
re8re4e,(4 (;e i,(er1'(i)e e..e'( Le(Iee, (;e (I+ .1'(+r4. 

T. (i2e %e8e,%e,'0 4(i-- eHi4(4 1.(er .1'(+ri,g +u( (;e >,+I, 
e..e'(4A (;e re4i%u1- 8r+'e44 '1, Le .ur(;er %e'+28+4e% 14 

[AZ[Z[Z kkykr ,("    ZD[ 

I;ere y(k) re8re4e,(4 (;e ,+,N4(1(i+,1r0 8r+'e44 1,% ,(k) i4 1 
4(1(i+,1r0 8r+'e44 Ii(; Rer+ 2e1,. <+2e(i2e4 y(k) '1, Le 
%e4'riLe% Ii(; 1, 63 2+%e- ]`E^f 
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B0 i%e,(i.0i,g re8e1(1L-e 81((er,4 1,% e4(i21(i,g 
81r12e(er4 .r+2 ;i4(+ri' %1(1A Ie '1, 8re%i'( (;e )1-ue +. x(k) 
L14e% +, (;e 81((er,4 1,% i(4 814( )1-ue4 14  

.[Z[Z[Zj !̀
"

#(((("
m

i
iijji ikybukx )**)  Z6[ 

?e re.er (+ 4u'; 1 '+2Li,e% 188r+1'; 14 (;e 6UW_6N63 
188r+1'; -1(er i, (;e 818er. V;e 4;+r('+2i,g4 +. u4i,g (;e 
6UW_6 188r+1'; 1re (I+ .+-%. Fir4(A .+r (;e (i2e 4erie4 (+ Le 
8re%i'(e%A i( re\uire4 1 -1rge 12+u,( +. ;i4(+ri' %1(1 4+ (;1( 
re8e1(1L-e 81((er,4 '1, Le i%e,(i.ie% 1,% Lui-( i,(+ (;e 2+%e-. 
<e'+,%A %i..ere,( %1(1 (r1'e4 210 ;1)e %i..ere,( 8eri+%i'i(0. 
V;ere.+reA 1 2+%e- Ii(; .iHe% 8eri+%i' 81((er, 210 ,+( Le 
188-i'1L-e (+ 1-- (r1'e4. V;e 4e'+,% 8+i,( Ii-- Le .ur(;er 
i--u4(r1(e% i, (;e '14e 4(u%0. 

C.! A Multi-Pulse (MP) Model for Prediction 
Mere Ie i,(r+%u'e 1,+(;er 8re%i'(i+, 2+%e- (;1( 1((e28(4 

(+ (r1'> L+(; -+,gN(er2 81((er,4 1,% 4;+r(N(er2 '+rre-1(i+,4 i, 1 
(i2e 4erie4. T( 21i,(1i,4 (;e +,-i,e -e1r,i,g '181Li-i(0 +. (;e 
63 2+%e- 1,% e-i2i,1(e4 (;e ,ee% .+r +..-i,e 1,1-04i4 14 i, (;e 
6UW_6 188r+1';. V;e 2+%e- .+--+I4f 

!
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#"
m

i
ii nkxakx

`
[Z[Zj    $-& 

V;e +,-0 %i..ere,'e Le(Iee, 2+%e- Z`[ 1,% 2+%e- ZE[ i4 
(;1( r1(;er (;1, u4i,g (;e 4128-e4 i22e%i1(e-0 8re'e%i,g (;e 
1((riLu(e )1-ue (+ Le 8re%i'(e%A ZE[ '1, u4e 4128-e )1-ue4 .r+2 
2u'; e1r-ier i, (;e ;i4(+r0 .+r 8re%i'(i+,. V;e 2+%e- i, ZE[ I14 
.ir4( u4e% i, ]22^ (+ '+28u(e eH'i(1(i+, 4ig,1-4 i, ;ig;N.i%e-i(0 
48ee'; '+%i,g u4i,g 1 '-+4e%N-++8 1,1-04i4NL0N40,(;e4i4 
(e';,i\ue '1--e% 2u-(iN8u-4e 1,1-04i4. ?e re.er (+ i( 14 (;e a" 
2+%e- i, (;i4 818er. @,-i>e (;e 63 2+%e- i, Z`[A L+(; (;e 
8re%i'(+r '+e..i'ie,(4 QaiS 1,% (;e 8re%i'(+r %e-104 QniS ;1)e (+ 
Le '+28u(e% %0,12i'1--0 i, (;i4 2+%e-. V;e 8re%i'(+r %e-104 
1re '+28u(e% L0 2i,i2iRi,g (;e 2e1,N4\u1re% err+r Le(Iee, 
(;e 8re%i'(e% )1-ue 1,% (;e 4128-e4 +)er 1, +8(i2iR1(i+, 
Ii,%+IA I;i-e 4e1r';i,g .+r (;e 8re%i'(+r %e-104 +)er 4+2e 
;i4(+r0. V;e '+28u(1(i+,1- 148e'(4 +. (;i4 8re%i'(+r 1re 
%e4'riLe% .ur(;er i, ]22^. F+r (;e 8ur8+4e +. (;i4 818erA Ie 
%e.i,e (I+ 81r12e(er4A (;e ;i4(+r0 -e,g(; H 1,% (;e 4iRe +. (;e 
+8(i2iR1(i+, Ii,%+I WA Le4i%e4 (;e ,u2Ler +. '+e..i'ie,(4 m.  
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T_. "37/T*VT_7 6U/ F77/B6*d *WUV3WO 
6 '-144i'1- .ee%L1'> '+,(r+- 404(e2 u4e4 1, i,8u(N+u(8u( 

re-1(i+,4;i8 (+ re8re4e,( 1 404(e2A I;ere (;e )1ri1L-e y 
re8re4e,(4 +,e +r 2+re 404(e2 2e(ri'4 (;1( (;e %e4ig,er +r u4er 
+. (;e 404(e2 '1re4 1L+u(A 4u'; 14 (;e (;r+ug;8u( +r re48+,4e 
(i2e4 +. 1, T,(er,e( 4er)i'eA 1,% (;e )1ri1L-e u re8re4e,(4 +,e 
+r 2+re '+,(r+- >,+L4 (;1( (;e '+,(r+--er '1, (u,eA 4u'; 14 
4+2e '+,.igur1(i+, 81r12e(er4 +. (;e ?eL 4er)erA 4+ (;1( y '1, 
41(i4.0 'er(1i, re\uire2e,(4. 6 4(1,%1r% .ee%L1'> -++8 '+,4i4(4 
+. 1, i,8u(N+u(8u( 404(e2 14 %e4'riLe% 1L+)eA 1 '+,(r+--erA 1 
4e,4+rA 1,% 1, 1'(u1(+r. V08i'1--0A %i4're(eN(i2e '+,(r+- i4 u4e% 
.+r '+,(r+--i,g '+28u(i,g 404(e24. 6 %i4're(eN(i2e '+,(r+- 
404(e2 I+r>4 1r+u,% (;e ,+(i+, +. 1 4128-i,g i,(er)1-. 6( (;e 
Legi,,i,g +. e1'; 4128-i,g i,(er)1- kA (;e '+,(r+--er +L(1i,4 
y(k-1)A (;e 2e14ure% )1-ue +. y i, (;e -14( 4128-i,g i,(er)1-A 
.r+2 (;e 4e,4+rA 1,% %e'i%e4 (;e )1-ue .+r u .+r (;e 'urre,( 
i,(er)1-A u(k), 1,% 8144e4 i( (+ (;e 1'(u1(+r .+r eHe'u(i+,. V;e 
81r12e(er4 +. (;e '+,(r+- 1-g+ri(;2 '1, Le %e4ig,e% +..-i,eA +r 
+,-i,e I;i-e (;e 404(e2 i4 i, +8er1(i+,. V;e -1((er i4 re.erre% (+ 
14 1%18(i)e '+,(r+-A I;i'; i4 81r(i'u-1r-0 u4e.u- .+r 404(e24 
I;+4e 2+%e- 81r12e(er4 )1r0 +)er (i2e %ue (+ ';1,ge4 i, (;e 
+8er1(i,g '+,%i(i+,4. 

V;i4 4e'(i+, re)ieI4 1 4i28-e 1%18(i)e .ee%L1'> '+,(r+--erA 
1,% i,(r+%u'e4 1 8re%i'(i)e '+,(r+--er (;1( u4e4 8re%i'(i)e 
2e(;+%4 14 (;e L14i4 +. '+,(r+- 1'(i+,4. Fi,1--0A Ie %i4'u44 (;e 
re-1(i+,4;i8 Le(Iee, (;e4e (I+ (08e4 +. '+,(r+--er4.  

A.! An Adaptive Feedback Controller 
6 '+22+, %e4ig, g+1- .+r 1 .ee%L1'> '+,(r+- 404(e2 i4 (+ 

e,4ure (;1( (;e +u(8u( )1ri1L-eA y(k), re21i,4 Ii(;i, (;e 
,eig;L+r;++% +. 1 (1rge( )1-ueA yref. V;i4 i4 re.erre% (+ 14 1 
regu-1(i+, 8r+L-e2. 6, i,(egr1- '+,(r+--er i4 1 '+22+,-0 u4e% 
.ee%L1'> '+,(r+--er .+r 1 regu-1(i+, 8r+L-e2A Le'1u4e i( e,4ure4 
Rer+ 4(e1%0 4(1(e err+rA i.e.A '+,)erge,'e +. y(k) (+ yref i. (;e 
'-+4e%N-++8 404(e2 i4 4(1L-e. V;e .+--+Ii,g e\u1(i+, %e.i,e4 1, 
1%18(i)e i,(egr1- ZT[ '+,(r+--erf 

[[A`Z[ZZ[̀Z[Z ##(#" kyykKkuku refI   $.&'

I;ere KI(k) i4 (;e i,(egr1- g1i, (;1( 2e14ure4 (;e 
1ggre44i)e,e44 +. (;e '+,(r+- 1'(i+,4. U+(e (;1( (;i4 '+,(r+--er 
i4 %i..ere,( .r+2 1 4(1,%1r% i,(egr1- '+,(r+--er Le'1u4e KI i4 1 
.u,'(i+, +. (i2eA 2e1,i,g (;1( i( '1, 1%18( (+ )1r0i,g +8er1(i,g 
'+,%i(i+,4 +. (;e 404(e2 +)er (i2e. V;e .+--+Ii,g %i1gr12 
i--u4(r1(e4 (;e >e0 '+28+,e,(4 +. (;e '-+4e%N-++8 404(e2. 

 

Figure `.  B-+'> %i1gr12 +. 1, 1%18(i)e i,(egr1- '+,(r+--er 

U+(e (;e 4e,4+r 1,% 1'(u1(+r 1re +2i((e% (+ 4i28-i.0 (;e 
%i1gr12. T, ]E^ Ie 8re4e,(e% 1, 1%18(i)e T '+,(r+--er .+r 
regu-1(i,g (;e re-1(i)e u(i-iR1(i+, +. 1 re4+ur'e 81r(i(i+,A I;i'; 
+u(8er.+r2e% L+(; T '+,(r+--er4 1,% "T '+,(r+--er4 Ii(; .iHe% 

g1i, )1-ue4. W(;er 1%18(i)e '+,(r+--er4A 4u'; 14 1%18(i)e "T +r 
"T/ '+,(r+--er4 '1, Le %e4ig,e% Ii(; 2+re 81r12e(er4 (+ Le 
4e-.N(u,e% +,-i,e. 

B.! A Direct Predictive Controller 
<u88+4e (;1( (;e +u(8u(A yA i4 1 .u,'(i+, +. L+(; (;e '+,(r+- 

1'(i+,A u, 1,% 4+2e 4(1(e +. (;e 404(e2A xf 

[[AZ[AZZ[Z kukxgky "    ZC[ 

I;ere (;e .u,'(i+,1- .+r2 [Z/g  i4 >,+I,. 6-4+ 144u2e (;1( x(k) 
i4 8re%i'(1L-e u4i,g (;e 8re%i'(i+, 1-g+ri(;24 %e4'riLe% i, 
<e'(i+, TTTA 1,% [Zj kx i4 (;e 8re%i'(e% )1-ue +. x(k). 6 4i28-e4( 
8+44iL-e 8re%i'(i)e '+,(r+--er ;14 (;e .+--+Ii,g .+r2f 

Ak[[AZjZ    4.(.    k[Z refyukxguku ""   $%0&'

V;i4 '+,(r+--er %ire'(-0 4e(4 (;e )1-ue +. u(k) (+ Le 4u'; (;1( 
(;e 8re%i'(e% )1-ueA [Zj ky A .+r (;e ,eH( i,(er)1- e\u1-4 (+ i(4 
(1rge( )1-ue. V;ere.+reA Ie re.er (+ i( 14 (;e l%ire'( 8re%i'(i)e 
'+,(r+--erm. V;e >e0 '+28+,e,(4 +. (;e '+,(r+- -++8 1re 4;+I, 
i, (;e .+--+Ii,g %i1gr12.  

 

Figure 2.  B-+'> %i1gr12 +. (;e %ire'( 8re%i'(i)e '+,(r+--er 

U+(e (;e L1'>I1r%N4;i.( +8er1(+r z-1 i4 u4e% Le'1u4e (;e 
8re%i'(e% )1-ue [Zj kx  +,-0 %e8e,%4 +, 814( )1-ue4 .+r x(k). 6, 
u,%er-i,g 144u28(i+, .+r (;e %ire'( 8re%i'(i)e '+,(r+--er i4 (;1( 
4u'; u* )1-ue eHi4(4. ?e Ii-- 4ee -1(er (;1( (;i4 144u28(i+, i4 
)1-i% .+r (;e '14e 4(u%0 Ie 8er.+r2e%. 

C.! Relationship between Predictive and Feedback Control 
V;e '+,(r+--er4 i, Zh[ 1,% Z`G[ 188e1r \ui(e %i..ere,(A 

Le'1u4e Zh[ 8er.+r24 i,'re2e,(1- '+rre'(i)e '+,(r+- 1'(i+,4 
L14e% +, (;e g18 Le(Iee, (;e 2e14ure% +u(8u( )1-ue 1,% i(4 
(1rge(A I;i-e Z`G[ 210 Le 2+re 1ggre44i)e Le'1u4e i( 1((e28(4 
(+ re1'; (;e (1rge( )1-ue i, +,e i,(er)1- 144u2i,g (;1( (;e 
8re%i'(i+, i4 1''ur1(e. M+Ie)erA 14 Ie Ii-- 4;+I i, (;e ,eH( 
4e'(i+,A I;e, (;e 1%18(i)e g1i, KI (1>e4 1 81r(i'u-1r .+r2A (;e 
1%18(i)e '+,(r+--er i, Zh[ '1, Le )ieIe% 14 1 48e'i1- '14e +. (;e 
8re%i'(i)e '+,(r+--er i, Z`G[.  

T, ge,er1-A (;e (I+ '+,(r+--er4 1re %i..ere,(. T,(ui(i)e-0A 
I;e, (;e 8re%i'(+r %+e4 1 8er.e'( Y+LA (;e 8re%i'(i)e '+,(r+--er 
4;+u-% I+r> Le((erA e48e'i1--0 i. (;e 404(e2 eH8erie,'e4 -1rge 
48i>e4 i, (;e I+r>-+1% 8eri+%i'1--0. W, (;e +(;er ;1,%A I;e, 
(;e 8re%i'(i+, err+r i4 -1rgeA (;e, (;e 8re%i'(i)e '+,(r+--er 210 
21>e 8++r %e'i4i+,4 +r e)e, '1u4e (;e 404(e2 (+ Le u,4(1L-e. 
V;e4e +L4er)1(i+,4 '1, Le .ur(;er %e2+,4(r1(e% i, +ur '14e 
4(u%0. 

x(k) u(k) yref *+,(r+--er <04(e2 

g(x,u) y(k) 

z-1"re%i'(+r 
[Zj kx

x(k-1) 

T *+,(r+--er <04(e2

N

Vu,er y(k) 

u(k) e(k) 

KI(k) 

yref 
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_. _T3V@6O <73_73 @VTOT:6VTWUf  *6<7 <V@/n 
V;i4 4e'(i+, 8re4e,(4 1 '14e 4(u%0 (;1( %e2+,4(r1(e4 ;+I 

(;e 1L+)e 8re%i'(i)e 1,% .ee%L1'> '+,(r+--er4 210 Le 188-ie% 
i, 8r1'(i'e (+ 21,1ge '181'i(ie4 +. )ir(u1- 4er)er4 i, 1 
'+,4+-i%1(e% e,)ir+,2e,(. V;r+ug; L+(; 4i2u-1(i+, 1,% 
e2u-1(i+, 4(u%ie4A Ie eH8-+re (;e i281'( +. u4i,g 8re%i'(i)e 
(e';,i\ue4 1,% '+281re (;e re4u-(4 Ii(; (;+4e .r+2 (;e 
.ee%L1'>N%ri)e, 1%18(i)e i,(egr1- '+,(r+--er. F+r (;e 8ur8+4e +. 
+ur 4(u%0A Ie '+,4i%er *"@ u(i-iR1(i+, i,.+r21(i+, .r+2 Dh 
4er)er4 i, 1, e,(er8ri4e %1(1 'e,(er. T, (;i4 4e'(i+,A Ie %e4'riLe 
+ur ;08+(;e(i'1- )ir(u1- 4er)er e,)ir+,2e,(A (;e 1r';i(e'(ure 
1,% g+1- .+r (;e '-+4e%N-++8 '+,(r+- 404(e2A (;e %e4ig, +. +ur 
4i2u-1(i+,4 1,% (;e re4u-(4 Ie +L(1i,e%. 

A.! Description of Data 
?e +L(1i,e% *"@ u(i-iR1(i+, i,.+r21(i+, .r+2 1 '+--e'(i+, 

+. Dh 4er)er4 ;+4(i,g e,(er8ri4e 188-i'1(i+,4. V;e 4er)er4 ;1)e 
Le(Iee, 2 1,% h *"@4 e1';A Ii(; (;e 21Y+ri(0 ;1)i,g ei(;er D 
+r 6 *"@4. V;e %1(1 I14 '+--e'(e% Le(Iee, <e8(e2Ler gA 2GG` 
1,% W'(+Ler 2DA 2GG` .+r 4e)e, Iee>4. F+r e1'; 4er)erA (;e 
1)er1ge *"@ u(i-iR1(i+, 1'r+44 1-- 8r+'e44+r4 +, (;e 4er)er I14 
re8+r(e% .+r e1'; .i)eN2i,u(e 2e14ure2e,( i,(er)1-. V;e 
i,.+r21(i+, I14 '+--e'(e% u4i,g MeasureWare ZW8e,)ieI 
"er.+r21,'e 6ge,([ ]2g^. 

?e '+,%u'( 1 ;08+(;e(i'1- 4er)er '+,4+-i%1(i+, 8r1'(i'e 
I;ere (;e 1L+)e 4er)er4 1re '+,4+-i%1(e% +,(+ 1 )ir(u1- 4er)er 
e,)ir+,2e,(. ?e i,(er8re( (;e *"@ u(i-iR1(i+, +. e1'; 8;04i'1- 
4er)er 14 (;e *"@ l%e21,%m Ii(;i, 1 )ir(u1- 4er)er. F+r 
i,4(1,'eA i. 1 8;04i'1- 4er)er '+,4u2e% 1, 1)er1ge +. `.g *"@4 
i, 1 .i)eN2i,u(e i,(er)1-A (;e, (;e *"@ %e21,% .+r (;e 
'+rre48+,%i,g )ir(u1- 4er)er .+r (;1( i,(er)1- i4 1-4+ `.g *"@4. 
?e eH8-+i( (;e .1'( (;1( ';1,ge4 i, 4er)er u(i-iR1(i+, re.-e'( re1- 
';1,ge4 i, (;e 1'(i)i(ie4 +. (;e 188-i'1(i+,4 ;+4(e% +, (;e4e 
4er)er4. V;ere.+reA +ur )ir(u1- 4er)er4 %e2+,4(r1(e (;e 412e 
(e28+r1- 81((er,4 1,% %0,12i' ';1r1'(eri4(i'4 +. (;e I+r>-+1%4 
(;1( re4u-(e% i, (;e +rigi,1- u(i-iR1(i+, (r1'e4. M+Ie)erA 4i,'e 
+ur 8ur8+4e i4 4i28-0 (+ e)1-u1(e +ur 8re%i'(i)e 1,% .ee%L1'> 
'+,(r+- (e';,i\ue4A Ie 1re ,+( '+,'er,e% 1L+u( 4'1-i,g (;e 
-+1%4 Ii(; re48e'( (+ 8r+'e44+r 48ee%A 2e2+r0 +r ToW '181'i(0. 

?e re)ieIe% (;e u(i-iR1(i+, %1(1 .r+2 e1'; 4er)erA 1,% 
.+u,% `2 4er)er4 Ii(; 4ig,i.i'1,( 2i44i,g %1(1 +r Ii(; 1, 
1-2+4( '+,4(1,( -+1%. ?e %i4reg1r% (;e (r1'e4 .+r (;e4e 4er)er4A 
1,% .+u,% (;1( (;e re21i,i,g P6 4er)er4 '1, Le '-144i.ie% i,(+ 
(I+ gr+u84f 

`. ir+u8 6 Z2D 4er)er4[f Ii(; .1ir-0 4(r+,g 8eri+%i'i(0 L14e% +, 
48e'(ru2 1,1-04i4 +. (;e (i2e 4erie4. V;e '0'-i' 81((er,4 i, 
(;e u(i-iR1(i+, 210 Le ;+ur-0A %1i-0A +r Iee>-0A Ii(; %1i-0 
81((er4 Lei,g (;e 2+4( %+2i,1,(. 

2. ir+u8 B Z`2 4er)er4[f Ii(; ,+ 8eri+%i'i(0 +r )er0 Ie1> %1i-0 
+r Iee>-0 81((er,4. 

V;e .+--+Ii,g .igure %e2+,4(r1(e4 (I+ eH128-e (r1'e4 .r+2 
(;e (I+ %i..ere,( gr+u84 re48e'(i)e-0. ?e +,-0 4;+I (;e %1(1 
.+r (;e .ir4( (e, %104 4+ (;1( Ie '1, '-e1r-0 4ee (;e %1i-0 81((er, 
i, (;e .ir4( (r1'e. V;ere i4 ,+ )i4iL-e 8eri+%i'i(0 i, (;e 4e'+,% 
(r1'eA I;i'; i4 )eri.ie% L0 48e'(ru2 1,1-04i4 +. (;e (r1'e. U+(e 
(;1( L+(; 4er)er4 ;1% 6 *"@4A (;ere.+re ,ei(;er I14 ;e1)i-0 
u(i-iRe% I;e, (;e %1(1 I14 '+--e'(e%. V;i4 i4 (rue .+r (;e 

21Y+ri(0 +. (;e Dh 4er)er4 Ie +L4er)e%. V;i4 .ur(;er 2+(i)1(e4 
+ur 4(u%0 +. 2+re e..i'ie,( re4+ur'e 1--+'1(i+, 4';e2e4 4+ (;1( 
;ig;er re4+ur'e u(i-iR1(i+, '1, Le re1';e%. 
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Figure P.  ae14ure% *"@ u(i-iR1(i+, .r+2 (I+ 4er)er4 .+r 1 Iee> 

B.! Utilization Control for Virtual Servers 
V;e *"@ u(i-iR1(i+, +. 1 4er)er i4 1 '+22+,-0 I1(';e% 

2e(ri' (+ %e(er2i,e I;e(;er 2+re +r -e44 *"@ re4+ur'e 4;+u-% 
Le 1--+'1(e% (+ (;e 4er)er. *+,(r+--i,g *"@ u(i-iR1(i+, +. 1 
)ir(u1- 4er)er i, 1 '+,4+-i%1(e% e,)ir+,2e,( i4 1, e..e'(i)e I10 
+. e,4uri,g 4u..i'ie,( 1--+'1(i+, +. *"@ re4+ur'e4 (+ ;+4(e% 
188-i'1(i+,4 14 Ie-- 14 i,'re14i,g +)er1-- re4+ur'e u(i-iR1(i+, +. 
(;e ;+4( 21';i,e. F+r eH128-eA (;e u41geNL14e% +8er1(i+, 
2+%e i, (;e M"N@9 ?+r>-+1% a1,1ger ]26^ 1--+I4 (;e 
re-1(i)e *"@ u(i-iR1(i+, +. 1 re4+ur'e 81r(i(i+, (+ Le '+,(r+--e% 
Ii(;i, 1 u4erN48e'i.ie% r1,ge. *+281re% (+ <OWNL14e% 2e(ri'4 
4u'; 14 re48+,4e (i2e4A *"@ u(i-iR1(i+, i4 e14ier (+ 2e14ure +, 
(;e 4er)er 4i%e 1,% i4 2+re i,(ui(i)e (+ '+,(r+- Le'1u4e i(4 
re-1(i+,4;i8 (+ (;e *"@ 1--+'1(i+, +. (;e )ir(u1- 4er)er i4 2+re 
4(r1ig;(.+rI1r%. V;e %+I,4i%e i4 (;1( (;e re-1(i+,4;i8 Le(Iee, 
1 gi)e, re-1(i)e u(i-iR1(i+, -e)e- 1,% (;e '-ie,(N8er'ei)e% 
4er)i'e -e)e- )1rie4 Ii(; (;e %e21,% +. (;e I+r>-+1%. 
V;ere.+reA ;e1%r++2 i4 +.(e, 8r+)i%e% (+ ;1,%-e )1ri1(i+,4 i, 
(;e %e21,%4 +. (;e ;+4(e% 188-i'1(i+,4. F+r eH128-eA gGp '1, 
Le 1 '+,(r+- (1rge( .+r ;ig;-0 i,(er1'(i)e 188-i'1(i+,4A 1,% hGp 
210 Le u4e% .+r 188-i'1(i+,4 Ii(; 2+re 8re%i'(1L-e %e21,%4. 
T, (;i4 4e'(i+,A Ie 4(u%0 ;+I e..e'(i)e (;e 8re%i'(i)e 1,% 
.ee%L1'> '+,(r+--er4 Ie i,(r+%u'e% i, <e'(i+, T_ 1re L0 
4i2u-1(i,g (;eir 188-i'1(i+, (+ u(i-iR1(i+, '+,(r+- +. (;e4e 
)ir(u1- 4er)er4.  

Be.+re 8re4e,(i,g (;e 4i2u-1(i+, 1-g+ri(;24A Ie ,ee% (+ 
%e.i,e 4+2e ,+(1(i+, .+r (;i4 81r(i'u-1r '14e 4(u%0. F+r 1,0 
)ir(u1- 4er)erA -e( d(k) Le (;e 1)er1ge *"@ %e21,% +. i(4 ;+4(e% 
188-i'1(i+,4 i, Z8+44iL-0 .r1'(i+,1-[ ,u2Ler +. *"@4 .+r 

   

Authorized licensed use limited to: Univ of Calif Berkeley. Downloaded on August 2, 2009 at 23:44 from IEEE Xplore.  Restrictions apply. 



 

4128-i,g i,(er)1- k. Oe( u(k) Le (;e '+,(r+- >,+LA i.e.A (;e 
Z8+44iL-0 .r1'(i+,1-[  ,u2Ler +. *"@4 1--+'1(e% (+ (;1( )ir(u1- 
4er)er .+r i,(er)1- k. V;e 2e14ure% *"@ u41ge L0 (;e )ir(u1- 
4er)erA x, 4;+u-% Le 1 .u,'(i+, +. L+(; d 1,% u, I;i'; Ii-- Le 
%e4'riLe% -1(er. ?e %e.i,e re-1(i)e u(i-iR1(i+, +. 1 )ir(u1- 4er)erA 
y(k), 14 (;e r1(i+ +. (;e 2e14ure% *"@ u41ge (+ (;e *"@ 
1--+'1(i+,. V;1( i4A  

[Zo[Z[[Z[AZZ[Z kukxkukxgky "" .  Z`G[ 

V;e g+1- +. (;e '+,(r+--er i4 (+ 21i,(1i, (;e re-1(i)e 
u(i-iR1(i+, +. e1'; )ir(u1- 4er)er 1( 1 48e'i.ie% -e)e-A yref. T, (;i4 
'14eA 1, 1%18(i)e T '+,(r+--er ;14 (;e .+--+Ii,g .+r2f 

[[`Zo[̀Z[ZZ[̀Z[Z #####" kukxykKkuku refI . Z``[ 

U+(e (;1( i, (;i4 81r(i'u-1r '14eA 1 ,eg1(i)e 4ig, i4 u4e% 
Le.+re KI(k) (+ e,4ure 1 ,eg1(i)e .ee%L1'> -++8. ?e ;1)e (e4(e% 
%i..ere,( 1%18(1(i+, ru-e4 .+r KI(k), 12+,g I;i'; Ie .+u,% (;e 
.+--+Ii,g (+ Le (;e 2+4( e..e'(i)ef 

refI ykxkK o[̀Z[Z #" 1 A  Z`2[ 

I;ere 1 i4 1 8+4i(i)e '+,4(1,( (;1( 1..e'(4 (;e 1ggre44i)e,e44 +. 
(;e '+,(r+- 1'(i+,4 Z4ee ]E^[ .+r 1,1-04i4 +. (;i4 '+,(r+--er[. T, 
+ur 4i2u-1(i+,4A Ie 4e( 1 q `.g. 

C.! Predictive Control for Tracking Utilization 
U+I -e( u4 4ee i. Ie '1, 188-0 (;e 8re%i'(i)e '+,(r+--er 

%e4'riLe% i, <e'(i+, T_ (+ (r1'> 1 u(i-iR1(i+, (1rge( +, 1 )ir(u1- 
4er)er.  B14e% +, (;e re-1(i+,4;i8 i, Z`G[A i. (;e 2e14ure% *"@ 
u41geA x(k), i4 8re%i'(1L-e u4i,g i(4 )1-ue4 .r+2 (;e 8re)i+u4 
i,(er)1-4A 1,% [Zj kx  i4 i(4 8re%i'(e% )1-ueA (;e, (;e %ire'( 
8re%i'(i)e '+,(r+--er 4i28-0 %e(er2i,e4 u(k) 14 .+--+I4f 

refykxku o[Zj[Z " .   Z`P[ 

U+I (;e \ue4(i+, i4 I;e(;er HZ>[ '1, Le 1''ur1(e-0 
8re%i'(e%. Fr+2 (;e %1(1 'e,(er *"@ u(i-iR1(i+, %1(1 %e4'riLe% 
e1r-ierA Ie %+ +L4er)e (;1( 21,0 +. (;e2 %e2+,4(r1(e -+,gN
(er2 +r 4;+r(N(er2 '+rre-1(i+, (;1( '1, Le eH8-+i(e% L0 4+2e 
8re%i'(i+, 1-g+ri(;2. V;1( re.-e'(4 'er(1i, %egree +. 
8re%i'(1Li-i(0 i, (;e *"@ %e21,%A d(k), +. (;e 188-i'1(i+,4 +, 1 
)ir(u1- 4er)er. V;e 2e14ure% *"@ u41ge i, 1 '-+4e%N-++8 
404(e2A x(k), %e8e,%4 +, L+(; d(k) 1,% (;e *"@ 1--+'1(i+, u(k). 
T, 1 2e2+r0-e44 404(e2A (;e .+--+Ii,g re-1(i+,4;i8 ;+-%4f 

[S.Z[AZ2i,Q[Z kdkukx "   Z`D[ 

?;e, d(k)<=u(k)A i.e.A (;e %e21,% i4 -e44 (;1, (;e 
1--+'1(i+,A (;e )ir(u1- 4er)er i4 u,%er-+1%e%A (;ere.+re (;e *"@ 
u41ge e\u1-4 (;e %e21,%A i.e.A x(k) = d(k). T, (;i4 '14eA (;e 
188-i'1(i+, %e21,% i4 +L4er)1L-e (;r+ug; (;e 2e14ure% *"@ 
u41geA 1,% i(4 (i2e-0 81((er,4 '1, Le -e1r,e% L0 +ur 8re%i'(i+, 
2+%e-4. M+Ie)erA I;e, d(k)>u(k)A (;e )ir(u1- 4er)er i4 i, 1, 
+)er-+1% 4(1(eA (;e, (;e re4u-(i,g *"@ u41ge i4 '188e% L0 (;e 
*"@ 1--+'1(i+,A i.e.A x(k) = u(k), 1,% (;e +rigi,1- 188-i'1(i+, 
%e21,% Le'+2e4 u,+L4er)1L-e. V;e ;+8e i4A i. (;e '+,(r+--er i4 
4u''e44.u- i, (r1'>i,g (;e (1rge( u(i-iR1(i+,A I;i'; i4 (08i'1--0 
-e44 (;1, `GGpA (;e )ir(u1- 4er)er 4;+u-% 1-I104 Le 
u,%er-+1%e% 4+ (;1( d(k) re21i,4 +L4er)1L-e. V;i4 144u28(i+, 
Ii-- Le (e4(e% i, +ur 4i2u-1(i+, 1,% e2u-1(i+, 4(u%ie4. 

V;e (I+ '+,(r+--er4 i, Z``[ 1,% Z`P[ 188e1r %r14(i'1--0 
%i..ere,( 4i,'e (;e .+r2er u4e4 .ee%L1'> I;i-e (;e -1((er re-ie4 
+, 8re%i'(i+, (+ ;1,%-e ';1,ge4 i, (;e 188-i'1(i+, %e21,%.  
M+Ie)erA i. Ie 21>e refI ykukK o[̀Z[Z #"   i, Z``[A Ie ;1)ef  

refykxku o[̀Z[Z #" .   Z`g[ 

*+281ri,g (;e '+,(r+- -1I4 i, Z`P[ 1,% Z`g[A i( i4 e140 (+ 
4ee (;1(A Ii(; 1 48e'i1- I10 +. 1%18(i,g KIA (;e 1%18(i)e T 
'+,(r+--er i, Z``[ i4 i,%ee% (;e 4i28-e4( 8+44iL-e %ire'( 
8re%i'(i)e '+,(r+--erA I;ere (;e 2e14ure% *"@ u41ge .+r (;e 
-14( 4128-i,g i,(er)1- i4 u4e% 14 (;e 8re%i'(i+, .+r (;e ,eH( 
i,(er)1-A i.e.A [̀Z[Zj #" kxkx . T, (;i4 818erA Ie Ii-- ,+( 4;+I 
re4u-(4 .+r (;i4 81r(i'u-1r '+,(r+--er Le'1u4e i( %i% ,+( 8er.+r2 
14 Ie-- 14 +(;er '+,(r+--er4 i, +ur 4i2u-1(i+,4 .+r +L)i+u4 
re14+,4.  

D.! Simulation of Closed-loop Usage 
V;e 4i2u-1(i+,4 Iere ru, u4i,g e1'; gN2i,u(e u(i-iR1(i+, 

(r1'e .r+2 1 8;04i'1- 4er)er 14 (;e *"@ %e21,% d .+r 1 )ir(u1- 
4er)erA 4+ (;1( i( '18(ure4 (;e 81((er,4 1,% %0,12i'4 +. re1- 
e,(er8ri4e 188-i'1(i+,4X re4+ur'e %e21,%. ?e (;e, 188-0 +,e +. 
(;e .+r2er-0 %e4'riLe% '+,(r+--er4 (+ '+28u(e (;e *"@ 
1--+'1(i+, u .+r (;1( )ir(u1- 4er)er. W,e '1)e1( i4A (;e +rigi,1- 
(r1'e4 Iere '+--e'(e% i, 1, +8e,N-++8 .14;i+,. V;ere.+reA Ie 
,ee% (+ 4i2u-1(e (;e '-+4e%N-++8 *"@ u41geA xA (;1( I+u-% ;1)e 
Lee, 2e14ure% +, 1 re1- '+,(r+--e% 4er)erA 14 1 .u,'(i+, +. (;e 
*"@ 1--+'1(i+,A uA 1,% (;e 188-i'1(i+, %e21,%A d.  

V;e 2+%e- i, Z`D[ i4 1((r1'(i)e .+r i(4 4i28-i'i(0. M+Ie)erA 
)1ri+u4 \ueui,g 1,% (i2e+u(4 i, 4+.(I1re 404(e24 '1, '1u4e 
404(e24 (+ )i+-1(e (;e 2e2+r0-e44 144u28(i+,A 1,% (;e eH'e44 
%e21,% .r+2 (;e -14( 8eri+% 210 ;1)e 1 4(r+,g i281'( +, (;e 
'urre,( 8er.+r21,'e. ?e u4e (;e 1-g+ri(;2 i, Fig. D (+ 4i2u-1(e 
(;e \ueui,g Le;1)i+r +. +ur )ir(u1- 4er)erA I;ere L i4 (;e (+(1- 
\ueue '181'i(0 Zi, ,u2Ler +. *"@4[A 1,% q(k) re8re4e,(4 (;e 
\ueue -e,g(; 1( (;e e,% +. i,(er)1- k. B14i'1--0A (;e \ueue >ee84 
1-- (;e eH'e44 %e21,% %uri,g +)er-+1% 8eri+%4 u8 (+ 1 (+(1- 
'181'i(0 +. OA 1,% 4uL2i(4 I+r> (+ (;e *"@ %uri,g 4uL4e\ue,( 
u,%er-+1% i,(er)1-4. ?;e, (;e (+(1- eH'e44 %e21,% eH'ee%4 (;e 
\ueue '181'i(0A (;e eH(r1 %e21,% i4 %r+88e%. 

 

Figure D.  "4e+%u '+%e .+r 4i2u-1(i+, +. '-+4e%N-++8 u(i-iR1(i+, 

T,8u(4f u(k), d(k), q(k-1),L

Wu(8u(4f x(k), q(k) 

6-g+ri(;2f 

1.! i. u(k) <= d(k) 

2.!  2q = min(d(k)-u(k), L-q(k-1)); 

3.!  x(k) = u(k);  

D. e-4e 

g.  2q = - min(u(k)-d(k), q(k-1)); 

6.  x(k) = d(k) - 2q; 

7.! q(k)=q(k-1) + 2q. 
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V;i4 4i2u-1(i+, 2+%e- 210 188e1r 4i28-i4(i'. W,e 
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(1rge( u(i-iR1(i+,A yrefA I14 4e( 1( 75% i, 1-- (;e 4i2u-1(i+,4. 
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'+,(r+--er4 .+r (;e (I+ 4er)er gr+u84 6 Z(+8[ 1,% B ZL+((+2[ 14 
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y(k)A %uri,g (;e 4i2u-1(e% ENIee> 8eri+% .r+2 1-- (;e 4er)er4 i, 
(;e re48e'(i)e gr+u8.  

 
Figure g.  */F +. re-1(i)e u(i-iR1(i+, .r+2 .+ur '+,(r+--er4 .+r 4er)er gr+u8 6 

Z(+8[ 1,% 4er)er gr+u8 B ZL+((+2[f 8re%i'(i)eNa" Z4+-i%[A 8re%i'(i)eN63 
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(;e '+,(r+--er %i% ,+( 1--+'1(e e,+ug; *"@ '181'i(0 (+ 2ee( (;e 
(1rge( Z"]y>yref^[A 1,% (;e 8er'e,(1ge +. (i2e I;e, (;e 404(e2 
i4 +)er-+1%e% Z"]y=100%^[. ?e '1, 1-4+ '+28u(e (;e 2e1, 
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8er.+r21,'e .r+2 (;e (;ree 8re%i'(i)e '+,(r+--er4 i4 .1ir-0 
'+281r1L-eA 1-(;+ug; (;e a"NL14e% 188r+1'; i, ge,er1- +..er4 
(;e Le4( L1-1,'e Le(Iee, 2u-(i8-e 2e(ri'4A re4u-(i,g i, 1 2e1, 
u(i-iR1(i+, '-+4e (+ (;e (1rge( Z+yqEPp[ 1,% 1 421--er )1ri1,'e 
Z3yqG.2`[A -+Ier 8r+L1Li-i(0 +. u,%erN1--+'1(i+, 
Z"]y>yref^qDhp[A -+Ier +)er-+1% 8r+L1Li-i(0 
Z"]y=100%^q2Gp[A 14 Ie-- 14 -e44 \ueui,g 1'(i)i(0 Z+qqG.GC[A 
Ii(;+u( re\uiri,g ;ig;er 1)er1ge *"@ 1--+'1(i+, Z+uqG.6P[. 
V;e 1%18(i)e T '+,(r+--er +, 1)er1ge 1--+'1(e% 2+re *"@ 
'181'i(0 ZG.`` 2+re *"@ (;1, (;e 8re%i'(i)e '+,(r+--er4[ 1,% 
re4u-(e% i, -+Ier 1)er1ge u(i-iR1(i+, +. (;e )ir(u1- 4er)er4 
Z+yq66p[. *+,4e\ue,(-0A i(4 )1-ue4 .+r (;e +(;er .+ur 2e(ri'4 
1re Le((er (;1, (;+4e .r+2 (;e (;ree 8re%i'(i)e '+,(r+--er4. V;i4 
i4 Le'1u4e (;i4 81r(i'u-1r '+,(r+--er I14 %e4ig,e% (+ Le .14(N
i,'re14i,g ZI;e, u,%erN1--+'1(i,g[ 1,% 4-+IN%e're14i,g ZI;e, 
+)erN1--+'1(i,g[ (+ re%u'e +4'i--1(i+, Le(Iee, (;e (I+ 
+8er1(i,g regi+,4. 
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8re%i'(i+, err+r4f A...2À  [AZ[Zj[Z "###"# llkxlkxlkep  T( 
(;e, e4(i21(e4 (;e 2e1,A e+ A 1,% 4(1,%1r% %e)i1(i+,A e3 A +. (;e 
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64 Ie '1, 4ee .r+2 L+(; Fig. 6 1,% V1L-e TTTA %ue (+ (;e 
i,(e,%e% '+,4er)1(i)e,e44 +. (;e 2+%i.ie% 8re%i'(i)e 188r+1';A 
1-- (;e (;ree 8re%i'(i)e '+,(r+--er4 re4u-(e% i, (;e 2e1, 
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*"@ 1--+'1(i+, Z+uqG.EDrG.hP[. *+281re% (+ (;e u,2+%i.ie% 
8re%i'(i)e '+,(r+--er4 1,% e)e, (;e 1%18(i)e T '+,(r+--er Z14 i, 
V1L-e T[A (;e ,eI 4';e2e +..er4 -+Ier 8r+L1Li-i(0 +. u,%erN
1--+'1(i+, Z"]y>yref^qG.2grG.P6[A -+Ier 8r+L1Li-i(0 +. 
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i4 (;1(A i, 48i(e +. (;e 8++r 8er.+r21,'e +. (;e 8re%i'(i)eN
6UW_6N63 '+,(r+--er .+r (;e 4er)er gr+u8 BA (;e 412e 
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4i2u-1(i+,4 1, i,(ere4(i,g 4e-.N-e1r,i,g Le;1)i+r +. (;e a"N
L14e% 8re%i'(i)e '+,(r+--er. Fig. E %e2+,4(r1(e4 (;e 4i2u-1(i+, 
re4u-( .r+2 L+(; (;e 8re%i'(i)eNa" 1,% 8re%i'(i)eNa"N"7F 
'+,(r+--er4 +, (;e u(i-iR1(i+, (r1'e 14 4;+I, i, Fig. PZ1[. V;e 
*"@ %e21,% %e2+,4(r1(e4 1 4(r+,g %1i-0 81((er,. V+ 21>e (;e 
.igure 2+re re1%1L-eA Ie +,-0 4;+I (;e .ir4( 4e)e, 8eri+%4 Zi.e.A 
(;e .ir4( Iee>[ ;ere.  

Fig. EZ1[ 4;+I4 (;e *"@ %e21,% .r+2 (;e +rigi,1- (r1'e 
Z%1r> %+( 4+-i%[ 1,% (;e '+28u(e% *"@ 1--+'1(i+, Z-ig;( 4+-i%[. 
V;e 8re%i'(i)e 1-g+ri(;2 4(1r(e% .r+2 1 L-1,> 2e2+r0. 
V;ere.+reA I;e, (;ere I14 1 4urge i, (;e *"@ %e21,% i, (;e 
.ir4( 8eri+% Z14 i, (;e .ir4( 4\u1re I1)e[A (;e '+,(r+--er %i% ,+( 
1--+'1(e e,+ug; *"@ '181'i(0 (+ ;1,%-e (;e -+1%. 64 1 re4u-(A 
(;e )ir(u1- 4er)er I14 +)er-+1%e% 1,% (;e 2e14ure% *"@ u41ge 

I14 '188e% L0 (;e i,4u..i'ie,( *"@ 1--+'1(i+,. T, (;e ,eH( .eI 
8eri+%4A (;e 1--+'1(i+, I14 4(i-- i,4u..i'ie,( Le'1u4e I;1( (;e 
8re%i'(i)eNa" 1-g+ri(;2 +L4er)e% .r+2 (;e e1r-ier Iee>4 I14 
(;e (ru,'1(e% %e21,% i,4(e1% +. (;e +rigi,1- 4\u1re I1)eA 
I;i'; I14 u,+L4er)1L-e %uri,g +)er-+1% 8eri+%4. M+Ie)erA (;e 
%e21,% 81((er, I14 gr1%u1--0 Lei,g -e1r,e% +)er (i2e 14 (;e 
'+,(r+--er 1-I104 1--+'1(e4 2+re *"@ (;1, I;1( I14 8re%i'(e%.  
T, (;e -14( 8eri+%A (;e 1--+'1(i+, ;1% 1-2+4( '1ug;( u8 Ii(; (;e 
%e21,% re4u-(i,g i, 2u'; Le((er (r1'>i,g 8er.+r21,'e. 
T,(ere4(i,g-0A (;e 8re%i'(i)eNa"N"7F '+,(r+--er Ii(; 
'+28e,41(i+, +. 8re%i'(i+, err+r e,;1,'e4 (;i4 4e-.N-e1r,i,g 
Le;1)i+r Le'1u4e i( i,(e,(i+,1--0 1--+'1(e4 4-ig;(-0 2+re 
'181'i(0 1( e)er0 i,(er)1- (+ 1)+i% +)er-+1%. 64 4;+I, i, Fig. 
EZL[A (;e -e1r,i,g 8r+'e44 I14 48e% u8 1,% (;e '+,(r+--er I14 
1--+'1(i,g e,+ug; '181'i(0 4(1r(i,g .r+2 (;e Pr% 8eri+%. ?e Ii-- 
4ee '+,.ir21(i+, +. (;i4 -e1r,i,g Le;1)i+r i, (;e e2u-1(i+, 
re4u-(4 i, (;e ,eH( 4e'(i+,. 

 

Figure E.  <i2u-1(i+, re4u-(4 L0 8re%i'(i)eNa" Z(+8[ 1,% 8re%i'(i)eNa"N"7F ZL+((+2[ '+,(r+--er4 .+r +,e )ir(u1- 4er)er .+r (;e .ir4( Iee>

_TT. 7a@O6VTWU WU 6 V7<V B7/ 

A.! Experiment Setup 
T, 1%%i(i+, (+ (;e 4i2u-1(i+,4A Ie Lui-( 1 (e4( Le% (+ e2u-1(e 

(;e 188-i'1(i+, %e21,%4 4ee, i, (;e %1(1 'e,(er u(i-iR1(i+, 
(r1'e4. ?e u4e% 9e, )ir(u1- 21';i,e ]2E^ Ii(; 1, <7/F 
Z<i28-e 71r-ie4( /e1%-i,e Fir4([ 4';e%u-er 14 (;e )ir(u1- 4er)er. 
V;e 7/F 1-g+ri(;2A -i>e 2+4( re1-N(i2e 4';e%u-i,g 1-g+ri(;24A 
i4 L14e% +, re4er)1(i+,. 6, 188-i'1(i+, i4 gu1r1,(ee% (+ ;1)e 
'er(1i, 4;1re +. *"@ (i2e %uri,g 1 8eri+% +. (i2eA e)e, i. (;e 
(i2e 1--+'1(e% i4 ,+( u4e%A 1,% 1, 188-i'1(i+, '1,,+( u4e 2+re 
*"@ (i2e (;1, 1--+'1(e%. V;u4A (;i4 4';e%u-i,g (e';,i\ue i4 1 
g++% .i( .+r +ur 1L4(r1'(i+, +. 1 4iR1L-e )ir(u1- 4er)er. 

?e u4e% 1, 681';e ?eL 4er)er ]2h^ 14 (;e (e4( 188-i'1(i+, 
(+ Le ;+4(e% i,4i%e 1 9e, )ir(u1- 21';i,e. V;e 681';e 4er)er 
I14 '+,.igure% (+ ru, Ii(; 2u-(i8-e pthread, 1,% 4er)e4 1 
(ri)i1- *iT 8r+gr12A I;i'; 4(1r(4 1 8r+'e44A %+e4 4+2e r1,%+2 

'1-'u-1(i+,A 1,% re(ur,4 (;e re4u-( i, MVaO. V;e re14+, .+r 
u4i,g (;i4 *iT I+r>-+1% i4 (;1( i( i4 *"@ i,(e,4i)eA 1,% ;14 
2i,i21- i281'( +. 2e2+r0 +r ToW '+,(e,(i+,.  

W, (;e '-ie,( 4i%eA Ie u4e% 1 4-ig;(-0 2+%i.ie% )er4i+, +. 
httperf ]2C^A 1, +8e, 4+ur'e ?eL 4er)er I+r>-+1% ge,er1(+r. T( 
I14 2+%i.ie% 4+ (;1( i( '1, ge,er1(e )1ri1L-e ,u2Ler +. 
'+,'urre,( '+,,e'(i+,4. 

V;e eH8eri2e,(4 Iere 8er.+r2e% +, 1, M" "r+Oi1,( 
/OP6G ie,er1(i+, D 4er)erA Ii(; (I+ PiMR 9e+, 8r+'e44+r4 
1,% PiB 2e2+r0. ?e u4e% (;e 9e, u,4(1L-e )er4i+,A ';e'>e% 
+u( +, su, C(;A 2GGg 1,% Oi,uH >er,e- )er4i+, 2.6.`` Z81(';e% 
.+r 9e,[A i, 1-- 9e, %+21i,4. Z/+21i, i4 1 9e, (er2i,+-+g0 
.+r )ir(u1- 21';i,e.[ V;e %+21i, Ii(; (;e 681';e 4er)er ru,4 
+, +,e 8r+'e44+rA 4;1re% Ii(; +,e +(;er '+28e(i,g %+21i,. 
Domain-0A (;e '+,(r+--i,g %+21i,A ru,4 (;e '+,(r+--er +, 1 
%e%i'1(e% 8r+'e44+r. ?e re4er)e% EgGaB 2e2+r0 .+r (;e ?eL 
4er)er %+21i,.  
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T, +r%er (+ re8r+%u'e (;e *"@ u(i-iR1(i+, .r+2 (;e +L4er)e% 
(r1'e4A Ie .ir4( r1, eH8eri2e,(4 (+ +L(1i, (;e 1)er1ge *"@ (i2e 
1 *iT re\ue4( u4e4A 1,% (;u4 '1-'u-1(e% (;e r1(e 1( I;i'; (;e 
re\ue4(4 4;+u-% Le ge,er1(e% (+ 8r+%u'e 1 gi)e, -e)e- +. *"@ 
u(i-iR1(i+,. T, e1'; (r1'eA e1'; 4128-e i4 1 .i)eN2i,u(e 1)er1ge 
u(i-iR1(i+,. V+ 4;+r(e, (;e (i2e 481, +. (;e e2u-1(i+,A Ie 
';1,ge (;e 4128-i,g i,(er)1- (+ `G 4e'+,%4A I;i'; '1, 1-2+4( 
re8r+%u'e (;e 412e u(i-iR1(i+, ';1,ge4 +, (;e )ir(u1- 21';i,e. 
Fig. h 4;+I4 */F4 +. (;e *"@ u(i-iR1(i+, .r+2 L+(; (;e 
e2u-1(i+, 1,% (;e re1- (r1'e. 

V;i4 e2u-1(+r ;14 4+2e 1%)1,(1ge4 +)er 1 8ure 4i2u-1(i+, 
1-g+ri(;2A 4u'; 14 (;e +,e i, Fig. D. Fir4(A (;e e2u-1(+r 2+%e-4 
(;e \ueui,g Le;1)i+r 1,% %egr1%1(i+, +. 188-i'1(i+, 
8er.+r21,'e %uri,g +)er-+1%i,g 8eri+%4 2+re 1''ur1(e-0. 
<e'+,%A i( '18(ure4 (;e r1,%+2 %i4(urL1,'e4 i, (;e 404(e2. 
V;ir%A i( 1-4+ '18(ure4 (;e i,1''ur1'0 i, 4e,4i,g 1,% 1'(u1(i+,. 
F+r eH128-eA (;e *"@ u(i-iR1(i+, 210 ,+( Le 1''ur1(e 1( e)er0 
8+i,(A e48e'i1--0 I;e, +)er-+1%e%A %ue (+ ,e(I+r> ToWA (;re1% 
4';e%u-i,g 1,% 2e14ure2e,( err+r4. ?e '1, 4ee (;e '+4( +. 
'+,(r+- i, (;e e2u-1(i+, 14 Ie--.  

 
Figure h.  */F4 +. e2u-1(e% u(i-iR1(i+, Z%14;e% [ 1,% re1- u(i-iR1(i+, Z4+-i%[ 

W. '+ur4eA (;e -i2i(1(i+,4 +. (;i4 188r+1'; 1re 1-4+ +L)i+u4. 
Fir4(A Ie +,-0 e2u-1(e +,e (08e +. I+r>-+1% +, 1 4i,g-e 
188-i'1(i+,A I;i'; 210 ,+( Le (;e 188-i'1(i+,Z4[ .r+2 I;i'; 
(;e +rigi,1- (r1'e I14 ge,er1(e%. F+r eH128-eA +ur e2u-1(i+, 
+,-0 re8re4e,(4 (;e Le;1)i+r +. (;e 681';e ?eL 4er)er. Wur 
I+r>-+1% i4 8ure-0 *"@ i,(e,4i)eA 1,% ge,er1(e4 )er0 .eI 81ge 
.1u-(4A 4+ (;ere 210 Le %i4(urL1,'e4 (;1( Iere ,+( '18(ure% i, 
(;e e2u-1(i+,. <e'+,%A Ie '+u-% +,-0 e2u-1(e (;e 1)er1ge 
u(i-iR1(i+, )1-ueA I;i-e (;e %i4(riLu(i+, +. (;e re1- )1-ue4 i4 
u,>,+I,A 1,% 210 Le 188-i'1(i+, %e8e,%e,(. M+Ie)erA 4i,'e 
Ie +,-0 '1re 1L+u( (;e 1)er1ge Le;1)i+r +. (;e 404(e2 i, (;i4 
4(u%0A Ie Le-ie)e (;e e2u-1(i+, i4 1 re14+,1L-e 188r+1';. 

B.! Results 
/ue (+ (;e (i2e re\uire% .+r e2u-1(i,g (;e e,(ire %1(1 4e( 

ZP6 4er)er4 Ii(; E Iee>4 +. %1(1[A Ie e2u-1(e% 1 421-- 4uL4e( 
+. (;e (r1'e4 u4e% .+r (;e 4i2u-1(i+, 4(u%0. T, 81r(i'u-1rA Ie 
u4e% (r1'e4 I;ere (;e 4i2u-1(i+, 4;+Ie% i,(ere4(i,g %0,12i'4 
(+ )1-i%1(e (;e (r1,4ie,( Le;1)i+r +. %i..ere,( '+,(r+--er4. T, (;i4 
4e'(i+,A Ie %e4'riLe (;e e2u-1(i+, re4u-(4 +, +,e +. (;e (r1'e4 
Z4;+I, i, Fig. PZ1[[ u4i,g 1 ;1,%N(u,e% "T '+,(r+--er 1,% (;e 
a"NL14e% 8re%i'(i)e '+,(r+--erA Ii(; 2qDA Mq`Gg2A ?q2hh 
Z412e 14 (;+4e u4e% i, (;e 4i2u-1(i+,4[. 

Fig. C 4;+I4 (I+ 8eri+%4 i, (;e e2u-1(i+, -+g. V;e .igure4 
i, (;e -e.( '+-u2, re8re4e,( (;e .ir4( 8e1> i, Fig. PZ1[A I;i-e 
(;+4e +, (;e rig;( '+-u2, 1re (;e E(; 8e1> i, Fig. PZ1[. V;e (I+ 
8e1>4 i, (;e (r1'e -++> 1-2+4( (;e 412e. Fig. CZ1[ 4;+I4 (;e 
Le;1)i+r +. (;e "T '+,(r+--er. V;e "T '+,(r+--erA I;i'; .+rge(4 
;i4(+r0 \ui'>-0A re48+,%e% (+ (;e (I+ 8e1>4 i, 1 )er0 4i2i-1r 
I10A 14 eH8e'(e%. Oi>e 1-- .ee%L1'>N%ri)e, '+,(r+--er4A i( i4 
re1'(i)e (+ ';1,ge4 i, (;e *"@ %e21,%A (;u4 '1u4i,g 4+2e 
%e-10 i, (;e '+rre48+,%i,g ';1,ge4 i, (;e *"@ 1--+'1(i+,. 

 
Figure C.  Vr1,4ie,( re48+,4e i, *"@ 1--+'1(i+, Z-ig;( 4+-i%[ (+ 4(e8 ';1,ge4 
i, *"@ %e21,% Z%1r> 4+-i%N%+([ .r+2 (;e "T '+,(r+--er Z(+8[ 1,% (;e 
8re%i'(i)eNa" '+,(r+--er ZL+((+2[. 

Fig. CZL[ 4;+I4 (;e re4u-( +. (;e 8re%i'(i)eNa" '+,(r+--er. T( 
4;+I4 1 '-e1r 4e-.N-e1r,i,g Le;1)i+r 4i2i-1r (+ I;1( Ie 41I i, 
(;e 4i2u-1(i+,4 Z14 i, Fig. E[. T( 8er.+r24 I+r4e (;1, (;e "T 
'+,(r+--er i, (;e Legi,,i,g Z4-+Ier (r1'>i,g +. (;e .ir4( 8e1> i, 
(;e *"@ %e21,%[. M+Ie)erA 1( (;e E(; 8e1>A i( 1'(u1--0 
i,'re14e% (;e *"@ 1--+'1(i+, Le.+re (;e %e21,% 4urge%A 
'1u4i,g ,+ %e-10A (;ere.+re re4u-(i,g i, Le((er 188-i'1(i+, 
8er.+r21,'e.  

 
Figure `G.  Vr1,4ie,( re48+,4e i, *"@ 1--+'1(i+, Z-ig;( 4+-i%[ (+ 421-- 
8eri+%i' +4'i--1(i+,4 i, *"@ %e21,% Z%1e> 4+-i%N%+([ .r+2 (;e "T '+,(r+--er 
Z(+8[ 1,% (;e 8re%i'(i)eNa" '+,(r+--er ZL+((+2[.  
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Fig. `G 4;+I4 1,+(;er i,(ere4(i,g '+281ri4+, +. (;e4e (I+ 
'+,(r+--er4. T, 1 re1- 404(e2A 421-- +4'i--1(i+,4 1re +.(e, 4ee, i, 
21,0 2e(ri'4 1( %i..ere,( (i2e 4'1-e4. T. (;e +4'i--1(i+,4 ;1)e 1 
8eri+% '-+4e (+ (;e '+,(r+- i,(er)1-A re1'(i)e '+,(r+--er4A 4u'; 14 
"T '+,(r+--er4A '1, t;u,(X L0 1-(er,1(e-0 4e((i,g (;e 1--+'1(i+, 
ei(;er (++ ;ig;A +r (++ -+I. V;i4 i4 )i4iL-e i, Fig. `GZ1[A I;ere 
(;e "T '+,(r+--er i4 u,1L-e (+ (r1'> (;e ';1,ge4 i, (;e %e21,%. 
T, '+,(r14(A 14 4;+I, i, Fig. `GZL[A (;e 8re%i'(i)eNa" 
'+,(r+--er '1, re'+g,iRe (;i4 81((er, \ui'>-0 1,% 8re%i'( (;e 
,eH( %e21,% 1''ur1(e-0  

M+Ie)erA 8re%i'(i+, '1, 1-4+ -e1% (+ 8r+L-e24 14 i--u4(r1(e% 
i, (;e ,eH( eH128-e. Fig. `` 4;+I4 (;e Le;1)i+r +. (;e "T 
'+,(r+--er 1,% (;e 8re%i'(i)eNa" '+,(r+--er .+r (;e E(;A h(; 1,% 
C(; 8e1> +. Fig. PZ1[.  

V;e *"@ %e21,% .r+2 (;e (r1'e 4;+I4 1 Ii%e 8e1>A 
.+--+Ie% L0 1 421-- 8e1>. V;e "T '+,(r+--erA 4;+I, i, Fig. 
``Z1[A re1'(4 (+ 1-- (;e Ii%e +r 421-- 8e1>4 i, 1 4i2i-1r .14;i+,. 
T, '+,(r14(A (;e a"NL14e% 8re%i'(+rA 14 4;+I, i, Fig. ``ZL[A 
.1i-4 (+ 8re%i'( (;e .ir4( 421-- 8e1> 4i,'e 4u'; 81((er, %i% ,+( 
eHi4( i, i(4 ;i4(+r0. 6( (;e 4e'+,% 421-- 8e1>A (;e 8re%i'(i)eN
'+,(r+--er I14 1L-e (+ 1--+'1(e 2+re *"@ %ue (+ i(4 4e-.N
-e1r,i,g Le;1)i+r. T, (;e (;ir% 8eri+%A (;e 8re%i'(+r i,'re14e% 
(;e 1--+'1(i+, I;ere (;e 421-- 8e1> ;1% +''urre% Le.+reA i, 
1,(i'i81(i+, +. (;e i,'re14e i, %e21,%. M+Ie)erA (;i4 (i2eA (;e 
421-- 8e1> 4;i.(e% (+ 1 %i..ere,( (i2eA (;u4 '1u4i,g 
2i41-ig,2e,( Le(Iee, (;e 1--+'1(i+, 1,% (;e %e21,%. 

V;e re14+, .+r (;e .1i-ure +. (;e 8re%i'(i)eNa" '+,(r+--er i, 
Fig. `` i4 (;e -1rge +8(i2iR1(i+, Ii,%+I Z` %10[ u4e% L0 (;e 
8re%i'(i+, 1-g+ri(;2. V;u4A ,1rr+I 8e1>4 (;1( ;1)e 1 
4ig,i.i'1,(-0 4;+r(er %ur1(i+, %+ ,+( '1u4e (;e 8re%i'(+r (+ 
1%Yu4( i(4 2+%e- i22e%i1(e-0 (+ .+'u4 +,-0 +, (;e re'e,( ;i4(+r0A 
I;i-e (;e "T '+,(r+--er +,-0 -++>4 1( (;e i22e%i1(e ;i4(+r0 Z(;e 
-14( i,(er)1-[ 1,% 1%Yu4(4 (+ i(. ?e 1re 'urre,(-0 eH8-+ri,g I104 
+. '+2Li,i,g (;e Le,e.i(4 +. 8re%i'(i+, Ii(; r18i% .ee%L1'>N

L14e% 1%Yu4(2e,( i, '14e +. 8re%i'(i+, err+r4A 4u'; 14 I;1( Ie 
%e4'riLe% i, (;e -14( 4e'(i+,. 

_TTT. *WU*O@VTWU< 6U/ F@V@37 ?W3d 
T, (;i4 818erA Ie 4(u%0 8re%i'(i)e '-+4e%N-++8 '+,(r+- 

(e';,i\ue4 .+r 404(e24 21,1ge2e,(. V;ree 8re%i'(i)e 
1-g+ri(;24 L14e% +, 63A 6UW_6N63 1,% a" 2+%e-4 1,% +,e 
1%18(i)e T '+,(r+--er 1re e)1-u1(e% i, 1 '14e 4(u%0 +, )ir(u1- 
4er)er '+,4+-i%1(i+, (;r+ug; 4i2u-1(i+,4 14 Ie-- 14 e2u-1(i+, 
%+,e +, 1 9e, )ir(u1- 21';i,e. Fr+2 L+(; (;e 4i2u-1(i+, 1,% 
e2u-1(i+, re4u-(4A Ie .+u,% (;1(A (;e 8re%i'(i)e '+,(r+--er '1, 
%e1- Ii(; (i2eN)1r0i,g %e21,%4 i, 1 2+re 8r+1'(i)e I10 +,'e 
(;e %e21,% 81((er, i4 -e1r,e% 1,% (;e 8re%i'(i+, i4 1''ur1(eA Lu( 
210 1-4+ re4u-( i, 8++r 8er.+r21,'e I;e, (;e 8re%i'(i+, err+r 
i4 Lig. T, '+,(r14(A .ee%L1'>NL14e% 1%18(i)e '+,(r+--er 1-I104 
i,'ur4 4+2e %e-10 i, re48+,%i,g (+ ';1,ge4 %ue (+ i(4 re1'(i)e 
,1(ureA Lu( i(4 Le;1)i+r I14 2+re '+,4i4(e,( 1'r+44 %i..ere,( 
%e21,% 81((e,4. ?e ;1)e eH8-+re% i, +ur 4i2u-1(i+,4 +,e I10 
(+ i28r+)e (;e 8er.+r21,'e +. (;e 8re%i'(i)e '+,(r+--er4 L0 
(1>i,g i,(+ 1''+u,( e4(i21(e% 8re%i'(i+, err+r i, .u(ure '+,(r+- 
1'(i+,4. Fur(;er re4e1r'; 1,% 2+re eH8eri2e,(4 1re re\uire% (+ 
e)1-u1(e +(;er 8+44iL-e I104 +. '+2Li,i,g 8re%i'(i)e 
1-g+ri(;24 1,% .ee%L1'>NL14e% 2e';1,i424 (+ 1';ie)e Le((er 
'-+4e%N-++8 8er.+r21,'e i, .1'e +. ';1,ge4 i, %e21,%4 +r 
+(;er 404(e2 '+,%i(i+,4. 

T( Ii-- 1-4+ Le i,(ere4(i,g (+ 188-0 (;e '+,(r+--er4 8re4e,(e% 
;ere (+ +(;er re4+ur'e u(i-iR1(i+, (r1'e4 .+r 8+44iL-0 %i..ere,( 
188-i'1(i+,4 '+--e'(e% 1( %i..ere,( (i2e 4'1-e4. ?e I+u-% -i>e (+ 
)1-i%1(e (;1( (;e +L4er)1(i+,4 Ie 21%e i, (;i4 818er 1L+u( (;e 
re-1(i)e 8er.+r21,'e +. %i..ere,( 8re%i'(i+, 1-g+ri(;24A (;e 
4e-.N-e1r,i,g Le;1)i+r +. (;e 8re%i'(i)eNa" '+,(r+--erA 1,% (;e 
i,(er1'(i+, Le(Iee, 8re%i'(i+, 1,% .ee%L1'> 1re 1-4+ 188-i'1L-e 
(+ +(;er %0,12i' re4+ur'e '+,(r+- 8r+L-e24 i, %1(1 'e,(er4. 

 

Figure ``.  <e'(i+, +. 1 (r1'e 4;+Ii,g (;e i281'( +. 8re%i'(i+, err+r4 L0 '+281ri,g (;e "T '+,(r+--er Z(+8[ Ii(; (;e 8re%i'(i)eNa" '+,(r+--er ZL+((+2[. F+r e1'; 
'+,(r+--erA (;e (+8 'ur)e Z-ig;( 4+-i%[ i4 (;e *"@ 1--+'1(i+,A 1,% (;e L+((+2 'ur)e Z%1r> 4+-i%N%+([ i4 (;e *"@ %e21,%.  
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