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等式约束二次规划问题的新的梯度投影算法

李明强! 郭田德! 韩丛英
!中国科学院大学数学科学学院" 北京 %$$$EL#

摘@要@近些年来!众多学者提出基于新步长选择策略的加速梯度投影算法求解大规模优化
问题" 本文针对线性约束二次规划问题提出两种基于新步长的梯度投影算法" 一种是基于采
用自适应线搜索和 Y,*X0-,0JY(*W20+ 步长的非单调投影算法" 另一种是基于 Z),+ 步长的单调
投影算法" 在较弱的假设条件下!给出这两种算法的全局收敛性" 数值实验表明新算法比传
统的梯度投影算法求解效率更高"
关键词@Y,*X0-,0JY(*W20+ 步长#线性等式#投影梯度

@ @ O+ 4703B,B2*" W29(+30:2*472 P),:*,409
B*(H*,;;0+HB*(C-2;

;0+
9#!
&!!# : %

#
!S"! ;#S!" !%#



中国科学院大学学报 第 !" 卷

W72*2"# Q-<- 0335;;24*09,+: B(304012:2.0+042"
!"## Q-" ,+: 472.2,30C-2*2H0(+ !03:2.0+2: C5

! :(! # Q-"$! :%)" !##
W72*2$# Q+<-" *,+_ !$# :+" ,+: + =->

D0*34(.,--" W2H012,C*02.*2102W .(*472
:212-(B;2+4(.4722..0902+4342B -2+H47 32-2940(+30+
H*,:02+4;247(:3.(*;0+0;0X0+H,-,*H239,-234*094-5
9(+12\P),:*,409.)+940(+ &!!#>833);247,4&!!#
:

"

&!!# 9,+ C2(C4,0+2: ,4212*5!,+: &? :&!!?#
03472H*,:02+4,4!?>S729-,3309,-2\,;B-23(.342B
30X232-2940(+3,*2472-0+232,*9723)32: 0+ 472
3422B234:2392+4! <‘# ,+: 472;0+0;,-H*,:02+4
!?Q# ;247(:3" W7097 ;0+0;0X2&!!? @!&?# ,+:

&!!?@!&?# #" *23B294012-5"

!!A? :,*H;0+
!
&!!?@!&?#

:
&S?&?
&S?"&?

" !!#

!’B? :,*H;0+
!

&!!?@!&?# #

:
&S?"&?
&S?"

#&?
> !E#

@ @ S7()H7 472 <‘ H*,:02+4;247(: 9(+12*H23
-0+2,*-5" 4729(+12*H2+92*,42;,5C212*53-(W"
23B290,--5W72+ "030--J9(+:040(+2: 0+ 47232+3247,4
4729(+:040(+ +);C2*9(+: !"# 0312*5-,*H2>S72
9(+: !"# 03:2.0+2: ,3.(--(W3$

9(+:!"# :
"-!"#
"%!"#

"

W72*2"-!"# ,+: "%!"# *2B*232+4472-,*H234,+:
3;,--23420H2+1,-)23(."" *23B294012-5>

O+ %L&&" ,30H+0.09,+4342B 30X232-2940(+ 03
B*(B(32: C5Y,*X0-,0,+: Y(*W20+ !322U2.>%%&#"

!66%? :
’S?@%’?@%
’S?@%(?@%

" !"#

!66#? :
’S?@%(?@%
(S?@%(?@%

" !M#

W72*2’?@% :!?@!?@% ,+:(?@% :&?@&?@%>[2*2.2*
4(472342B 30X2!"# (*!M# ,3YY !Y,*X0-,0,+:
Y(*W20+# 342B 30X2>D*(; !! # ,+: !E #" W29,+
2,30-5(C4,0+2: 472.,9447,40+ 472)+9(+34*,0+2:
9,32" !66%? :!!A?@% ,+: !

66#
? :!’B?@% !322U2.>%#&#>

O+ (472*W(*:3" 472342B -2+H473!"# ,+: !M# )32
472<‘ ,+: ?Q 342B -2+H473W047 (+2 :2-,5"
*23B294012-5>8.2,4)*2(.YY342B 30X20347,4472

32P)2+923(&!!?#) ,+: ( &? #) ,*2+(+J;(+(4(+2"

0+ 9(+4*,344(472<‘ ,+: ?Q ;247(:3>Q-(C,-
9(+12*H2+92(.472YY;247(: W,3234,C-0372: C5
U,5:,+%!& 0+ 47234*094-59(+12\P),:*,4099,32W047
20472*!"# (*!M#>‘,0,+: N0,(%E& 7,1237(W+ 47,4
472YY;247(: 03UJ-0+2,*-59(+12*H2+40+ 472- J
:0;2+30(+,-9,32> ?(*2(12*" +);2*09,-*23)-43
0+:09,4247,4472YY;247(: ()4B2*.(*;3472;247(:
W047 !!# (*!E# .(*9(+12\P),:*,409.)+940(+3!322
,-3(U2.>%#&#><4,*40+H.*(; !"# ,+: !M#" YYJ
-0_2 ;247(:3 W047 -(+H2* :2-,53 7,12 C22+
34):02:%"JF&>O+ U2.>%"&" ‘,0,+: D-24972*B*(B(32:
,.(*;)-,

!’? :
$

’

,:%
’S?@,’?@,

$
’

,:%
’S?@,(?@,

" !F#

W72*2’03,B(3040120+42H2*" ,+: 47253)HH23447,4
’ : # 03, C2442*97(092 .(*C(\J9(+34*,0+2:
P),:*,409B*(H*,;;0+H>

U292+4-5" 3(;2;(+(4(+2;247(:3W7097 ,*2
9(;B24040124(472YYJ-0_2;247(: ,*2B*(B(32:>
R+2(.47232;247(:3W047 342B -2+H47

!C? :
#

#C? ;%!
!A
?@% ;%!

!A
?

" !&#

W72*2

#C? : !%!!A?@% @%!
!A
? # # ;E &?

#
# ’?@%槡 #

# "

W,3B*(B(32: C5Z),+ 0+ U2.>%&&>8B*(B2*45(.
!&# 0347,40.!C? 7,3C22+ 4,_2+ ,.42*!

!A
? " (+-5(+2

;(*2342B !!A? 03+22:2: 4(H244723(-)40(+ 4(472
;0+0;0X2*(.4724W(J:0;2+30(+,-34*094-59(+12\
P),:*,4093>O.!?03(C4,0+2: C5!! #" 472+ ’?@% :

@!!A?@%&?@%>S7)3,1,*0,+4(.!&# W,3B*(B(32: 0+
U2.>%L& ,3.(--(W3$

!DC? :
#

#DC? ;%!
!A
?@% ;%!

!A
?

" !L#

W72*2

#DC? : !%!!A?@% @%!
!A
? # # ;

E%&?%
#
#

!!!A?@%%&?@%%##槡 #>

@@Y,32: (+ ! L #" ‘,0,+: Z),+%L& B*(B(32: ,
H*,:02+4;247(: W7(32342B -2+H47 03H012+ C5

!? :
!!A? 0.;(:!?"E# :% (*#"

!DC? (472*W032{ >
!%$#

O403+(4:0..09)-44(12*0.5472;(+(4(+09045(.472

$L#



第 ! 期 NO?0+HP0,+H" 24,-$A2WB*(V294H*,:02+4;247(:3.(*P),:*,409B*(H*,;;0+HW047 -0+2,*2P),-0459(+34*,0+43

;247(: C29,)32!DC? & #!
!A
? >

S722..0902+95(.472B*(V294H*,:02+4;247(:3
W047 472,C(12342B -2+H47 32-2940(+37,3C22+
12*0.02: C5,-,*H2,;()+4(.+);2*09,-2\B2*0;2+43
(+ C(\J9(+34*,0+2: P),:*,409B*(H*,;;0+H%%$J%!& ,+:
<)BB(*4=294(*?,970+23! <=?3# %""%EJ%M&>O+3B0*2:
C54723)99233(.47232+2W342B 32-2940(+ *)-23" W2
0;B*(12B*(V294H*,:02+4;247(:3.(*!%#>

HRSTT/")0&,+.+561-1

O+ 470332940(+" W2.(9)3()*,442+40(+ (+
:230H+0+H2..0902+4B*(V294H*,:02+445B2;247(:3.(*
3(-10+H! % #>T2*2W2-24):2+(42472B*(V2940(+
(B2*,4(*(+ !$

)!!# :,*H;0+
(#!

! @(# !%%#

:! @*!$! @%#" !%##
W72*2* :$S!$$S# @%>N24+ ! !# C2:2.0+2: 0+
42*;3(.472H*,:02+4&!!# ,3.(--(W3$

+!!# :)!! @&!!## @!
:@,&!!#" !%!#

W72*2, :-@$S!$$S# @%$>
Q012+ ,+ 042*,42B(0+4!?" 472B*(V294H*,:02+4

;247(: .(*! % # 9(;B)423472+2\4B(0+40+ 472
.(--(W0+H.(*;$

!?;% :!?;!?+?" !%E#
W72*2+? :+!!?# ,+: !? E$ 03,342B -2+H47>O403
2,354( _+(W 47,4’?@, : !?@,+?@, ,+: (?@, :
!?@,"+?@," 3(W2(C4,0+ ,+(472*.(*;(.!F#

!’? :
$

’

,:%
!#?@,+

S
?@,+?@,

$
’

,:%
!#?@,+

S
?@,"+?@,

> !%"#

[2*2.2*4(472B*(V294H*,:02+4;247(: W047 YYJ-0_2
342B -2+H47 !%"# ,3472B*(V2942: YY;247(: (*aYY
;247(:>RC10()3-5" 472.(*;)-,!"# 03,3,3B290,-
9,32(.!%"# W047 ’ :%>

6(;B,*2: W047 (*0H0+,-B*(V294H*,:02+4;247(:
!a<‘#" 472aYY;247(: 03;)97 ;(*22..294012>O+
a<‘" 472*203!? :!

!AF
? " W72*2

!!AF? :;0+
!
&!!?;!+?#

:@
&S?+?
+S?"+?

> !%M#

O+ (*:2*4(0--)34*,42472B2*.(*;,+92(.472aYY
;247(: .(*!%#" W27,12H2+2*,42: %$ *,+:(;4234
B*(C-2;3W047 - :% $$$"+:#$$ ,+: ’ :#>$"#

,+: 4720+040,-B(0+4!$ 03H2+2*,42: *,+:(;-5" % :
$!$>8-3("03*,+:(;-5H2+2*,42: W047 ,*,+H2(.

9(+:040(+ +);C2*3.*(; %$# 4(%$E>S7242*;0+,-
9(+:040(+ 03 +? b

=%$ @E>S72+);2*09,-*23)-43(.

472aYY;247(: ,*2B*232+42: 0+ S,C-2%>

D5*&%-)0/H ?aYY;247(:

E)"$H$ N24!$ C2,.2,30C-2B(0+4(.!%# " &
1
$ :b"&.$ :&! !$ # "?:

$"%:$"G"’#H;", c-d$S!$$S# d%$"!’$ :%"?
.
$ :

?1$ :$",:# :$>

E)"$F$ +? :@,&?,+: 42*;0+,420. +? b :$>

E)"$J$ O.&! !?;!
’
?+?# ’ &

1
#

!?;% :!?;!
!AF
? +?

2-32

!?;% :!?;!
’
?+?

2+:>

E)"$U$ O.&! !?;% # =&! !?.,#

?.,;% :?;%"?
1
#;% :?;%",:,;%"%:$

2-32

%:%;%

0.%:G

# :# ;%"&1# : ;,\
$&7&G

(&! !?1#;7# ) "?
1
#;% :?

1
# ;G"%:$

2+:

2+:>

E)"$K$ ?:?;%" H(4(<42B#>

;+O5"HR!4/"%-(+5%"145)1&2SE<+.,STT/")0&,1

a*(C-2; aYY a<‘
9(+:!"# 042* 329 042* 329
%$2e! %#M $]&M %%E" "]"F
%$2e# EF $]!L #%! %]!$
%$2e! LE $]ML LFF E]ME
%$2eE !!E %]LF " !!! #!]!F
%$2e! %%" $]&% % $%L E]M%
%$2e! %"E $]LE % %"% "]#!
%$2eE !"% %]MM E MF! #$]E$
%$2e# EL $]"# #$F %]$#
%$2e# "M $]EF #%L %]$M
%$2eE !$# %]"" E E%% %L]$"
,12*,H2 %M#]& $]L& % L!E]& &]MF

@@O+ S,C-2%" 9(+:!"# 034729(+:040(+ +);C2*
(."" 042*,+: 329:2+(42472042*,40(+ +);C2*3,+:
47240;2*2P)0*2: *23B294012-5>

D*(;S,C-2%" W29,+ 32247,4472aYY;247(:
03;)97 ;(*2 2..2940120+ 3(-10+H 472 %$ 4234
B*(C-2;39(;B,*2: W047 472a<‘ ;247(:>aYY

%L#



中国科学院大学学报 第 !" 卷

;247(: W047 ,+ ,12*,H2(.%M#]& 042*,40(+3,+:
$]L& 37,12,+ (C10()3,:1,+4,H247,+ a<‘W047 ,+
,12*,H2(.% L!E]& ,+: &]MF 3>

F R ;#& "22-(-".)$%&’"()*%+,-".)
/")0&,1
@@S7()H7 472aYY;247(: B2*.(*;312*5W2--0+
3(-10+H! % #" 472*203+(472(*54(H),*,+422043
H-(C,-9(+12*H2+92 0+ 9(+34*,0+2: 9,32%%$&> S(
2+3)*2H-(C,-9(+12*H2+92(.4703;247(:" W2;(:0.5
4703;247(: C5 0+9(*B(*,40+H3(;23(*4(.-0+2
32,*97>O4030;B(*4,+447,4472-0+232,*97 :(23+(4
:2H*,:2472B2*.(*;,+92(.472)+;(:0.02: aYY
;247(:>

D0*34-5" 47232P)2+92(&!!?#) H2+2*,42: C5472
aYY;247(: 03+(+J;(+(4(+2" 3(,+(+J;(+(4(+2
-0+232,*97 03+29233,*5><29(+:-5" W24,_2!’? ,3
472342B -2+H47 ,42,97 042*,40(+ ,3;)97 ,3B(330C-2>
Y,32: (+ 47232 4W( 9(+30:2*,40(+3" 472 QNN
!Q*0BB(JN,;B,*02--(JN)90:0# %%F& +(+J;(+(4(+2-0+2
32,*97 03,H((: 97(092>[2*2.2*4(472;(:0.02:
aYY;247(: W047 472QNN+(+J;(+(4(+2-0+232,*97
,3?aYY;247(: !3228-H(*047;%#>

&!!?.,# 034723;,--234(CV294012.)+940(+ 1,-)2

(12*472B,34?.,042*,40(+3"47,403"
&!!?.,# : ;0+

$&7&?.,
&!!7#>

RC10()3-5(&!!?.,#) 03,34*094-5;(+(4(+2:29*2,30+H

32P)2+92>O.+(3;,--2*.)+940(+ 1,-)203.()+: 0+
G ;% 042*,40(+3" 472*2.2*2+92.)+940(+ 1,-)2&1# W0--
C2)B:,42: C5472;,\0;);.)+940(+ 1,-)20+ ;(34
*292+4G ;% 042*,40(+3>

D5*&%-)0/F ?(+(4(+2,-H(*047;

E)"$H$ N24!$ C2,.2,30C-2B(0+4(.! % # " ?: $", : -@

$S!$$S# @%$>

E)"$F$ +? :@,&_ ,+: 42*;0+,420. +? b :$>

E)"$J$ !?;% :!?;!?+?" W72*2!? :$?!
!AF
? "$?# %$"#&>

E)"$U$ ?:?;% ’ H(4(<42B#>

E)"$K$ ?:?;%" H(4(<42B#>

@@A2\4" W2W0--0+4*(:)92,_0+: (.;(+(4(+2
B*(V294H*,:02+4;247(: W047 , +2W 342B -2+H47
30;0-,*4(!%$#>A(WW2H012,H2+2*,-.(*;(.472
;(+(4(+2B*(V294H*,:02+4;247(: .(*! % # !322

8-H(*047;##>
S72.(--(W0+H342B -2+H47 30;0-,*4(!DC?

!DCF? : #
#DCF? ;%!!AF?@% ;%!

!AF
?

!%F#

W72*2

#DCF? : !%!!AF?@% @%!
!AF
? # # ;

E%&?%
#
#

!!!AF?@%%&?@%%##槡 #

03H012+ C5*2B-,90+H!!A? W047 !
!AF
? 0+ !L#>D(--(W0+H

472.(*;)-,!%$#" 472342B -2+H47

!!C? :
!!AF? 0.;(:!?"E# :%(*#

!DCF?{ (472*W032
!%&#

03H012+>[2*2.2*4(472B*(V294H*,:02+4;247(:
W047 ! %& # ,3472a<Z ;247(:>RC10()3-5" 472
;247(:3a<‘ ,+: a<Z ,*23B290,-9,323(.472
8-H(*047;#>

T2*2W2+22: 4(B(0+4()447,4!DCF? ;,5+(47,12
47230;0-,*B*(B2*45(.! & # ,+: ! L # 0+ 4W(J
:0;2+30(+3.(*!%#" C)4472+);2*09,-*23)-43W0--
37(W47,4472a<Z;247(: 039(;B,*,C-24(472aYY
;247(:>

JR:5&O+5(&.C"%*".("+.+561-1

O+ 4703 32940(+" W2 ,+,-5X2 472 H-(C,-
9(+12*H2+92(.8-H(*047; % ,+: 8-H(*047; #>O+
W7,4.(--(W3" W2:2+(42472324(.3(-)40(+34(!%#
C5
V" :(!" #!I&!9# ’&!9"#".(*,--9#!)"
,+: 472(B40;,-1,-)2(.!%# C5&">

;0"&%"/ JWH @ O.8-H(*047; % :(23 +(4
42*;0+,420+ ,.0+042+);C2*(.042*,40(+3" 472*2;)34
2\034 , 34*094-5 ;(+(4(+2 :29*2,30+H 0+.0+042
3)C32P)2+920+ (&!!?#)>

S%&&2@N24JC2472-2+H47 (.472(&!!?.,#)>O.
J:;b" (&!!?.,#) 034723)C32P)2+923,403.50+H
472*2P)0*2;2+4>

O.J=;b 03.0+042" 472*22\0343,9(+34#$
W7097 3,403.023?1#$ :?

.
J>[047()4-(33(.H2+2*,-045"

-24#$ :$><0+92+(3;,--2*.)+940(+ 1,-)203.()+:

,.42*042*,40(+ ?.J" 472*2.2*2+92.)+940(+ &
1
# W0--C2

)B:,42: 212*5G ;% 042*,40(+3,+: 472-2+H47 (.(&1#)
030+.0+042>O4032,354(32247,4

&1#$;K:&
1
K:;,\

$&7&G
(&!!?1K;7#)"K:%"#"*!%L#

R+ 472(472*7,+:"

#L#



第 ! 期 NO?0+HP0,+H" 24,-$A2WB*(V294H*,:02+4;247(:3.(*P),:*,409B*(H*,;;0+HW047 -0+2,*2P),-0459(+34*,0+43

&1KE&!!?1K;%;7#"7:%"#"*"G> !#$#

O4.(--(W3.*(;?1K;% :?
1
K;G" !%L# ,+: !#$# 47,4

&1K’ ;,\
$&7&G

(&!!?1K;%;7#) !#%#

:&1K;%> !###

N24K:K;% 0+ !#$#" 472+&1K;% E&!!?1K;#;7#"7:%"
#"*"G>6(;C0+0+H!###" W29(+9-):247,4

&1KE&!!?1K;#;7#"7:%"#"*"G> !#!#
N247:G 0+ !#$#"472+

&1KE&!!?1K;%;G#
:&!!?1K;## !#E#

O4.(--(W3.*(;!#!# ,+: !#E# 47,4
&1KE;,\

$&7&G
(&!!?1K;#;7#) :&

1
K;#

W7097 0;B-02347,420472*212+ (*(:: 3)C32P)2+92(.
(&1K) 0334*094-5;(+(4(+2:29*2,30+H>O+ 9(+9-)30(+"
472472(*2;034*)2> (

[2H0123(;2B*(B2*4023(.)!!# ,+: +!!#
W7097 W0--C2)32: 0+ 472.(--(W0+H472(*2;3" W72*2
)!!# ,+: +!!# ,*2:2.0+2: ,3! %% # ,+: ! %! #
*23B294012-5>

S%&$&1-)-&. JWH ! a*(B2*4023(.)!!# ,+:
+!!##
a%>)2#Q-,+: !#!"!)!(# @(#S!! @)!(##
’ $>
a#>)! # !"&!!#S+!!# &@+!!#S+!!#>
a!>)!"" # !"+!!""# : . 0.,+: (+-5 0.
&!!""#S!! @!""# ’ $ .(*,--! # !>
aE>)! # Q- ,+: !""# V"" :((# !I+!(# :
.)" W27,12

! @!"" # &
% ;"-
"%

+!!# #>

@@S%&&2D0*34-5" a% 03472(B40;,-9(+:040(+ (.
!%%#!322U2.>%%%&#>

D*(;a%" W29,+ 2,30-5(C4,0+ a# C5*2B-,90+H
(W047 ! @&!!# 0+ a%>

a! 03B*(12: ,3.(--(W3>
D*(;472:2.0+040(+ (.+!!#" W2_+(W47,40.

+!!""# : ." !"" : )!!"" @ &!!""##>O.(03
*2B-,92: C5!""@&!!""# 0+ a%" a% 502-:3

&!!""#S!! @!""# ’ $)! # !> !#"#
6(+12*32-5" :)24()!!""@&!!""## #!"W27,12

&!!""#S+!!""# ’ $>
D*(;,C(120+2P),-045,+: a#" W2(C4,0+

$ &@+!!""#S+!!""# & $

W7097 ;2,+3+!!""# :$>
D0+,--5" W29(+30:2*aE>O+ a%" (03*2B-,92:

W047 ! @&!!# ,+: ! 03*2B-,92: W047 !""" 472+ W2
7,120+2P),-045,3.(--(W3"

!)!! @&!!## @! ;&!!##S

!!""@)!! @&!!### ’ $> !#M#
O+ .,94" C5472:2.0+040(+ (.+!!# ,3!%!#" W2_+(W
47,4!#M# 032P)01,-2+44(

!+!!# ;&!!##S!!""@! @+!!## ;
&!!""#S!!""@!# ’ &!!""#S!!""@!#>

!#F#
U2,**,+H0+H!#F#" W27,12

& !!""#S!!""@!# @&!!#S+!!#
’ +!!#S!! @!""# ; +!!# # ;

!&!!""# @&!!##S!!""@!#
’ +!!#S!! @!""# ; +!!# # ;

!!""@!#S"!!""@!#
’ +!!#S!! @!""# ;"% ! @!"" #

#> !#&#

R+ 472(472*7,+:"
& !!""#S!!""@!# @&!!#S+!!#
:&!!""#S!!""@!# ;!&!!""# @&!!##S+!!# @
&!!""#S+!!#

:&!!""#S!!""@! @+!!## ;!!""@!#S"+!!#
:&!!""#S!!""@)!! @&!!### ;

!!""@!#S"+!!#> !#L#
<0+92)!! @&!!###!,+: .*(;a!" 472+ W27,12

& !!""#S!!""@!# @&!!#S+!!#
& !!""@!#S"+!!#> !!$#

6(;C0+0+H!#&# ,+: !!$#" W2(C4,0+ 47,4
+ !!#S!! @!""# ;"% ! @!"" #

#

& !!""@!#S"+!!#> !!%#
U2,**,+H0+H!!%#" W27,12

! @!"" # &
!!""@!#S!-;"#+!!#

"% ! @!"" #

&
% ;"-
"%

+!!# #> !!##

S7039(;B-2423472B*((.> (
A(W" W2H012472.(--(W0+H472(*2;,C()4472

2P)01,-2+4(B40;,-9(+:040(+3(.!%#>
;0"&%"/J@F@<)BB(32!" 03,.2,30C-2B(0+4

(.!%#" 472.(--(W0+H*23)-43,*22P)01,-2+4$
I%>!" # V">
I#>+!!" #S&!!" # :$>
I!>+!!" #S"+!!" # :$>

!L#



中国科学院大学学报 第 !" 卷

IE>+!!" # :.>
S%&&2I%* IE$

D*(;a!" +!!" # :$ 032P)01,-2+44(
&!!" #S!! @!" # ’ $")! # !>

S72,C(120+2P),-0450;B-02347,4!" 034723(-)40(+
(.472.(--(W0+H-0+2,*B*(H*,;;0+H

;0+&!!" #S!
3>4>! # !>

!!!#

RC10()3-5" ! % # ,+: ! !F # 7,124723,;2ffS
35342;" 3(!" # V">

<0+92I%* IE" +!!" # :.>S72+ B*(B(3040(+
I%+ I# ,+: I%+ I! 9,+ C22,30-5(C4,0+2:>D*(;
I# ,+: a#" W27,1247,4+!!" # :."W7097 ;2,+3
I% 03234,C-0372:>
I!+I%$
833);2I% 03+(4234,C-0372:" 47,403" !" , V">
D*(;a# ,+: I#" W27,12+!!" #S&!!" # =$>83&
!9# 03P),:*,409,+: +!!" #S"+!!" # :$"W27,12
&!!" ;!+!!" ## :&!!" # ;!&!!" #S+!!" #>N24
!-;b" 472+ &!!" ;!+!!" ## -@b W7097
9(+4*,:094347,4!%# 03C()+:2: C2-(W>S7)3" !"

C2-(+H34(V"> (
899(*:0+H4(S72(*2;!]# ,+: aE" W29,+ 322

47,4V" cV"">S72+" .(*,--.2,30C-2B(0+43!.V" "
+!!#S"+!!# E$>

S7)3" 472.(*;)-,!%"# ,+: !%&# ,*2W2--:2.0+2:
)+-233!?03,(B40;,-B(0+4(.!%#>

D0+,--5" W2B*232+4472H-(C,-9(+12*H2+92(.
8-H(*047;#>

;0"&%"/ J@J R O.8-H(*047; # :(23 +(4
42*;0+,420+ ,.0+042+);C2*(.042*,40(+3,+: 472
32P)2+92($?) 7,3,+ ,99);)-,40(+ B(0+4$

g
# !$"

##" 472+ 47232P)2+92 (&! !?#) H2+2*,42: C5

8-H(*047;# 9(+12*H234(&">
S%&&2@RC32*1247,4.(*,--?"

%?!$# :&!!?;$!
!AF
? +?#

03,P),:*,4099(+12\.)+940(+ (.4721,*0,C-2$>
D*(;472:2.0+040(+ (.!!AF? " W2H2447,4%?!$#
,44,0+3H-(C,-;0+0;); W72+ $c%>T2+92C5
35;;24*5(.472P),:*,4099(+12\.)+940(+ %?!$#"
%?!$# c%?!## ,+: .(*,+5$#%$"#&"%?!$#&%?
!$#>S72*2.(*2

%?!$?# :&!!?;%# & &!!?#"
.(*,--?>S72,C(120+2P),-0450;B-02347,4(&!!?#)

03 , ;(+(4(+09,--5 :29*2,30+H 32P)2+92>
D)*472*;(*2" &!!?# 03C()+:2: C2-(W" 3((&! !?#)
,9(+12*H2+432P)2+92"

-0;
?-;b

!&!!?# @&!!?;%## :$> !!E#

Y29,)32$
g03,+ ,99);)-,40(+ B(0+4(.($?) ,+: $

g
#

!$" # #" 472*22\0343,9(+34& # ! $" % # ,+:
3)C32P)2+92$?7# % &"# d&&>/30+H472B*(B2*4023

(.%?W27,12
&!!?7# @&!!?7;%# :%?7!$# @%?7!$?7#

’ %?7!$# @%?7!&#

:@&%F?7!$# @
&#

# %
L?7!$#

:&!!AF?7 &
S
?7
+?7@

&#

# !
!AF#
?7
+S?7"+?7

:&!# @&#
#

!&S?7+?7#
#

+S?7"+?7
<0+92&S?7+?7&@+

S
?7& $" 472+ I&

S
?7
+?7I’I+

S
?7
+?7I>

S7)3" W27,1247,4

@ &!!?7# @&!!?7;%# ’
&!# @&#

#
!+S?7+?7#

#

+S?7"+?7

’
&!# @&#+S?7+?7
#";,\!"#

> !!"#

N247- eb 0+ 472!!"#" 472+
$ :-0;

7-;b
!&!!?7# @&!!?7;%##

’ -0;
7-;b

&!# @&#+S?7+?7
#";,\!"#

’ $>

D*(;472,C(120+2P),-045" W29(+9-):247,4+?7-."
7- eb>

O4.(--(W3.*(; aE 47,4!?79(+12*H234(3(;2

(B40;,-B(0+4!"#V"><0+92&! !# 039(+40+)()3"
W27,12

&!!?7# - &
">

83(&!!?#) 03:29*2,30+H,+: C()+:2: .*(;C2-(W"

472W7(-232P)2+92(&!!?#) 9(+12*H234(&
"> (

UR!4/"%-(+5"X$"%-/".)1

O+ 470332940(+" W2*2B(*4472+);2*09,-*23)-43
(.472B*(V294H*,:02+4;247(:3B*(B(32: 0+ 4703
B,B2*>S724234B*(C-2;3,*2:230H+2: C,32: (+ +0+2
B,*,;242*3-"+" +9(+:" %9" M9" %4" M4" %"" M">O+

B,*409)-,*" W2:2+(42"c)!NS" W72*2

):’
!

,:%
!-@#","

S
,#

EL#



第 ! 期 NO?0+HP0,+H" 24,-$A2WB*(V294H*,:02+4;247(:3.(*P),:*,409B*(H*,;;0+HW047 -0+2,*2P),-0459(+34*,0+43

,+: "%" "#" "! ,*2*,+:(;)+041294(*3" ,+: !03
:0,H(+,-;,4*0\W7(32,J47 9(;B(+2+403:2.0+2: C5

-(H", :
,@%
- @%

-9(+:" ,:%"*"->

S720+040,-B(0+4!$" ;,4*0\$,+: 472-0+2,*42*;#
,*2H2+2*,42: C5?,4-,C .)+940(+ *,+: W047 2+4*0230+
%%9" M9&" %%4" M4&" %%"" M"& *23B294012-5>% 03
C)0-4,3% :$!$>O+ ()*42343" W27,12.0\2: !%9"
M9" %4" M4" %"" M"# c! d"""" d%$"%$" d%$"%$#>
+" -" ,+: +9(+: ,*2 B(3040120+42H2*397(32+
*,+:(;-50+ 4720+42*1,-%"$"&$$&" %% $$$"# $$$&
,+: %#"M& C5472.)+940(+ 1(-5,-)*23B294012-5>83
47234(BB0+H9*042*0(+ W2)32

%+?%b & %$
@E%+$%b>

@@ 8--42343,*29(+:)942: (+ ,[0+:(W3ha
B*(.2330(+,-9(;B)42*!a2+40); U" #]FL QTi#
W047 ?,4-,C F]%$>

D0*34-5" W2H2+2*,42%$$ *,+:(;4234B*(C-2;3
4(4234472aYY;247(: ,+: 472?aYY;247(: W047
’c%"#"*"%">S72+);2*09,-*23)-43,*2*2B(*42:
0+ S,C-2#" W72*28042*,+: 8329:2+(42472,12*,H2
+);C2*(.042*,40(+3,+: 40;2*2P)0*2: W047 *2H,*: 4(
47232%$$ 4234B*(C-2;3*23B294012-5>

D*(;S,C-2#" W232247,4472aYY;247(:
B2*.(*;3W(*32,3’!’jM # 0+9*2,323W047 *,*2
2\92B40(+" 3(:(23472?aYY;247(: !’j##>R+
472W7(-2" 472042*,40(+3,+: 40;2(.472324W(
;247(:37,12,42+:2+954(,392+: W047 472H*(W47
@@@

(.’>844723,;240;2" W23)HH234’cM .(*472
aYY;247(: ,+: ’c# .(*472?aYY;247(:>8-3(
W29(+9-):247,4472?aYY;247(: B2*.(*;3;)97
C2442*47,+ aYY;247(:>

;+O5"FR;"1)-.* )0"STT+.,8STT/")0&,1

+1/ -.(%"+1"1

’
aYY ?aYY

8042* 8329 8042* 8329
% !$L]LM !]&" %FM]!F #]"&
# #&#]M% !]M% HJIWYJ FWHU
! #FF]#! !]"F %E"]EM #]#"
E #M&]"E !]EL %"E]%" #]!$
" #FF]E! !]"F %EL]M# #]#F
M FNIWGU JWUY %"E]&F #]#L
F #FF]M$ !]"M %""]EE #]#!
& #&#]!! !]M% %"M]&L #]!!
L #F&]"! !]"F %"M]$L #]!!
%$ #&#]E# !]"& %"F]#E #]!#
%% #&"]L" !]ME %MM]&& #]EE
%# #L%]L& !]F# %F$]#& #]EL
%! #LF]F! !]FM %F#]%! #]E"
%E !$!]&" !]&$ %FM]&F #]"M
%" #L"]&" !]F! %FF]!! #]"#

@@S,C-2! -0343472+);C2*3(.042*,40(+3,+: 40;2
*2P)0*2: C5472a<‘" aYY!’cM#" ?aYY!’c
## ,+: a<Z;247(:3.(*%" *,+:(;B*(C-2;3>D*(;
47034,C-2" W29,+ 9-2,*-532247,4472a<‘;247(: 03
30H+0.09,+4-53-(W2*47,+ 472(472*47*22;247(:3>
8-47()H7" 472a<Z033-0H74-5W(*3247,+ 472?aYY
;247(:" 472a<Z;247(: B2*.(*;3C2442*47,+ aYY
;247(:>[7,4+3;(*2" 472?aYY;247(: B*(B(32:
@@@;+O5"JR>&/$+%-1&.&2.4/"%-(+5%"145)12&%%+.,&/)"1)$%&O5"/1+/&.* )0"/")0&,1

a*(C-2; a<‘ aYY ?aYY a<Z
+9(+: + - O42* <29 O42* <29 O42* <29 O42* <29
# MM% % L$M %E" !]F! EF #]$E !! #]%" E! #]"&
" FL! % &!! " ""! &E]#! E$# F]&E #$% "]E% #!# F]F!
# #"& % &$" #"% E]%% "L %]!% "# %]#& "E %]&&
! #E# % #&& % %L" &]&& %%& %]$L %#% %]## %%L %]"&
# !&! % $%" %#L $]LE E% $]E& E$ $]"L E# $]F$
E MFM % !!E % $!" L]#" %!F #]$& L! %]F& %#M #]F$
# F%M % M&M %%F !]$! E% #]$% !# #]$" EM #]!$
# ##M % &$# #E% !]M! M% %]E& "# %]!$ M# %]L#
E E%& % !&& ! %$F #"]%M #$F #]#L %"! %]&E %FL #]F"
M !## % %$F ## !#L %#!]!$ &%$ E]FF #M# %]ME E%& !]F"
! EF$ % L%E % $$" %"]%F %%% #]"# %%& #]L# %EF E]E#
" F& % L%$ #" L%% EML "E& L]&% %L# #]L" #$& E]F#
M E&L % L$M #M &&! E&M]MF % $L$ #%]L! #"! "]LF ##F F]#"
# M!& % %#& ML %]!L E$ %]%& #M %]%E #" %]%M
" M&L % FFF M "ML %$#]F& !"F F]M$ %LE "]#& #"" &]$M
" !LL % "%% %E $&F %M%]#" "%L "]L! #!F !]!F !$$ "]L#
E FMM % $M$ ##" #]!& FE %]"& EL %]E! "$ %]"E

,12*,H2 M E$! &&]"! #FE]#! E]EF %#E #]EL %EL !]"L

"L#



中国科学院大学学报 第 !" 卷

C5)303+(4(+-54(H),*,+4224729(+12*H2+92(.
aYY;247(: C)4,-3(4(B2*.(*; ;)97 C2442*47,+
472-,442*(+2>

KR>&.(541-&.1

O+ 4703 B,B2*" W2 B*(B(32: 4W( ;247(:3"
?aYY,+: a<Z" .(*P),:*,409B*(H*,;;0+HW047
-0+2,*2P),-0459(+34*,0+43!kaNI# C,32: (+ 472
2..0902+4342B -2+H47 32-2940(+3,+: 7,12234,C-0372:
4720*9(+12*H2+92 )+:2*;0-: ,33);B40(+3> R)*
+);2*09,-*23)-43:2;(+34*,4247,4472+2W B*(V294
H*,:02+4;247(:3W047 47232342B 32-2940(+ *)-237,12
3)B2*0(*045(12*472;247(:3W047 9-,3309,-342B
-2+H47>

Q"2"%".("1
% % &@Y,*X0-,0’" Y(*W20+ ’?>SW(JB(0+4342B 30X2H*,:02+4;247(:3

%’&>O?8’()*+,-(.A);2*09,-8+,-5303" %L&&" &!%# $ %E%J

%E&>

% # &@i7() Y" Q,(N" ‘,0ZT>Q*,:02+4;247(:3W047 ,:,B4012

342BJ30X23%’&>6(;B)4,40(+,-RB40;0X,40(+ ,+: 8BB-09,40(+3"

#$$M" !"!%# $ MLJ&M>

% ! &@U,5:,+ ?>R+ 472Y,*X0-,0,+: Y(*W20+ 97(092(.342B-2+H47

.(*472H*,:02+4;247(: % ’&>O?8 ’()*+,-(.A);2*09,-

8+,-5303" %LL!" %!!!# $ !#%J!#M>

% E &@‘,0ZT" N0,(Ni>UJ-0+2,*9(+12*H2+92(.472Y,*X0-,0,+:

Y(*W20+ H*,:02+4;247(: % ’&>O?8 ’()*+,-(.A);2*09,-

8+,-5303" #$$#" ##!%# $ %J%$>

% " &@‘,0Z T" D-24972*U>A2W,-H(*047;3.(*30+H-5-0+2,*-5

9(+34*,0+2: P),:*,409B*(H*,;33)CV2944(-(W2*,+: )BB2*

C()+:3%’&>?,472;,409,-a*(H*,;;0+H" #$$M" %$M ! ! # $

E$!JE#%>

% M &@U,5:,+ ?>S72Y,*X0-,0,+: Y(*W20+ H*,:02+4;247(: .(*472

-,*H239,-2)+9(+34*,0+2: ;0+0;0X,40(+ B*(C-2;%’&><O8?

’()*+,-(+ RB40;0X,40(+" %LLF" F!%# $ #MJ!!>

% F &@Z),+ Z>Q*,:02+4;247(:3.(*-,*H239,-29(+12\P),:*,409

.)+940(+3% ? & / RB40;0X,40(+ ,+: U2H)-,*0X,40(+ .(*

6(;B)4,40(+,-O+12*32a*(C-2;3,+: 8BB-09,40(+3>Y2*-0+$

<B*0+H2*T20:2-C2*H" #$%$$ %E%J%"">

% & &@Z),+ Z>8+2W342B30X2.(*4723422B234:2392+4;247(:%’&>

’()*+,-(.6(;B)4,40(+,-?,472;,4093" #$$M$ %ELJ%"M>

% L &@‘,0Z" Z),+ Zh>8+,-5303(.;(+(4(+2H*,:02+4;247(:3

%’&>’()*+,-(.O+:)34*0,-,+: ?,+,H2;2+4RB40;0X,40(+"

#$$"" %!## $ %&%>

%%$&@‘,0ZT" D-24972*U>a*(V2942: Y,*X0-,0JY(*W20+ ;247(:3.(*

-,*H2J39,-2 C(\J9(+34*,0+2: P),:*,409 B*(H*,;;0+H% ’&>

A);2*03972?,472;,40_" #$$"" %$$!%# $ #%JEF>

%%%&@T,H2*[ [" i7,+HT>8+2W,94012324,-H(*047;.(*C(\

9(+34*,0+2: (B40;0X,40(+%’&><O8?’()*+,-(+ RB40;0X,40(+"

#$$M" %F!## $ "#MJ""F>

%%#&@i7() Y" Q,(N" ‘,0Z>?(+(4(+2B*(V2942: H*,:02+4;247(:3

.(*-,*H239,-2C(\J9(+34*,0+2: P),:*,409B*(H*,;;0+H% ’&>

<902+920+ 670+,<2*0238" #$$M" EL!"# $ M&&JF$#>

%%!&@‘283;)+:03U" :0<2*,.0+(‘" U0990(D" 24,->R+ 3B294*,-

B*(B2*4023(.3422B234:2392+4;247(:3%’&>O?8’()*+,-(.

A);2*09,-8+,-5303" #$%!$ :*3$"M>

%%E&@i,++0N" <2*,.0+0S" i,+H70*,40Q>a,*,--2-3(.4W,*2.(*

4*,0+0+H-,*H239,-23)BB(*41294(*;,970+23(+ ;)-40B*(9233(*

35342;3%’&>’()*+,-(.?,970+2N2,*+0+HU232,*97" #$$M" F

!F# $ % EMFJ% EL#>

%%"&@<2*,.0+0S" i,+H70*,40Q" i,++0N>a,*,--2-:29(;B(3040(+

,BB*(,9723.(* 4*,0+0+H 3)BB(*41294(* ;,970+23% ’&>

8:1,+9230+ a,*,--2-6(;B)40+H" #$$E" %!$ #"LJ#MM>

%%M&@i,+H70*,40Q" i,++0N>8B,*,--2-3(-12*.(*-,*H2P),:*,409

B*(H*,;30+ 4*,0+0+H3)BB(*41294(*;,970+23%’&>a,*,--2-

9(;B)40+H" #$$!" #L!E# $ "!"J""%>

%%F&@Q*0BB(N" N,;B,*02--(D" N)90:0<>8 +(+;(+(4(+2-0+2

32,*97 4297+0P)2.(*A2W4(+l3;247(:%’&><O8?’()*+,-(+

A);2*09,-8+,-5303" %L&M" #!!E# $ F$FJF%M>

ML#


