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FEM numerical modeling of 3-D DC resistivity
under complicated terrain

LI Yong', LIN Pin-rong', XU Bao-li's WANG You-xue’
(1. Institute of Geophysical and Geochemical Exploration, Chinese Academy of Geological Science, Lang fang 065000, China;

2. Department o f Resources and Environment Engineering » Guilin University of Technology . Guilin 541004 ,China)

Abstract The computation technique of forward modeling for three-dimensional DC resistivity under complicated
terrain using the finite element method is systematically described in this paper. Firstly, the three-dimension
boundary question and its corresponding variation question concerning the point-source electrical field on a 3-D
structure are presented. Secondly, the finite element method is used to solve the variational equation. The study area
is divided into many tetrahedral elements. Then, we interpolate with a tri-linear function in each element. So, the
variational equation is converted into a linear equation system. Finally, taking into account saving of time, we make
use of symmetric successive overrelaxation preconditioned conjugate gradient algorithm to solve large linear system,
and obtain the potential value of each node, resulting in the calculation of the apparent resistivity values on the ground
surface. We test the effectiveness of the algorithm through theoretical model calculations, and give a few numerical
modeling results of several common terrains and a combined model. This research effort has setup a basis for research
of three-dimensional DC resistivity inversion.

Keywords finite element method (FEM),DC resistivity,complicated terrain, three-dimensional, (3-D)
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(a)Ridge topography; (b) Valley form; (c)Sloping terrain; (d) vertical steep terrain
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(a)Sketch of model 2;(b) Apparent resistivity(ohm. m) contours

of different survey lines

6 % #

TERIF 58 5 2 MU TE = 4 B0 R B R AT RGBS
PSR R v FRATT A R U = A 3 L 3 i L B 3
(BT o 4 S 17 AR 23 ) AL 5 A 5K Al A8 7 T it i
R RT3 R UL 3t B4 1 T A R T ) A
TR ] IS R AT S o 10 SR R 2 2% M0 I 7 e 4

P18 X o A% 5t 9T 4% 1 T B B B R AR i X RE R
T HOE SR HOR B RS E R TR R R R
JIT 52 B = 4RO 00 0 vk B S s Lt
SRR R Ry R 3 TS AUL A A T = 4 b H AR Y
SRR WS A Y R A HUE = 4 M F A i S R
H, 37 H AL 14 20 A RIRR R 4 41E A R A A )
B A BIF 5 L PR BHL 23 = 4 i BE T AR A

(AT R 02 BR T R AR SCPE 3 45t i 18R
A58 AUARE T 7 5, A7 OC B 0 B 22 i i 4EE S 4 Cfg)
AR ZHE TR 25 & B = 4k =R R R R 4 R ¢
PR FL B A S AR AR S Al I S D o T JE 2L 1Y
CE A
B OB EATHREEP.EEGRIFERR
FF 5 1% W3R 4 2R M 2R AL 3 B B AR PTA F PS RL
X R &6 35T 5 A B, R T R

5 * 3 #H (References):

[1] Dey A, Morrision H F. Resistivity modeling for arbitrarily
type curves for three-dimensional structures[]J]. Geophysical
Prospecting,1979,27.106~136.

[2] Scriba H. Computation of the electrical potential in three-
dimensional structures[ J]. Geophysical Prospecting, 1981, 44
(1):80~92.

[3] Pridmore D F, Hohmann G W, Ward S H, Sill W R. An
investigation of finite-element modeling for electrical and
electromagnetic data in three dimensions [ J]. Geophysics,
1981,46:1009~1024.

[4] Truman H T, George R J. Three-dimensional terrain
corrections in resistivity surveys[ J]. Geophysics,1984,49(4)
439~452.

[5] Yuguo L, Klaus Spitzer. Three-dimensional DC resistivity
forward modeling using finite elements in comparison with
finite-difference  solutions [ ] ].  Geophysical Journal
International,2002,151(3) :924~934.

[6] Papadrakakjs M. Accelerating vector iteration methods. J.
Appl. Mech. ,1986,53:291~297.

[7] HZEE, ¥ 22, B =48 8UE il foc ik

LI, MO b 3 27 e 2% 4R . 1986, 13(3) : 170~175.
Tian X M, Huang L. Z. The boundary element method of the 3-
D topographic correction for the resistivity method in the point
source field[J]. Computing Techniques for Geophysical and
Geochemical Exploration(in Chinese) ,1986,13(3):170~175.

(8] b, =ZesbJr 360 & 1) S M 1 5 U 7 4 30 57 0 e i

L] WAV B 2R e 4% . 1985,15(2) .54 ~61.
Xu S Z. The boundary element method solving point source
electric field under the circumstances of three-dimensional
topography and homo-anisotropic rock [ J ]. Journal of
Shandong College of Oceanology(in Chinese),1985,15(2):54
~61.



1046

ok P W

P 24 %

9]

(10]

[11]

[12]

[13]

[14]

[15]

Rttt B A L. = 4EHE B IR 1 R Tk [ ]
B AR A T2 B 2 4T . 1985, 5(2) :163~168.
Xu S Z,Zhao S K. The boundary element method calculating
electric field of a point source on three-dimensional topography
[J]. Journal of Guilin College of Geology(in Chinese),1985,5
(2):163~168.
IR A, 52 2% b Hs A5 1R R U = A e B R BB B Oy
U] PRI R AR . 1991.11(1D) : 13~20.
Xu S Z,Ni Y. A new method for modeling the resistivity
surveys with point source on 3-D arbitrary nonhomogeneous
geoelectrical section [ J ]. Computing Techniques for
Geophysical and Geochemical Exploration(in Chinese), 1991,
11(1):13~20.
BUTT 58 AEMS AR T 7. = 20 3t vl 7 T vl BHL 40 0 AT R O 2 M
BT ], kA2, 2001,26(1),73~77.
Ruan B Y, Xiong B, Xu S Z. Finite element method for
modeling resistivity sounding 3-D geoelectric section [ ] ].
Earth Science(in Chinese) ,2001,26(1) :73~77.
DU S8, ABMS. HE 5 4 3 200 1 0 = 4 H BH A %
ML), HER Y B4, 2002,45(1) ,131~138.

Ruan B Y, Xiong B. A finite element modeling of three-

A BT 2

dimensional resistivity sounding with continuous conductivity
[J]. Chinese J. Geophys. (in Chinese), 2002, 45 (1): 131
~138.

REMS DU 58, B e BN, T8 A5 10 T B H BE R S 4
BE AR 5T LT, 5 5 #2003, 39(4) : 60~64.

Xiong B,Ruan B Y.Luo Y Z. 3-D numerical simulation study
of DC resistivity anomaly under complicated terrain [ ] ].
Geology and Prospecting(in Chinese) ,2003,39(4) :60~64.
SN B4 o524 Cholesky SESEHEJE e O£ 10 it 5
R LT, Al B B2 4. 1998, 33(1) - 89~94.
Wu X P,Xu G M. Incomplete Cholesky conjugate gradient
method and its application in geoelectric field computation
[J]. Oil Geophysical Prospecting(in Chinese),1998,33(1):
89~94.

RN R R 4. R ICCG 3% AR H A e e BH % = 4k 1F 3
L] BT B4R, 199927 .62~ 66.

Wu X P, Xu G M. 3-D resistivity forward calculation

[16]

(171

[18]

[19]

[20]

[21]

[22]

accelerated by ICCG iteration trchnique[ J]. Coal Geology &-
Exploration,1999,27:62~66.

RN ARR A AL RIS 58 4 Cholesky 388 48 B 1
SRR =i [T, HuBER ¥ B 24 4k, 1998, 41 (6) : 848
~855.

Wu X P,Xu G M,Li S C. Geoelectric field of point source by
incomplete cholesky conjugate gradient method[J]. Chinese
J. Geophys. (in Chinese) ,1998,41(6) ;848~855.
SNPGRS R TS SRS B R 0 HL B R = 4R A R OTIE
L], M BRI B 247 . 2003,46(3) 1428 ~432.

Wu X P,Wang T T. A 3-D finite-element resistivity forward
modeling using conjugate gradient algorithm[J]. Chinese J.
Geophys. (in Chinese) ,2003,46(3) :428~432.

PRt sk B A R T (ML b st B W AL,
1994,178~189.

Xu S Z. The finite element method in geophysics [ M ].
Beijing: Science Press,1994,178~189.

il 58 EABAR A & A BRI R 3K 0 A2 4 3 5 K i Y BF 5
BERELT ] spk Yy o 9 J . 2007, 22(5) : 1673~1679.

He L., Wang X D, Yang F,Cao H . Estimation of soil water
content by Ground Penetrating Radar [ ] ].
Geophysics (in Chinese), 2007,22(5) :1673~1679.

Ji AR R R B SO T A BR 2 TR = A v B R
SCHEMFFELT]. MRy B2 3 i . 2007, 22(5) : 1393~ 1402,

Qu Y H, Zhang G B, Zhao L. F, Wen Z J. Study on 3-D

Progress in

resistivity inversion for infinite surface-borehole line current
source[ ] ]. Progress in Geophysics (in Chinese), 2007, 22
(5):1393~1402.

0] 4k 3 . A% 45 P U 1 T R R 0 1. st R 4 3L 2 3 TR L 2007, 22
(4):1250~1254.

He J S. The new development of frequency domain electro-
prospecting[ J]. Progress in Geophysics (in Chinese), 2007,
22(4):1250~1254. .

I AL BT AL A B HER B 2 e R B 0 T
(1], Ha Bk Py 3% 33E % . 2007,22(4) - 1181 ~1194.

Tang J] T.Ren Z Y, Hua X R. The forward modeling and

5 5

inversion in geophysical electromagnetic field[J]. Progress in

Geophysics (in Chinese), 2007,22(4) :1181~1194.



57 25 M0 T = 4 5 9 P L A R ST (B A ISRELEL ! -

(=" AW, WA, A, FAY%¥, LI Yong, LIN Pin-rong, XU Bao-1i, WANG You-
xue

5 AT A5, MO AE, 438, LT Yong, LIN Pin—rong, XU Bao—11i (71 [El b e R} 22 B H BR A B HhER 14, 2%
WETREFTIT, Y, 065000),  FA5 %%, WANG You—xue CREAKTE T A2 I S FRIE TR &, FEMK
,541004)

L Huapy g e ISTICPRU]

LT A4 PROGRESS IN GEOPHYSICS

50 2009, 24(3)

5 R 1K

1.Dey A.Morrision H F Resistivity modeling for arbitrarily type curves for three—-dimensional

structures 1979

2.Scriba H Computation of the electrical potential in threedimensional structures 1981(01)

3.Pridmore D F.Hohmann G W.Ward S H.Sill W R An investigation of finite—element modeling for

electrical and electromagnetic data in three dimensions 1981

4. Truman H T.George R J Three-dimensional terrain corrections in resistivity surveys 1984 (04)

5. Yuguo L.Klaus Spitzer Three—dimensional DC resistivity forward modeling using finite elements in

comparison with finite-difference solutions 2002 (03)

6. PapadrakakiS M Accelerating vector iteration methods 1986

7. HZEE. B2 U B AR = B SUE R S e 1986 (03)

8. AL LRI 5 % i S P A R R 7 (Y S T 1985 (02)

9. llhir. Bl 4R b s A R S AR 1985 (02)

10, AR % 52 A% B A P T a5 —= 4 W BER B RT Jv 1991(01)

LL. Brg 58, B DR IEaT — 2t rl b o v B 5 P PR TE BOESED) DI TAE 300 = R s 27— i b O 2 23

2001 (01)

12. Ui 58, BEM HL SRS AR (o pty — 2 b S AR A R T B AU IR 8 S0 ] - ek B2 4 2002 (01)

13. fEME. BTt 58, el SR A I T o B A S e BT DI S0 -3 5 W 2003 (04)
14, S IR A58 43Chol esky JUAURE I 1% S JUAE L B v S B9 T 1998 (01)

15. /NP A5 A TCCGIRA R A I B BEL = 4 1 33 15 AR 8 ST - T b R 5 B4 1999

16. /N AR AR AL R R AN 56 4xChohsky JEHRMRA BE VSR Al s — 4k kg DTS S0 - Bk L2241 1998 (06)
17. S/ IR R FH LR B S ) ri BH 2 = 4G B e 1 35 D8 S - Hh sk B 24 2003 (03)

18. AR BRI EE P A R R ICTE 1994

19. 155, THA. B B4 PRHO TR D02 15 AR IR 500 R DU RUIR 3C] -HO BRI B EE 2007 (05)

20. JHATTH. 5K 0T BOERE. SCRA JFHbAT PR e = 4 vl BH R SO I D T e SC] - M Bk B 22k e 2007 (05)
21 T4k SR by (R pT e BRI ST - IRk 3 2 0k g 2007 (04)

22. JIF L ATEUA. oA HuBRA B2 v 0 WU 138 S SO TR SO - S BRI B 220 g 2007 (04)

HEADLSCHR (726)

L 2R 30 SRR R AR ¢t R B A LB SR BT 9T 2006

KBk, DRI AN N L S B A, IR A S B 5 IR TR R R R AT A
B, o, SR, R SERURRE RN TR AR, DB HEL O U GBS, WA T SERLI RN LR R AR RO
7o BB S AR R P B AN 1A AL



http://d.g.wanfangdata.com.cn/Periodical_dqwlxjz200903031.aspx
http://g.wanfangdata.com.cn/
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e6%9d%8e%e5%8b%87%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e6%9e%97%e5%93%81%e8%8d%a3%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e5%be%90%e5%ae%9d%e5%88%a9%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e7%8e%8b%e6%9c%89%e5%ad%a6%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22LI+Yong%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22LIN+Pin-rong%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22XU+Bao-li%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22WANG+You-xue%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22WANG+You-xue%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Organization%3a%22%e4%b8%ad%e5%9b%bd%e5%9c%b0%e8%b4%a8%e7%a7%91%e5%ad%a6%e9%99%a2%e5%9c%b0%e7%90%83%e7%89%a9%e7%90%86%e5%9c%b0%e7%90%83%e5%8c%96%e5%ad%a6%e5%8b%98%e6%9f%a5%e7%a0%94%e7%a9%b6%e6%89%80%2c%e5%bb%8a%e5%9d%8a%2c065000%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Organization%3a%22%e4%b8%ad%e5%9b%bd%e5%9c%b0%e8%b4%a8%e7%a7%91%e5%ad%a6%e9%99%a2%e5%9c%b0%e7%90%83%e7%89%a9%e7%90%86%e5%9c%b0%e7%90%83%e5%8c%96%e5%ad%a6%e5%8b%98%e6%9f%a5%e7%a0%94%e7%a9%b6%e6%89%80%2c%e5%bb%8a%e5%9d%8a%2c065000%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Organization%3a%22%e6%a1%82%e6%9e%97%e7%90%86%e5%b7%a5%e5%a4%a7%e5%ad%a6%e8%b5%84%e6%ba%90%e4%b8%8e%e7%8e%af%e5%a2%83%e5%b7%a5%e7%a8%8b%e7%b3%bb%2c%e6%a1%82%e6%9e%97%2c541004%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Organization%3a%22%e6%a1%82%e6%9e%97%e7%90%86%e5%b7%a5%e5%a4%a7%e5%ad%a6%e8%b5%84%e6%ba%90%e4%b8%8e%e7%8e%af%e5%a2%83%e5%b7%a5%e7%a8%8b%e7%b3%bb%2c%e6%a1%82%e6%9e%97%2c541004%22+DBID%3aWF_QK
http://c.g.wanfangdata.com.cn/periodical-dqwlxjz.aspx
http://c.g.wanfangdata.com.cn/periodical-dqwlxjz.aspx
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22Dey+A%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22Morrision+H+F%22+DBID%3aWF_QK
http://d.g.wanfangdata.com.cn/ExternalResource-dqwlxjz200903031%5e1.aspx
http://d.g.wanfangdata.com.cn/ExternalResource-dqwlxjz200903031%5e1.aspx
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22Scriba+H%22+DBID%3aWF_QK
http://d.g.wanfangdata.com.cn/ExternalResource-dqwlxjz200903031%5e2.aspx
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22Pridmore+D+F%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22Hohmann+G+W%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22Ward+S+H%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22Sill+W+R%22+DBID%3aWF_QK
http://d.g.wanfangdata.com.cn/ExternalResource-dqwlxjz200903031%5e3.aspx
http://d.g.wanfangdata.com.cn/ExternalResource-dqwlxjz200903031%5e3.aspx
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22Truman+H+T%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22George+R+J%22+DBID%3aWF_QK
http://d.g.wanfangdata.com.cn/ExternalResource-dqwlxjz200903031%5e4.aspx
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22Yuguo+L%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22Klaus+Spitzer%22+DBID%3aWF_QK
http://d.g.wanfangdata.com.cn/ExternalResource-dqwlxjz200903031%5e5.aspx
http://d.g.wanfangdata.com.cn/ExternalResource-dqwlxjz200903031%5e5.aspx
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22PapadrakakiS+M%22+DBID%3aWF_QK
http://d.g.wanfangdata.com.cn/ExternalResource-dqwlxjz200903031%5e6.aspx
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e7%94%b0%e5%ae%aa%e6%bc%a0%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e9%bb%84%e5%85%b0%e7%8f%8d%22+DBID%3aWF_QK
http://d.g.wanfangdata.com.cn/ExternalResource-dqwlxjz200903031%5e7.aspx
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e5%be%90%e4%b8%96%e6%b5%99%22+DBID%3aWF_QK
http://d.g.wanfangdata.com.cn/ExternalResource-dqwlxjz200903031%5e8.aspx
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e5%be%90%e4%b8%96%e6%b5%99%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e8%b5%b5%e7%94%9f%e5%87%af%22+DBID%3aWF_QK
http://d.g.wanfangdata.com.cn/ExternalResource-dqwlxjz200903031%5e9.aspx
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e5%be%90%e4%b8%96%e6%b5%99%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e5%80%aa%e9%80%b8%22+DBID%3aWF_QK
http://d.g.wanfangdata.com.cn/ExternalResource-dqwlxjz200903031%5e10.aspx
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e9%98%ae%e7%99%be%e5%b0%a7%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e7%86%8a%e5%bd%ac%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e5%be%90%e4%b8%96%e6%b5%99%22+DBID%3aWF_QK
http://d.g.wanfangdata.com.cn/Periodical_dqkx200101012.aspx
http://c.g.wanfangdata.com.cn/periodical-dqkx.aspx
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e9%98%ae%e7%99%be%e5%b0%a7%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e7%86%8a%e5%bd%ac%22+DBID%3aWF_QK
http://d.g.wanfangdata.com.cn/Periodical_dqwlxb200201016.aspx
http://c.g.wanfangdata.com.cn/periodical-dqwlxb.aspx
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e7%86%8a%e5%bd%ac%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e9%98%ae%e7%99%be%e5%b0%a7%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e7%bd%97%e5%bb%b6%e9%92%9f%22+DBID%3aWF_QK
http://d.g.wanfangdata.com.cn/Periodical_dzykt200304013.aspx
http://c.g.wanfangdata.com.cn/periodical-dzykt.aspx
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e5%90%b4%e5%b0%8f%e5%b9%b3%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e5%be%90%e6%9e%9c%e5%90%8d%22+DBID%3aWF_QK
http://d.g.wanfangdata.com.cn/ExternalResource-dqwlxjz200903031%5e14.aspx
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e5%90%b4%e5%b0%8f%e5%b9%b3%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e5%be%90%e6%9e%9c%e5%90%8d%22+DBID%3aWF_QK
http://d.g.wanfangdata.com.cn/Periodical_mtdzykt199903019.aspx
http://c.g.wanfangdata.com.cn/periodical-mtdzykt.aspx
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e5%90%b4%e5%b0%8f%e5%b9%b3%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e5%be%90%e6%9e%9c%e5%90%8d%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e6%9d%8e%e6%97%b6%e7%81%bf%22+DBID%3aWF_QK
http://d.g.wanfangdata.com.cn/Periodical_dqwlxb199806016.aspx
http://c.g.wanfangdata.com.cn/periodical-dqwlxb.aspx
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e5%90%b4%e5%b0%8f%e5%b9%b3%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e6%b1%aa%e5%bd%a4%e5%bd%a4%22+DBID%3aWF_QK
http://d.g.wanfangdata.com.cn/Periodical_dqwlxb200303023.aspx
http://c.g.wanfangdata.com.cn/periodical-dqwlxb.aspx
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e5%be%90%e4%b8%96%e6%b5%99%22+DBID%3aWF_QK
http://d.g.wanfangdata.com.cn/ExternalResource-dqwlxjz200903031%5e18.aspx
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e4%bd%95%e4%ba%ae%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e7%8e%8b%e6%97%ad%e4%b8%9c%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e6%9d%a8%e6%94%be%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e6%9b%b9%e5%8d%8e%22+DBID%3aWF_QK
http://d.g.wanfangdata.com.cn/Periodical_dqwlxjz200705052.aspx
http://c.g.wanfangdata.com.cn/periodical-dqwlxjz.aspx
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e5%b1%88%e6%9c%89%e6%81%92%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e5%bc%a0%e8%b4%b5%e5%ae%be%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e8%b5%b5%e8%bf%9e%e9%94%8b%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e6%96%87%e6%88%98%e4%b9%85%22+DBID%3aWF_QK
http://d.g.wanfangdata.com.cn/Periodical_dqwlxjz200705009.aspx
http://c.g.wanfangdata.com.cn/periodical-dqwlxjz.aspx
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e4%bd%95%e7%bb%a7%e5%96%84%22+DBID%3aWF_QK
http://d.g.wanfangdata.com.cn/Periodical_dqwlxjz200704035.aspx
http://c.g.wanfangdata.com.cn/periodical-dqwlxjz.aspx
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e6%b1%a4%e4%ba%95%e7%94%b0%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e4%bb%bb%e6%94%bf%e5%8b%87%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e5%8c%96%e5%b8%8c%e7%91%9e%22+DBID%3aWF_QK
http://d.g.wanfangdata.com.cn/Periodical_dqwlxjz200704025.aspx
http://c.g.wanfangdata.com.cn/periodical-dqwlxjz.aspx
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e5%bc%ba%e5%bb%ba%e7%a7%91%22+DBID%3aWF_XW
http://d.g.wanfangdata.com.cn/Thesis_Y1011646.aspx

AR MG 4k (B 4Eole) B TR S R [E W A ST 2RSS ), CsEAR Yy, T H O 2 B T A= s rh o ZKCF M = 4k
ARG I ) R T LAE AR AT R e, IR I ik S Ry D k. AR AR AT PR IGE . JRHUBR VRS . SR M X v B (1 S
TR, AR ST FH S SR G AR T IENS B, A SCAE B — S50 0 A RN D e T A BRI AR TR SCLA R 7 i TESRRCADUR S 3 A% 25 1T
SR o VBRI T (K SO RIF ST B o 12D iR = A AR IR T v B 1 T BREABUR S35 1 A% B0 T JE i

AR, AR TCERATIRZ AR A KRR MR RE LR 8 D A L A A 3G A TS AL ME S A I . T RAAR
W SCIRF T it T AT IR IG e AT BB GTR 8 T X BB VT S50k, TS A X SR AT B G 43 o 040 J5 I B C R ROCBCH R, B8 —
ARG T REAL,  SRARZ T AU T 45 B HTAT 45 5 B A AR

HOHE AR 2 P BORUE IS, AR AR N %R B A3 (5 0 20, M A IR A, LB s BT AT o] = i A, AT LA —
T — IR, i Ho e Pt A8 A B, I R — ek 2 e ] DA E RO (M . ASCH s R A A T R R, ST =
O DX Il A (IR I R, TS ) R A D AR N o WD R, A AR Y O R SRR X AR, TEHE F AR R B IRV 2 2 I =Bk os, S
BT VAT Y bR B AT B TCTR IO . AR SO B b R S AT M TS AE A S U = AT, A7 AN AN AN A, S CRIERIFE 5476 X 60 %
, HH2IANES 0, MK 0B IS AN R = RN, WO T LIS S LA S A, A I G IR SRR, LA
VORI AL 2 1050 C R A e R ik X

IR R R AR AR A7 o BT AT A7, SRS SRR . eSS i h, ROPRAIAR N 96— 4y sCHE T A7 S G IR R B, T UK
A REENETT REALIN R R B 9T B 00 o i — ORGSR [l 405, rT DAARARAR L AN AR [ 36 o 0 58 B T4 0 A 1 e e
{H, SXITUH AL B o = AR O R (AN IR, o ST, FECPud AR 2. 9GHZ IV EENL b, MKIKAE 125N BT s gl THET
18630414 1L Fry v A7 IS T4 8 (¥ bf 1) A7 693

N T BAE IESRAU SR EAE, ACSCHES SR TESE T UM RS, TR DR EOR . W R SR, = R
Mol AERCA AR IEA — B, B2 N T A%, 8 ME LS 00 B R = 2k L2y L e D R T L, JE = A s SR A AR 1) A s 4
ERURTWIRIRA RS S NU/RE

ARPTESN, M B B0 M ERAT S5 (SR, 7 TR 2 A SR 1f0 H 4, IR AL SR A R X BB AN A K, ¥ e AU AT A
UL R G B T R AR IR AR, R, 88 =8 8 T S A A H TR e B S ) B U BTk p, R AL S IR S B,
PR IR S RRRDURRTE . AR, AT DGR, ORI s (R AN R, LA S DRI S AR
SERARF ARTEVSLT SRR RS R, =LAy SRR, Rl LR IR LB R (R BEYHIE, i T ] = A I T
A AR, 7 TR IR B — S S A

ASCH VTR T = e B B, A ST S PR LU R BELIE ) SOk AR S v, 1 SR e M R A ORI A1 4 A, TS & S s
G, SRS B . SRS L5 S L B R AU T LG, R P R R OB USRI, PR IR, A IR R, B S s
W22 T PR 2 S BRI (SR, IR A5 R B A TSR 4 SR o b il e Al e M Ry 852 I R A J 2L i e Py FR AR A i B, vl d
SR A T IS M 7 FEALI R B, A0 A2 3 500 Al o LR o O 5 MO B ) T ST TRV R SRS RE, ELIERE W ST S I D RORS ), 1R
S, RO B (G ST B B D o AR AR E A (0 AR, B A IR R P S A A, TR B R v R MR 5 K
o T R 51 A A L BEL 3 RS P A ) 5 0, T T UK OR A8 T BT LR (el B, o S I o 3B 3 3 AR, SRR
TR )70 A TR AT AL, TR AN R B, DM AR SO AR AR S . BERTESTR W, A RO R R A, T
TR B A S i 45 L T i BELAA e AEE, SV, 4R SO RO S A SRR AL, IR SEAR AR S, B e ST AR I i

ARSCHES LG TR S8 SRR, IR A Gt B e R 1 T 2. BB H R AE T

(DS T HRARHIE = 447 PR8I0 b = Bk 20 = SR MR o 4L

(2) Gl 7R = AR T4 PE T P51 8 (W B S SRR, FER T Ui, KO TR

(3) S A MO A% LR s LUAER S T R ORI T == 4 S s AR S

(@) VSN T & P2 (A L BEL 0 6, UE WY IE SR P 137 4% R b T AR 1

2. WL R Brr 5E. SGIR ZKN BV AR R, R R 57 85 2004, 26 (2)

AT TETADK Pl LRI AAT B Bl 5 BT A KA, K PR ROV E K PR S K T 5 2 20 e LA SR R
| SR I R . 38 ST B, 20 M/ B b K TR B 5 5 K VR IR, TP B SERRAK 10 = S M 30E 1 S
30, AR B BILA 0 R, B ELBER 0 W .

3 TIESC SR Ui oE. fe — 2 e BT B R R O B R SRR AR AL 0 A -CT R 9T

2002, 11 (1)

ARSCREEA T = USRI R XU R R ) B 23 T TR, FFARE ) L S B F A7 PR TGk = R BT ST (RS G R B 2 L upr =2
PEAEAR) | 853487 T 0hFR DY 852 P BH <000 6k = £ Pl SR A0 P B A< BB ER A R, 0T 77 BB RN, RIS T B T A 5 S i
AR RN TANITPS

4. SERLRSC XA AR MR HLBE 5 T 5 R TS 2008

MLk, BETORARIBTE AT N I 5 8 Ak MR A, — 7 TR E T A S BRSO, 53— i Tt TR I SRR A K P IA A
Flo ARBTRG, A BREICRIE A T RRUBRA B, THEOREE R, AR BB A B TR 5. AR S BTSRRI A1 1 AR B A
FTSE R SR L ST BOL N AT IR CO R ARH A A B B AT IR B

ARICE AT HFFOR ARG A 1 v B A T RS G ) 15 SERIESG 1 r R B R R S ) LR BIF TR SRR Al TR A N
PREATEE VSRS, IS PR I B P AT T HAE . EFR 3, AR =R gE, BEAT T 2l U b el RS R0 1 o BEL 305 T 1 S A48
s XS HR IS ML AT, A TARRHEAT L 1 A0 BE A A0 1 S 20 A MU, IR R S BR M S 1 7 45— AV, D B 1 it
5L 1) P B 5 B T R

ISR R EE A0, VL) T O FOR R A P T FLBEL 0] 1 S R PR PR S AT — 5 £ 9 B i S

5. 4R SC TREU. R BrE 58 4 ELVAL OB S 0 i 2R 11915 LS 2002
RS = LA PR A M1 OSE DL . - 20hdy 7772 51 A\ Lt L FELAR R D Bl M 4y = 45 WL e S .

6. IR BEAJE. CHENG Jiu—long 2 [EHLF5 ¥ -2 A it SO S LR Bl B PR M k) B R AL AT 0 B TR

JH = [ 224412008, 37 (6)

T MR RIS R PR A TR P R AB, KA i U9 AR, BETU 1R A B RN MR R R, 42404 AT S ER
S B S M BRI R A0 B, X T-W A0 LA TR, R L% 4, Ay TR B R SORVSE R A . ATt B M4 Bl
SRR R IR AR, AT RGFSE T 0 1L KA B A BRI R . W TT A ik, S50 R F « 1) AR A TR R
2 ARV T, IR TSR AT SR P B0 B8, P R A B A T AT P B, T W) R S L 17
2 0L P BEL A, S0 A 2 R AR PRI K750 2, A b o2 0 S S PR O G 6, A P B (R SR S T4, AP T3 1 9% (RSB
B, VLB 0 T 1 O~ 12%. 2) S 37 552 SR S0 IV (AR oL BT, 12t 1 00 Y B B MR B S 5, 3649 7 3
SR AL HL SR . JERESRN I 503 LT SR AN 4 S B B, AT A P 1 P ORI S4BT AL 5 SR ) < 778 2 28 TR 7 2
U, T AR 2L IE R ML LT 2~ 3485 T4 9 o, rUL A (R A~ 61055 ; 225 MR T, RN R LR (A s 0 4k, 3
I B AT 184K, 3) R A A LR SRS 7 8 22 A0 T R (Y0300 370 SR TP, 3805 T 78 5 SR B M W A AT 27 15 92 B R
WS I (RS ST, SEEAT A2 TSR 2 W TSR 2 5 S [ R BSASL 1 207 P BT, o S RO R ek 4 43 1 513
5 SRLAR)  AE TR B 72 (R A, PSR P I L 350 (A 2401 0%~ 20% T 6 1 940511, ST ARl 80 0 P e 5 B M 0 5. 492
TR MHEA IR IR A TG, Wk 1 T B 4) 45 05 A SE ORI 0 R X = A MRS VR, AT AT T AER R A K . By SRz i F10



http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e9%bb%84%e4%bf%8a%e9%9d%a9%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e9%98%ae%e7%99%be%e5%b0%a7%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e9%b2%8d%e5%85%89%e6%b7%91%22+DBID%3aWF_QK
http://d.g.wanfangdata.com.cn/Periodical_wthtjsjs200402011.aspx
http://c.g.wanfangdata.com.cn/periodical-wthtjsjs.aspx
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e5%bc%ba%e5%bb%ba%e7%a7%91%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e9%98%ae%e7%99%be%e5%b0%a7%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e7%86%8a%e5%bd%ac%22+DBID%3aWF_QK
http://d.g.wanfangdata.com.cn/Periodical_ctta200201002.aspx
http://c.g.wanfangdata.com.cn/periodical-ctta.aspx
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e5%88%98%e6%9d%b0%22+DBID%3aWF_XW
http://d.g.wanfangdata.com.cn/Thesis_Y1325416.aspx
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e5%bc%a0%e8%87%b4%e4%bb%98%22+DBID%3aWF_HY
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e7%a8%8b%e5%bf%97%e5%b9%b3%22+DBID%3aWF_HY
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e9%98%ae%e7%99%be%e5%b0%a7%22+DBID%3aWF_HY
http://d.g.wanfangdata.com.cn/Conference_4101902.aspx
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e7%a8%8b%e4%b9%85%e9%be%99%22+DBID%3aWF_QK
http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22CHENG+Jiu-long%22+DBID%3aWF_QK
http://d.g.wanfangdata.com.cn/Periodical_zgkydxxb200806028.aspx
http://d.g.wanfangdata.com.cn/Periodical_zgkydxxb200806028.aspx
http://c.g.wanfangdata.com.cn/periodical-zgkydxxb.aspx

HOREWIAREAE. WF T2 W] 0F R DX KT, I SRS I 2R s AR 55, 8 ot B A L) S g, R ARSI 2 o N SR g I, R SR
il dut BT S T RIS Y, CLAE BRI BT 170320 5 A0 S T P 5 22 ) S SR ) S S, 3 Y B S 2 . R e T LRI X i
 RENRBUR TR RBRRE" . RN, KR RO BT R AR SR B O 1 ) S5 i S A M B R 6) A TR TR L
FERJG AR 2 (B K B2 78770 B B O, AT 22 A T WA B, 4525 IR P e BRI 28 )2 S, 0 T B2 R A K FL AR
fir L B A SRS S (R CR, BEAR 5 SEBR ARG £, JFLR BRI 6) 45 A 2T R e PR S A BRI B) A HIE g CTHLA Sk, TSRS R rp o))
R R BB I RO AR. BRI T S A PRI (KON Jr 5, 5 BN I BTN AR S, MR CT S IR B RFAIE, 4237 1 e 4™
AL R )) LB ) RS W SAFAIE, A R 5 SRR R A B A R R T VAR, BRI CR W 2, A TR b2 4 TP SRR DA M B Ot 1B AN B S A
PREE. T) g5 AW RN BB R IR U PR AR AR, 455 DU IR I A AR A BT, S T R R IR IR 25 i A R 1R AR

7.AEALIR S0 R YU Py 4 v P R A 0] AR S B LB AR AT AT 2006

FEYUIE N REAT BRI, HOE AN, P TR AT 2 B R B AN, SR P M o L AR VA 2 A1 5 7 V0] JA 30 A0 U I 4 24 T R0 A LA
FURACK Bl (EGUE R I B, HCS 0 AU R 5 S i) Sk, ST S B i 5 e ) R A L T A7 TS, 5
FUMIAAE it AR ST R DY TR YA A (]I AT

H 0T P LI 2 () AT RO P, v B A0 1 e e 2 5 e e TS SE A AN I AR SO/ e — e . KRB A bl — fe bl 1
~ RN AT IESERERL, T A5 T IRT 1) 57 R A

YU PR AR SR N, TS BIBOE S, AR BRI . R ORI B B VT ST BO AT, AT SR I, O
DU A ) SR o P OGS R BUIE P IE R ALK, A AT PR 0 S 3 A v S0 I ) B BRI AT IE S5

FEGUE RSB &, R A B4 S B ST T LR B, A — RO K Sl ARSI PTA R TT R, W2 T oSN e U R/ TR i S
S TREAT A ) AR -

B RIERAT LGS AR EREREE . SUKBRIE S N U, AT RS SRS . AR — B R e A i KRR BB
IRHEATRATIIR, BRI, T, BORAK, HBOARIKSR, BER MG, RN INGKIEE, O A 2458 IR 2 R aR A 2
FRUATHRN, Wb, MOREIA . BRI TEWEAC DT, Hooh HR BB MR 2 .

RS 2 LATE FRORBRCIR A0 SR A A I 37 0 A1 R EE AR 5% LLORBE 8 LT 18 v L 0 i RSO0 B R 1 5T S o L 424 1) g 0 A T 00 S T 2
AU, GRS A 2 BN UL B AR R, S SR RS i LT PR I S R AN . KR TS A R, L BH AR SR B A B S iR
PR 2 A1) 22 55~ LOf 2 A, FLIFN I 52 5155 0 )5 LA LA BASOCIR PARAUA TR 5 o ORI P VL BEL 5 B (7 5P P AP R T 000 PR M BE R .
TR BT 0 S R ) 48 S By SO AR 0 BERK o  S R PAT PRGBSI B AR 07 I BRI 2 s o WL LA R 50, P Uit iy £
WAL P BEL A 0 2 e A DA A T LU BEL A B 2 o SR SR B/ SRt B PR DU R P BEL 5 o A T DRl S 0o i s SR T o S e P e P BEL R . S ARy
Pk G EAR: T R ARG, R A RE A S AR ) R B AR A

FUHT, BHAEAE R TRESE K SCHUT A b (KN AR 02 e (EDRR AL s U B ) R Z IRANIT T o AR SO AT RS Gidons = 4k
o [l E-scaniky K N HIBHAR / BRI I AWy R KSR AT IE SRR, DA R R GE

A CEEEL: http://d. g. wanfangdata. com. cn/Periodical dqwlx;jz200903031. aspx
BB : K (zndx) , #2405 : 566bbb33-286f-4620-a45a-9e5700b37117

NAkISAE]: 20104E12 H25H


http://s.g.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e9%bb%84%e4%bf%8a%e9%9d%a9%22+DBID%3aWF_XW
http://d.g.wanfangdata.com.cn/Thesis_Y1013659.aspx
http://d.g.wanfangdata.com.cn/Periodical_dqwlxjz200903031.aspx

