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A Q uad ratic Precision generaIized nOnlinear g lo bal

    o Ptim izatio n m ig ratio n velo city inve rs io n m eth o d*

Zhao 殆jyinl, Hu G uangm inl, H eZhenhua,,  and Huang Dej i,

         A b str a et: A n im P o rtan t re se are h to p ie fo r P ro sP e etin g se ism o lo g y 15 to P ro v 一  d e a fa st

    a ee u rate v e lo e ity m o d e l fr o m P re一  sta e k d eP th m ig ratio n ,    A im in g at su e h a P ro b lem , w e

         P ro P o se a q u ad ratic P re eisio n g e n era lized n o n lin ea r g lo b a l o P tim iz atlo n m ig ra tlo n v e lo e ity

          In v ersio n . F irst w e d ise ard th e a ssum P tio n th a t th e re 15 a lin e ar relatio n sh一  P be tw ee n re sid u a l

            d e Pth an d resid u a l v elo e ity an d P ro P o se a v e )o e ity m o d c l eo rre etlo n eq u a tio n w ith q u a d ra tie

 P re e is io n w h一       ch en a b le s th e v e lo e ity m o d e l fr o m ea eh 一te rat一     o n to aP P ro ae h th e re al In o d e l

   as q u iek ly a s P o ssib le . S ee o n d ,         w e u se a g en e ra liz ed n o n lin ea r in v ersio n to g e t th e g lo b a l

      o P tim al v e lo e ity P e rt u rb atio n m o d e l to all trae es. T h 一5 1朴    eth o d ea n ex P e d ite tlle eo n ve rg e n ee

            sP ee d an d also ean d e ere ase th e P ro ba b ility o f fa llin g in to a loc a l m in lm u m d urin g i一Iv e rsio n .

    T h e sy n th etie d ata a n d M a rm o u s一         d ata ex am P le s sh o w th at o u r m e th o d h a s a h ig h er P ree isio n

             an d n e ed s o n ly a fe w itera tio n s a n d e o n seq u en tly en h an e es th e P ra etie ab llity a n d aee u ra ey o f

,刀    igra tion velo eity analysis (M VA )in eom Plex are as.
K ey w o r d s : P re一  stae k d eP th m ig ra tio n ,  m ig ra tio n v e lo e ity an a ly s一s , g e n e ra l一 ze d n o n lin e ar

inv ers io n ,  e o m m o n lm a g ing g ath e r

In tro d UC tio n

P re一       stack d eP th m igration 15 regard ed as an effe etive

       to ol fo r o btain ing accurate im ag es in eo m P lex areas.

          W 1th th e d ev e lo P m en t o f m ig ra tio n th e o ry an d

   ad van eem ent o f eo m Pu ter teeh no lo gy , an im Po rtan t

       re se a re h to P ie 15 th e c a [c u la tio n o f th e P re一 sta c k d e P th

      m ig ra tio n v e lo e ity m o d e l b y a P P ly in g P re一 sta e k d e P th

       m ig ra tio n an d a c h ie v in g a n ae e u ra te m ig rate d s ee tio n .

         T h e b a sie id e a o f th is m eth o d 15 th a t w h e n d o w n w a rd

      eo ntinu ing to p rod uee the m ig ration dePth im ag e , w e use

      tw o im ag ing eo nd ition s: zero tim e and zero o ffs et. If the

   veloeity rn od el 15 e orreet,   the tw o im ag in g eon ditio ns

       c o o P e ra te to P ro d u c e a P e rfe et se ism ic im a g e . If th e

   velo eity m o d el 15 in eorreet,    th e zero o ffs et an d zero

       tlm e cond ltio ns are ineo nsistent an d a d istort ed seism ie

  im ag e 15 P ro d u e e d . H o w e v e r,    u sin g th is d isto rt ed se ism ie

im age ,       w e ean fi nd the am ount o f d isto rt io n d eP en ding

        o n th e m ig ra tio n v e lo e ity an d u P d ate th e v e lo c ity m o d e l.

    A ft er m u ltiPle iteration s of P re一  staek deP th m igration

   and ve loe ity m o de l uP d ating ,   w e ean fin ally o btain

    an o Ptim al m ig ratio n v eloeity m o del. P resently , there

    a re tw o ty P e s o f P re一   sta e k d e P th m ig ra tio n v e lo c ity

analysis,   dePth fo cusing analysis (D FA )(M aeK ay and
A b rn a ,   1992 ; W ang and P ann ,   19 9 8: L iu et al, 20 0 1 ,

   L iu et al.,   20 05 ) an d resid ual veloeity an alysis (R V A )

(A I一Yahya,   198 9: L iu and B leistein , 199 5, L iu, 199 7 ;

  Z ho u et al,  2 00 1; B ion di and T isserant, 2 004 ). L iu et

     a1. (200 5) and L iu and W an g (20 06 ) dem on strated that

        e v e n t le v e lin g in R VA 15 e q u iv a len t to e q u a tjn g im ag in g

       depth an d fo eusing dePth in D FA . In other w o rds , th ese

      tw o m e tho d s e o n stitu tio n a lly P u rs u e th e e o h e re n e e o f

      irn ag ing and fo cu sing d eP ths. T h ere are tw o q uestio ns

M a n u ser一      Pt ree e iv e d b y th e E d ito r D e ee m b e r 15 ,   2 0 0 8 : re v ise d m an u se riP t re ce iv e d A P r一  1 24 2 0 0 9 .

          *T his w ork 15 suPPort ed by N ationalN atural Seienee Foundation of C hina (G rant N o .40839905).

     1. S e ho o l o f C o m ln u n icatio n an d In fo rm at lo n E n g in ee rin g , U E S T C , C h en g d u 6 10 0 5 4 , C h in a .

       2 . S tate K ey L a b o rato ry o f o il a n d G as R e serv o ir G eo lo g y an d E x P lo ita tio n , C D U T , C h en g d u 6 10 0 5 9 , C h in a
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  Z h a O G t a l.

     regarding the m ethods described above:(l) how to
       estab lish a e rite rio n fo r d eterm inin g if a m igra tio n

       velo eity 15 aeeePtable and (2) h ow to uP date the velo eity
       m o d e l if th ere a re e rro rs . R eg a rd in g th e fi rst q u e stio n ,

       D FA a ss u m e s th a t if th e d iffe ren e e b e tw e en m ig ra tio n

     d e P th a n d fo eu sin g d e P th eq u a ls z e ro ,  th en th e m ig ratio n

       velo eity 15 eo rreet. R V A assu m es th at if the d itTe renee

   b etw een traees w ith d iffe ren ee o价  ets 15 zero , then

      th e m ig ra tio n v e lo e ity 15 eo rre e t. T h e se tw o m e th o d s

       9 iv e e s se n tia lly e q u iv a le n t a n sw e rs . A s to th e see o n d

Problem , d i价 rent Pre一 staek dePth M �  /A m eth ods deduce

    m any veloe ity m od el correetion m etllods,  based o n the

       e rite ria fo r th e fi rst q u e stio n . A g o o d aP P ro x im atio n n o t

        on ly reduees the num b er of iteration s b ut also increases

   the likelihood of eonvergenee. L iu (1997) derived

    an an alytie al aP P ro aeh to M V A , w h ieh i一 n P oses no

   1im itation on o ffs et, d iP ,   or veloeity distrib ution.M eng et

 al.(199 9a,     1999b ) extended the analytical M VA m etho d
into 3一     D .L iu et al.(200 1) ProPosed a com m on im age

       gath er v elo eity ana lysis in the ang le do m ain. Sava an d

    B iondi (2004) advanced diffr aetion fo eusing veloeity

     analysis.L iu and W ang (2006)ProPosed tim e shift dePth
     fo eu sing ve loe ity analysis. S everal Prob lem s ex ist w ith

     th ese m etho ds: (I) A lm o st all ex istin g M V A m eth od s

       a s su m e th a t th e re 15 a lin e a r re la tio n s h iP b e tw e e n

      residu al deP th and re sid ua l v elo city. T h is lea ds to a

       ro u g h a P P ro x im a tio n to v e lo e ity sin e e th e e q u a tio n fo r

        e o m P u tin g th e v e lo e ity eo rr e etio n 15 o n ly a ee u rate to th e

     firstorder. (2)W hile uPdating the veloeity m odel, either

       fe w er seism ie gathers are used and analy tical eq uation s

       are used to ca leu late th e new ve lo eity m od el, w h ieh

        eannot m ake sum eien t u se of all g ather info rrn ation in

 e v e ry P re一     sta ck d e P th m ig ratio n ite ra tio n : o r a eo m m o n

   oPtim al m ethod 15 used ,    w hieh cannot dedu ee a Perfe et

     Velocity m odelcorreetion.(3) If im aged depth pieked
   fr o m fi e ld d ata isn         t a ec u rate o r th e re 15 so m e n o ise , th e

       5 itu a tio n w ill b ee o m e e v e n w o rse . T h e se fa cto rs re q u ire

        m o re ite ra tio n fo r th e v e lo e ity m o d e l to e o n v e rg e to

  the eo rreet one. T h us,      these m etho ds are hard to use in

  P ractice an d restrict,     n ot on ly the Praetieability of th e

M V A ,        b u t a lso th e v e ra e ity o f th e im a g in g in eo 一n P le x

St川 CtU fC S.

  In th is P a P e r,    w e P ro P o s e a q u a d ra tie P re c is io n

     generalized n onlinear global o Ptim ization fo r m igration

 veloeity inv ersion .F irst,    w e diseard the assum P tion that

        there 15 a lin ear relatio nshiP betw een residu al d eP th and

       residu alveloe ity and ProPo se a velo eity m o deleorr eetion

      equ atio n w ith quadratie Preeision w h ich en ab les every

        v elocity m o de l of ev ery iteration to aP Proaeh the real

    m od el as elo sely as Po ssib le. S eeon d , b y aP Ply in g a

    g en e ra liz ed n o n lin e a r in v e rsio n in p re一  sta c k d eP th M VA ,

     w e adv anee a m eth od fo r P re一  stack d ePth m ig ratio n-

       v eloeity inversion im aging .S ueh a m etho d w ill not on ly

     red u ee th e n u m b er o f in v ersio n ite ra tio n s,  b u t a lso re d u c e

      the sen sitiv ity to noise.T he m ethod effe etiv ely reso lves

  Problem s (2) and (3) described above.T he m ethod
     P ro P o se d in th is P a P e r in te g ra te s P re一 sta e k rn ig ra tio n

    w ith m igratio n velo eity in version ,   w h ieh ea n be used

         in eo m P le x m ed ia to g et a P rec ise v e lo e ity m o d e l a n d

P re一      sta c k d e P th m ig ratio n se e tio n . W e w ill d isc u ss th e

theo ry,  Proeessin g w orkfl ow ,   deduee the m ain equations ,

       and g iv e exam P les of sy nthetie and M arm o usi data.

N orm a}proeessing;

dem ultiPlex ,

 statie eorre Ct ion ,

d丫 na m IC COrreCtlon

Ve}oelt丫analysis ,

 residUa !StatiC CorreCtlon

In一  tlate ve loe一 ty m odel
   Ve loeity m odelexP re ssed

by s一 m P le equations

 U sing no nl旧earoPtim alm et卜od to

eom Pute t卜   e ve loelty m odule eorrect ion

  C om m on Offs etSeCtion
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE xtraett卜  e de pth fo eusinggg

  PPPrestaek d ePth m igrationnnnn d l能     re nCe ofm ain eventsss

   F19.1 The Pre�     Stack dePth m ig ration veloeity invers ion Proeedure.

 13 9



     N o n lin e a r g lo b a lo P tjm iz atio n m ig ratio n v e IO city in v e rs io n

Pre�  stack dePth m igration�velocity
InV G陈 IO n lm ag lng

   O ur teehno logy idea 15, fi rst,  based on R V A ,  to solve th e

  Pro blem deseri bed above ,    w e diseard the linear assum Ption

       an d dedu ee a quadrat ie Preeision v eloeity m odeleorr eetion

equat ion ;and, seeond,     w e ge nerat e an initialveloeity m odel

       conslsting o f m any layers defi ned by diffe rent Polyn om ials

        an d v ariable veloeity in bo th d ePth and lateral d ireetion

         w ithin eaeh layer. T h e u ltim ate aim of m igratio n veloeity
      in v e rsio n 15 to o b ta in e o rre e t P o ly n o m ia ls . In R V A , w e

         eonstru et a data gather tYO m all tr aees assoeiate d w ith the

  sa m e re fl e e tio n la y e r. T h e n ,    w e e a n ae q u ire a g lo b a lly

       oPtim a l veloe ity m o del eo rreetio n fo r all gathers u sing

      generalized nonlinear inversion.T h is aPP ro ach 15 show n in

Figure l �      T he ad vanta ge s of this Pro cedure are:( l) w e ean

       u se re fl e e tio n in fo rllla tio n fr o m a ll tra ee s a sso e ia te d w ith

        th e sam e re neetion w hieh not only im Pro ves the Pre eision

         o f eaeh itera tio n b ut also re d uee the sensitiviry to n oise.

      (2) B eeause usin g the quad ra tie veloeity m od el eorre etion

       equatio n w h ieh ean im Pro ve the Pre eision o fevery ite ra tio n ,

          w e are able to reduee the n um ber of itera tions. It 15 w ort h

  m ention ing th at beea一      xse there are 50 m any caleulations in

Pre 一  stac k dePth m igra tion ,   redueing th e num berof itera tioos

  15 Profo undly sign ifieant

      W e u se g en eralized no n lin e ar in v ersio n fo r th e

       fo 11o w in g re aso n s: co m P are d to lin ear in v e rsio n ,

     gen era lized no n lin ear inv ersion ean aeh iev e q uadratie

       P reeision u sing the Ta y lor exP ansion in each iteration ,

     g reatly redu ein g th e nu m b e r o f iteration s. A lth o ug h

       th ere 15 m ore eo m P utation req uired in eaeh iteratio n ,

      eom Paring w ith th e no rm al eo m Pu tatio ns o f Pre一staek

 deP th m igratio n ,   the w o rk load 15 neg lig ible . B esides ,

     gen eralized no n linear inv ersion has rn ore adv antag es

        e o m P a re d to lin e a r o P tim iz a tio n in th e a s P e e t o f th e

 so lutio n sPace   5 ProPert ies , state ,  and stability .T h e fl ow

         ehart fo r m igra tion velocity in versio n 15 sho w n in F igure 2 .

   Q uad ratic Precision velocity m odel

 c o rreetio n e q u atio n

   A ft er sorting the Pre一    staek g ath ers into eo m m on im age

gathers (C IG s),    W hen m igratio n veloeity 15 eorreet, the
        im ag ed d ePths o f ind iv idu al im ag ed Po in ts at a C IG

   m u st b e th e sam e .

  G etthe relatlo ns卜  iP ofe ae卜gat卜er m }g ratlo n

   results and ve loclty m od el

 S etinvers旧  n targ etfu netion s

C a !CU}ate 士 he H ess旧门 m atriX a nd

  gradlentveeto rfo r一nversion

   C IG im a ging ana }ysis

 C o n sid erin g th e Z一  D refl ee tio n g eo 一   n e try o f th e e a rth

 (see F ig ure 3 ),  w e den ote a Z一   D veetor by x. L et x �二
(x �(约, :�(约   ) be souree Positions and x一 (x, (0 ,艺�(0 )be

  reeeiver Positions w here 屯    15 the Position Param eter on
  th e su rfa ee. F or exam P le, in eo m m on o能 et, 哲 w ou ld b e

    th e m id P o in t o f a so u ree一   re e eiv er P a ir. In e o m m o n sh o t.

乙        w ou ld be a reeeiver loeatlon that 15 the distan ee 斤om

     the fi xed sh ot to the reeeiver. : (x,  x ) denotes the trav el

   tim e fo r the do w n一      go ing w ave fr o m the shot Po int x � to

  refl eet Point x.瓦(x , x,      ) denotes the travel tim e fo r an uP -

      go ing w ave fr om x to reeeiver Po int x,   . t(0 15 the tota l
     refl eetio n travel tim e o f both do w n 一  go ing and uP一go in g

认 a V C S :

(l)   C ale u{ate the ve lo elty m od el 瓦 + 毛 = l

 Initialveloeit丫m ode l

 PJus eo rre et}o n

S ur均ee

乙乙从, 习

乙仁�戈

N 0
  The obj eetive function
 (5 aece Ptab le ?

(x , z )
一 R efl eeto r

Fig .3 2 �  D R e fle etio n g eo m etry �

        F19.2 T he flow ehart form igratio n veloeity inversion.

  T he re fleetio n Po in之     x 15 a lso a fu netion of 曹and x(口

satls月 es S nell    5 law (L iu and B leistein, 1995 ), w hieh 15

 ex P re sse d a s
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  Z h a O G t a l.

Iv一∀一, �v一∀一):贵一0
(2)     If w e eh an g e the sho t Po sition , the eq uation (6 ) 15

   d eriv ed w ith re sP e et to x �, let e = e ∀, w e h a v e

 F ro m equ ation (2),     w e ean g et the im aging eq uation

:�(x �,x)+ :, (x , x )= l(睿)�

   Ta k in g th e deriv ative of eq uatio n (3) g ives

(3)

d 夕

dx � 兰旦钾卫#∃ (7)

   Fro m L iu an d B leistein (199 5), w e have

夕二立二互+竺全二业
日咨 日咨

dt

d咨
(4 ) 宁令{

仁 气 口C  

日 (x �一戈.)尸-

e  织
(8)

L et x �= eon stant, an d x , = 哲     + h w here h 15 th e o ffs et
     fr om shot to reeeiver. In F ig ure 4 ,   in the sam e C IG , w e

        fi x th e h o riz o n ta l eo o rd in ate o f th e re fl e etio n P o in t x .

  T h e im aged dePth 艺,  the sh ot Po sitio n x �, the reeeiver

 Po sitio n xr, an d P araln eter 咨     can all be eonsidered to be
     fu n e tio n s o f th e v e lo c ity e . T h a t 15 ,  w h e n th e v e lo c ity

ehanges,       the m ig ratio n izn ag ing Po intata P art icular trace

      lo e atio n ch a n g e s v e rt ie a lly . : 15 a fu n etio n o f m ig ra tio n

     veloeity c.W h en x 15 kePt u neh an ged ,   the im age at the

      fi x ed x w ill eo m e fr om d iffe rent souree一 reeeiv er Pairs

    fo r diffe renteho iees o f e.T hat15,咨   15 a fu netion of e.W e

     use the im age equation (Liu and B leistein , 1995):

E x P a n d in g

 y ields

击

击 �
e      w ith th e T a y lo r e x P a n s io n

击

In C

∀ = ∃

创 ∀

+ %

己丫日e

日

击
竺}
月 v l

一∃�(c一c

��

��忆一r沪∀一�口一

(戈一x,) 川 &一内
e *护

(9)

w h e rC

只一丫(x�一x)2+:2,只一丫(x,一x)2+:2

论

dc

Z

ecos(8 一必)cos(口+必)
(5)

     S uP Pose that w e h ave tw o sh ots: x �l, x �2, and x �]< 戈2.

   T hen the d iffe renee in i一    n aged d eP ths betw een these tw o

       sh ots ata C IG ean be aPProx im ated by

    E qu ation (5 ) g ives the q uantitativ e re latio nshiP of

        m igration im age dePth and m igra tion velocity and itshow s

        that the im aged dePth inere ases w ith the m igrat io n veloeity

 fo r fix ed x ,       no m att er w hatthe tru e m edium veloeity 15.

或戈2)一:(戈,)

w h ere x �∃, = (x �.

二(x �(,一x �,)(x �2

+戈2)/2

�(e一e  ) 月一 气1)一 下 , 气IU )
C Z 厂

  15 th e e o r re s P o n d in g

 ree e iv er P o sitio n .T h u s

a n d x �()

 w e fi fl d

C 一 C

(ll)     Linea r veloeity m ode leo rreetio n eq uatio n

       F o r a g iv en m ig ratio n v elo eity e an d C IG s, let e  

     d e n o te th e tru e m e d iu m v e lo c ity . W h e n m ig ra tio n

velocity e = e  ,     the im aged dePths of th e sam e refl eetor at

     a C IG m u st b e th e sa m e , i.e .,  : 15 in d e P e n d e n t o f so u ree -

     ree e iv e r P a irs. W ith n o 10 55 o f g e n e ra lity , w e su P P o se

  th at th e so u rc e x �      15 to th e le ft o f th e re ce iv e r x ,, th at 15,

         the o ffs et 15 b ig g er than 0 . In th e eo m m o n sh ot ease ,

         d iffe re n t im ag e d tra e es in a C IG c o m e fr o m d iffe re n t

_ 山 �艺 只
Axs (x �∃,一xr&)月

w h e re 故 �= x
2一x , an d & = :(x �2)一∋(x, ;).

  shot gathers (see Figu re

    Q uadratie preeision veloeity m odeleorreetion

eq uatio n

     TO im P ro v e th e c o rree tio n e q u atio n P re e is io n , e x P a n d

生 &t &一&�, w ith &h&几ylor &xpansi&&t&�econd一&rder
认
a ce u rac y , y ie ld in g

x � 一 x =

4 ).

一: tan(口一必)� (6 )
击

% 澎

击
竺}
只 , l

击 臼 石

+ %

己r 日e

日

∀_∀�(c一& )+

口32

飒 击 �日eZ 一 (∀一&�)2,
(12 )

L e t

D (� � (: 2一w w )月乙t % +

:c 只
二粤子三二兰共井2)

名c 汽 c Z 厂�

D } =

一粤厚二共全罕二 C Z c 杭

+
只(x, 一x �)2

ze  只3

 F19,      4 R ayPath Sketch w here d iP ang le 15币 and ineidenee

  a n g le 15 8 . 一年兴井2)(1∃ 乙厂
琴 )
Z
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     N o n lin e a r g lo b a lo P tim iz a tio n m ig ratio n v e lo c ity in v e rs io n

D & =

C 二

十二匕止竺上_
汀e 冲P 3

�2子件粉兰
架号华)

  enh aneed eom P utatio n Preeision ,  w h ieh m ay d eerease

   th e nu m ber o f Pre一  staek m igratio n itera tio ns , 15 w ell

   w o rth the eom P utatio n in erease.

尽
(xr 一x,)2汀

   M ig ratio n ve lo c ity g e n era lize d

 no nlinG aF inV 6份io n
e ∀2艺3 叮

(13)

 F ro m A P P e n d ix A , w e h a v e

日2:

叫 ∋ 只)(e一e  )+ (D ,+ 几 + 几)(e一e  )2. (14)

     SuP Pose that w e h av e three sho ts x 一, x �2, and x � 3 and

x 一< x �2< 戈3,       the im ag ed dePth d iffe rence in C IG s ean be

 aPProx im ated by

击(x �23)_ 击(x �(2)二击2(x �13)

击� 欲� 鲜
(戈:一x �∀)/2, (15)

兰全上三竺卫_兰丛上到玉2 二
从3 一x记 戈2 一x �]

击2(x l:) �
一不花一 -气气 3
已仁

一x :)/2,

(16)

w h e re

x �,: = (x �, + 戈:)/2 , x �23 = (x:3 十x �2)/2

a n d

戈,: = (戈:十x �l)/2.

 U sing equation (14), equation (16)becorn es

, ,抓.�:)一或戈, ) 或x �2)一或x ��) �,,∀气% 一 % 少代工 ; 一x ,)
丫�3 一戈2

二只)(c一∋

戈2 一x �!

)+ (D , + 几 +几 )(e一e  )2, (17)

L e t

鸿=

D , + D :+ 具 ,

口,,

       B ased o n eq uation (19 ) and u sing o nly th e C IG and
   its k neig hboring traees,      w here k 15 equa l to th ree tim es

        o f th e n u m b e r o f u n k n o w n q u a n titie s in th e v e lo e ity

fu n etio n ,      w e e an e a leu la te th e v e lo e ity m o d e l e o rre e tio n .

 In fa e t,      s in e e e a e h C IG u su a lly h a s s e v e ra l tra c e s ,

    no rm ally equal to th e fo ld ,   Plu s the traees neigh boring

  to th is C IG ,        th e n u m b er o f tra c e s o f ea e h lay e r 15 fa r

        Iarger than k. B ecause o f ex istin g error of the seism ie

d ata ,          if w e co m bined every set of k traees and rhen use

     eq uatio n (19) to ealculate the veloeity m odel eorreetion ,
         w e m ay n ot get id entic al resu lts an d m ay ev en g et

       a d d itio n a l e rr o rs. W e a lso e a n n o t g et th e sam e v e lo e ity

      m od el eo rrectio n b y u sin g the ne igh bo rin g C IG s.A t

 tim es,      abruPt ehanges aPP ear in the h orizon tal d ireetion

        w h ieh are irreg u la r an d do n o t eo rresP o n d to rea l

    g eo log ieal eon dition s. S ueh v elo city m od el eorrections

      h a v e lo w P ree isio n a n d h ig h n o ise se n s itiv ity , w h ie h

       5ign ifi eantly in fl uenees P raetiea l u se of th e m etho d. To

  reso lve such Prob lem s,    w e fi rstP aram eterize the veloeity

  m od el. In oth er w ord s,      w e u se a set of relatively sim P le

     fu netions to d eserib e the Iayer v elo eity ,  w hieh m ay have

     b oth ho rizon tal an d vertiea l v elo eity variation . T h en

    u sing the generalized n on linear inve rsion 一 n eth od an d

     th e q u a d ra tie P ree isio n v e lo c ity eo rr ee tio n e q u a tio n , w e

       c a le u la te th e e o rre ctio n s o f th e u n k n o w n q u a n titie s in

       velo eity m od el o r inv ert the g loba lly oPtim al veloeity

 m o d e l eo rre e tio n .

A,= ∀

a fl d

&:(x 飞)一:(x �2) z(x �2)一:(x �l)�,, � , &�戊 二 ∀L% 一 % ) /气一气3 一 气1) �气l &少
戈3 一戈Z x �2 一x �l

 W e have

减,一刀l(乙一 &� )+ 刀2(e一c ∀)2. (19)

    E q uatio n (19 ) 15 th e q u adratic Pree ision v elo eity

      m od eleorr eetion eq uatio n thatw e w anted (the Part icular
        derivation 15 sho w n in A PPe ndix A ). O n the fa ee of it,

      eq uatio n ( 19 ) 15 m u ch m ore eom P lex th an th e linear

       e q u atio n a n d th e v e lo e ity m o d e l eo rre e tio n so lu tio n 15

  n o t v ery d ire e t. H o w e v e r,   th e a d d e d e o m P u ta tio n s in

     eq uatio n (19) are m a in ly sirn Ple ealeu latio ns and the
     in ere a se d eo m P u ta tio n 15 a ee eP ta b le . C o n s id e rin g th e

     T he p ro ble m s of m ig ratio n ve lo eity inVe rsio n

 T ra d itio n a l P re一     sta e k d e P th M V A u su a lly s u P P o ses th a t

      the veloeity in a layer 15 eonstant,   w h ieh d oes n ot aeeord

         w ith re a lity . If w e w a n t th e in v ers io n o f th e v e lo e ity

        m odel to vary in both horizo ntal and vert ica ld ireetio ns,

        th ere are 50 rn a n y u n k n o w n q u a n titie s th a t th e in v ersio n

     b e e o m e s u n sta b le o r d im c u lt to c o n v e rg e . H o w e v e r,

   fo r a g iv e n la y e r,    th e h o riz o n ta l a n d v e rtic a l v e lo c ity

      v a ria tio n s a re n o t fu lly d iso rd e re d o r irre g u la r. 5 0 , w e

        ean assum e thatth e lateralan d vert iealve locity variation

         ean be aPProx im ated by a sim P le fo n etion fo r a g iven

la y e r.

 F o r e x a m P le ,       le t th e v e lo e ity b e a lin ea r o r se eo n d -

      o rd e r fu n e tio n o f a b se issa x a n d d eP th 了,

14 2



  Z h a O G t a l.

�l�l八UI
,二二勺
l,l议二,:卜 a() + a ,二+ a Z:+ a:二 +a 4二2+ as:2

l

厂(觅)一艺##A�一∋!,口一∋2O-
     or be a lin ear or seeon d一  o rder fu n etion o f ab seissa x

v(x , :)= a &+ a l; +a 4;2. 艺(人,一A}.0-一人,&,)Zo min .
T h us ,   fo r a g iven layer,     w e on ly need to solv e fo r

   the six P aram e ters a o, a l, a Z, a 3, a 4,   a s o r the th ree

P aram eters a (), a 一, a 4,    w h ieh n ot on ly dee rease s th e

       nu m ber o f unkn ow n q uantities an d enhan ees th e sPeed ,

stab ility ,   and eonv erg en ee of the inversio n , b ut en su res a

 re a so n a b le P re c is io n .

         T h e d eriv a tio n in this P aPe r 15 b ased on a g iv en

layer,      w h erea s rea l sub su rfa ee m ed ia can be d iv ided

      in to a n um b er of lay ers. In sueh m ulti一 layer m ed ia , it

       15 th eoretica lly P o ssib le to g et a eorreetio n eq uation

      fo r the veloe ity m o del w ith large o ffs et, steeP d iP , and

      h orizonta lly v ariab le veloeity. S ueh a P ro eed ure 15 too

       eom P lex to u se in P raetiee. TO ealeulate the m igration

   v elo eity of each lay er,      w e usually use a m eth od ealled

lay er一       striP P ing to ealeulate the ve lo eity in eaeh lay er

    o ne by on e. In eaeh layer,   tw o initial v elo eity guesses

         a re u se d : o n e 15 la rg e r th a n th e tru e lay e r v e lo e ity a n d

         th e other one 15 sm aller than th e true layer velocity. W e

        set the fi na l v eloeity m o del eorreetion as a w eigh ted

    in te rP o la tio n o f th e se tw o m o d e ls  c o rr e e tio n . T h e

        w eights are m easured fr om the d iffe rence o f th e im aged

P o in ts       h o riz o n ta l lo e a tio n in th e C IG . In v e lo e ity

in version ,   w e use th e layer一 striPPing m etho d , P rocessing

       o Perato rs w ith ex Perience are n eed ed to ascertain th e

    tim e Position b etw een these layers,   get the layer veloeity

 by in version ,     an d then caleu late the layer thieknesses.

     W e exPand the obj eetive fu netion at兄= 兄 0 by
 Ta y lo r se rie s

(22)

U S lfl g

f(x0 十叫一�仲)一了园+ �(x0 冲 +告)肪怀)))觅

wher&�(j0 )一w (i0 )i�,h&gradien, �eotor&:,1住&)&t
成and �住&)一 v22(j0 )i�Hessia&matri�&f了住)&t
兄         0. If the m atrix H 15 sy m m etrical an d Po sitive defi nite ,

∀ heremus∀bem ∀n∀ mizepoint, for和).
   D iffe rentiat ing w ith resPeetto 从  in the equat ion , w e get

0f( 不,+ )劝
一石入不一一戴凡!十H )兄一0,

   Then wecan ge∀)兄=一H 一 g(兄&).Le∀兄=兄&,+ )兄.元
        denotes the initial gu ess and reP eat the P ro eedu re until

< ∗ w here ∗     15 a g iv en P o sitiv e co n stant befo re

In V e f s lo n

  . W e believe th at 兄     at th is tim e 15 th e oP tim al

 兄)

 e stim ate d so lu tio n .

   T h e grad ient veeto r 15:

g = ∃g &, g , ##g :],

g 一艺2( A&,一月., a 一月:.02)�(ZA:,口十鸡
Z= !

(23)

,器,(24,
二0

T 卜     e th eo ry o f m ig ration ve lo eity g e ne ra lized

 no n}inGa r inVG rsio n

          S u P P o se th ere are m C IG s in a g iv en in terfa ce an d th ere

        are n trae e s in e ac h C IG . W h e n th e m ig ratio n v e lo e ity

 15 in eo rr ee t,     su P P o se th e re a l v e lo e ity m o d e l e o rre e tio n

 15 a . L et a = c 一c ∀, a = a0 + al x+ 处汀+ 氏儿 + a杯2+ 陇护 an d

觅一[a +,, al,..#, a &]了   .The n traees of & aeh e xG &r&斤om

   d iffe re n t sh o t g ath e rs, a m o n g w h ieh ,  ev ery th re e tra ee s

           c a n fo rm a n im a g e d g ro u P a n d n tra e e s o f e a ch C IG ea n

 m ak e u P n一      2 im a g ed g ro u P s in d eP e n d e n t o f ea c h o th e r.

    T here 15 a totalo f l= m (n一  2)indeP en dent im aged grouPs.
   F o r e v e ry im a g e d g ro u P , A o,, A I,,    A Z 15 n o t th e sa m e

    and ean be denoted b y A ∀,,A �,A : (i= l#乃w here x, : 15
 denoted by x, :, (i一l#0.
 In M V A ,    th e e a le u la te d v e lo e ity m o d e l e o rre e tio n s

       b ased on diffe rent im aged grouP s m ay be d iffe rent. W e

     intro duee the gen eralized no n linear in versio n m etho d

         w ith the a im to ae q u ire an oP tim a l ve lo eity m o de l

eorreetion.T herefo re,    w e fo rm the obj eetive fu nction:

日口

日a

二 2

= 3
(25)

= 4

= 5

    an d th e H ess ia n m a trix 15:

万= [h,* −6X6, (26)

口g
11 去 = %

口a �

一2夕二三生日a 子a k (一6A了.cT Z一6 ∋ : A 2. &+ 2翅�, A Z一 月,2, )

(2 7)

艺l=I一一

   E x am P les o f sy n the tic an d

 M arm O U Sim o d 6 lS

      T h e d e riv a tio n o f th e q u a d ra tie P re e isio n v e lo e ity
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     N o n lin e a r g lo b a l o P tim iz atio n m ig ra tio n v e lo e ity in v e rs io n

 rn o d e l e o ,一ee t一&一 1 eq u at一&一   1 15 n o t b a se d o 一  1 th e assu ln P t一()一1

 that there 全     5 a lillear relationshiP betw een res一d t一 al deptll

a一ld 一      e sld u a l v e lo e ity . W e a lso P ro P o sc th e n ew rn etllo d

L一s一 19 g e一 le ra liz e d n o 一飞    lin e a r in v e rs io n to a n a ly z e tlle

  C IG s In 一g ra tio 一    1 v e lo e ity . To v a lld ate tlle se m e tllo d s. w e

 te st Lls一 19 sy l飞 tlle tie d a ta a一记  th e M a rm o Llsi m o d e l.

Te sting t卜e a匕   ility of no ise se nsitivity

  TO valldate tlle 一n etll()d       5 ad aPtab ility fo r the eases o f

110一       zo llta l a n d v e rtie a l v e lo e ity e h a n g e s w itllin a la y e x

   axld the rlleth o d      5 eaP ab ility fo r n o ise led uetion w &
d e s一     g n ed tlle g e ()I()g ic a l m o d e l sh o w n lrl .  ig u re 5 . In tlle

fi 一 st la y e一,     v e lo e ity c h a n g e s h o riz o n ta lly b u t 15 e o llsta n t

   in d e P tll. In tlle se e o 一 ld la y e r, v e lo e ity e h a n g e s b ()tl飞

      11o riz o n ta lly an d v e rt le a lly . W e a ssu m e tllat tlle refl e e tio n

tl一 11e fr o 一  11 the seeol记  layer Ilas a 3 % 一al记 o m error. T lle

 sy llth e tle s e ism o g raln 一     5 s h o w n in F ig u re 6 . W e o n ly

   511o w tw o sllo ts l一        1 th e fi g u re a n d e a ell sllo t h a s 7 2 tra e es .

I一 1 tlle fi 一 st la y e l,. tl飞e i一1一    tia l tw o v e lo e ity g u es ses a l�e 厂

一700 .0 +一 1.0 �一11/s (s一    11aller tllan the true veloeity ) an d

厂一 l()()().0 + 3 .5一� 一    n /s (b igge r th an tlle tru e velo eity ).

A t飞    e r o n e Ite ratio n o f P re一 stae k d e P tll 一刀ig ratio 一1一ve lo e lty

一 11o d e l e o rre c t一o n P 一o e ed u一∀e ,    w e g e t a n e stiln atcd fi rst

 lay er veloe一 ty of 厂= 8()9 .97 + 2 4 7一丫. 11飞  the seeond layer,

 t11e t认,() 一 n itia l v e lo e一  ty g ue sse s a l�e 厂 = 6 0 0 .()+ 1.O x + 2 .0二

一11/s(s一    11aller than the tru e veloeity ) alld 厂二 12()0 .0 +

  2 .sx + 5 .0: In /s (bigger th a一   1 tlle true v eloe ity ).A ft er�tw o

一terat一&一 15 0 1一P一e一  staek deP th m ig ratio n一velo elty 一11od el

eo rrectlon ,       w e get an estim ated seeond layer velo eity of

厂= 9 58.9 7 + l.63x + 3.85飞.T he estinlated veloelty 一11odel

         15 sho w n in Fig ure 7 . W e earl g et tlle fi nal ae ecP table

v e lo e ity 一   11o d e l u s in g o n ly o lle 一te x�a t一 o n o f P re一stac k d e P tll

 m ig ratio n一v e lo e一ty 一刀 o d e l e o lre etio一1. If th e e x一t e rite rio n

  js n o t 11飞e t,      it 15 n ee e ssa ry to use tw o jtera tjo一15 . F I�o 一 11 tlle

in v e rs io n z�e sL一      lts w e e a n g e t th e fo llo w illg eo n e lu sio n :

     fo r tlle th re e v e lo e lty th n e tlo n P a ra ln e te rs,  th e P a rt o f

          t11e 1llo d e l w lle re tlle Iay e r v e lo e ity 15 eo n sta n t h a s th e

       1llg h cs t P re e isio n : tlle P a rt o f t}le m o d e l w ith th e v c lo e ity

 eh a n g in g 11o r一20 1飞   ta lly 11a s arl in ter一们 e d ia te P re e isio一1: an d

    th e P a rt o f th e rn o d e l 认,    itll v e lo c ity e h a n g zn g 111 d e P th

   Ilas eo rn P aratively low er P 14ee一510一1. H ow evcr, the er一 o r 15

      sm aller tllall 1.5% overa ll. U sing tlle estlnlated velo eity

 In P re一 stae k d e P th 一刀一g ra tlo n ,   w e g e t th e 11一la l 一n ig l,ate d

i一n a g e , sllo w n 1ll F 一 g u re 8 .

T r之 lee N O T fa C C N O

 0.00

 0.10

门!∀/#

住

�们∃&t尸1-2
�三∃-工le一&O

 0 .30

 0k4o

       F19.5 Synthetie m odelin w hieh the veloeity

   c h a ng e s h o riz o nta lly a n d v ert ie a lly.

      F19.6 Tw o eom m o n shotgathers ofthe

   m o d el in Fig u re 5.

 T raee N o

171

 T raC C N O

   2 11 25 1 29 1 32 1

100

n!n!nU八U乙勺�JJ�三∃任自牙�三∃-一-∀一,O

n曰�日甘一n川#八曰!号乃C口

       F 19 . 7 Ve lo eity m o d e lO bta in e d b y the inv e rs io n .     F 19 . 8 T h e m ig rate d s ee tio n res u lt.
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 Z h aO 6t a !.

 M a rm O USim od G}test

W 七       use M arm ousi m odeldata to verify the validity

      o f o ur m etho d fo r im ag in g eo m P lex stru etu re . T h e

    M arm ou si m od el eon tain s m any refl eetors , steeP diP s,

      an d stron g ho rizo ntal and v ert ieal velocity v ariatio n s.

       T h e m in im um v elocity 15 150 0 m /5 and th e m ax im um

      v elo eity 15 5 50 0 m /5. T he aetu al v e lo eity m o d el 15

       sho w n in F ig ure 9 . T h e M arm ou si d ata set eo ntain s

        24 0 sh ot gathers w ith eaeh sh ot in elu din g 96 reeeiv er

     traees. F or th e sak e of sP eed eom Pu tation , fo r velo eity

        analysis w e seleeted 4 8 reeeiver gathers to an aly ze fo r

 eaeh sh ot.

D lstanee (m )
     30 00 4000 5000 6000 7000 8000

D istanee (m )
     30 00 400 0 5000 6000 7000 8000
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4200

3800

34 00

3000

2 600
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     Fig.9 The aetualM arm ousivelocity m odel.      F19.10 T he estim ated M arm o usiveloeity m odel.

D istanee

 9090705030100000070503Q10勺∀乙乙乙乃乙八八曰月JjlJl..l飞.∀了0.曰,了#!�勺Jl
   300 0 4000 5000 60 00

(m )
 7000 8000

夔夔葱葱
�已∃三自分

    Fig.11The re sidualvelocity section.

  F o r eom P u tation eo nv en ience ,   w e assu m e th at th e

     veloeity m odel eonsists of m any m odels (i.e.eontains

        m any veloeity layers) and fo r eaeh layer the veloeity 15

   a linear fu netion ofx (abseissa) and z (dePth), that 15,

v(x ,z) = a &+ a ,    x + aZz.In order to enhanee m igration
       im aging Preeisio n an d reduee th e num ber of iteration s,

      w e used extended localRytov Fourier m igration (H uang

 et al.,    1999).A fterone or tw o Pre一  sta ck deP th m igration-

      veloeity m od el eorr eetion iteration s fo r every layer, w e

          get th e fi nalv eloeity m odelw hieh 15 sh ow n in Figure 10.

        T h e re sidu alv eloeity seetion 15 shown in Flgure 11, w hieh

       eom es fr om th e actu al an d estim ated velocity m od els. In

      eaeh layer of th e residu al v eloeity seetion , w e avera g ed

       th e ab so lute d iffe re nee of th e aetu alan d estim ated v eloeity

       m od els. T h ough th e estim ated veloeity 15 n ot the sam e

   as th e tru e m od el,      it m ateh es w ell no t on ly in stm eture

       but also the v eloeity v alu es.T h e m igra ted seetion using

     the estim ated veloeity m odel(Figure 10) and M arm ousi
        data 15 show n in F igu re 12. T h e m igrated seetio n u sing

       the aetu al velo eity 15 sho w n in F igu re 13. C om P aring

  th ese tw o re su lts,      w e ea n d edu e e th at th e m lg ra ted se etio n

       usin g th e estim ated v elo eity m o del giv es an aeeePtab le

 stru etu ral im age ,     w hieh in dieates th e caP ability of o ur

     M V A aP Pro aeh fo r han dling eom P lex strU etu res.

D IS

  30 00 4000 5000

tanee (m )

  60 00 7000 8000

D istanee (m )
     3000 40 00 500 0 6000 700 0 8000

10 00 000

2000 2 000

�日∃召分0�日∃石自分

3000 3 000

    F19.12 The M arm ousiPre � stack m igrated

     seetion using the estim ated velocity m odel.

      T he co m m on im ag e g athers seleeted fr o m m ig rated

          data are show n in F igu res 14 and 15 .T he C IG s in F igure

       14 are m igrated u sing th e initiate veloeity m od ule. In

 Figure 14 (a),       the im age loeation ranges fr om 5000 m to

    Fig.13 The M arm ousiPre stack m igra ted

     section using the aetualvelocity m odel.

          5120 m and in Figure 14 (b) itranges fo rm 7000 m eter
           to 7 12 0 m eter.T h e C IG s in F igu re 15 are m igra ted using

       the eorr eeted velo eity m odu le:th e im age loeatio n 15 the

   sa m e a s F ig u re 14 .
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     N o nlinear g lo baloP tim ization m igratio n velocity inversio n

G at hers C OnCIUSIOnS

         (a)The im age loca tion ra nges fro m 5000 m eterto 5120 m ete &
G at herS

      W e e an d ed u ee fo llo w in g e on c lu sio n s b y th e

     theo retie al an aly sis an d the qu ad ratie P reeision

    generalized n onlin ear m ig ratio n veloeity in vers ion

   resu lts of th e theore tiealm od el:

    (l) B y aPplying generalized nonlinear inversion
      in to th e e a le u la tio n o f th e v e lo city m o d e l

eo rreetio n s ,      w e are ab le to u se th e re fl eetion

      info rm atio n o f a ll traee s asso e iated w ith sam e

  refl eetio n layer. T h erefo re ,    w e ean not on ly resolve

     th e P ro b lem th at the v e loe ity m o de ] eo rreetion

        equat ion 15 to o eom Plex to eo m Pute d ireetly b ut also

       im Prove th e Pre eision of every iteration an d re duee

   the sen sitiv ity to no ise.

    (2)C om Pared to the linearequation, the quadratic

    P ree isio n v eloe ity m o d e l e o rre etio n e q u atio n

        d isea rd s th e a ssu m P tio n th at th e re 15 a lin e ar

     relatio n shiP betw een re sid ual d ePth an d residu al

    velo city. T h is m eth o d exP ed ites th e eon vergen ee

       sPeed greatly (usually it only needs one or tw o
       1te ratio n s fo r ea eh v e lo e ity lay er to ach ie v e

 ace eP table results ,    w h ereas tw o to fo ur iteratio ns

      are required in norm allinear eorr eetion equations).
     B eeau se the m ain eo m Pu tation s in P re一 staek dePth

      m ig ration are in th e iteration s o f P re一 staek deP th

m igratio n ,      o ur m eth od ean ex Pedite the P ro eess o f

M V A .

     (3) U tilizing the m ethod of generalized nonlinear
in v ersio n ,     w e ean aehiev e Ta y lor series q uad ratie

     P reeision in th e iteratio ns. T his greatly ex Ped ites

      th e eonverg en ee sP eed and d eereases the Probab ility

        o f fa lling in to a lo eal m inim u m in th e in v ersio n

Processlng �

�名日∃石分O

�名日∃石自牙

         (b)The im age loca tion ra nges fro m 7000 m eterto 7120 mete&

         Fig.14 Eleve n C IG sfro m m igra ted data using the initiate veloeity

       m odule.Forty tra ees are selecte d in each CIG m odule.

G at h ers

�夕口∃石口分

        (a)The im age loca tion ra nges fro m 5000 m to 5120 m :
R 6fe r6 n CGS

G athetS

         (b)The im age Ioca tion ra nges fro m 7000 m to 7120 m .

        Fig .15 E leven C IG s fro m m igra ted data using the corre cted

       velocity. Forty tra ces are selected in eaeh C IG .

A I一Ya h y a , K ., 19 8 9 ,   Ve lo e ity an aly sis b y ite rativ e

 P ro fi le m ig rat io n :G eo P h y sie s, 5 4 , 7 18 一7 2 9 .

 B io n d i, B ., a n d S a v a , P ., 1 9 9 9 , W a v e一e q u atio n

   m ig ra tio n v e lo e ity an a ly s is : 6 9 th A n n . In te rn a t.

M tg ., S o e . E x P I. G e o P h y s., E x P a n d e d A b stra ets,

17 2 3 一 172 6 .

 B io n d i, B .,  a n d T. Ti ssera n t, 2 0 0 4 , 3一 D a n g le一d o m ain

e o m m o n 一    im a g e g a th e rs fo r m ig ra tio n v e lo e ity

 an a ly sis: G e oP hy sie al P ro sP e etin g , 5 2 , 5 7 5 一5 9 1 .

G u o , J. Y , an d Z h o u , H . B ., 2 0 0 2 , TO w a rd ae eu rate

      veloeity m odelsby 3D to m ograPhie veloeity an alysis:
  E A G E 6 4 th C o n fe re n e e & E x h ib itio n , 2 7 一3 0 .

�名日∃石口分
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A P Pe n d ix

        T h e d ed u ctio n of th e q u ad ratic v elo city m o d e lco rre ctio n e q u atio n

E�p二d∀�g贵一  W∀ thth�T�y,一 ∀一
  se eo n d o rd er ae e u ra ey, y ie ld s

   D iffe rentiating w ith resPect to 凡 in equatio n (5), w e
h av e

日22 Z sin Z口 d 0

击

入

击

.翌子}月 v l

日2 日,艺 飒 日e &cos, (口一必)eos, (0 + 必)dx s
飒

C 二C

O Z

+ %

a 尤日e ∃._&�(C一e  )+ 击 �日eZ 一 (c 一& )2.
(A 一l)

l
+ 一

C
cos(8一必)eos(8 + 必)

击

飒
(A 一2)
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     N o nlinear glo balo Ptim izatio n m ig ratio n velo city inversion

w hen e= e  (e     15 the realvelocity ),   im age dePth has no
   relation shiP to shot Po sition.

 U sing equations(A一6), (7), an d (A 一5), the equati on (A 一8):

日22 sin , 28co 绒0一内

敌了 C一.= 0 .
(A 一3)

&, cos Z口co s, (0 一勿., _产 = 以 % 十

zc cos ∀(夕十勿 二哪 , (0 +内

    D iffe rentiating w ith resPeet to 戈 in equation (6), here

    w e suPP ose x 15 fi x ed

圣迎旦二兰,里)卫里旦些(旦二丝�}_ ,
_ ~ ~ &艺了月 . 认� ,l C 兰C∋ ∀t心 气口个卿

(A 一9)

一 Z d 0
�击ta fl (0 一必)% .

∀ 飒

 F igu re 4 , w e get

eos, (口一必)dxs

         D iffe rentiating w ith re sPect to xs in the equatio n ab ove

一_ 了门 1 � Z

c05又口一尹 一五 (A 一10)

 an d lett ing e = e  , w e get

 _ 5in ∃8 一必) d o �& 1 d Z夕�-U = 一z (艺% (% )一+ % 一 )J_. _�二

 cos  (夕一必)  dxv ∀ cos∀(夕一必) dx: /t一t

 sin 28

x &一戈

eos(0 + 必)
只

(A 一4)

 U sin g e q u a tio n (7), equation (A 一4)beeom es

sin(0 一必)cos, (口一必)l

一(∋+∀,一青, ∀一∀�2∋_坐止丛立. (A 一,1)Pr 凡

d 20

一, 气犷 = 一Z
式 _ 2 }c

(A 一5)

L et 毗      deno te the ho rizo nta l d istan ee fr o m th e sh ot

         Po sitio n to x and wr denote th e horizo ntal distanee fr om

    x to th e re ee iv e r P o sitio n , w e h a v e

 In equation (A 一2)let

S∀�∀∋一∀,一誉,S∀�(∋�∀,一贷�
(A 一12)

 Sin 28
y = & & , �一 元万 灭

co s一气U 一p )c o s一气U + p )
an d

an d
eosZ夕=

鱼 _2
欲 �

 eo s2 0 日0

eosZ(口一必)eos, (0 +必)入

  5in Z 20 日夕

cos,(夕一功)cos,(0 + 必)入

eos((8 + 必)+ (8 一必))

eos(0 + 必)eos(0 一必))一sin(0 + 必)sin(口一必))

_ z 一 w s w r

  Ps Pr Ps Pr
(z  一w �w ,.)/(只Pr )

+ 2 (A 一6)
 U sing equations (A 一11), (A 一10), (A 一12),

equation (A 一9)beeom es

(A 一13)

and (A 一13),

L et

l l

e &05(8 一必)eos(0 + 必)
赫I
日3

yy =
_ (扩一城玛.)月. 二 乙暇% 十( = ∃ � _ _ 甲 n j

∋ 气
型手杀兰一二票气卫).
Z ∀ 乓 c 汀乓

(A 一14)
  and w e get
       D iffe rentiating w ith resPeetto e in equation (A 一7)

 Sifl 2 0 日8 lettin g e = e  , w e h av e

一登鲜
y+翻D iffe re n tiatin g

h av e

c  cos,(口一必)&052(夕+ 必)飒  

   w ith resP eetto x � in eq uatio n (A 一2)
�V C 一(亚 丝 飒 飒

塑)(丢一工粤 C C U C

口22

舒

. 夕 日0 日22十 % % % +

日32
三(鱼 丝
c  汰�电

塑) e 飒 飒 日e 飒 口e
+ 叉)夕李 ),

鲜 由  

欲 let
y+

鲜日e

十上丝 鱼
c 入 飒

,勿少击十气二厂一二厂一十义F

眠 代
)� (A 一7) 几 =

一(鱼 丝 0xs 飒

护0 � 2 1 击 �
十y 二一丁夕L一丁一一丁一少,

以叮 c一 c 口C

Z一52�口一日一

L ettin g e = e

日32 .

 w e g et
日22

: , 即 日0 .
一 气二一 二一一十 y
c 汰 � ax �

塑)
典二处

成 一 十洲
欲 _Oc

日32

叹 &e
几

敌了加
C = C 率 一

叙
(A 一8)

all d
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  Z h a O e t a l.

日42

鲜 &e,
∃ = ( 二D , + 几 + 具 � _ _ (z 2一w. w. .)只 只(x, 一x ), 月城 (戈.一x ) �编 = 八 % 一下百犷一一+ 一一一下不了一一一----丁下了一一)

Z C 气 名C 八 C Z八

 U sing equation (5) W e g et   Sim Plify ing the equation above, w e have

日32

( ~丽百i蔺, 灭石百i不协下)}(一
日22

几 =

e时日e
时

q )(e一e ∀)+ (D ,+ 几 + 几)(e一e  )2. (A 一18)

 U sing equation (A 一14), w e have

D 一=

一粤厚共黑兰 c Z c 爪

月(戈.一x ),
十一-甲不不犷一

名C 爪

     S uPPo se that w e have three shots:戈一, 戈2, an d 戈&, and

xs l<xs 2<x �3,       the im ag ed d ePth d iffe rence in C IG ean b e

 a P P ro x im a ted b y

二琪三箭卫)(l一琴 ),
C 名气 Z

6z( xsz 3)_ 州 x �12)二
欲 � 欲 �

击2(x �,:) ,
% 气X 飞

汰厂 一x �!)/2 , (A 一19)

D Z = 2
  5in 28 护艺

and

:(x �:)一:(x �:) :(x �:)一:(x �.)

e  eos, (口一必)eosZ(0 +必)飒 日c x s3 一 x s Z x 论 一 x 川

浇  (x �,:) �
% 气X :

击广

1 1 日Jz

e  &05(口一必)cos(口+必)鲜日e  

一x �!)/2 ,

(A 一20)

+ (A 一15) w h ere

戈�:= (x �, + 戈2)/2,戈2:= (戈:+ 戈2)/2 ,

 Substituting equation (A 一10), (A 一川 , and (A 一14), w e
h av e

and

戈.:= (x �3+ x �,)/2 ,

_ 尸2(x 一x �2Z二 ∀ 分讨 ∀ + 2
C Z

厚共黑兰
ZC 八

 U sing equation (A一18), equation (A 一 20)ean beeom e

二垫形上一立华箭卫),
zc 汽 c Z汽

&,z( 戈3)一或戈:) 或戈2)一或戈})�,,乙气% 一% )/林启一天�l)

一尸尹,犷叭�一叮

戈3 一戈Z x论一戈}

二D0 (e一e  )+ (口+几 +几)(c 一&∀)2.

一一+D

(A 一2 1)
an d

几
  5in 20 日22

二cos  (o + 必)飒 日e ∀

 F o r sim P lifi e atio n , le t: A Z = D , + D Z + D 3

A.二风 ,

 U sing equations(A 一10)and (A 一川 , w e get

几
(x,.一戈)2对

e   22 3 P Z

and

凡一2( 三竺经上二业l一业 迎二三鱼2)/(xv :一戈�).
只 x �3一戈2 x �2 一戈l

E x P a n d in g
日22

叙了
a t e = c      to q u a d ra tie te rm s o f th e

  U sing equations A Z, A :, and A (), equation (A 一2 1)
b e co m e s

Ta y lo r

日22

SC f le S

凡一A ,(e一c ∀)+ AZ(c一c  ), . (A 一22)

叙了

日22

叙了

y ie ld s

日32 }
十 % }
a 丫一口C  ∃=∀�(c一c ∀)+

日42

击子日e ∃=∃�(C一c  )2
(A 一16)

 U sing equation (A 一3), (A 一14), and (A 一16), equation

(A 一7) beeom es

        Z h a o Ta iy in 15 a P h . D . stud en t a t U n iv ersity o f E lee tro n ie

护z _/(z ,一攻次)月 侧 戈一x ), 君城(x, 一x )�
又万 急或- 一下不了一一十一一下不厂一 一一一下二了一一)(c 一c
以污 Z C 汽 Z c 汽 C 乙+

+( 口+几+几)(c 一c ) , . (A 一17)

L et

   S c ie n e e a n d T e e h n o lo g y o f

C h in a (U E S T C ). G rad u ated

    a n d re e e iv e d a M a ste r d e g re e

   in S o lid G e o P h y s ie s fr o m

             C h e n 9 d u U n 1 v e r s ity o f

   T e e h n o lo g y in 2 0 0 2 . H e 15

   in te re ste d in s e ism ie sig n a l

 P r o e e s s in g , im a g in g a n d

  m ig ratio n v e lo c ity a n a ly sis.
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计算公式由于包含有速度横向导数项 , 在速度横向变

化大的介质中 , 也能有较高的聚焦效果 , 而且也为走

时计算提供了精确的相对振幅保持权系数 &本文对推
导的方法进行模型测试并进行实际数据的试算, 其结

果证明非对称走时方法的成像精度远高于对称走时计

算方法 &
关键词: 单程波算子 , 走时公式, 李代数 , 拟微分算

子

法首先对VSP走廊叠加记录采用非线性迭代反演方法反

演地下地层的波阻抗; 通过在迭代过程中不断修改阳

尼因子 , 以及引入预条件共轨梯度法求解方程组 , 增

强了解的稳定性和收敛速度 &理论模型与实际资料的
处理结果表明该方法具有较好的效果 , 并在VS P资料钻

前预测研究中具有良好的应用前景 &

关键词: 零偏vsP , 波阻抗反演, 非线性迭代反演, 阻
尼因子, 预条件共辘梯度法

二阶精度广义非线性全局最优的偏移速度反演方法

     / /A qu adratie P reeision g en eralized no nlin ear global

    o P tim iz a tio n m ig ra tio n v e lo e ity in v ers io n m e th o d ,

赵太银  , 胡光氓 ∀, 贺振华  , 黄德济  , A P PL IE D
G E O PH Y SIC S , 6(2), P. 13 8 一149

( 1. 电子科技大学通信 与信 息工程学院 , 成都

61 &&5七 2.成都理工大学油气藏地质与开发工程国家

重点实验室, 成都 61 0059 )

高分辨率非线性三维整体反演研究刀  Hi gh re so lut ion 3D

  nonlinear integrated inversion , 李勇  , 王绪本 ∀, 李志
荣2, 李琼 ∀, 李正文 ∀, APPLIEo GEoPHYsxes , 6 (2) ,
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( 1.成都理工大学 ∋地球探测与信息技术 / 教育部重
点实验室, 成都 610059; 2.川庆钻探工程公司地球物

理勘探公司, 成都 610213)

摘要: 如何快速 �精确地利用叠前深度偏移进行偏移
速度分析是勘探地震学的一项重要研究内容 ,针对该

问题 , 本文提出一种二阶精度广义非线性全局最优的

偏移速度反演方法 &我们将首先去掉速度模型修正量

与成象深度差呈线性关系的假设, 推导出具有二阶精
度的速度模型修正量计算公式 , 使每一次迭代得到的

速度模型尽可能地接近实际模型; 然后采用广义非线

性反演方法反演获得对所有道集的全局最优的速度模

型修正量 , 不仅极大地加快了收敛速度 , 而且反演过

程中陷入局部极小的可能性也减小 了 &理论模型和

Marmousi模型的处理结果表明: 本方法精度高 �处理
速度快 , 提高了偏移速度分析方法的实用性和对复杂

构造成像的准确性 &

关键词: 叠前深度偏移 , 偏移速度分析 , 广义非线性

反演, 共成像道集

摘要: 高分辨率非线性三维整体反演方法是基于非线

性理论 , 在层位控制下, 将工区多井 (或全部井) 的
测井数据与井旁地震道数据输入具有多输入多输出的

网络 , 同时进行整体训练 , 可获得整个工区的自适应

权函数 , 并建立综合非线性映射关系 , 并根据储层在

纵横方向上的地质变化特征更新这种非线性映射关

系 , 这样 , 就能对反演过程及其反演结果起到约束和

控制的作用 , 从而获得稳定且分辨率高的地震反演

剖面 (速度反演剖面/波阻抗反演剖面/密度反演剖

面 ) , 实现整体反演 , 该方法通过模型试算和实际资

料处理 , 获得较好的地质效果 , 证明该方法精度高 �
实用性强, 可用于储层的定量分析 &
关键词: 高分辨率, 整体反演 , 多输入多输出网络 ,

混合智能学习算法
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地 球 物 理 资 料 群 体 智 能 反 演 / / S w a r m
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 data inversion , 袁三一 , 王尚旭 , 田楠 , APPLIED

GEOP HYS ICS , 6 (2) , P.166 一 174

(中国石油大学CNPC物探重点实验室, 北京 102249 )

摘要: vSP 资料钻前预测的关键在于高精度的波阻抗反

演 , 本文针对Vs P资料高分辨率 � 高信噪比以及能精确
地分离出上 � 下行波的特点 , 提出了一种利用VS P资料

进行井底以下钻头前方地层波阻抗反演的方法 &该方

摘要: 复杂地球物理资料的反演问题往往是一个求解

多参数非线性多极值的最优解问题 &而鸟和蚂蚁等群
体觅食的过程 , 正好与寻找地球物理反演最优解的过

程相似 &基于自然界群体协调寻优的思想 , 本文提出

了交叉学科的群体智能地球物理资料反演方法, 并给

出了其对应的数学模型 &用一个有无限多个局部最优
解的已知模型对该类方法进行了试验 &然后 , 将它们

应用到了不同的复杂地球物理反演问题中: (1 ) 对

噪声敏感的线性问题; (2 ) 非线性和线性同步反演问
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