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RESSARCH             Another difficulty of a more generic nature' COMPANY,
a corporation duly organized  relates to the requirement of digital record-
50 under the laws of the State of Delaware, ing of seismic data in the
field. Digital field United  States pf America, of 200  Bush  recording of
data is of recent origin due to 5  Street, San  Francisco, California,
United  the availability of general and special pur- States of America, do
hereby declare the  pose digital computers for processing seismic
invention, for which we pray that a patent  data. In this type of
recording, the analog  55 may be granted to. us and the method by  seismic
signals detected by the hydrophones which it is to be performed, to be
particularly  are first multiplexed by appropriate' circuitry, 10
described in. and by the following state-  say, located aboard a recording
boat and then ment-                                      converted to a
digital format compatible with Tfis invention relates to marine seismic
computer processing. Normally, in  digital  60 exploration and more
particularly to a method  field recording, 12 binary bits are needed to df
collecting, processing arid displaying areal  define a number representing
the amplitude of 15  marine seismic data using a continuously  the analog
seismic signal at a given point moving marine, exploration system aboard. a
along the time base. These binary bits of single seismic boat.
information are, then recorded on the data  65 In the art of seismic
exploration, the desir-  record section of the seismic magnetic tape
ability of increasing signal-to-noise ratio of  in a time sequence related
to the sampling 20  marine seismic data is well known. A success-  rate.
The resulting digital field tapes are then fri technique of producing a
series of loca-  transmitted to a digital computing center for tional
seismic traces associated with cross  processing.
70 -sets of center points of constant density is    Among the mathematical
and statistical described. in our Specification No. 1,285,769.  processing
techniques normally used at a 25  In  the aforementioned  specification,
loca-  computer center (in addition to the beam- tional traces related to a
constant density grid  steering process noted above) is a process of
two-dimensional center points are obtained  known as " Common Depth Point
Stacking "  75 mfiling a plurality of shooting boats in which  (CDPS,
associative seismic signals in digital seismic sources aboard a first and
second  form (i.e., binary bits associated with common 30  shooting boats
are sequentially fired as the  subsurface reflection areas) are combined so
boats traverse flanking zigzag course lines  ds to enhance primary seismic
events in the relative to a streamer containing a series of  records while
attenuating noise and secondary  80 hydrophones. After the locational
traces are. (multiple) events. The associative character generated, these
traces can be associated with  of the processing requires that the data be
35  cross sets of center points substantially normal  collected in the
field in a manner that pro- * to the base course lint of the. streamer and
vides subsurface coverage of the same area processed by a technique known
as beam   many times, as obtained using the so-called  85 steering to
produce a series of cross direc-' "rollalong" field collection technique.
tional traces. Each cross directional trace has    (In the rollalong
technique; a first record 40  an enhanced. (increased) signal-to-noise
ratio. is made with the seismic source and hydro- Although sonar and radar
techniques are  phone spread positioned at a first series: of known which
could synchronize operations of  locations; then a second record is made.
with  90 the shooting and. recording boats, most service  the source
advanced a certain in-line distwioe- companies dor not have such equipment
due  relative to  the  hydrophone  spread. The 45  to the limited call for
three-dimensional sub-  hydrophone spread is advanced a similar mi- surface
collection efforts. Accordingly, there  line distance relative to a line of
survey. By has been some difficulty in getting the tech-  ntoving the
source and hydrophone spread the  95 nique into field usage.
same in-line distance, say, the equivalent of [Pice 3Dp]    41 2
1,394,533                                           2 twice  the  spacing
between  hydrophone  commands from  the 'seismic boat or under
Go' stations, the resulting seismic information in  mechanically  induced.
programmed. com-  65  "' 



digital form  provides multiple coverage of  mands, so that the trailing
end of the streamer   - the same subsurface area along the line of  is
drawn. Through the water along a straight  , .5  survey.)
line parallel to the base course line and a   '. It is evident, whether or
not two- or three-  constant offset distance from  it. Both. the 'N
dimensional mapping is contemplated, that  terminus  of the  lead-in  cable
and: the  70 positional annotation of hydrophone stations  remainder  of
the  streamer (including  all : andseismic source points must occur as the
hydrophones) maintain the, same geometry 10  data  is recorded. If the
aforementioned  with respect to the base course line of the annotation does
not occur, later processing of  seismic boat. When the seismic source is''
such data using CDPS can provide erroneous  activated at a selected
repetition rate, a swathe  75 results'since the algebraically summed
results  of seismic data thus can be generated related related to " common
" depth points are them-  to positional locations in the form of a swathe
15  selves in error. Data annotated as related to  of two-dimensional
center point grid arrays a particular geographic area may actually  having
an outer boundary parallel to the base relate to another area displaced to
a sub-  course line -and at'a. perpendicular distance  80 stantial distance
from  the former. Further,  from it equal to one-half the offset distance
such Positional errors can be retained in  provided by the trailing. end of
the streamer. 20  later produced records irrespective of the  Since the
seismic boat proceeds along the final display format of the data.
base course line at a constant speed,. there An object of the present
iivention is the  results a uniform  density. of. in-line, seismic  85
provision of a .continuously moving marine  depth points. The density..of
'cross-depth seismic exploration system  utilizing a single  points
depends-on the distribution. of hydra- 25  marine boat for operation and
collection of  phones along the streamer; For equi-spaced seisnuic data in
the form of locational traces  hydrophones, 'the density of cross-depth
points associated with a swathe. of uniform  two-  decreases away from the
base course line. In  90 dimensional grid.. arrays of center points  a
preferred implementation of the method the offset from the base course line
of the boat.. '. hydrophones are spaced in a manner to yield 30    Another
object of the present invention is  a uniform  density of cross-depth.
points. In the provision of a method and apparatus for  order for the.
swathe of data to. be clearly encoding, on the header section of the
seismic  identified with the series of center point  95 :magnetic tape, a
binary . identification code arrays, the streamer is provided with a
series. which relates ultimately to the identification  of' sonic
transducers along its length. Sonic 35  of relative and absolute
.hydrophone station. pulses are emitted from a. transmitter aboard and
source point locations associated with a  the boat (preferably after the
seismic source% given  shot as by using digitized seismic sig-  is
activated but before the reflections ate  100 .;nals detected  by  a series
of transducers  received. at the hydrophones) and are sub- aboard the
marine streamer. -The signals are  sequently detected by the streamer
'trans- 40  then processed.into the correct digital format  ducers. and
retransferred back to the boat. for encoding onto tape.
In that way, identifying the instantaneous locations of the transducers by
mean's of 105 digital ranging techniques can'. be achieved. Summary of the
Disclosure                    In' one' form  of the invention, the binary
The present invention proposes. a method  indications of the travel time of
the sonic for collecting seismic data related to two-  wave, and hence the
instantaneous, positions 45  dimensional subsurface  coverage  of strata
of the transducers per each shot, are directly' 110 underlying a body; of
water using a .single  encoded onto the field magnetic tape for later'
marine-seismic boat In accordance with the  use in mapping of the
subsurface under' present invention, a  continuously  moving  survey.  '  .
' o  tf marine seismic exploration system includes' a    Other advantages
and objects of. the pre-. 50  repetitive seismic source and a streamer of
sent invention will become more apparent, 115 hydrophones trailing behind a
single 'seismic  from the following detailed description:.taken boat
tradersing the. body of water along a  in conjunction with the accompanying
draw- straightbease course line. The seismic source  ings in which: is
fired at. a selected repetition rate to generate   . Figures. 1 and
2'illustrate, in plan view, a 55  a series of firing stations coincident
with the  chronologically  relAted . sequence  of  two. 120 base- course
line. The streamer includes a- instantaneous positions of a: marine
streamer. plurality of hydrophones connected to the. and repetitive
seismic' source:.operated froma seismic !boat by means of a lead-in cable
and in conjunction with circuitry aboard a extending from the rear of the
boat and also  single seismic boat; these'Figures illustrating    60
includes a paravane assembly connected to the  that a series of locational:
traces, can be. 125 trailing end of, the---seismic streamer. The
associated  with  individual'. center  points' par-avant has a rudder
assembly whose posit.. aligned along a series of. projections as *e tion
can be preset or adjusted, as by radio  trailing end of the marine streamer
mamntaim    



i          i ;10 3                                           1;,94,533
3 v>     its perpendicular offset distance from  the  generated which form;
, the . first set of cross base course line;                       .
offset points of the gid array. As shown, Figure 3 is a plot of, a
,two-dimensional,  each of the. center points C1, C, ... Cm, is grid of
.center points -related to the instan-  midway along an imaginary.family of
lines -taneous positions of the hydrophone and  drawn between source
point.A and the instan-  70 iS ~source array of Figdres 1 and 2 and. sub-
taneous positions of respective hydrophone sequent positions;.
stations of the. streamer. 14 The curvature of Figure 4 is a' schematic
representation, in  the center points is seen to be parallel with block
form,  of  circuitry: for  generating  that of the streamer, say in the
form  of a 10  digitized locational. information related to the  two- or
three-dimensional catenary. The cross  75. relative positions of' the
marine streamer dur-  offset of' the hydrophone positions forming ing each
shooting and collection period;      respective hydrophone stations hi ..
hu: is- Figure 5 is a diagrammaticl representation  not constant, i.e. the
distance from the course of a digital, sonic detecting 'and recording  line
12 to station h1 is larger: than that: from 15  circuitry for collecting,
recording and coding  the line 12 to the station h". Accordingly,  80 of
seismic data including locational informa-  the cross offset of the center
points C1-Gm tion related to the relative position: ,of: the  from line 12
is also variable. marine streamer during each shooting and    In Figure 2,
marine exploration system  10 collection period in binary form, using the
is shown at another point in time along base. 20  co~lle~ction method of.F
igures 1; 2 and 3;   line 12. As shown, the paravane assembly  85. 'Figures
6 and .7 illustrate bit-word repre;  16 has moved from its initial position
(Figure sentation of the locational information onto  1) to a  more'
forward location; while main- magnetic tape in: binary format as provided
taining its distance D with respect to line 12. by the circuitry of Figure
4; and             As' the seismic source :13 is activated, the 25  F,
Pigure 8 illustrates, in functional block, instantaneous position of the
.seismic source  90 form, the digital seismic field system  corn-
generates a new source point At this instant, plement of Figure 4 for
controlling the col-  the instantanoeus positions of the individual lection
method of Figures 1, 2 and 3.         hydrophones generate a new -array of
center Referring now to Figure 1, a marine seismic  points Ca-LQ8 as shown.
. 30  exploration.syqtem' 1i.s shown at one point    Figure 3 illustrates
the two-dimensional  95 ip  time as: single. shooting and recording  grids
of center points 'generated during a boat 11 traverses along a straight,
base course  sequence of surveying operations comprising~ line' of*
traverse 12. Behind. shooting  and  7 shots. Typical spacing of the center
points: recording boat 11. are seismic source 13. and  is indicated in feet
across the bottom of the 3.  marine streamer' 14. including a series of
Figures. 'The offset spacing -angle between  100 hydrophones' (functionally
indicated  at 15  the paravane assembly and the course line 12 and
terminating in paravane asmbly 16. At  is about 13 degrees. it  eding..ends
the: marine streamer .14 is  '       -'--* : its leding  nd, te marne
steamer14 is It should be noted that the variation of' coupled to the boat
11 by means of lead-in   Itnteous potions as the datatis ol '40. cabk 17.
.  .  ..              ~~~~~instantaneous positions: as thedt is !olct6&-
40. cable,' 1 7.
h.dt  sc During the' collection process, the shooting  generates center
point grids. whose boundary  105 and recording boat 11 and seismic, source
13  parallels line 12. .Although the center poits travel a straight- line,
along course line 12.  of the gr  are aligned along  imaginary lines
However, ithe travel -of the marine streamer  perpendicular to  base course
line 12, the 45: 14 is more complex. Paravane asseilbly 16 is  densty of
points decreases any  from  this provided with a rudder assembly, (not
shown)  line., 1.10 which can be programmed. to maintain 'the   'It is
important to know..the position of each' position of the trailing 'end'. of
the streamer  center 'point of the grid.' Accordingly, the along a pathway
18 parallel :to but a fixed' relative instantaneous positions of the hydro-
50: distance -) from the course line 12. Terminus  phones of the streamer
relative to the seismic V           22 of .lead-in cable 17, however,.
remains in  source must be accurately established during  11S5 a vertical
plane coincident with course line  each period:. of shooting 'and
collection of $    12. Accordingly, the more centrally located  data cycle.
That is, the relative position of individual hydrophones. 15 follow  a
family  the hydrophone stations h1-hm of Figure 1 55' of- parallel paths
having. different (and 'pro-  relative to source point A must be determined
gressively. smaller): offiet distances with: res-  and indicated, as the
seismic data. is collected. 120 pect to the line- 12.
Figure 4, is a system  block diagram  of :  ' Location of .the source .13
as acivatioir  digital sonar range indicating circuitry 25 for occurs is at
point A in Figure 1. rIn Figure' indication of relative positions of three
target 60: 1, the paravane assembly 16 is at its initial  transducers 26,
27 and 28 positioned along position - relative  to  the  course' line  12.
the marine streamer during each shooting and  125 



Accordingly, when source 13 is activated, a  collection period. Before
describing circuitry series of center points -designated C1--C;,  25: in
detail, however, a brief discusion of located:at-the.midpoint between
source point  digital field equipment useful in recording 65, A and
hydrophones 15 of the streamer 14 are  of field'. data in . a 'digital
'format7 may be    i 4                                          1;3940533'
4 itructive, and will now be presented with  tr  purposes) viz, to indicate
the sign (Y ). specific reference to Figure. 5.            of the channel.
As shown inr Figure 5tlie heart of the    The block and clock tracks 55 and
56 are digital field collection. systems of the presenc  used- to record
block pulses and' clock pulses, -. 5  invention is digital field control
yst  40  respectively. A  blockl pulse is generated at  . Which
co'ordinates operations of all remain-  the dividing point between each two
data; ing circuitry. As shown, the remaining field: blocks and thus
distinguishes the data blocks-s circuitry includes: sonar range circuitry
25  which follow. The bldck pulses- are recorded intercoinnecting ta-rget
transgduter 26, 27 andt 1* continuously magnetizing the. block track L0. 28
with: the digital field control systemr 40  55 in one direcion- by means of
the hela uinit 75 trough  conductor means' 41. Pralleliing  52. To
establish the ONIB stte, the block conductor mears' 41 and: sonar range'
circuitry  track 35 is magnetied' continuously at the 25 is field dondiitor
means 42- conecing the- starft a  the record;, te end- of. the record,
hydwphone, o-f tthe strearner to the digital fielk  ant for each block ad
wss   ord. Where data- is  control- system. 40. In. order tdi synmniw
woatt  are inser    intv Mt rXecrd after- ie  80 data  ollection-
operations, the digital fieldt block address, no pulbes are recorded within
control system 40 is albo seen to connect via  'the block track 55; (ZARO
sta4y. conducting means 43a thriough firing system   A clock pulse ig
generated at clobk track- 43 to a seismic source 13. All system informs-
56 at each channeV fbr all: data words. Where 20  tioa. is. recorded on a
field magnetic tape 444  a gap appeart in tie ncorA  say, at gaps: Sa, 85
within system 40.                           58b  58c; the dit biits- on
&3ock track 55 Although. relative itapping of the streamer  and clck:i
track 56'. arf in- the ZERO stat. ig- established: by sonar range
indicating cir-  At the stare of etg  block of dau,. except for citrir 25:
(tox be explaind- in' detail below   thie zero block' akidrs  (rieaining cn
25. there- is also w needd for determining the  tracks aret in the ZERO'
state) te' addiess  9( absolute geographic pokiosrr of the, staeafir  is
signified' by. nearisw of 2 to' 2  oderW; of Vor tfil  purpose,
avigational- circuitry 45  bifary Bik  ti&i ca, appear itr the 18' data it
seen in Figure 5 to comnect through con-. channels. ducting means 46a to'
aiseparate digital: record  Tbhe part  track 57 iS utsd' to recordc  a 30
ing means 46.                               parity plsewhich  serves aa
check of the  95 Timing logic for controlling the. operation  efficiencr of
the tasfer of the seismic data of the circuitry of- Figure 5 cans be- quite
com-  tuw the magne  tape. Al information within piex and a key to,
undemtanding the inter-  one dta channel should add up, to. either an
related operations is- by observing the digital  odd' or ee  number which
cad be chiecked 35- Lonmat. a4  the information reoorded, onto  with the
parity signl; provided withit each 100 magnetic tape 44.    parity- track
5.7. For enmple, for the date Primary requisite of the, format of tape-
rcks 1 Z .I. .- 1l  a partsy pulse ONE, will 44: it must be, of course,
compatible with  appear if these data- tracks cotain' an' even Wlke
processing by digital computer. Puirther,. number of ONEs. 40- since the
puter basically manipulates and'   Gaps 58a, 58b and 58c have previously.
105 processes dta based on data character length  beers indicated by' means
of ZERO states at divided into "owords" and "blcks 'I, the  thie block and.
clock tracks SS arid 56- for all magnetic tape format of tape 44 must be
chianlmsi comprising the gap. Gap 58b is likew    organized.
seen to be positioned between header record' 45    In Figure 6, for
example, a conventional  section 53 and data record section 54. After 1;10
magnetic tape format is seen to be arranged  data has been tilcstfrred to
tihe header' 'in a; series of 21: tracks atross the width of  record
section, head i: 52 can be positoned the tape 44 and in a plurality of
channels  atr gp 586 to await: reception of. seismic sig- along the length
of the tape 44. Motioni of  riads at the hydroplhores. Whe  the rape i's 50
the tape is in the direction: of arrow  51.  motionless, tie head 52
preirably rests ovet- I5 Transfer of data to the tape it accomhplished  the
middle of the gap.,One hialf of the length by a: 21-track head unit 52
positioned at the  off fhe gap is usually required t  accelerate rigl-hta!d
si  of Figure 6. Indications of  the tape mbtion: up tw full recordig
speed. specific sections of d&at along the longitudinal-   Within the dat
record: settion 54, each. 55  lengti of the tape divide each record into a
channel is- divided into ane 1S-bit word and. 1.20 header' section 53, and
a data record section  3 control bits; as. pretiouily' mentioned The 54;
Within the data record section 54 the  number of blocks required to provide
sq seismic 



data is further organized into a series c/data  data merd varies with: the
amount: of fixed blocks as indicated.                       information
which is provided tff the head- 60    Along the width, the series of tracks
include  unit: 52. For' example,. a 6-second analog 125 the folowing: 18
data, tracks sad 3 control  signal received at the' hydrophone spread of
tracks; The control tra&s comprise block  F. igure 1 and sampled' at
.002-second inrvals; track 55, cbck track 56 and parity" track 57.  digitie
and  then  recorded;  wil  have Further; onef of the data tracks, say, the
0  6a 002=$,000 blocks of. dat artanged along. 65  track, can be utilized,
sequentially, for con-  the longitudtial. length of the matetkc tape. I
i*        I 12 5:                                        1,394,533
5 Within each'data scan, the first channel  61 or 62 identifies-in  binary
form-the of each block is referred to 'as the block word.  time of sonic
wave travel to transducers 26, The block word, as previously mentioned,  27
and 28 of Figure 5 with respect to an specifies the number of the block and
identi-  origin point on. the boat just prior to recep- - v%4  fies the
channel as a block word in the form  tion of the seismic energy. Each
multibit  70 previously mentioned. The remaining number  digital code 'an
represent a digital number of channels in each block are referred to as
related to range, by using the bit characters data words and, in length,
can vary -in accor-  XO ... X'3 positioned on tracks 16 ... 3 of dance with
the .iumber -of hydrophones within  the magnetic tape. 'Whether or not all
bit 10 the hydrophone spread. The seisniic data is  characters are utilized
depen4ds on the travel  75 located within each data channel in, say, the
time required for encoding onto the magnetic most significant 13-bit
positions of each. 18-  tape. In marine practice, it is not unusual to' bit
word. The remaining bits of each data  have ultralong marine streams. The
travel channel provide for recording  of binary  time of the sonic wave can
be reprcsented 15  amplifier gain change indications (4 bits) as  by
the-quantity.R/V  where R is the slant  80 well as 'the sign indication (1.
bit).      range to a certain streamer transducer, and V As will be
explained in more detail below,  is the velocity of sonic transmission
equal to binary gain amplifiers are used to amplify the  5,000 feet/sec.
Accordingly, assuming a maxi- signal provided each hydrophone. The inten-
mum  slant range of 3 miles (15,840'), the 20  sity of these signals
received at the streamer  maximum time of travel (to a trailing end of  85
spread and amplified by the binary gain  the streamer) would be .about 3.17
secs. If amplifiers varies pver an extremely large  the countijg rate is,
say, 5,OQ0  counts/sec., dynamic range. To avoid overloading the  then
15,840 counts would.be'generated during binary gain amplifier, the gain
must be varied  each ranging cycle. In a digital code utiliz- 25  in
accordance -with the amplitude of the  ing at least 14-bit positions (X;
... XI3), a  90 received signal. The incremental gain of each  time
duration function of up to 16,382 counts amplifier is indicated by the
binary amplifier  can be designated per each iS-bit 'digital gain; change
indications (4 bits) mentioned  word (wit three blank bits). (If greater
range above.                                     is to be indicated or a
'igher counting rate 30    Figure 7 depicts the header section 53 in
utilized the three blank bits of each '18-bit  95 more detail. Along the
left-hand side  as  word can be used as a gain function equal to viewed in
Figure 7, tracks 0 to 17 are illu-  a multiplier function of 2, 4 or 8.
Otherwise, trated related to the 18 data channels (with  these three bits
are blank:) The remaining bit four blanks) while the control channels b, c
is utilized to indicate whether or rot the 35  and p relate to the block
track, the clock track  transducers are to the right or left flank of 100
and the parity track, respectively. At the start  the seismic boat as
viewed in Figure 1- of the header record, block track and clock  *a ONE,
say, for the left, and a ZERO for the track b and c are coded with a "ONE"
right. stored as shown. Within. the remaining data    The invention is not
limited to a 21-track 40  tracks, the sign number, reel number, gee-
format, however. A 9-track format could also  105 graphic location can be
inserted in alpha-  be used without .departing from.the intended nuneric
fori. Beginning ax block address ""   scope of the present invention, In a
:9ti'c various conventional instrument settings are   =of $ 8 dai tracks
are utilized  number applied to the tape, such as the amount of  0, 1, 2,
3, 4, 5, 6 and 7, and one' parity 45  presuppression  set into  each
binary  gam  track (p) is also tilized. Each value is con- 110 amplifier
(initial gain) as well as the constant  tained, in each record channel, in
one group gain factor of each amplifier. Since modern  of 8-bit characters
calledl a byte. Accordingly, seismic collection techniques employ a great
in a 9-track format, each range code, con- number of individual binary
amplifiers, the  ting     least '14-bit characters,' would 50 binary data
identifying amplifier characteristics require to be recorded as at least
two separ- 115 as well as filter characteristics can occupy a  ate bytes of
information. rather large block of data, say, from block 



"0" 'to'block. (48" of the header section 53.    As an example of the
output of the binary' Following. the eight 'blocks ' of amplifier  code
related to travel time, consider -the 55  information, in binary form,
there are set  binary codes for a range of 16,381 feet (for aside several
blocks sof data to indicate the  a transducer positioned, say, at the
trailing  120 following: data in binary form: serial nun-  end of the
marine streamer); .a midpositioned ber, instrument type, sampling rate,
hydro-  tratsducer (at, say, 9,85 'feet from  the phone .spacing interval,
record length, as 'well   rine boat); and a leading edge transducer 60  as
a series of hydophone position marking  located at bout 330 feet from' the
marine codes. At selected channels, say, identified  boat. 'The binary code
provided at the bit 125 with words 60, 61, 62, of block 10 of the
characters on -three adjacent channels of -a. header record tction 53, ,a
three-word, 14-  fl-track tape would be as follows assuming *ebit digital
code (four blanks) identification is  a counting rate of 5,000 counts/sec.
and 'a set fort. As explained below, each word 60,  travel velocity of 5430
ft./sec.:    L~~~~~~~~~~~~~~~~ v 6
1;394,533      .                                  6 - ~    ~      .     ?N
X l XX3V2  X3 X4  XV  X 7 XS X  XIO X1p X12 XI                      .
Binary.  1.0 .11111   1.1 11 11 :     Decimal       :          . ' -
16,381 (counts)                              . X  X0  X2 XS XI' XS X6 X'
X  Xi XO X1 X12 XI x" 5   S  Binary  .11111 10 01  1001 ,,, - De~cimtal .
:  -  '    9,855 (counts). X0 XX  X2 X3'X' XS X  X7 XS9  Xr0 X11 X12 XI;
Binary                 01.1. 0.0 -1. 0I.: 0  00                 0' Decil '
330 (counts) 10    Tfhe' tost significant bit of the code is, of  , At the
computer center, the binary multi- course, the XI bit .
word range indications with respect to the Since the streamer is assumed to
be at a  seismic boat, as provided by navigation cir- : constant depth, the
triavel tiune indication to  cuitry 45 ofFigure 5, are utilized to trans-
35 each. transducer aboard. the streamer estabZ  form the co-ordinates
established for the boat 15  lishes the rieative locations of the'
hydrophones  to indicate hydrophone position. in the fowoin gnanner:  at
the computer    As to the transformation process, reference center, ithe
.travel -time. binary code is con-  is made, hereinafter to the following
example. verted hito ,slant range indatons fsora each collection period.
Since the streamer. is. at a  Given:                                 40 20
commn deph and 'll hydrophone positions    Slant ranges R1, Re and RS;
relative to the transducer positions are known,    Depth of the streamer D
and X;. Y., Z. * . the relative locations of all hydrophones can  where.
X., Y,, Z. are the three7dimensional be thus established.:
co-ordinates of the transmitting transducer of Similar ,techniques . at the
.center can be  the digital sonar ranging circuitry 25 of  45 25  used to
establish the geodetic positions of the  Figure 5 during a selected
collection period. streamer. transducers and then the hydro-
, phones. Since the hydrophone geodetic posi-  Calculate:- tions. are
derived from the geodetic positions    The individual target co-ordinates
XI, Y1, of. Lthe, transducer, only  the  co-ordinate  Z,; Xs, Y2, Z2; L XI,
Ys,. Z  of the transducers 30  generation of the former will be described
in  of the marine streamer to be computed using  50 detail.    .         .
.          .       the following equations: Slant RI  VQXl- X))2'+(Zl-_ZO)'
Slant Ra=V4 (XrX4)2 + (Yry)' + (ZrZa) ' '-   E : ' ' 'Slant R=/X-a+(3__y;
)2+ZS_Za7, Sat RS= VQXaY + (Yr   )+ZZ)2 55  Assuning a datum plane at the
surface of the body water, then the three-dimensicnal co-. ordinates at
the' datum  plane, namely, Xd, Ydl, Z4; XI, Y, .Zd,; and Xds, Yd', Zds for
the: transdu'cers can be calculated using the following equations: .,1_D2~-
;   ,(Xdl-XY2 +(Ydl-Y)2 +(ZdI__Z)2 'Vk''DR'-= /!(Xdr-X.Y2+(Ydg-Ya)
+(Zdr-Z') 60  : - : '              /VR D    V(Xd'Xs)2 + (YdYa)2 +(ZdarZa).
where R, R, and RS 'are the slant ranges    Referring again to Figure 4,
tfr digital  75 separating  the  transmitting T and. receiving  sonar
ranging circuitry 25 for providing the transducers, D is' the 'depth of the
streamer  aforementioned binary travel time codes for and Xdi, Ydb .ZdM;
Xd0 Ydi  Zd0; and X,,,  encoding onto magnetic tape will now  be .   Ydb
and Zd,  are the three-dimensional co-  described in detail. ordinates of
the target transducers trans-  . After the seismic disturbance has been  80



formed to the datqm plane.                  initiated,. time of . travel.
determinations to It', should. be obvious that distribution  streamer
transducers 26, 27 and 28  are (spacing) of the hydrophones cogid be varied
carried out by the sonar ranging circuitry 25 7a0 so that the seismic
.information could be  in.the following manner: transmitter 29 is
associated  with positional locations defining  energized by means of
control circuit 30 to  85 a grid of center points of uniform density, as,
transmit a pulse of sonic energy to transmit- fbr.example, described in our
aforementioned ting transducer 31 at, say, the rear of the earlier patent.
specifica~tion  .        ................ . *, ', boat and thence  t he ene
rgy travels through    7                                        1,394,533
'7 *~.    the water until detected by receiving trans-  OR. gates 35a, 35b,
35c to flip-flops 36a, ducers 26, 27 land 28 within the marine  36b, 36c.
As 'the signals are received at OR streamer. Transducers 26, 27 and 28 are
gates 35a, 35b, 35c, the respective' flip-flop -  energized in the order of
their location with  is turned " off ". Since the flip-flop is turned .-.~
respect to origin transducers 31. Assume that  off, the associated AND gate
is blocked, and  70 transducer 26 is located at the leading posi-  the
associated counter 39a, 39b, 39c stops tion of the.hydrophones of the
streamer; that  counting. Connected to each counter. is a transducer 27 is
located at :the midposition;  register 23a, 23b and 23c which receives the
and that transducer 28 is located near the  count from each counter upon
the occurrence 10 trailing end of the streamer. Accordingly,' the  of a
register 'set signal from control circuit  75 transducer 26 will be
energized first, followed  30. Such register holds the count until reset by
the midposition transducer 27 and finally  through an enabling signal from
control cir- the trailing transducer 28 is actuated. These  cuit 30. In
this regard, control circuit 30 signals are passed by way of conductors
32a,  includes a series of input channels generally- 15  32b.and 32c
through the marine streamer. to  indicated at: 65 connected to the digital
field  80 the seismic boat. Since transducer 26 at the  control system 40
of Figure 5. Logic signals leading edge of the streamer receives the pulse
pass from the control system 40 through input first, receiver 34a will be
actuated first; channels 65 in a predetermined enabling receiver 34b will
be actuated next, followed  sequence so that binary indications of 'travel
20 by receiver 34c. Return signals detected by  time can be transferred
from  the registers  85 the receivers 34a, 34b and: 34c pass through  23a,
23b,. 23c in proper sequence. Logic cir- OR gates 35a, 35b and 35c to
flip-flops  cuitry for generating enabling signals to pro- (bistable.
multivibrators) 36a,' 36b and 36c. vide for such logic transfers as well as
for These flip-flops are of the type where succes-  digital recording of
all binary information. is 25  sive pulses revefse the flip-flops between
depicted with reference to Figure 8, and will 90 'stable states of
operation corresponding to  now be described in detail. "on " and " off"
period modes of operation.    As shown in, Figure 8, during collection of
Leads 37a, 37b and 37c of the flip-flops 36a,  seismic data signals
generated by the hydro- 36b and 37c constitute the output which will phones
pass from the streamer to.digital field 30  deliver an output.signal when
the ffip-flop is  system  40 aboard, the boat via. conductor  95 in an " on
" condition. Connected to the out-  means 42, thence through amplifiers 66,
multi- put leads 36a,' 36b and 37c are AND gates  plexer 67,
analog-to-digital converter 68, 3.8a 38b and 38c which are responsive to
an' master coply logic circuit 69, format control enabling signal which is
provided by the flip-  circuit 70 to magnetic tape unit 71' and onto 35
flops for passing' the signals provided by  magnetic tape. Binary gain
shifts of   . ampli- 100 oscillator 24 to counters 39a, 39b and 39c.
fiers 66 are indicated by binary gain feed- In order that, the counters'
readings be  back control circuit 72 through binary logic indicative of the
travel time of a sonic wave  circuit 73 connected between the feedback from
the transmitting transducers to the  control circuit 72 and the master copy
logic 40  streamer transducers, oscillator 24 is opera-  circuit 69.
105 tional to provide timing and counting pulses    To provide word lengths
and block lengths to the counters 39a, 39b and 39c through  of seismic data
that are compatible with the AN]) gates 38a, 38b and 38c as shown.
computer processing techniques, logic circuits In the sequence of.
operations, a reset sig-  69 and 73 are carefully controlled for correct 45
nal from the signal control circuit .30is first sequential operation
utilizing a timing circuit 110 utilized to set the counters 39a; 39b and
39c to  generally 'indicated at 75. As indicated, tim- zero as- well as to
reset flip-flops 36a, 36b  ing circuit 75 includes  a timing logic circuit
and 36c so that a zero output signal to the  76 controlled by a master dock
77 and 'pro'- AND gates 38% 38b and 38c is provided.  duces a seres of
timing (dock) pulses whch 50  At this time, the AND gates are closed, and
are applied to logic circuits 69 and 73 through  115 counters 39a, 39b.and
39c do not receive1the  word counter 78 and block counter 79. The counting
pulses from oscillator 24. However,' word and block copnters 78 and 79
dictate, when a transmitting signal from the signal in conjunction with
timing circuit 75j when control circuit 30 triggers transmitter 29, the
other groups of circuit elements must 



55  each of the flip-flops 36a, 36b and 36c is  perform a preselected
function. All operations 120 triggered .through OR gates 35a, .35b and  are
preferably performed in synchronism with 35c permitting a high enabling
signal to AND   the- dock pulses (synchronous control). Each gates 38a, 38b
and 38c. 'Resulting counting  operation requires a certain number of dock
pulses are accumulated by counters 39a, 39b  pulses and, consequently, the
timing to corn-. 60  and 39c. After the transmitted sonic signal plete any
one of the various operations in an 125 (from transducer 31) is received by
the trans-  exact multiple of the clock pulse. Thus, the ducers .26, 27 and
28 aboard 'the streamer,  readout of copy logic circuit 69 to magnetic
these signals pass via the conductors 32a; 32b  tape unit 71 is
accomplished at specific inter- and .32c back to the boat, specifically to
vals of time that are exact multiples of the 65  receivers 34a, 34b and 34c
and thence'through  dock pulses. Further, the master copy logic 130
'i.$8                         .133Q4,533, .$ circuit 69 can also be used to
actuate other  pulses, intenal timing pulses are generated to  ' circuits,
or other circuits can be used to ter-  cause transfer and manipulation of
header and  65 ninate simultaneously with its actuation.   seismic data
information such as at timing logic circuit ;76 and master copy logic
ircuit Reader Information Encoding on Magnetic  .69. Thus, The output of
copy logic circuit 69, 5       Tape at Magnetic Tape Unit 71:         for
example, is accomplished  at specific Initial binary  gain  jettings  are
gated  intervals of time which are. exact multiples of  70 through master
copy logic circuit 69, in  the dock pulses produced:by master clock 77.
correct time  sequence, to  permit digital  Other operations are caused to
terminate recording onto the tape header section at  simultaneously with
the actuation of master 10  magnetic tape unit 71. Timing logic circuit
copy logic circuit 69, while certain other cir- 75 in conjunction with word
counter 78 and  cuits are being turned to a new state, signify-  75 block
counter 79 also provide enabling sig-  ing expiration of time for a
preconceived, nals to a channel generally indicated at .65 of  specified
operation. As one subset of circuits Figure 4 which correctly enables
control  -is disabled, a new subset is enabled by timing, 15  circuit 30 of
Figure 4. As a result, binary  pulses so as to perform  new  operational
range position  data-a  three-word, 14-bit  functions. The process
(enabling some cir-  80 binary code-is passed through master logic  cuits,
disabling  others,  in  sequence)  is circuit 69 and thence to magnetic
tape unit  repeated over and over. 71 through format control circuit 70.
Format   'Format control unit 70  is capable of 20  control unit 70 may be
provided with manual  manual changes during the seismic data en- indexing
circuitry in order to provide suit-  coding activity. In that iway the
format of  85 able binary information to the master copy  the seismic data
can beo varied to meet new logic circuit .69 during recording of header
application requirements. information. Although all header encoding
Magnetic tape unit 71 may be one of 25  activity is paced by signals from
master  several commercially  available  types  and timing logic. circuit
75, during the header  should have the capability of recording seismic  90
encoding activity, it is preferable that the  data in binary form onto
magnetic tape. amplifiers, multiplexer, and analog-to-digital    Although
the system  described in Figure converter remain in an inactive state.
Usually  8 controls multiplexing and conversion' of 30  master dock 77 is
interrupted after header  analog seismic data to digital data as well as
information has been placed onto magnetic  to provide data in correct time
sequences,  95 tape at tape unit 71. Consequently, a gap is  additional
circuitry can be inserted and con- provided in the formatting of the tape
record,  bined with the system hereinbefore described in the manner
previously discussed.         to provide additional data processing
features, if desired. 35  Seismic Data  Encoding:                       The
method of the present invention is 100 After header information has been
encoded, preferably incorporated into digital seismic processing steps arer
carried out in sequence  field systems and digital firing systems con- to
record in digital form the seismic data nto  ventionally used in collecting
marine data in magnetic tape. In more detail, at amplifier 66,  digital
form, such as provided by the Texas 40  the amplitude of the data is
determined using  Instrument Company, Inc., Dallas, Texas. 105 binary gain
feedback control circuit 72. The  However, only Portions of that system
per- binary gain of feedback control 72 is then  tinent to the present
invention ihve been dis gated through binary control logic circuit 73
cussed in detal; e.g., the portion of the systemr, to master copy logic
circuit 69, in correct  related to timing logic for incorporating binary 45
time sequence to permit its digital recording  code identification of
marker range positions 110 in the same channel as the binary seismic.data.
onto the magnetic tape has been discussed in At multiplexer 67, the
amplitude of each  detail above. Co-ordination  of operations .,analog
signa  is  electrically  sampled  'in  between the digital firing system
and the sequence over a plurality of very small -time  digital seismic
field system  can, of course, 



50  inter lsay, .OD2-second. intervals. These  be achieved in many ways,
as, for example, 115 signals, after being sampled, are transferred  shown
in'U.S. Patent 3,416,631 for "Digital to .anlog-to-digital converter 68
where the  Remote Firing System ?', John D. Patterson. digital results of
the multiplexing operation    In establishing the true position of the are
represented by a series of multibit binary  streamer relative to true
geodetic co-ordinates 55  code indications. The binary code information
information derived from navigational circuit 120 is electrically suited
for storage on magnetic  45 of Figure 5 is used in the following tape on
the same channel as associated binary  manner. gain information. During all
-these steps, all    Navigational circuit 45  includes  corn- activity is
paced by regularly occurring clck . ponents: for accurately measuring time
travel 60  signals from master clock 77. No event occurs  of a radio signal
from  a transmitter to a 125 within the entire system except at the occur-
receiver, and can be classified into one of rence of one of these doc
signals or its mul-  five general groups:  hyperbolic, ranging, tiple. In
addition to bloc  and w-ord doc*  azimuthal, composite and 4arellite
systems,    wia1,394,533
9 with a subgeneric classification of each being  multibit positional and
seismic data indica-  65 pulsed (time difference), CW  (phase com-  tions
are recorded onto magnetic tape. parison) and combined (time difference and
3. The method of claim 1 in which step -phase- comparison). In general,
they can be  (c) includes digitally measuring travel time -L
distinguished by the type of lattice (network  of a sonic wave between said
targets and said of  positional  lines)  generated  by  the  seismic boat.
70 transmitters  as  positional  fixes  occur.   4. The method of claim 3
in which step Source: H. W. Bigelow, "Electronic Sur-  (c) is further
characterised by the substeps of: veying: Accuracy of Electronic
Positioning     (i) generating a sonic wave for travel from 10  Systems ",
Int. Hydrographic Bur. Radio  a known geodetic position relative to said
Aids to  Maritime Nav. &  Hydrographic  boat;
75 Operational Reports 6 (Sept. 1965), pp. 77-   (ii) detecting at said
targets said wave; 112.                                       and (iii)
digitally determining the travel time WHAT WE CLAIM  IS: -
of said wave between the known geodetic 15    1. A  seismic data collecting
method for  position and the targets.                  80 determining the
three-dimensional configura-    5. The method of claim 4 in which substep
tion of an earth formation underlying a body  (iii) includes: of water by
means of a continuously moving     (i) initiating counting by counting
means marine seismic exploration system  including  as said sonic wave is
generated; 20  a repetitive seismic source means and a       (ii)
terminating counting when said wave  85 plurality  of hydrophones arranged
in  a  is detected at said streamer targets; marine streamer spread,
comprising the steps    (iii) storing the resulting  counts in  a of:
register; (a) moving, by a single seismic boat travers-   (iv) generating a
time dependent enabling 25  ing a substantially straight base course line,
signal by means of word and block counters  90 said repetitive seismic
source means and said  connected to said register so as to cause gating
streamer spread so that center points each  of said counts from said
register; .and between the source point and hydrophone    (v) recording
said counts as multibit posi- station of a respective source-point hydro-
tional digital data indications on a header 30  phone station pair during
movement of said  section of a magnetic tape so as to identify  95 seismic
boat along said base course line form  the  target positions  as seismic
data  is a two-dimensional grid  of center points  received. laterally
offset to one side of said base course    6. The method of claim 5 in which
said line including cross sets of center points  magnetic tape has at last
21 tracks. 35  aligned substantially perpendicular to said    7. The method
of claim 5 in which said  100 base course line, the total offset length of
magnetic tape has at least 9 tracks. said two-dimensional grid of center
points in    8. The method of claim 5 in which step said cross direction
remaining substantially  (i) of Claim  5 is further characterised by
constant during the data collection, said move-  generating enabling
signals from  bistable 40  ment being further characterised by allowing
multivibrator means at AND gate means so as 105 the trailing end of said
streamer to trail to initiate said counting means; and step (ii) behind
said seismic boat offset relative to the  of Claim  5 is further
characterised  by base line whilst the leading end of the streamer
generating  disenabling  signals from  said is closer to said base line
than said trailing  bistable multivibrator means as said wave is 45  end;
received at the streamer targets thereby block- 110 (b)  firing  said
seismic  source  means  ing the AND gate and terminating counting.
repetitively at known times to initiate travel    9. The method of claim 4
with the addi- 



of seismic energy downward toward seismic  tional steps of: discontinuities
within said earth formation;  (i) processing  said  multibit positional 50
(c) providing a multibit digital positional digital indications to
determine the range  115 data indication of the position of at least two
from  sad known geodetic position to said targets aboard sad streamer
relative to said  streamer targets; and seismic boat; and
(ii) transforming the three-dimensional co (d) receiving at said plurality
of hydro-  (i)tasomnthtre-mninlc- 55  phones after firing of said seismic
source  ordinates of said known geodetic position to means, separate
reflection signals representa-  establish  three-dimensional co-ordinates
of 120 tive of the energy received as the hydrophones  said streamer
targets so as to enable mapping are positioned at a plurality of known
hydro-  of said subsurface earth formation. phone stations so as to proved
a series of    10. A seismic data collecting method for 60  multibit
seismic data indications, said seismic  determining the three-dimensional
configura- data  indication   being   associated   with  tion of an earth
formation underlying a body  125 information associated with cross sets of
center  of water by means of a continuously moving points.
marine seismic exploration system including 2. The method of claim  1 in
which said  a repetitive seismic source means and  a    9'
1,394,533                                          ' with a subgeneric
classification of each being  multibit positional and seismic data indica-
65 pulsed (time difference), O:CW  (phase com-  tions are recorded onto
magnetic tape. parison) and combined (time difference and    3. The method
of claim  1 in which step phase comparison). In general, they can be  (c)
includes digitally measuring travel time oil  distinguished by the type of
lattice (network  of a sonic wave between said targets and said of
positional  lines)  generated  by  the -seismic boat.
70 transmitters  as  positional  fixes  occur.    4. The method of claim 3
in which step Source: H. W. JBigelow, "Electronic Sur-  (c) is further
characterised by the substeps of: veying: Accuracy of Electronic
Positioning     (i) generating a sonic wave for travel from 10  Systems ",
Int. Hydrographic  Bur. Radio  a known geodetic position relative to said
Aids to  Maritime Nav. &  Hydrographic  boat;I
.    75 Operational Reports 6 (Sept 1965), pp. 77-     (ii) detecting at
said targets said wave; 112.                                        and:
(iii) digitally determining the travel time WHAT WE CLAIM  IS:-
,of said wave between the known geodetic 15:   1. A  seismic data
collecting method for  position and the targets.                   80
determining the three-dimensional configura-    5. The method of claim 4 in
which substep tion of an earth formation underlying a body  (iii) includes:
of water by means of a continuously moving     (i) initiating counting by
counting means marine seismic exploration system  including  as said sonic
wave is generated; 20  a repetitive seismic source means and a        (ii)
terminating counting when said wave  85 plurality  of hydrophones  arranged
in  a  is detected at said streamer targets; marine streamer spread,
comprising the steps    (iii) storing the resulting  counts in. a of
register; (a) moving, by a single seismic boat travers-    (iv) generating
a time dependent enabling 25  ing a substantially straight base course
line,  signal by means of word and block counters  90 said repetitive
seismic source means and said  connected to said register so as to cause
gating streamer spread so that center points each  of said counts from
said: register; and between the source point -and hydrophone    (v)
recording said counts as multibit posi- station of a respective
source-point hydro-  tional digital data indications on a header 30  phone
station pair during movement of said  section of a magnetic tape so as to
identify  95 seismic boat along said base course line form  the  target
positions  as  seismic  data  is a  two-dimensional grid  of center points
received. laterally offset to one side of said base course    6. The method
of claim 5 in which said line including cross sets of center points
magnetic tape has at last 21 tracks. 35  aligned substantially
perpendicular to said    7. The method of claim 5 in which said  100 base
course line, the total offset length of  magnetic tape has at least 9
tracks. said two-dimensional grid of center points in    8. The method of
claim 5 in which step said cross directon remaining substantially  (i) of
Claim  5 is further characterised by constant during the data collection,
said move-  generating  enabling  signals from  bistable 40  ment being
further characterised by allowing  multivibrator means at AND gate means so
as 105 the trailing end of said streamer to trail to initiate said counting
means; and step (ii) behind said seismic boat offset relative to the  of
Claim  5  is further characterised  by base line whilst the leading end of
the streamer  generating  disenabling  signals from  said is closer to said
base line than said trailing  bistable multivibrator means as said wave is 



45  end;                                        received at the streamer
targets thereby block- 110 (b)  firing  said  seismic  source  means  ing
the AND gate and terminating counting. repetitively at known times to
initiate travel    9. The method of claim 4 with the addi- of seismic
energy downward toward seismic  tional steps of: a       ~~~discontinuities
within said earth formation;  9()  processing  said  mutbtpstoal 50    (c)
providing a multibit digital positional  digital indications todmine
positiong1 data indication of the position of at least two  from  sad known
geodetic position to said targets aboard sad streamer relative to said
streamer targets; and seismic boat; and (d) receiving at said plurality of
hydror-  I ('0 transforming the three-dimensional co- 55  phones after
firing of said seismic source  ordinates of said known geodetic position to
means, separate reflection signals representa-  establish
three-dimensional co-ordinates  of 120 tive of the energy received as the h
phones  said streamer targets so as to enable mapping are positioned at a
plurality of known hydro-  of said subsurface earth formation. phone
stations so as to proved a series of    10. A seismic data collecting
method for 60  multibit seismic data indications, said seismic  determining
the three-dimensional configura- data  indication   being   associated
with  tion of an earth formation underlying a body  125 information
associated with cross sets of center  of water by means of a continuously
moving points.                                     marine seismic
exploration system  including 2. The method of claim  1 in which said  a
repetitive seismic source means and  a    1111111 111111 11111 11111 111111
17           *    C  L   M    S   * 1, 394, 533
10 plurality of hydrophones arranged in a marine  targets aboard said
streamer relative to said  30 streamer spread, comprising thesteps of:
seismic boat means; (a) moving, by a single seismic boat travers-    (c)
firing said seismic source means repeti- ing a substantially straight base
course line,  tively at known times to initiate travel of 5  said
repetitive seismic source means and said  seismic energy downward toward
seismic dis- streamer spread so that center points each  continuities
within said earth formation; and  35 between the source point and
bydrophone    (d) receiving at said plurality of hydro- station of a
respective source point-hydro-  phones after firing of said seismic source
phone station pair during movement of said  means, separate reflection
signals representa- 10  seismic boat along said base course line form  tive
of the energy received as the hydrophones a uniform  two-dimensional grid
of center  are positioned at a plurality of hydrophone  40 points including
cossj sets of center points  stations so as to provide a series of multibit
aligned  substantially perpendicular to  said  seismic data indications,
said seismic data base course line -the total offset length of said
indications being associated with information 15  two-dimensional grid of
center points in said  associated with cross sets of center points. cross
direction remaining substantially con-    11. The method of seismic
exploration sub-  45 stant during data  collecting, said movement
stantially  as  hereinbefore  described  with being further characterised
by allowing the  reference to the accompanying drawings. trailing end of
said streamer to trail behind 20  said seismic boat at a  substantially
constant offset distance relative to but parallel with the   HASELTINE,
LAKE & CO., base line, whilst the leading  end  of the
Chartered Patent Agents, streamer is closer to said base line than said
Hazlitt House, trailing end; and central section means of             28,
Southampton Buildings, 25  said streamer to be arcuately disposed between
Chancery Lane, said trailing and leading ends so that the
London WC2A  1AT. streamer forms a. modified  catenary;
and (b) providing a multibit digital positional              9 Park Square,
data indication of the position of at least two        Leeds LS1 2LH,
Yorks. Printed for Her Majesty's Stationery Office, by the Courier Press
Leamington Spa 1975. Published by The Patent Office 25 Southampton
Buildings, London, WC2A 1AY, from which copies may be obtained.    


