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FIG. 1

(57) Abstract: A method of automatically correlating well logs includes selecting well loops from the well logs and creating a set
of possible marker positions for each well log in each well loop. From the possible marker positions, alternate marker sets are iter-
atively selected. A well tie error on each loop is calculated for each selected marker set, summed over all loops and minimized.
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WELL LOG CORRELATION

BACKGROUND
1. Fisld of the invention
R0 The present invention relatas generally to processing of

genlngical data and mure particularly 1o corslation of identificd features

bebween well fogs,

3. DescripBion of the Related Ast

{000E] Welt log oorrelation can provide usaful information regarding
subsurface genlogy. For sxampls, by malching features betwesn wall logs,
an accurale inferpolation may ba mads for intsrvening subswrace regions,
Where individual layers may be correlated across several wells, B may be
possibi o determing something about the depositions! environment andior
saqusnce stratigraphic inferpretation of the subsurface region, which may, In

furny, provide information regarding the location or sccessibility of hvdrocarban

TESOUIDRE,
FO003] Histarically, expert analysis has been used o correlate features

batwesn well logs, relving on time-consuming manual review and
frterpretation of numarous images. As machine vision and pattemn
recognition have developed into mature technologies, computer methods
have been developsd for using pattern recagnition to automatically correlate
features bebween wells. In general, thess methods are restricted o welldo.
well correlation for pairs of walls, without an ability o solve fleld wids

sarrplation probiams.

SUMMARY
G004 Aspects of embodiments of the present invention provide a

method of sutomativally correlating & plurality of well logs reprasenting
nformation relating to geology of a subsurfacs region, inoluding, ssleating a
plurality of well loops from the pheality of well logs, wreating a set of possible

SO S
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rmarker positions for aach wall log int each wall foop, iteratively ssiecting, from
the possible marker positions, sliermate marker sets between wall pairs,
caloulating & well e arror on each lvap for sach selectad marker el
surmrring, over all well loops, the caloudated wall tie error, minkmizing the
summad well e arror, and oorrelating the subsurface geology betweaen walls
wging the sets of marksr positions and the wall tie error

TOGO5] v an smbodiment, the method further includes selscting the set
of marker sets for which the surmmed loop He srrar is minimized.

{0008] Aspects of embodiments of the invention provide a system for
parforming the foregoing methad,

{0007 Aspacts of embodiments of the invention ray inclidde &
compiitenreadable medium snondad with computar-axsouiabls instructions
for performing the foregoing method or for controliing the foregoing system.
{eoas} Azpucty of embodimeants of the Invention may include & systam
incorporating the foragoing system and configured and arranged o provide
control of the systam in accordance with the foregoing method, Such a
system may corporate, for example, 8 computer programmed o allow &
uzer to sontrod the device iy sooordancs with the methad, or other methods,
o009} These and other objects, festures, and charasteristios of the
pregent invantion, as well 3s the methods of operation and functions of the
related elements of structure and the combination of parts and economiss of
manufachive, will become more spparent upon consideration of the following
description and the appendad claims with reference {o the accompanying
drawings, alt of which form a parf of this specification, wherein like refersnos
numaerals designate corrssponding parts in the varipus FIGS. Hisfobe
axpressly understood, howsvar, that the drawings are for the purgoss of
Hiustration and descripdion only and ars not infended as a definition of the
tnits of the invention. As ussd it the specification and in the olsims, the
singudar form of “g", “an’, and “the” Include plural referants unless the context

clearly dictates otherwise.
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BRIEF DESCRIPTION OF THE DRAWINGS
jooin} FIG. 1 dlustrates g region including three well logs to be ted in
accordance with an ambodiment of the present invention;
LEIERE FIG. 2 i a flow chart Hlustrating a method it sooordancs with an
enthodiment of the presant invention
0012} CFIB. 3 schamatically Hustrates a well fisld having a number of
wealls o be tied; and
Rt FHG. 4 1s a schematic flustration of an ambodimeant of & system

for perferming methods i accordance with embodimearnds of the nregent
A% ;Tj

ivention,
DETAILED DESCRIPTION
HDEE Y fn @ given region of an exploration area, there may be 8 large

number of walls drilfed. Some walls are drilled with the hope that they will be
production wells, others are for fluld injection, or for testing purposes. During,
or after, drilling of sach weall, ong oo mors wall logs may be produssed,
msasuring propacies of the subsurface formations through which they are
drifled.

JOO1S] By way of example, rexistivily and gamma ray 1ogs may be
taken to provide analysts with information that they can interpret & order io
determine information about conditions in the subsurface region. Gamma ray
logs, for example, may be used in assigning facies classifications o lavers of
subsurface matarisl, sllowing experts o identify permeaabls lavers suoh s
sand that may help o indivate ooations whers hydrocarbon rRacurces ans
fikely to bs found.

JO018] Figure 1 schematically Blustrates three well logs 10,12, 14
repressnting propsriies of the subsurface formation, derived fram, e.g.,
armplitude of a signal from 3 logging tool rom three different wells.  In each
fog, thare are maxdima and rrinima, representing changes in sign of the

darivative of the amplitude of the logging fool signal. Nots that thess
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schematic races are far mors regular and smooth than a typics! realworld
trace would e

o047 For the purposes of this example, assume that the logs
reprosent a normalived Ma, of volume of shale as g percentage of the rock at
that point of the log. Becauss Vi, is wall norrelated to permeability, i can be

considered o be generally correlated o connactivity between subsurface

FEIONS.
fO018] As Hustrated, wall log 10 includes Ve minima and maxdma 20,

24, 24, 26, while wall log 12 includes comssponding minima and maxima 28,
30, 32, 34 and wall log 14 ncludes corresponding mindima and maxima 38,
38, 40 and 43, As can be seen, in this simplified situation, the first minimum
20 ot log 10 corrasponds quite clearly to the first minimum 28 of lng 13,
Likawiss, the first minimum 38 of jog 14 correaponds to the other twe Tirgt
mirdmg, 20, 38, Likewise, thers appear to ba matching maxima, 22, 30, 38.
in & simplified case ke that shown in Figure 1, i is trivial fo determineg that
thess sels of minima and maxima surrespond to 8n abrupt change In a
cormmon propety of the subsurface formation, snd therefors muost kel
oorrasporid 1o & laysy boundary.

HU B iy this regard, & thick ine S0 can be drawry through the minima
28, 28, 36, o indicate « first nyer boundary. Likewise, a thick ne 83 may be
dranwiy through the manima 22, 30, 38 to indicate a seoond laver boundsry.
Note that the maxima 30, 38 are lower along the respsctive logs 12, 14 than
is the maximum 22 along log 10, indicating {assuming that the wall logs have
been normalized for depth) that these points lis desper helow the swrigee
than does the maximien 220 That s, the laver boundary indicatad by the thick
fing 582 is deeper af the wells logged by logs 12 and 14 than # s at the well
ogged by log 10

o003 The resulting fines 50, 52, slong with additional ines that could
be drawn through the mirdma 24, 33, 40 and maxima 28, 34, 42, may ke
thought of as user parformed well log correlation. That is, distinctive markers
from adjacent logs {n this cass, maxima and minims of Vg, of adjacent logs)

are correlated to determing a layer structure of the subsurface region.

N
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00211 While & may appear obvisus that the sbove selecied
correlations are correct for the simple well fogs shown in Figurs 1, sltermate
rossibilities for interpretation are available. For example, rather than
corrslialing maxima 28, 34, 42, dashed ing 54 may be drawn batwaen
maxima 28, 30, 42, As will be apprecisted, reabworld traces sre significantly
tess ragular, and over a region of interest, thers will be significantly maore
Mg and minima that may or may not represent commaon iayer
poundaries.

003 Ag showrn in the FIG 1, two {or any number of) additionat
stratigraphic grid naes 80, 82 may be included betwsen the boundariss
irgticated by thick lines BG, 83,

{0033 ¥hile Figure 1 llusirales sn sxceptionally smooth curve, @ read-
workd curve s likely by have & much more ragged profile. 8s a resull, the
numiber of peaks and troughs 8 large, and polential correlation picks become
numerous 88 well, One solution (o this issue & 1o provide 8 degres of
smoathing 1 the curve prior o attempting log coralation. This will reduce the
rrumber of potential markers, argd therefore computing time reguired o
parform the method.

jon24] The degrae of smocthing can depend i past on the thickness of
the interval 1o ba comrelsted. Where the interval is exdramaly thick, a graater
deal of smoothing may be dearable, while a thin inferval can allow for
relatively less fillering of the data {o be processexd.

fpoasy in an embodimant, & mathod of wall correlation begins by
selecting 2 referance wall I general, the reference well may be selected
such that it is relatively contral to the group of wells undsy study. Moreover, #
may be useldd o select a well that includes a relatively thick section in the
zona of interest gnd which has a log signeture that is typical of the
stratigraphic ovolas over the interval.

a0} it the reference well log, & top and base of 3 zong of interest
are dafined. Additionally, markars may be selecisd o corespond o the top

andéor the bottom of the zong. The markers may or may not exactly indicats
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the top and bottom of the zone, but may instead be near the zone
houndarias,

§R03T] Where there is additional information available regarding the
geological structurs of the region under study, 2 preferrad loop orientation
may be included as a constraint on the correlation botwsen well logs. Whars,
for mrample, depositional snvirenment is known, and that depositionsd
snvironment provides insight as to how adiacent walls are ikely to be
cormedtad, that information can be included oy a factor in the automatic
correlstion.

LR For example, in a nearshore envircament, the direction of the
shorsline provides information regarding Bhely trends in basin structurs and
indicates a strong influence of directionality on well connectivity. On the other
hand, far from known structures theve may be vary little known regarding
divectionality, and this factor can be given ittle, or no waight, as desirad,
haany I view of the foregoing, & methad for sutomatioally correlating
well logs is Hustated by the fow chart of Figure 2. From the set of logs
under investigation, a numbsy of loops are construcisd 100, each loop
cormnecting three near {o each other logs. As desoribed above, known
directionality of the underiving geslogical environment an optionally be used
o influence the determination of which wells are considered to be neighbors
o each other. Note that while the exampie describes loops of three, the
principles deseribad herain apply squally to loops of varying size.

00301 For each log, a set of possible marker posiions is sslected 108
By way of exampls, markers may be pesks of the well logs {either maxims or
mirimg, or both) though other markers may be used. For example, rathsr
than selecting individual peaks, particular groups or patterns of peaks may be
used. From the possible marker positions, allermate marker sots are selected
134 tying adiacent logs together. For sach loop, & weall tie aror s caloulsted
108 for the each selected marker set. The calculated wall tie error is
summad 108 over all wall loops. Finally, the summed loop tie error is

Mivimized 110,

1
i3
H
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a3t The shove process is ssplained in greater detail with reference
to Figure 2, Figure 3 schematioally flustrates a fisld 200 that includes twelve
wells 20E-234, each having a respective log curve, Thres lines 230 indicate 3
genaral rend of connectivity within the fleld, generally sxtending from the
northeast to the southwast comners of the fisld, As noted abovs, such &
pattern of connactivity may be deduced from pre-knowledgs of the
depositional envirenment or other geological history of the basin in whish the
fisld sils,

FOO33} First, a particular ong of the wells 202 s selected as the
referance wall. Starting at 302, 2 loop, shown 33 solid srrows, is constructed
from 202 {o 204, from 204 10 208 and from 206 0 202, Nots that the
directianality of the loop {in this case counter clockwise) is Important, as, in
general, the method will produce different results when tying from 204 to 206
than when tying from 208 to 304, for exampls,

jan3y Similer triangular loops can be generated tying other walls
twogether, and tying loops togsther, By way of sxampls, & second loop
ingicated by dashed arows i shown connecting 208 1o 212, procseding to
214 and ratuming 1o 208, Nots that tes for this loop can be internally
calculated, and the use of 206 i both the solid and dashed loops provides for
the possibility of global fying over all & walls. By exdsnsion of this approach ip
alt of the wells in the fisld, the antire feld may be tied In accordanss with the
method. Az noted above, tianguler loops are described in this sxample, but
other groupings of wells can squally be oreated and used in aonordance with
the methad,

{0034} Marker ties are ganerated between wells within a loop, for
example exiending from log peak to log paak, in aocordance with & varisble
picking strategy. A number of lerations are performed, with the picking
sirategy changing from Heration to geration. Each tine a setof marker tes is
selected, that st i stured, for examples in & Hef that can be stoved In the
mamary of & computer.

HEIRAY The picking strategy is based on a matching soore that s
caiculated for the log curve using variable parsmeters so that varying marker

O Y
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Hos ars weated. As an example, the similarily of the log surve can be
calculated over a window size that varies, and the picking strategy can be
defined i lerms of weights applied to each applisd window size. In an
embodiment, with varying window size, different smoothing is applisd to the

curve. In partioular, a greater degree of smoothing can be applied to arger

windows.
{H36] In proceading around the loop, the picking strategy is alfowed o

changs from well fo wall, The constraints on this function can be, for
example, paramaters nput by the user including & minbmum window size,
window slep sz, magimum window size andfor window size ratios,

(0437} Additional genlogical constraints can be applsd i order to
ensire that the resuils are reasonably physical. For example, if a pair of
rarkers i correlated such that the dip batwesn them excseds a threshold
amoeunt {for ssamply, 2 local dip caloulated from input top and base markers),
then that paring can be axcluded. A useradiustable maximum dip parameter
that attows for greater or legser dips can be optionally applisd to change this
value, Furthermors, this parameter can be normalized with respect In &
wavalangth of the log data as i relates W the thicknass of the sone of
interast

LR Further, marker ties can be selected such that notional units that
thay define do not orass. For example, the best sooring tie can be safely
addad {o the marker list withowt introducing a cross. For the second best
sooring te, i s only addad to the st if #§ doss not oross any existing dhe best
scoring) e, Likewisa, the thivd best tie is added if it doss not cross the first or
second best soowing tes, and so on.

0038 Once all well pairs have been visited & Bveshold number of
times, which may be user defined, or constant. At this point, a somplets st
of afernative marker tes will have been generated, and optimization can be
perfarmed.

{00403 i an embodiment, simulaled annealing is used fo determing
which of the alternate sets of Hes produces » best corrglation. Other global

uplirization sigorthms could be applad within the scope of the prasent

SB.
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method, bt simulgled annesling s described horsin 93 a repraseniative

approach,
LT Well pairs are randomly chosen and marker Hes for that pair are

changed aceording {o an annealing schedule. The loop tie arror of the pair's
current marker tes is determined by adding the loop He arror in sanh
friangutar inop containing that pair

048] Loop tie ervor can be defined as a difference between starting
and ending depths of & loop fom well A o Bio C o A, That is, whare the
tying from C o A gnds &t & point diferent from the point where a
corrseporiiing e from Ao B baging. This messuremant ocan be mads
relative to traces that begin in wall A at 100 squally spaced depihs, procesd
according to the current marker ties to B, thence to O and back 0 A,

{0043 The changes in accordancs with the amnnealing schadule are
mtroduced and the change is kept f € inproves the bop tie ervor. it dues
not, then that changs hes a random chance of being kept The random
chance may be reduced s the annealing procesds, and the method
nonverges on & final selection. Likewise, as the annealing proceeds, the
parirbations are reduced in size, so that changss in correlation batwasn
pairs are reduned over the oourse of iterations. As a part of the user
riterface, parametsrs for the annealing scheadule can be sdiustabla,

044} The annealing may be repested for a number of terations. For
gach Heration, the loops are ranked based on 8 residual mis-de srror. New
marker sals are added to those ops that have the worst ties (Le., greatest
foop e errar. For sxample, & threshold foop He error can be get, and all
foops with & greater srror have new marker sels introduced. Ons methad of
adding such new marker sets is, for a loop A-B-C, fo comelate A to C using
the current mis-tie set and adding marker picks between sach peak in A and
the nearest paak n © o the correlated positions.

F0048] Finally, markers are traced from each pesk position of the
reference well using the oplimized marker sets. For this process, wells are
sorted by distance from the reference well {optionally Including directional

considerations} to produce g wall visit order. Moving from the refersnce well,

N
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the optimized marker ie satis used o corralate betwaen & current well and a
next wedl in the well vistt order,

i0048] Table 1 Hlustrates an example of a serdes of rwns of 8 Ioop lie
method sach run with diffsrent parameters input by the user including a
minimum window size, window step size, maximum window size and
mEximum dip in gccordance with an symbodiment of the vention, The
validation evror is calbulated from the difference between a manuaiy-picked
rarker cholos optionally provided by the user and the equivalent marksr as

attomatically picked by the msthod.

Rur | Loop Tis Validation

Error Error
1 388 842
R, 557
I Oi834 Q.75
t4 P72 18.3
5 1378 12 89
8§ 148 2138
7533 18.08
8 734 20.21

TARLE ¥

G047 in the soampls Hustrated in Table 1, the smaliest cakulsted
oo tie error is found for run B whils the smatiest calcuistied validation srror
s found atrun 1. in the case where the validation marker is known to be
corract, then validation ermor may be used as the primary determinsr,
otherwise, loop tis arror may be used. Likewise, it may be possible to selent
a minkrized palr. In the example of Tabde 1, run 1 gives a8 loop s srror
rearly as small as run §, while also having the smallest validation arror. As a

resulf, run 1 may be selgctad as a bast fit given the selected paramsters.

o ALY -
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{0048] Table 2 gives a second example, for which the optimum run i
more sasily selacted, as both loop te and validation arors ars 8t 8 minimum

for as single run, run 8.

Run | Loop Tie Validation

Errar Erroe

1 8.80 7.87

é 1342 &8

3 §.05 §.16

4 14.84 1801

5 g.58 8.28

& 13.88 912

& 13.83 7.84

TARLE &
{0048} i an embodiment, the method may include g functionaiity for

selecting an analogous study 2one (Le., one with shmilar well lng
sharacterstios) from which a workflow can be copiad for application o the
zone of interest In this manner, 8 yser may not have 1o seleot gl of the
rafevant parameaters for analysis of the area undar study, but rather can take
advaniage of the experience from praviously studied sreas. As will be
sppreciatad, such a functionality may include the ability fo make changes fo
the popled workflow so that where the zones ars not stritly analogous,
adjustments can be made 1o compensate for that fact,

{0esa A system for performing the method is schematioally Blustrated
in Flgure 4. A systern 300 includes a data storags device or memory 307
The storad dala may be made available to 8 processor 304 such as a
pragrammable general purposs computer. The processor 304 may nchude
interface components sush as a display 308 and 3 graphical user interface
308, The graphicad user interface may be used both o display data and

11
}
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procsssed data products and o allow the user (o seisdt smong options for
implementing aspects of the methed. Data may be fransferrad {o the system
30D via 8 bus 310 adher divently from a dats soquisition devios, or from an
intermadiate storage of processing faciity (not shown).

{0081} Adthough the invertion has baen desaribed in detail for the
purpose of Hustration based on what & currently considered te be the most
practicg! and preferred embodimants, its to be understood that such detall s
solaly for that purpose and that the invention is not imited to the disclosed
ambodiments, b, on the contrary, is infendad o sover mudifications and
squivalant arrangsmentys thatl ars within the spirt and scope of the appendead
claims. For example, though reference Is made herelit o a computer, this
gy include & general plrpose computar, 3 purpose-built compuder, an ASIC
programmed o exasute the methods, & computer array or netwark, or other
appropriate computing device. As a further example, # &5 1o be understood
thad the prosent inverdion contempiates that, 1o the exient possibls, ons ar
more faatures of any smbudiment can be combined with one or more

festurss of any other embodimant.
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What iz Claimed i

1. A mathod of automatically corrsdating a pluraiity of well logs representing

information relaling to geology of & subsuriace region, camprising:

selecting 8 plurality of well loops fromythe plurality of walt logy;

oraating @ set of possible marker positions for each well log iy gach
walt oo,

teratively selecting, Fom the possible marker positions, altemate
marker sels batween well pairs,

oatoulating 3 wel fis arror on sach foop for sach selected marker set

summing, over all well loops, the caloylated well s eror

mirimizing the summed wall tie seror and

correlating the geslogy of the subsurface region batwean well logs

usingg the sats of marker positions and the summed well e arror,

positions ars wreated by uss of an automated patlern recognition technique.

3. A method In accordance with olgim 2, wharein multiph palter recognition
fechnigues are used v genergle altemate sets of possible marker positions

for egch well log in sach well loop.

4. A method in accordancs with olaim 1, wherein wall logs are groupsd info

well Wops in sccordancs with their proximity to one another,

5 A method in accordance with olaim 1, wherein each weall loop consists of

thres well logs.

4%
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8. A method in gooordancs with claim 1, wherein the minimizing comprises 8
g

fobal oplimization mathad,

7. Amethod i seoordance with claim 8, wherein the globad optimization

method comprisss sunulated sonesiing.

8. A method iy socordance with claim 1, whersin welltis srrorfora loop &8

determined by

tracing a plurslity of depths in 3 first well of the loop to subsequant
wallz in the loop in & loop order gnd from a last well of the loop back o the

first well of the loup,; ang

determining a difference between a starting depth in the first well and

an ending dopth in the first well,

3. A method in accordance with olaim 1, wharein the well loops ars selacted

such that sach wsll loop is interconnecied with at least one other well loop.

18 A system for aulomatically correlating a pluralily of well kgs represanting
mformation refaling o geology of a subsurface region, comprising:

& data storage device having computer readable data including dals
relating to the plurality of well logs;

a provessor, configired and aranged o axstule maching exsculable
nstructions sfored in & procsssor accessible mamaory for performing a method
cornprising:

selecting a pluralty of well loops Trom the plurality of well logs;

-

orgating a set of possible marker positions for esch wall log in

agoh wall loop,

eI
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gerativaly selecting, from the possible marker positions,

aiternate markar sets bobwean wall pairs;

caloulating a weall te errgr on sach oop Tor sach selecisd

markar set;
awrrning, over alb well loops, the oaloulated well tie erron
minimizing the surmmad wall fig error and

gorrsiating the subsurface goology betwaen wells using the

setx of marker posttions and the wall tie errar

T A systam ag in claim 10, further comprising a user interface configursd
and sreanged o allow 3 usey 1o adjust paramelers used in the deratively

selecting.

12, Asystem as ingaim 11, wherein the user inlerface frther
configurad snd arranged o display the set of marker posttions for which the

suryned oo His arror i minimized.

13, Asysient as i olaim 10, further comprising 8 ussr interface configured
and arranged © allow a user to adjust parametars usad in the creating the set

of possibie markers,

14, A systam as in olaim 10, futdhsr comprising @ display, configured and
arrangad o dispiay g layey structure of 8 subsuriaos region fram which the
weall logs were taken, based, s least in part, on the correlation of the well

0gs.
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