METHOD FOR AUTOVATI C CONTROL AND POSI TI ONI NG OF AUTONOMOUS DOWNHOLE TOOLS
STATEMENT OF RELATED APPLI CATI ONS [ 0001] This application clains the benefit
of U S. Rvownsvmsesk Application 61/424,285, filed Decenpemr/ukZ)1126101

[0002] This application is related to pending U. S. Provisional Pat. Appl.

No. 61/348,578, which was filed on May 26, 2010. That application is titled
"Assenbly And MetyipdHOD PORATTOMA FI@CONTRT, ANBPOFITIONNERESEr VOi 1

Usi ng Aut ononous Tubular Units,” and is incorporated herein in its entirety
by reference. BAG(G?QJNW@H@NWS@OWHQHEIWQQESU on is intended to
i ntroduce various aspects of the art, which may be associated with

exenpl ary enbodi nent s i u i LScussion is
believed to assist in 8§%%fﬁpﬁ@$iq?¢gﬁgégiﬁﬁ‘%§F5£$P§?§b§ a better

under st agdocng of TRAIdpphitdtRh ASRACHS Rhcfither DrEI8nYisidhsICApSWagon A1 BRRI! y,
it shoul d be understood that this section should be read in this |ight, and

not necedded Degeralierddnd®di ons of prior art. Field of the Invention
[ 0004] This invention relates generally to the field of perforating and
treati ng [8a02] er r Ahsapphcitioats miwed ® paamdbing lshquorﬁmiutd:PhtoAppf Nai. l61848 5@&,’5

t herefrom, Nbre e'f' al Ly, e | ent ro ‘a net.h I
actuating" t&% zﬂ?)% I \%/ﬁh%(ﬁlg) Egélt 4P 1833 s’§\/t’: MW@%’O%&I R)iieé e y
or treatiNgltoAgnd pﬁa@ﬁﬂ@snﬁmaﬁ% toir Re&éi'{r(ﬁf Yﬁin% &@@H&%ﬁsathwa@ﬁ@g ’ahnd is

Di scussi on of Technol ogy [0005]In the drilling of oil d gas well's, a
wel | bor e iheprperieddietest mgitseendirdgty by éferenbat is ur ged downvvar dly at a | ower
end of a drill string. After drilling to a predeterm ned depth, the drill

string and bit are renovedBACGKGROUMD OFOTHE ENVENGAON th a string of

casing. An nnul area is thus forned petween the stri of casi,n d the

S r ouncit or Al OGO DotPRCK St o4 GIEPHL PO 1 YpiaEal AL AL eq

in order atsﬁbcidtéd vAfh ‘cREHFIBAL crlbB8iments of the present disclosure. This discussion is
believed to assist in providing a framework to facilitate a better understanding of particular
aspects of the present disclosure. Accordingly, it should be understood that this section

should be read in this light, and not necessarily as admissions of prior art.

Field of the Invention

[0004] This invention relates generally to the field of perforating and treating
subterranean formations to enable the production of oil and gas therefrom. More specifically,
the invention provides a method for remotely actuating an autonomous downhole tool to

assist in perforating, isolating, or treating one interval or multiple intervals sequentially.

General Discussion of Technology

[0005] In the drilling of oil and gas wells, a wellbore is formed using a drill bit that is
urged downwardly at a lower end of a drill string. After drilling to a predetermined depth,
the drill string and bit are removed and the wellbore is lined with a string of casing. An

annular area is thus formed between the string of casing and the surrounding formations.

[0006] A cementing operation is typically conducted in order to fill or “squeeze” the
annular area with cement. This serves to form a cement sheath. The combination of cement
and casing strengthens the wellbore and facilitates the isolation of the formations behind the

casing.

[0007] It is common to place several strings of casing having progressively smaller outer

diameters into the wellbore. Thus, the process of drilling and then cementing progressively
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annul ar area wth cenment. This serves to forma cenent sheath. The

conbi nati on of cenent and casing strengthens the well bore and facilitates

t he i sol avpan12gf8230ke f or mati ons behi nd the casi ng. [000PLITiUSRGLIIO6YADN t O

pl ace several strings of casing having progressively smaller outer

di anmeters into the well bore. Thus, the process of drilling and then

cement i NGniIGPSERSI ¥Eda¥ingSERIpe@Ed SEvekd1BP cOén MBRIPNOtimSs HRAGRE RLI1HRY BfaghedOr
even nmultiple tines untlﬁ the wel|l has reached total depth. The final
string oftoehdenily, Theffenat edingoofagsiagpredatast oy acproidngiion; easimgsnicawnfodtigto

pl ace. 1n,s0 i.nstances he-final stying of i is.a liner .that is, a
String of KB ngORs IR b il dPingddl w8 e SRR DAL g SrrineFicuube las it ne
| ower enchobticd Backiad eieedirfage, Bt 1s@in @ fFroedtic ewer] A @8 }Hsprp@dingdtrii éf casing.
conpl eti on process, the production casing is perforated at a desired level.
Thi s meangodsnat Watyaralf tiotplatich 5r06dss e QHARClGECERS iBPcABdtddne a R BB
sheath surroundi ng the casing. This provides fluid comunication between

t he wel | Hoved ahlis trheans (thatolatedalnleplet besustfoa dhrough d¢hey ghging and the lcoment sheath
hydrocarbon fluids to flowjnto t.he wellbore. .Thereafter, .the formation is
Co cart yorplndhs B Setsoor b dPatie MRt R FimigR &l g o i B

vi scous fduttb@sdih® kebsarfatd sé 816 ardnil@ywRhy dtbcasbsn f1hidg ho Aloes §ii6 else arlbérat es
that the reservoir rock fails and fornms a network of fractures. The

fract uri nghergaficr thasformpticnais typigalyHeagiuredhi nni ng, non- Newt oni an gel or

emul sion. The fracturing fluid is typically mxed with a granul ar proppant
mat eri al [8009h asHydradlic dractaning chessts of oyccomperscousaividamtoratsebsuafage inferaal

proppant servyes to hold t racture(s) open er the hydrauljc.pressures
B PP e oL SRR Besdtar Al B MR B R otnd BBy P iouh B PAEPRY oo
the fl owmepaedthsn@fluidies t3g;e@1119da KRS tidining, (NOAIAWBnian ARt ok enfwlsibherThe
stinulate the formation and to clean the near-well bore regi ons downhol e, an
oper at or frasjurtrgolded is dypieadiyanixed wilea fessyeari saRpant Rlateriak sednes sdi egremid ng
an acid i or r.f i T e of
an aci di }%%%g o Phhtg?%nlﬁgFgl\g?étdla%mglre%}g%ﬁea%é?#g%kaﬁ%m\%ﬁcgﬁletfﬁa&%g(?@elnon r
conpr i seshydeaubiongriessurd@dchre tabcaggbr aThorombhiation idfl fraguee ngenhjtangd picppant

concentrated for mé_gq, acetjc ﬂ&l d, or other acidic conposition into the

vel | bor e, MeRgpedthe camaeity PLhg tiepled rSeTVakt ed zones of interest. The acid
hel ps to di ssolve carbonate material, thereby O(E)eni ng up porous channels

t hrough VIR9@h hy Bt exdar ofrthpystsulaisythe faswarian end pechie fhsorcar-welbera degipen,
the acid t i i) ling., pud & hat . Dav e N h .
near el 1h5rESIc,fh haRh by thotid B%a0Hke: BRGNS SRS ok Mcting an,
stinul at izeil asluties doivhettic abgiterd and through niec paifdratdbnspeNholBurofi adusitiizng
bt 6sentoliop 3! BB I0bTREH ek Wb 1or BRI COGRESS, e Icaar | HIPRHBES of
subt er I angan:fifle i Afly 080 ol BREG AR BHntd BL&iCOLid B IR LRECEHRNSRidO De
hydraulically fractdred, "or a very thick hydrocarbon-bearing formation,
such as owterthabeeltbodd) amdtdrests(thd8Fvicentd, setckhted zvmee of ompiestx Theatidertlps to

techniques are required to obtain treatnent of the entire target formation.
oo o espbE e Shur s R LR ppipE fadoravs st idvgh e TiEhbulr S5 G or
that eachy§ePaLARW MG tHSwBMor@NlY 28GR Bt abid RYls RABGKIALEAMIiAE RaldUhed

and treated. Inthis way, the operator is able to direct fracturing fluid

and st i muhanhaviehinadgh theanshr-wetlbast regerf.or at i ons and into each zone of
interest to effectively increase the flow capacity along all zones.

[ 0012] Thegoodpl at Applicitionarfi ydsaukiorfestirog gudercpd stdhucihiion as destibedbbovequia es
that the intervals_be treat.eg in stages. This, in turn, involves the_ use of
so- cal | edBieP&? 8 PREP RS has SRR ditiras: Hralist fy AV HPHoRESY Zong) v on

nmeans t haproeni&ifel @chyf teptdedtSuptioVSiouedo Qe §PO@ HRPo PR sS SlertRhl REEKNRERES ONS
so that the flui dngrlmarlly enters only one selected zone of interest.

Wher e nulsubsirengeoniesmation. nWdicaghergrase monlple perlaynred exervois o beduidraaticallyat

mul tiple f%c%gg(i o?fa \gelqy riai R}E]drto)cear oe}lr-ﬁeia%%g%}mation, such as over about 40 meters (135
feet), then more complex treatment techniques are required to obtain treatment of the entire
target formation. In this respect, the operating company must isolate various zones to ensure

that each separate zone is not only perforated, but adequately fractured and treated. In this

.



[0013]In order to isolate selected zones of interest, various diversion
techni ques nay be enployed within the well bore. Known diversion techni ques
i ncl ude twe 20e®8ef02 Mechani cal devices such as bridge plPagaiS2pankers,

down- hol e val ves, sliding sleeves, and baffle/plug conbinations; Ball

seal ers; Particul ates such as sand, ceramc nmaterial, proppant, salt,

waxes, I agdyiSthe Wpeplthiels GRIRPRUARSH ARGUHNE MuE@!andYSirfiTEntS edughS c¥dhs 6asHf | ed
fluids, gel'led fluids, foanms, or other chem cally fornul ated 1l uids.

[ 0014] Thaseorssionpdrd frde cachrgsae & ilntgrepl tockicagvalhencr¢agvthst flaw ghprsity plangall out
of a gi ven set of perforations are described nore fully in U S. Pat. No.

6, 394, 184Z,0 entitled "Method and Apparatus for Stinulation of Miultiple

Formati o erval s"., (issued in 2002. The '184 patent is referred to and
cor por AU her kR ibgfeday BF ahbaly foicselte rt e iph ot SauE e A

al so di sGhepess NoWelted RCAN QUGS & tUrtNATAdes2thB Ak B IRIAFRETHH YncthdasiA")
into a wellbore, and then creating fluid comunication between the wellbore
and vari dospegiolmas ofduptny éerasnologyn “idbersienboginrethat njedied Bu & dinettedd dom
various perforatin ns..havin sogl at ed charges.. The BHA's further

el ude Soleatna et B A R i BT afaRRE S R St P8 or
provi di ngneteet Wikt nailgplal BntDof htcrp@rdrot@tbe Rgrotined, tlibac@lirstthatcaliltiple
signals allow the operator to cause the charges to detonate, thereby

fornmi ng pé&ecophdivenon leeersd™Eé BHA' s al so i nclude a set of nechanically
actuated, re-settable axial position |ocking devices, or slips. The

i 11 ustratlPeAd] s| i psomeetoaisolatt sstéctadrzongthofaintereshtviangou divarsionetettamjusmnimy be

cycling the.,axial..l.oad between,conpr,essio nd tension., The BHA's further
Thol ude s feif B SR TR AR R e A SRR i Heoacker 1 s
actuated by appl i cavieeianiehl dcvéddsgith 9BHAES Blugs, Padkélsaddvai-hélb&abilch Pgidaige
set wwthin the casing. The packer is resettable so that the BHA nay be
noved to different $Repehandpafiflemhts mebinationg t he wel | bore so as to isolate
sel ected perforatiggg; LRAL7] The BHA al so includes a casing collar |ocator.
The casing collar l'ocator allows the operator to nonitor the depth or

| ocation of the asdJwmidwatéOsuchpprapd) arahic @etdalaproypant)aslgesaxchf tesins,t bre
charges are detonated so that the casing is penetrated for fluid

communi cati on wi t h YL EPPBAMIsheLone of interest, the BHA is noved so that

t he packer may_ be < i t 1.0 he
p Y- &t nﬁHEAalf‘sg%ﬁisds%EB his Vilk®s Ep‘?ﬁdé‘ﬁ%@'“@& R&2 anF]mé} drO¥eit

operator to move the B an appropriate ative to the newy
fornmed perf orati onsheanmlly hemulged dtelst hose perforations for hydraulic
fracturing and chem cal treatnent.

[0014] These methods for temporarily blocking the flow of fluids into or out of a given

set of perforations are described more fully in U.S. Pat. No. 6,394,184, entitled “Method and
Apparatus for Stimulation of Multiple Formation Intervals”, issued in 2002. The ‘184 patent

is referred to and incorporated herein by reference in its entirety.

[0015] The ‘184 patent also discloses novel techniques for running a bottom hole
assembly (“BHA”) into a wellbore, and then creating fluid communication between the
wellbore and various zones of interest. In most embodiments, the BHA’s include various
perforating guns having associated charges. The BHA’s further include a wireline extending
from the surface and to the assembly for providing electrical signals to the perforating guns.
The electrical signals allow the operator to cause the charges to detonate, thereby forming

perforations.

[0016] The BHA'’s also include a set of mechanically actuated, re-settable axial position
locking devices, or slips. The illustrative slips are actuated through a “continuous J”

mechanism by cycling the axial load between compression and tension. The BHA’s further

-3-



[ 0018] Each of the various enbodi nents for a BHA disclosed in the '184
patent includes a neans for deploying the assenbly into the well bore, and

t hen tramsDavizmg2iohe assenbly up and down the wel | bore. PEHAIs2¢manRkAt | on
means include a string of coiled tubing, conventional jointed tubing, a
wireline, an electric line, or a downhole tractor. In any instance, the
purpose ghclhée aROIfRMLROIECIRS SETHIhL Sedlfgt Mecahdnith t NEHORREREONs hauped fiyr at e
the casing along various zones of interest, and then sequentially isolate
the res peﬂ@pllwéloz@:ﬁwh@lﬁ doppesseiyt land atfmthefshamr@rsﬁtnglthmmlilqjcamg gécipasket tsed
into the zones of [ he sa [ Iet n
orocessed LRt e BB b He S AT Ta R RPAEH b bR TR B e
of surfaQﬁa@@ﬂhpﬁ&ﬂkkm&ﬂ@%ﬁbnﬁmﬁ@esents a side V|em10f a mell site 100
wherein a well is being drilled. The well site 100 is using known surface
equi prentped@t 0 FHERMA aWelihbiga& 4 @e%hfg (MRE 1BRMNITHRRAYIRg @BBarobdtbNalfows

wel | bore 10 The wel | bore tools may be, for exanple, a perforating gun or a
fract uri rihe pbergtor [t 02@1itPh ¢hes derfthoe lw@pprﬁéﬁhe Bepefibhs for apprapdietsl drtebatingat or
52. The I%brlcat ﬂﬁ?%hg%&bp%% an ﬁton q} ap%har q%V|%e CO%%t ured a2
recei ve werie50ore 100l S (or st % w@PI ST e Y 06r'S ? aRhd odﬁceughem
into the calnhidicLiodOvith B PEOEAdhg zbeof UREreaatiRrBEA ¥usbvdiesothad tHeep@kér
greater than the length of the perforating gun assenbly (or other tool
string) treasalpq wivat hacp B dihr sesipgieolts deasar pllews B apsiasento qepicaheBHAio he
wel | bore ] S 0 e

string |n a é#e3%§ﬁlﬂ$ g@pgéééiﬁggpL%?ﬁkﬁagﬁﬁg%%ggl ?25%52 qquﬂ *and
nalntalnq&ﬂbmwmhsﬁﬁa@dkmhaﬁamhabgemf&mﬂhuﬂ@emmumpnent, the height to the
top of the lubricator 52 can be approxinmately 100 feet froman earth
surface 10¢8] Depenst oxhoRatihg @veydahéntt e51GE BHACHWISREEM R, <184 Petent ivblud&Aat or
suspension systens (fit-for- purpose conpletion/ workover ) may al so be
used. Al téemadtsi fpedgployisg teqiasemblyeintn /e avqllbers pa¢ éhqnetragtstat%%tﬂ psserablysip a
downhol e | yb t S¢ d, P

6. 056, 055 Q{’J‘g @ﬁy%ﬁ@g}oo Sﬁbaﬂﬁa%%&sgdéléga}élgg‘%artdl@‘fe fh Mﬁ %tccghee%ll}lﬁ%lnént
50 and campleattioaal ppEcdttiling,. a [VieddkAanellddeadingOot a dovantiotte traetonv elnt g
wel | bore 10 at the earth surface 05 The wel | he 70 is used to

sel ect i vaNyaEalhctepaye of bt ko @ B‘ﬁr%sﬁ‘ént&t?ﬁrﬁ? © ﬁgw therReiip epeafose the

| ncl udes Xghl: QihaSRaRLL eanegcamﬁtéﬁégt Snd PR idl 1585 @ nd FosPSciiBOBhes of

pi eces. The ead 70 and 1ts spool pieces are flow control and
hydr aul i anfesast mﬂl@tnfr@tmmnmﬂmd graypbeopectad irsn she mheswof iaterashinothe s@he oips, and

ri g-down operations. [0023] The spool pieces may include a crown valve 72.
The crowrovdlve Wxli ®nmiseaibnt@ocssadsatieh tdrbe prickisafeecrifdfin e ‘U ke phtoirreqeteor

52 or ot her coqponents above the wel |l head 70, The spool pieces al so inc¢lude
a | ower rRSpOlsHEaeq cairmen)e Figize d pucsqats dryids viey of @ vk tiet 9P vhezgig @ wedls

These '0‘4@%&1%5&1‘1’1@&' ‘THP%Jelljsié 1083 in kﬁ&%ﬂ%&f&’c@' @n%%b e s LM Gy cHibaEL TS

for isolation of wellbore pressures %OVE and t elr resd;@c tive
I oc ati onstool@émx&rshmwg) aboves hdewshmci Weltbqoe 4@t iFhesze}ibmie saalsmagbiedior pxaammesi gn,
i S possi that on of theﬁl i solation-type valves may not be needed or
used [ 00%Z P @gﬁEPPﬁé FHHNaRE'S t s spool pieces may al so include side
outlet injection_val ves
HOOZO] The sur ?ace equipment 50 first includes a lubricator 52. The lubricator 52 defines
an clongated tubular device configured to receive wellbore tools (or a string of wellbore
tools), and introduce them into the wellbore 10. In general, the lubricator 52 must be of a
length greater than the length of the perforating gun assembly (or other tool string) to allow

the perforating gun assembly to be safely deployed in the wellbore 100 under pressure.

[0021] The lubricator 52 delivers the tool string in a manner where the pressure in the
wellbore 10 is controlled and maintained. With readily-available existing equipment, the
height to the top of the lubricator 52 can be approximately 100 feet from an earth surface 105.

Depending on the overall length requirements, other lubricator suspension systems (fit-for-
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74. The side outlet injection valves 74 provide a |location for injection of
stinmulation fluids into the wellbore 10. The piping from surface punps (not
shown) amaotarsks23omot shown) used for injection of the eCirmsbatioore2f | ui ds
are attached to the injection valves 74 using appropriate fittings and/or
couplings. [0025] The lubricator 52 is suspended over the wellbore 10 by
neans of f%lgﬁc{)s@%n@ﬂéﬁo%or%&rg[g%}ll_ﬁla@rrm&ﬂe luSedS UAPRFaB IOV RN relihi& BRrdvRrall

surface y a Crane base 5 he crane base 56 may be a working vehicle
that is cupad beiplit negeirspents. iandpvpehole bybrigatpr aifstanh eingiragrie tat esgibggen LS.
roadway. Lhe.cr m 54 .i\ncl wi res or .cabl es .58 to .hol d

i put ade onE FOR PEabaEeals AeaRgibeR foniReftr i UEEF bt 08 10
The craneoaiplthh opotiohane base 56 are designed to support the |oad of the
| ubricator 52 and any | oad requirenents anticipated for the conpletion

oper at i orngg22f 0024] {,8I1KdA8 701 i§Wr&fiddd MHve the wleBore U 4tGAE hrtiPurifa® MBeNTIREL
down over the well bore 10. An upper portion of an illustrative wel|bore 10
i s seen. WHbicog D rovsed 10 seledtiviebisseal therveclBorchtl. Buringidempletion.tthe wellhdadcld 105
of the earth, and into %ihe earth’ Surlﬂ%t‘ijﬁlf a%?er%e%iot' a,sV\Dol iocos. The wellhead
2012/ 0823BFBET 5B WY E%fﬁmfﬂ‘b*‘é‘%’f%e werl bore 18 P SPEY Rt or ed WtH a
string of70suid agespeas piRge2@re dhe furfi@ceaoarsi agd AQdhakc asvlatppedudid rig2ip N
seal ed connection with the | ower master fracture valve 125. The surface
casi ng 2@Paraéignhsimylatigpepcrafignspand rigrdowopgi@iodasi ng 20 is secured in the
wel | bore 10 with a surroundi ng cenent sheath 25. [0028] The wel | bore 10 al so
i ncl udes [8023 r i ndhofpenl pikees Maw ielving cBovn Telee FRodibetdrown vake /g i8Ms¢dtoal so
secured i.nt he wel |.bor wi t h surraqundi cenent sheath 35. e

o oduct i AP RAIAG B ol bE AP Bler 33" B SRR e aBe o R e, 20
upper nastRrspbblagitess @lsedhaedeldowel heaspt deluekd Rdlve 833 Mg dDuFdes tabRs frdctuner
end (not shown:%. It is understood that the depth of the wellbore 10

pr ef er abl%plwexk38n dhesd aaveg 136 ané apprs| 19w aastes sture splscoprosidssaireaveemater val
to be sti: e e -t o] S a
per f or at ilg%igtg%nnggélggﬁggﬁ M g‘%g gﬁ% %éf?%éaatgéﬁr n s S ef&g%ﬁ%ntgb gbeepqe I:}?%g'en

50, the sitcfspesfiegraicticmnid Smalasion jobcdasidasit as passild thet db.of Thee dolatiboaltepd ool
(not sho%is atta]%hed tg the end of the wireline 85. To protect the
wi rel i ne 857es Y nREPe Aesdad PoUsedy i nclude a wireline isolation tool 76. The
wireline isolation tool 76 provides a neans to guard the wireline 85 from
direct fllB0R4df plbppaHbcadatPesndrifsiipgol pipesstedy alsa wetude sisic patlefuipicstion wiilses i on
val ves 74 duyy ! f t4yr 1 Ng: aAr s The.. .
equi prent 501t 4 b TRELA, VIS 1 bPisR R rtor WREh i BBl R Syies

pr event erin@Othe Svdlibptc 8.1 Yhe gripihg | fioracttfadeepumps (noe sevemt amlf taoke (rvt isbeveh)
upsets. The lubricator 52, the cranﬁ @rm54 thg crane base 56, the .
wi rel i ne wsd fanisqienmiofe clmylstiape Hiids a5 aftachediteine miseliRn xpkves A singar y
control : i ts) are standard equi pnmrent known to those
skilled %ﬁgﬁoﬁgla%ﬁtﬂo gaqv\g(clﬁ%co ﬂfgg'ti on. [0031]It is understood that the

vart ous. '[P of TRy 'inil%?to?gE 'qoﬂf’sgénq%Q RBHE %@B@%@@Wﬁ&&%q’@yaﬁ@% 59 are
nmerely ilTustrative. ypical “"conpl et on operation i'nclude hunerous
\éal ves, pﬂm&sinet eﬁﬂl(l;ﬂ isl;?hﬁl)ﬁdrf&:@mveﬁthld Rhith glsrgac@alﬂg ®9.a @mﬁ)liad sc 86d T}hé bﬁlhe base

evi ces. Further, downhol e equi pnent pay be run into and ouf of the
vel | bor e iﬁsmmg%sﬁ wogHe yhigle fhat iy eanagly ef fmnsperting partior gHiqjythe crane arm 54

over a roadway. The crane arm 54 includes wires or cables 58 used to hold and manipulate
the lubricator 52 into and out of position over the wellbore 10. The crane arm 54 and crane
base 56 are designed to support the load of the lubricator 52 and any load requirements

anticipated for the completion operations.

[0026] In the view of Figure 1, the lubricator 52 has been set down over the wellbore 10.
An upper portion of an illustrative wellbore 10 is seen. The wellbore 10 defines a bore 5 that

extends from the surface 105 of the earth, and into the earth’s subsurface 110.



[ 0032] The lubricator 52 and other itens of surface equi pnment 50 are used to
depl oy various downhol e tools such as fracturing plugs and perforating
guns. BerwDi2eoi2aisk3p2 t he present inventions include apparaeris2@anderzet hods
for seam essly perforating and stinulating subsurface formations at
sequential intervals. Such technol ogy nmay be referred to herein as

“Just - I n-da2re- Perhoralibs@” 10 i3 i) forhb® withT sRI@CstSsuratd exgnapo. onfe %hﬁﬁcet 0
fracture a well at nultiple intervals with limted or even no "trips" out
of the w@laﬁlbng@ hasmupp@@feé 22 haseabes eanoedtin wighiiileweomasien fthiCﬂZrérYélVﬁrlaét ure
stinmulati iLgh rvoi,rs _hav

sones. FOﬁle surfac? q §1{1§§ﬁ ﬁl%bﬁas 2 loe\g%r ?nsd g%r %n tqu?ﬁ%e cgs ﬁ%‘iH ts(e) l},r% np ?ﬁ/e
hydrocarb&ﬂmbhuuu@uhmshhemﬁmg§aﬁ@gnbmﬁﬂﬂ25[0033]The JITP t echnol ogy |s t he
subject of U S. 6,543,538, entitled "Method for Treating Miultiple Wellbore
I nt erval gp0287he ThS§,cPBSRNEO 4I5S URMAP i dirify o?%@uctﬁﬁdcdsﬁg'mam@?ﬁfdﬁ&idw
reference herein in its entirety. In one enbodi nent, the ™ 538 patent

gener al | yasigactes: dsosemned1n1heugﬂﬁgwglﬁewﬁbmaﬁﬂﬁgmd@gu@éwnbemﬁ@ré5|ﬁ@uat

| east one '&u%%ﬁ%am€f3096 or. _nore Lerranean rnathg S traveréeg

wel | bor e;? ¢ 3Gt S er i Cam%eﬁ RS el FEAET fraried ng
into the x&ﬁleemsedrherﬁr&ﬂmbnmilﬁg)gm als@May i rrtgwérimmﬁcmfsﬁbah) ng igendeestodd 1l t he
wel | bor e; or activating an itemor substance in the
wel | bor e the dr@@ﬁhn@%meyvvﬁﬂm lf%pfqﬁ@ablw Gtends | e Asneh delomeat lewest zone or

perforati t f e

A o s R A S o A L R T
pat ent andpdrfoeating3Binpadeaditly.pr ovi de stinul ation treatnments to nultiple
subsurface formation targets within a single wellbore. In particular, the
techni qugese2ef 1) ReBliG: SbiifUioathcosurice rEdﬂuIﬂnﬁHn@ S02rtBe tsuFRREe 8qEIpmERYIFPNSsoVi &
a single deploynent of downhol e equi pnent; enabl e sel ective pl acenent

of each dh¢lhdesan Wapling ¥t Hehdowholeteh(nos ahw@u&ptt%@ﬁé tq BheenH o e wipline
product i VgSt 4 eérg ecPih@ 196?1ng '836‘&1? '\x%phgaef{[ ‘madrﬁgy ARMIRR o t&lrapw%%oqa oq{:tgolf]ﬁ"el"ﬁe

treated per I'gn an previ ous reated zones are not inadvert

damaged; winging4ipolatibroved ot6 pﬁolvmek at mezmst tl’oe@IalﬂdamlﬁeSwhmhb@ 8p uinpe dliatt ﬂow of
relatively hlgh flow rates t faC|I|t fficient apd effective .

sti mul at ilBAPPaRklagen the‘ftﬁ‘gé’étonWFtﬁl Z BHECtS I STIPRVABIS t é‘cﬁwr%ésfogﬁmﬂ%e
hydr ocar Bap.q[£f %g)g&ym&;on1subsurface formations that contain nultiple
stacked subsurface intervals. [0035]Wiile these multi-zone stinulation

techni o iBod OVi §fie El]ﬂrfac% ¢ @&eﬁ{ 0 &1 sh @%ﬁ%ﬁ{ 4 BIBWP{S&ﬁP?ééentetr RgY Y The blow-

neverthel’ess typicallTy 1n e use o ong, wre e-convey
per f or at icug pygenedter Tﬁilelsug@lcaﬂy sumbtadeaton@tiinghg manEspmaonaarupws The
challenges nost_notably, difficulty in running a | ong asse

per f or at i AFIGHAS2: estak a5m) Mo e caisbash0-ithg Wirehne §Rapp H}e&qbwwuéafm%fn
punp rat el lhd 18 ¥ed Qﬁcﬂ’lﬁfys %Pﬁﬁ’ol()fan&/gle Atk aﬁbh Nl nfeﬁ'tg) wed | oofigrd

during hydraulic fracturing d riction or drag created on the wre

fromthe @qumnvlendvytdtoahbsecskﬂledunlthd?anmmu can@lotsn.and wirel i ne equi pnent

present on | ocation occupy needed space and create added conpl etion

expenses,[0031pr ebyt ib omdurstogd thaethe wariald it@eodfsiifase efuipmyve|S0-adtdicbipogents of

roj ect.

prol the wellhead 70 are merely illustrative. A typical completion operation will include
numerous valves, pipes, tanks, fittings, couplings, gauges, pumps, and other devices. Further,
downhole equipment may be run into and out of the wellbore using an electric line, coiled

tubing, or a tractor.

[0032] The lubricator 52 and other items of surface equipment 50 are used to deploy
various downhole tools such as fracturing plugs and perforating guns. Beneficially, the
present inventions include apparatus and methods for seamlessly perforating and stimulating
subsurface formations at sequential intervals. Such technology may be referred to herein as

“Just-In-Time-Perforating” (JITP). The JITP process allows an operator to fracture a well at
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[ 0036] Therefore, a need exists for downhol e tools that nmay be depl oyed
within a well bore without a lubricator and a crane arm Further, a need

exi sts fowotoolms23okat may be deployed in a string of preduatszan/ocegi ng or
ot her tubul ar body that are autononous, that is, they are not electrically
controlled fromthe surface. Further, a need exists for nethods for

per f or at i@ tipRAintdreas ivith [IHiltTetiFHreedeﬁtrﬁf v ﬁ_ﬁi_ duPBY tie WRlIb&Rr eTHd hhRRls hai ng
limted by punp rate. SUMVARY OF THE | NVENTI ON [ 0037] The assenblies and

met hods dwesiequldsdgneferier muliagena/fizdtegstipetsiontos tight g%seremvmmchmvn@ mtmqwms and
gas expl n roduct i Eir d. of

downhol eq? c]u?ar sgn(ij 9\% %%wg 'F8 xa%&)l Oﬂle ?ISFP proC§58 rl%glhréentﬂ ehng( 1}1156 t%]
wel | bore Hyasoo@ﬁﬁ)hrmu@thtmmcédfmaé bhgi.m a phyS| cal signature for the
wel | bore. [0038] The nethod first includes acquiring a CCL data set fromthe
wel | bor e.jodd3¢ CCirnéafgp St@éhn@ﬁfggleisaﬂl@SSlﬁ)ﬁE& 'difUQlS5|6’543993?8r ded18RoNethed for

si gnal s vmth nmeasured depth. I'n th first CCL 1og for the wellbore
is for nedfre{ltO@BMul"hElen’éte b@tealnsf,@’Villﬁ I uﬂéfs ‘&H @@ththSaed O%Izttll &n 2003, hand ishe
}Aﬁl,l 22;?},}){1&;&1‘%@1‘% 3)5 ret%rence ﬁ%rem mn 1t%tent1f ?Plg ﬁl OI]]_Er I 0@?1’%16&19%[1 é% a%ent geﬁ/eraaley’

per f orat itegchgyin. The vveI I bore device is part of the downhol e tooI

[ 0040] The met hod further conprises downl oading the first CCL log into a
processor. The prodB¥gor pie@forettl@e dewmice, pRrfarpEngdanlens| et igkirval THODReBErY hen
i ncl udes ngtghgl){éa%%]}{gaeloq?%h thp l;vefl 2 the wel | bore. The downhol e t ool
traverses casing co ses e casing collars using its own
casing collar H)catpmmpu[lg)ﬂéah]rﬁhteﬂtpdmlﬁesgoﬁlelpterfbmm@mﬂmtcethegeﬂecteé interval
programed. t o conti.nuou record net 1 nal s as the downhol e t ool
traver ses"“tﬂl“Pé1 Eeé’é‘?"h‘bg@‘ﬁlp?é@?tmgﬁe‘flﬁq Offet ewﬁ lg‘g&ond CCL log is forned. The

processor, %Bft) GRObY Blihafing LAARSS O MhblReTRORE AGdIBRIRS g abanal s
of the second CCL gy appl yi ng %\ novi ng wi hdowed statistical analysi's.
Furt her, ttldné(ﬁurtbcie%ta(bﬂownotoethetrbabdlpenf@mmsewd he transforned second CCL
log with the first CCLIo dur| fﬁ g ment of the.down Ofeh ‘%

correl ate val ues |,{8P€@g{1$ edtm% g oF Ao RRFS dRSTVarnipf sthp 8 Feéli‘ag?aé]bl y
done t hr gyghatnpatt ern matching al gorithm The algorithmcorrel ates

i ndi vi dual peaks or even groups of peaks representing casing collar

| ocat | ongoodel a0Ght i 18moldiesPHREBSSOn It POSNAMIE hliOtice BN A€ Ravide
selected Tocation In bor e, nd an actuation signal to

t he act uestlablllzftlocnetdabnmts dzemutt@lcwkldmutfm ﬁono@t&sstargeltuasylthmwgnglze&bltbhee In

| ted | Th t d furth h di t he
ottt ool et P GePR S o e SRmeS Rertaia o
devi ce. S'ih§l$" @e Y@;IYnent her %W‘ﬂﬁ@llee e@pﬁﬁﬂneﬁts ?Et &M@%lec%'}ﬂ%ﬂeﬁﬁtoﬂ tadhs

not tethered to the surface for recelving e actuation signal.
stimulation treatment for each individual zone to enhance well product1v1ty, (3) provide

the

diversion between zones to ensure each zone is treated per design and previously treated
zones are not inadvertently damaged; and (4) allow for stimulation treatments to be pumped
at relatively high flow rates to facilitate efficient and effective stimulation. As a result, these
multi-zone stimulation techniques enhance hydrocarbon recovery from subsurface formations

that contain multiple stacked subsurface intervals.

[0035] While these multi-zone stimulation techniques provide for a more efficient
completion process, they nevertheless typically involve the use of long, wireline-conveyed
perforating guns. The use of such perforating guns presents various challenges, most notably,
difficulty in running a long assembly of perforating guns through a lubricator and into the
wellbore. In addition, pump rates are limited by the presence of the wireline in the wellbore
during hydraulic fracturing due to friction or drag created on the wire from the abrasive

hydraulic fluid. Further, cranes and wireline equipment present on location occupy needed
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[0043] I n one enbodi ment, the nethod further conprises transformng the CCL
data set for the first CCL log. This also is done by applying a noving

wi ndowed woabiziseal anal ysis. The first CCL | og i s dowrCodasea iont201 t he
processor as a first transforned CCL log. In this enbodi nent, the processor
increnental ly conpares the second transforned CCL log with the first

transf or npeccChdd Lieftet RdPh@bREBN \CRPIRSs, ItRALERIIWRIngf the %LU &Bhbddilcs of a
| ocati ons. {0044] In the above enbodi nents, applying a noving w ndowed

stati sti catll-dnlding prajegdr ef erably conprises defining a pattern w ndow size
for sets of magnetic signal values, and then conputing a noving nean n(t+1)
for the rieepset i cThengfoad, walcudsexoieifort downhdlheoats vihaty magabe migplegdd ivgthin a
preferably jn vector form and represents an.exponentially weighted Vi ng
bver age TR HgHat bRk Gnand §RIAEEEN o FUHER BoR S Nn RACURY TRIRYi ¥y a
novi ng Wi gdryed iﬁ&@ﬁlngdqu%dﬁﬂéﬁ ¥8difg bh6fhef HIbhREbo&P MRl hzemitdRhiols Natdis,
menory paranmeter itt for the windowed statistical analysis, and cal cul ating
a novi ng theawaicimetecirmelly xomrglicd ifyorh dhe suréacemdivethere agicghakisisdbuastheds for
time. [0045]1n. one ,arrangenent, f.or the nethod,,cal culating a.noyi

covar i ande et pEing 08 SR fBERb PR T3 R SHh Sl R PFRELLS pumo
conput i ngagn exponentially wei ghted novi ng second nonent A(t+1) for the
magneti c signal values in a nost recent pattern w ndow (W1); and

conputing the noving covari §uaeMERYIOF FHE 1V ERegIEN upon t he exponential ly
wei ght ed second nonment A(t+1). [0046] Conput i n%pan exponential ly wei ghted

second ndfe3Tl A( Thd)aspamblive aduhenctlowisr désagbedo hetean fhalve oveiriegs drpnefifsom: the

A(t+1) =t t+1 . t+1 (1- ACt), whi.l ti 1 i
et anceiidilorbitahd b blorkidd sna dibadhibh agtilis SRTRLAGY hh STl
(t+1) = Aldkwhhple-toBI fntd weHbdrd(it plovlided. InSaccordWiRc2@ kR ARSA3hoBCHe Ul bbid 41221

[ 0047] I n anot her enbodi nent, apf)l,yi ng a novi ng wi ndowed statistical
anal ysi s Ggipg lgaklars that form a physical signature for the wellbore.

[0038] The method first includes acquiring a CCL data set from the wellbore. The CCL
data set correlates continuously recorded magnetic signals with measured depth. In this way,

a first CCL log for the wellbore is formed.

[0039] The method also includes selecting a location within the wellbore for actuation of
a wellbore device. The wellbore device may be, for example a bridge plug, a cement plug, a

fracturing plug, or a perforating gun. The wellbore device is part of the downhole tool.

[0040] The method further comprises downloading the first CCL log into a processor.
The processor is also part of the downhole tool. The method then includes deploying the
downhole tool into the wellbore. The downhole tool traverses casing collars, and senses the

casing collars using its own casing collar locator.

[0041] The processor in the downhole tool is programmed to continuously record
magnetic signals as the downhole tool traverses the casing collars. In this way, a second CCL
log is formed. The processor, or on-board controller, transforms the recorded magnetic
signals of the second CCL log by applying a moving windowed statistical analysis. Further,
the processor incrementally compares the transformed second CCL log with the first CCL log
during deployment of the downhole tool to correlate values indicative of casing collar
locations. This is preferably done through a pattern matching algorithm. The algorithm
correlates individual peaks or even groups of peaks representing casing collar locations. In

addition, the processor is programmed to recognize the selected location in the wellbore, and
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conprises: conputing an initial Residue R(t) for when the downhole tool is
depl oyed; conputing a noving Residue R(t+1) over tinme; and conputing a

novi ng Thwe=sholm$230¢t +1) based on t he novi ng Resi due R(t PCr/USp@@ABI2CONpuUt i ng
the initial Resi due R(t) is preferably done according to the follow ng
equation: R(t) = [y(t) - m(t-1 AT x [E (t - 1)-1 x [y(t) - m(t-1)]

wher eR(t)thérd sélcﬁ bR GecRatidMisidn@B $o MTALatalet Wellford® déeiet Qvhdne eS8k BT has
coll ection of magnetic signal values for a present pattern w ndow (W, and

m(t-1) i geepgnizsd dhc sekgsteddesntiong t he nmean for a col l ection of magnetic
si gnal vaI ues for a preceding pattern w ndow (W1). [0049] Conmputing the
nmovi ng THe@&Rhol dTh¢ tmdtblod §u1plneeftéﬂmbhqludttsnﬁnﬂmgdmneacalmiondiiglgﬂt oS¢ﬂd@1g the

foll ow n ation: t+) + STD.Fact or t+1 rel\/Rt) is
he. Mov M5 TALED SRR MR SAYEEr T I AV RETE 198 TR
Resi due aheamid @&ENs foatdIReH Wi tRE QWracS T bectlihg ik dcRtish3ndar d Devi ati on of
the Residue R(t) at the present pattern w ndow based upon SR(t+1) and

SR(t+1) igodshe S?ﬁgﬁ'éje%&@fﬁ%npfthe%éﬂhg&%ﬂ{ertcpﬁ REGSERM A E}&g%@ O “QQWset

[ 0050] As not ed, rocessor nay I ncrenenta corrpare t transf or ned
second Cctbr tlmgﬁmﬁ (EGLtlb@ Thussaﬂso@@kioh@gy tpplging rehatieg vahdosed stadistedlianelyeif.

casing c tions  usin n mat chi ng. al gori.t hm ne aspect,
The cor | abheptiest EFR S APREH SRR et daa il dishomics (CL R AR
embodiment, the processor incrementally compares the second transformed CCL log with the

first transformed CCL log to correlate values indicative of casing collar locations.

[0044] In the above embodiments, applying a moving windowed statistical analysis
preferably comprises defining a pattern window size for sets of magnetic signal values, and
then computing a moving mean m(#+1) for the magnetic signal values over time. The moving
mean m(#+1) is preferably in vector form, and represents an exponentially weighted moving
average for the magnetic signal values for the pattern windows. Applying a moving
windowed statistical analysis then further comprises defining a memory parameter ¢ for the
windowed statistical analysis, and calculating a moving covariance matrix X (#+1) for the

magnetic signal values over time.

[0045] In one arrangement for the method, calculating a moving covariance matrix

2 (t+1) for the magnetic signal values comprises:

computing an exponentially weighted moving second moment A(#+1) for the
magnetic signal values in a most recent pattern window (W+1); and
computing the moving covariance matrix X (#+1) based upon the exponentially

weighted second moment A(z+1).

[0046] Computing an exponentially weighted second moment A(#+1) may be done

according to the following equation:

Al = py(+l) x D)) + (1) A@),
while computing the moving covariance matrix X (#+1) is done according to the following

equation:

T (1) =A(+1) — m(r+1) x [m(+1)]".



establishing baseline references for depth fromthe first CCL | og, and for
time fromthe transfornmed second CCL | og; estimating an initial velocity vi

of the auworrorrmss3oeool ; updati ng a col | ar mat chipag/useaeanéfzbm a
| ast confirmed collar match, indexed to be dk for the depth, and ti for the
tinme; determ ning a next match of casing collars using an iterative

process qf)ozﬁg nvengensiker &, hfifyinp di B6ving ANAdSCRERLIRGall 1R 1ystsefudthéy €
process. [0051] Estinmating an initial vélocity vi of the autonondus tool nay

conpri se:coapsei-ng a first depth dl nmatches a first tine tl1l; assumng a
second depth d2 matches a second tine t2; and calculating the estinmated
initial velocity usiongputihgaf olitidHasglue fatforomhendiic dodnhdle tool & deptdyefl0052] A
tool assenbly for perform ng an operation in a wellbore is also provided
herein. Such an opeaoatpudng aapvipRes@rRIR (- Drovexidrmp] sad a conpl eti on
operation or a renediation operation. Again, the wellbore is conpleted with

casing collars thatcoh@ﬁﬂhgammremo%aw[poafs@d ot 1R M@lihPREGducTRE+1).
wel | bore may optionally have short joints or pup joints to serve as

confirmatory markers. [0053]1n one enbodinent, the tool assenbly first
i ncl udes [89#8%ct u gfpmpp‘@ng ghs) initiph Besidue R(7) is preferably done according to the following

equation:
R() = [y() - m(D]" x [E@-1)" x [y() - m(-1)]
where R(?) is a single, unitless number,

y(?) is a vector representing a collection of magnetic signal values for a

present pattern window (W), and
m(z-1) is a vector representing the mean for a collection of magnetic
signal values for a preceding pattern window (W-1).
[0049] Computing the moving Threshold T(#+1) is preferably done is done according to
the following equation:

T(++1) = MR(#+1) + STD Factor x STDR(#+1)

where MR(¥) is the Moving Residue at a preceding pattern window,
MR(#+1) is the Moving Residue at a present pattern window,

STDR(#+1) is the Standard Deviation of the Residue R(?) at the present
pattern window based upon SR(#+1), and

SR(#+1) is the Second Moment of Residue at the present pattern

window.

[0050] As noted, the processor may incrementally compare the transformed second CCL
log with the first CCL log to correlate values indicative of casing collar locations using a

pattern matching algorithm. In one aspect, the collar pattern matching algorithm comprises:

establishing baseline references for depth from the first CCL log, and for time

from the transformed second CCL log;

estimating an initial velocity v; of the autonomous tool;
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actuatable tool may be, for exanple, a fracturing plug, a bridge plug, a
cutting tool, a casing patch, a cenent retainer, or a perforating gun.

[ 0054] Thewocol2/@gs®enbl y al so i ncl udes a casing coll ar | ecauseo110612CCL
sensor. The casing collar |ocator senses |ocation within the tubul ar body
based on a physical signature provided al ong the tubul ar body. Mre
specifically, the sgaa@ig §e5ERMARARYERIck TrdfRANS icbnfidmb @lanthatdieinddsddng,
indicative of collars, and generates a current. The physical signature is
fornmed by the tgpadi fry ths daptts apdtiferthe imshg t he tubul ar body. [0055] The too
assenbly further conprises an on-board controller. The on-board controller
has stored in nmenordetamfriingta @St megh dheasing soll@Clusingg an grgsenpwcemgnfet i ¢
signals pre-recorded fromthe wellbore. configured to send an actuation
signal to the REYU&t™MBl e t ool when the CCL sensor has recognized a sel ected
| ocation in the well bore relative to the casing collars. For exanple, the
control | er conti nudldping Beddesidishet i ¢ signals as the tool assenbly
traverses the casing collars, formng a second CCL | og. The controller
transforns the recdepRagingdltprieratevedirgisas-s of the second CCL | og by applying
a novi ng wi ndowed statistical analysis. The controller then increnentally

conmpar es r{?&ﬁ; t raﬂ&%ﬁ&t%n%ﬁﬁﬁi‘gel@y %‘%Qtl}(\é élnoﬁdﬁonitJ;gih‘%a%rﬁﬂ?gegur I ng

depl oyne t he down e tool correlate val ues 1 ndi'cati've of casing

collar locations. [0Q057]Th ctuat abl e .t ool the casing collar |ocator, and
t he on-board contrc?ls?ué][rn]ﬂ Pghgéggﬁﬂgfnﬁgﬁﬁﬁgytﬁé eglhd arranged to be

depl oyed in the tubul ar. body a n.aptongnous unit. In this respect, the
act uat abl e t ool is2§ﬂFﬁWﬁ@§%ﬁFﬁ§%H@ﬂﬂé?%akﬁﬂ§ﬁﬁﬁp¢ﬁgéﬁﬂ an external force
or signal fromthe surface. Instead, the on-board controller recognizes the
sel ected | ocation iGlcukdngdh gsgpetedipiiakesiodtyasingthe fallosHng pgrbiPnt o t he

act uat abl e t ool conponegt_%pen the controller has recognized the sel ected

| ocation. The actuatable*teél then perforns the well bore operation.

[0058]1t is preferred thatfthe tool assenbly be fabricated froma friable
material. The tool assenbly self-destructs in response to a designated

event. Thus, where the tool is a.fracturin | ug, t t ool , assenbl ma

Ser T eattbliz " B Erantle o Bra e ey R4 Wl Ber< plsh PRSharg hep
Wiere thesfcROln bfertidie hdagr @bfe@&ltﬁ W cdabpid, 0PoRpRABR | opei¥n SB! £ roRSdihtmt as
the gun is being fired upon reaching a selected |evel or depth. [0059] The

t ool assempstafionmy Aigal vbie veclfboshingomelsked Whihs casingowsllarhghasplorat arphysical
retrieve the to?I hp tﬁ@ eve@ﬁ itlgecones s&ucg Qr fahhf.totfire..Ths {oo
assenbl y SITE I YoNS RO Kby MR ATHOHCEEY QPR ey G ST RITSi B PUBIRETS 1%

t he contﬁ@kk@@camﬁn@mﬁym@ﬁka§etting conponents. [0060] Where the actuatabl e
tool is a fracturing plug or a bridge plug, the plug nmay have an

el ast onerpgssseal iMgnelBmRaimenthar HBe a&s@ﬁibl}i $ir@dChbRted an tdRIABBR! td08 The
el enent, which is generally in the configuration of a ring, is expanded to

form a suistiatabld bl miapibd, Heakamplehd fractheng pligl abridgelplugt 2 quttieg ¢astl ealcasing

| ocati on. Theﬁglu tnqg.alsoahay rg set of slips for holding the |ocation of

t he toollgg?e ?9gbfg ¥R CE A PRECSEMEEYEd | ocat i on. [ 0061] Where the

actuatable tool s a perforati un, it is. preferred that e perforating

gun asserBi3H | ncithadod] dsably aﬂ%&?@ﬁrdﬁw it s dopemat 5 aBFhat Tl o

the associghedofialdssr UnstdRcREST QAR MY tG8Har body based on a physical signature
provided along the tubular body. More specifically, the sensor senses changes in magnetic
flux along the casing, indicative of collars, and generates a current. The physical signature is

formed by the spacing of the collars along the tubular body.

[0055] The tool assembly further comprises an on-board controller. The on-board
controller has stored in memory a first CCL log. The first CCL log represents magnetic

signals pre-recorded from the wellbore.

[0056] The on-board controller is programmed to perform the functions described above

in connection with the method for actuating a downhole tool. The controller is beneficially
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BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0062] So that the present inventions can
be better understood, certain draw ngs, charts, graphs and/or flow charts
are appemiodoteanseioe. It is to be noted, however, that tReTASaMI1NGR21
illustrate only sel ected enbodi ments of the inventions and are therefore
not to be considered limting of scope, for the inventions nmay admt to

ot her equRhfiyurell ft8 Cdehd Qane BRI INELIESal 2B dtha PRia€Ald @bt whQOBR] ECUUSRsdr has
presents a side view of a well sife wherein a well is being conpleted.

Known su rrf:mg@l@q @i Sp}@é‘i@ﬂ 1<i><sltlpn @vth@@wplkb@resn@kﬂpm to thelcking eollass| Eorqxampé dhvin)
above and OV\M) e

[ 0064] Fi gur i lier contlnuoug ¥t ecord-ls-hI g%leﬁc %%%BI t'hgr%ooqf as erﬁ‘tr)rgrtlra%rerseg Elaa %asmg

Vi ew O nonous to

t ubul ar apéa8f fdiming S lebn@E@pREAtTIRN®nirolld twabﬂohﬁs ¢he erb@cumagﬁmi ddnathe
| ubricator_ of Figure 1. In th| s.view, the tool is a fracturing plug

assenbl y dept s5read (Gt lalog by mrplying grvades ivoRdessd vighistivHeanahsit u hen@nﬁpU@r
assenbl y 4§ ﬁ%&%n‘tﬂ c%tnﬂaa?esgflg AN R PAR &tﬂrlo O nefle %%l@éﬁ%&o@a#&g on.

[ 0065] Fi gure s a e view o an autononous too as nay be use
t ubul ar ajeplogtricansf, ths dehinlade apd teatdroae values neichtivr &, casing aollallb@tinad.e vi ew.
In this view, the tool is a perforating gun assenbly. The perforating gun

assenbl y [pes7PNCeTagalcuatiBRl @ywedtht ntasingt dollag |eatde) esicid on-boasl dshtrofld ates
shown in both a pre-actuated position and an act uat ed osition. )
[ 0066] Fi dagsharAlimgnsionsdgad grrangcgrto ae deripyed indheabitlag bed e angienomgyus unit.

I t
[ ecel Vi 09 AR ARls t-oémsg@%@g@fyeé@@?dﬁgh%@&g% Ll 2
site of Frgignel fém thiesuefact hinstwed | thooe-bbasl coetellareccognizes dic splectbd tauiiogingun

assenbl y, e enb nt 0068 Fi.gure 4Cis a her side view of the
wel | si téh%qu(i\%@{ﬁ’ émEA@en %.%1%&& Lger wamawgiegm? L gommppe Vi

Figure 4%09&511% ahalsg]Fbcb 1%&? tl‘[@kél@&éc?l &m@n POhd 'a@fha?a@lea%ﬁ'tth 'ib%rf&fms the

interest " ure 4D 1 s anot side view of the site of
Fi gure 4AvelMeregperdtmnges of the

[0058] It is preferred that the tool assembly be fabricated from a friable material. The
tool assembly self-destructs in response to a designated event. Thus, where the tool is a
fracturing plug, the tool assembly may self-destruct within the wellbore at a designated time
after being set. Where the tool is a perforating gun, the tool assembly may self-destruct as

the gun is being fired upon reaching a selected level or depth.

[0059] The tool assembly may include a fishing neck. This allows the operator to
retrieve the tool in the event it becomes stuck or fails to fire. The tool assembly will also
preferably have a battery pack for providing power to the controller and any tool-setting

components.

[0060] Where the actuatable tool is a fracturing plug or a bridge plug, the plug may have
an clastomeric sealing element. When the tool is actuated, the sealing element, which is
generally in the configuration of a ring, is expanded to form a substantial fluid seal within the
tubular body at a selected location. The plug may also have a set of slips for holding the

location of the tool assembly proximate the selected location.

[0061] Where the actuatable tool is a perforating gun, it is preferred that the perforating
gun assembly include a safety system for preventing premature detonation of the associated

charges of the perforating gun.
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first perforating gun assenbly have been detonated, causing the perforating
gun of the perforating gun assenbly to fire. The casing along the zone of

I nt er est Wi20twzs239een perforated. [0070] Figure 4E i s ye®Carusthiene2te vi ew
of the well site of Figure 4A. Here, fluid is being injected into the
wel | bore under high pressure, causing the formation within the zone of

interest "T" to be fracBRIEF DEYORIPTRONCGEOAPCDRISHANGE961221 [ 0071] Fi gure

4F is another side view of the well site of Figure 4A. Here, the wellbore

i s recei UPORZ] a f Padhaithnpreptnidnecssenbéan bg betionanderblodd.menein draorepFhguse 4G
is still anather, si-de view of th || _.site. of  Fi qure,. 4A. , .

fract ur i Ao G RP B anelfEheS), 16 A6 pr afimn R S Fisnt Bdng

posi ti on idhakee dil¢ szlesred embbdineshesdt thd inveh@ehdIindi gl therddbtei ot 81b¢ b&fsidetalie
view of the well site of Figure 4A. Here, the fracturing plug assenbly has
been act JHrigas ahdoens: fdhewivestensomay adsids othey cquathheffestive sinbedigrents g
above zong, ﬁ&gkﬁgerest "T." [0074]Figure 41 is yet another side view of the
wel | siterd i'gure 4A. Here, the well bore has received a second

perforati un assenbly, [0075]Figure.4J i,s_.another side view of the I
ort e o mptkafe" RRARET ofeseh L UENBN 8 Fordf RE SRS il Rl Eigh |
t he wel | Bof@vit QuiladeOo&quiipraghtaid] preeided 2@nRapsdrt iwtliBsRStoolsUnbl sh&OBhikdvausrl 4K

is another_side view of the well site of Figure 4A. Here, charges of the
within a wellbore. This is a depiction of the prior art.

[0064] Figure 2 is a side view of an autonomous tool as may be used for tubular
operations, such as operations in a wellbore, without need of the lubricator of Figure 1. In
this view, the tool is a fracturing plug assembly deployed in a string of production casing.
The fracturing plug assembly is shown in both a pre-actuated position and an actuated

position.

[0065] Figure 3 is a side view of an autonomous tool as may be used for tubular
operations, such as operations in a wellbore, in an alternate view. In this view, the tool is a
perforating gun assembly. The perforating gun assembly is once again deployed in a string of

production casing, and is shown in both a pre-actuated position and an actuated position.

[0066] Figure 4A is a side view of a well site having a wellbore for receiving an

autonomous tool. The wellbore is being completed in at least zones of interest “T” and “U.”

[0067] Figure 4B is a side view of the well site of Figure 4A. Here, the wellbore has

received a first perforating gun assembly, in one embodiment.

[0068] Figure 4C is another side view of the well site of Figure 4A. Here, the first
perforating gun assembly from Figure 4B has fallen in the wellbore to a position adjacent

zone of interest “T.”

[0069] Figure 4D is another side view of the well site of Figure 4A. Here, charges of the
first perforating gun assembly have been detonated, causing the perforating gun of the
perforating gun assembly to fire. The casing along the zone of interest “T” has been

perforated.

[0070] Figure 4E is yet another side view of the well site of Figure 4A. Here, fluid is
being injected into the wellbore under high pressure, causing the formation within the zone of

interest ““T” to be fractured.
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second perforating gun assenbly have been detonated, causing the
perforating gun of the perforating gun assenbly to fire. The casing al ong
t he zone WO 20823t "U' has been perforated. [0077] Fi gece/usoinseaei | |
anot her side view of the well site of Figure 4A. Here, fluid is being
injected into the wellbore under high pressure, causing the formation

wi thin tH@oﬂ?ne plourdieisembthelsidt Qicheof thaGlclilsee of FRRFSIAT Biere tKMyvBNIDHE des a
final e viewof the well site of Figure 4A. Here, the fracturing pl ug

assenbl y raegtvibg edraceining ot assembliicingek icabeéimanh addi ti on, the wel l bore is
now recei ving production fluids. [0079] Figure 5A is a si de view of a
portion dpPo72] wel Flaure 4GTisestilehidilmaresides visai nf tlcowpll etitedofi Fignuel 4Apl Hezotles of

i nterest,.includin n "AT B " "C " .[0080] Fi gure 5B i s anoth
Slde vi et REBRD SR gt ERES Flien ih o vGIbBGS & Tsin dRRrv o
first perfgéstinfgGegun assenbly. The perforating gun assenbly is being
punped down the well bore. [0081] Figure 5C is another side view of the

wel | bor e gd75fi guf: u?‘é“ﬁlH"?ﬁr%thérQ‘?def\hé\%tofﬂ?er\?z&'i Qid S'fJFngE: @Qsﬁ%@ Yhehﬁ‘éctﬁxﬁlg en

into the vvel bore to a position adjacent zone of er est

2012/ OBZkaMSQGMIb@&iZ@ﬁat@@@ﬁQieEBQMWC&B af sntarest ‘HeF Zottéeoﬁ/meWSoT‘Ut’ e
wel | bore f ngr charges of the first perforating gun assenbly
have beerf B?éff t0 dinteli?é% ng the perforating gun of the perforating gun

assenbly to fire. The casi ntg al ong the zone of interest "A" has been
per f or at 48974 008BjeErgydf & e ?%0%)@& sigp otiserofstheevel] slfe of Rigwewkh pdets. die

Figure SAycifietEnasitdidhd aSsecond perforating gun assembly.

[0075] Figure 4] is another side view of the well site of Figure 4A. Here, the second
perforating gun assembly has fallen in the wellbore to a position adjacent zone of interest

“U 2

[0076] Figure 4K is another side view of the well site of Figure 4A. Here, charges of the
second perforating gun assembly have been detonated, causing the perforating gun of the
perforating gun assembly to fire. The casing along the zone of interest “U” has been

perforated.

[0077] Figure 4L is still another side view of the well site of Figure 4A. Here, fluid is
being injected into the wellbore under high pressure, causing the formation within the zone of

interest “U” to be fractured.

[0078] Figure 4M provides a final side view of the well site of Figure 4A. Here, the
fracturing plug assembly has been removed from the wellbore. In addition, the wellbore is

now receiving production fluids.

[0079] Figure 5A is a side view of a portion of a wellbore. The wellbore is being

completed in multiple zones of interest, including zones “A,” “B,” and “C.”

[0080] Figure 5B is another side view of the wellbore of Figure 5SA. Here, the wellbore
has received a first perforating gun assembly. The perforating gun assembly is being pumped

down the wellbore.

[0081] Figure 5C is another side view of the wellbore of Figure SA. Here, the first

perforating gun assembly has fallen into the wellbore to a position adjacent zone of interest
“A"’
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being injected into the well bore under high pressure, causing the rock
matrix within the zone of interest "A" to be fractured. [0084] Figure 5F is
yet anot hwo 28i2ds2302ew of the wel | bore of Figure 5A. Her @CTiuseonwbi2bor e has
recei ved a second perforating gun assenbly. In addition, ball sealers have
been dropped into the well bore ahead of the second perforating gun

assenbl y&od&?%] Fi%% 8D 3Cuothsidelvianef iRrwa@ivde: of [apirefs A hgervet bk @ f efe
Figure 5 Her e second fracturi ngn‘gel ug assenbly has fallen into the

wel | bor e firét aeré@gtung @nna@pemlelmhawhebege terfatqdntcapsing the perfprating diuni oh the he
bal | Soal BRIl HABRHY BE W Yid ALARERELT RE AN, BIG00, L0 AORR "

interest P Bview 0
Fi gure Sherfoest@l. the charges of the second perforati ng gun assenbly have

been detonated, causing the perforating gun of the perforating gun assenbly

to fire. KM]CaSngﬂr@BEGQ Ethzﬁloﬁfé@%ld%fwé\mcﬁ’rtﬁétzve l&rem@ﬁ%%zﬁpeﬁe@é atedis
Zone "B" is above zone of |nterest "A." In addition, fluid is bein

i nj ect ed hemgolnleh@dWeHOItbewellmmemdﬁi hjh pressuercausivathsitagk thtsi witkinrthe rone
wi thin the.zane ‘of,, e?u[r T B" to be fractured. [0087] Figure 51 provides a

final side' vtlereeé\} o} he werBore of Fi gure 5A. Here, the producti on casing

has been ora ed al_an. t er.est | tiple.sets

por f or at 1018) ar oFGsd SPT Elcieisn oy tfotfer vt BE Higws HRent s s i n
the subsuidiaes Fi’fisqecgm?&lrbﬁs p@fﬂﬁatlﬂ?é burSR3EAFIS. NRYEIIREE "bafllsQM’@lq HAE bedr0

t he surface. [0088]Fi gures 6A and 6B present side views of a |ower portion

of a wel Idﬁ@pmdﬂ@t@é an@qu ahﬁﬁiﬂ@éﬂﬁt@doﬁdolﬁﬂrfoagmmmwﬁmbl}oerfor mng a
wel | bore operation. The wel |l bore is being conpleted in a single zone.
[0089] I n [Bo85Ur e BhyuranGaist sitoamusert odd er&ploéﬂihmtz&/ieh‘gora afoigiireeflA pl Here, the

assenbl y and rforati al I t.he I | bore
50507 | 1 Bt Esmnt e et Tl i uglbs Sb positi Bt Geza ok
causi ng_tiherQHtRRONPARIALhd ealbeaeeeﬁﬁfé ﬂl geﬁefhé’"ﬁé\ld@/%i%n@& p&Stel SRt Lshg

depth. The perforatlng gun assenmbly is ready to fire.
2012/ 082302 RaTF/dis¢orsy 0671221

[0086] Figure 5H is another side view of the wellbore of Figure SA. Here, the charges of
the second perforating gun assembly have been detonated, causing the perforating gun of the
perforating gun assembly to fire. The casing along the zone of interest “B” has been
perforated. Zone “B” is above zone of interest “A.” In addition, fluid is being injected into
the wellbore under high pressure, causing the rock matrix within the zone of interest “B” to

be fractured.

[0087] Figure 51 provides a final side view of the wellbore of Figure 5A. Here, the
production casing has been perforated along zone of interest “C.” Multiple sets of
perforations are seen. In addition, formation fractures have been formed in the subsurface

along zone “C.” The ball sealers have been flowed back to the surface.

[0088] Figures 6A and 6B present side views of a lower portion of a wellbore receiving
an integrated tool assembly for performing a wellbore operation. The wellbore is being

completed in a single zone.

[0089] In Figure 6A, an autonomous tool representing a combined plug assembly and

perforating gun assembly is falling down the wellbore.

[0090] In Figure 6B, the plug body of the plug assembly has been actuated, causing the
autonomous tool to be seated in the wellbore at a selected depth. The perforating gun

assembly is ready to fire.
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[0091]Figure 7 is a flowhart showi ng steps for conpleting a wellbore using
aut ononous tools, in one enbodinent. [0092] Figure 8 is a flowhart show ng
general swepsidmse3oa nmet hod of actuating a downhol e t ool pCirusesa/oerzbodi ment .
The nethod is carried out in a wellbore conpleted as a cased hol e.
[0093]Figure 9 is a flowhart showi ng features of an algorithmas may be

used for agdyat i pgutdr®isdopmbeiag shoRing MeRFGOERAMIEE I WBIIERE usiBE BEn&hous

Figure 8, in one enbodinment. [0094]Figure 10 is a flowchart that provides a
|ist of deelpsnionaembagdinisat.used for applyi ng a noving wi ndowed stati sti cal
anal ysis as part of the algorithmof Figure 9, in one enbodi nent. Applying
t he novi M09zl ndoWemirs Rais st flomthaansliopeing ginkhsstaphefoal ayorathdimot aictletieg i ne

whet her netjc sjignals i .heir transfornmed state exce a desi t ed

e esnol ool JURes stbodinint LACRERShaTarTof bRt ok BrihRarT RS ar o
made for &b perational paranmeters, in one enbodi ment. The operati onal
paraneters relate to the windowed statistical analysis. [0096] Figure 12 is

a T owchapiesphovinare heRs: HBlveAet ShaTl MB!LANRs!d1on BeBrllffas Ly 80distd 78!
operational paraneters, in one enbodi nEnt. These relate to t ey

det er m nactuanngfhealofmhekhodldn af@dinicEmgthrtbe i8thoded Enduse &, ihloowedpdinsnow ng
steps for conputing a noving threshold, in one enbodinent. This is in
accor danqeoosi t h Fhersti@ps Oéwiagithet pkOvidE OR8] IFisgps emt hbi banded 418 applyitigde
screen shots related to the wi ndowed, statistical apal %/si s of . the present

i nvent i orfs MAViNgRENENBBHIsHERICal [DBloPFrgrE alaHics RiERE TR gHet 1287 &5 PBnYss
for a Case'n%dﬁﬁéﬂt&Afaﬁ?ﬂl%%e'rﬂoﬁﬂg windowed statistical analysis allows the algorithm to

determine whether magnetic signals in their transformed state exceed a designated threshold.

[0095] Figure 11 provides a flowchart for determinations that are made for the
operational parameters, in one embodiment. The operational parameters relate to the

windowed statistical analysis.

[0096] Figure 12 is a flowchart showing steps for determinations that are made for
additional operational parameters, in one embodiment. These relate to the determination of a

Threshold.

[0097] Figure 13 presents a flowchart showing steps for computing a moving threshold,

in one embodiment. This is in accordance with the steps of Figure 10.

[0098] Figures 14A and 14B provide screen shots related to the windowed statistical

analysis of the present inventions, in one embodiment.

[0099] Figure 14A shows magnetic responses for a casing collar locator in an
autonomous tool as it is deployed in a portion of a wellbore. This is compared to a Residue

value R(7) along the wellbore. The Residue value R(?) represents a transformed signal.

[0100] Figure 14B shows the readings of Figure 14A as applied to a Threshold T(7). The
Threshold T(¥) is a moving threshold value.

[0101] Figure 15 provides a flowchart for a method of iteratively comparing the
transformed second CCL log with the first CCL log, in one embodiment. This is for the

collar pattern matching algorithm of from Figure 9.
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autononmous tool as it is deployed in a portion of a wellbore. This is
conpared to a Residue value R(t) along the well bore. The Residue val ue R(t)
repr esentwoaotv@e®tor ned signal. [0100] Fi gure 14B shows PChASe@ass12gs of
Figure 14A as applied to a Threshold T(t). The Threshold T(t) is a noving
threshol d value. [0101] Figure 15 provides a flowhart for a nmethod of

i terativghyononpalgurdld PR vided B SEREMSbt $OCIANMI FabndtRG%iMalsfrdh T $dg. e

l og, in one enbodinent. This is for the collar pattern matching al gorithm
of from Firgus éordFigutad @ EpRyso@s JopthaTicaszod i G812 2hifeho 2taisgiepecsaiBs Pienvl des
a screen §h§% pfor initial magnetic signals froma CCL log. The x-axis for
Fi gure 1§ resents depth (nmeasured in feet), while the y- axi S represents

si gnal 0103 I g 7 17B,. ,and 17 vi de s sho
demonst r D0 hERGES B PHEEGHAY B phRie Rl St SEaPGuRRnn s 3 bhane

et hod Ofcoﬁhﬂwt@nﬂéatchﬁéQ@oEiﬂﬂHrf@r thé tetioddrEagreg5an graph that plots
collar location with depth. Lines for the first CCL | og and the transforned

second C%é 9 sp%%}@m ?sla|¢a@ég%l Foh %Qéas%bgwlsc%ﬁvﬁﬁ{matgrh@éfo the

magneti c sig adl ngs al ong a three t section o hi's is
fromthe ﬁrstr@ﬁ‘JL log arldlatb e fra@TbrmadigpecatioWiL dog subktangdllyoovedhp.dept h.

[ 0106] Figure 17C denonstrates nagnetic signal readings along the sane

t hree- f oqo1@sict i biyued 17 demongrat@rmigdnetis etgﬁaickemhgd zﬂgng Thieret fanstaiomad a
second | og, or Residue(t), is overlaid onto the s readi ngs. Figure 17C
denmonst r atdbofhelhisis fmméhecfém 8F bpst CeFdograbewn ﬁ@agﬂ@&}?]ﬂ?ﬁﬁ%ﬂbr t he met hod

of Figure 15, in _one enbodi nent o '
[0106] Figure 17C demonstrates magnetic signal readings along the same three-foot

section of wellbore for the second CCL log. The transformed second log, or Residue(t), is
overlaid onto the signal readings. Figure 17C demonstrates the use of a collar pattern

matching algorithm for the method of Figure 15, in one embodiment

[0107] Figure 18 presents charts demonstrating the use of a collar pattern matching

algorithm for the method of Figure 15, in an alternate embodiment.

DETAILED DESCRIPTION OF CERTAIN EMBODIMENTS

Definitions

[0108] As used herein, the term “hydrocarbon” refers to an organic compound that
includes primarily, if not exclusively, the elements hydrogen and carbon. Hydrocarbons may
also include other elements, such as, but not limited to, halogens, metallic elements, nitrogen,
oxygen, and/or sulfur. Hydrocarbons generally fall into two classes: aliphatic, or straight
chain hydrocarbons, and cyclic, or closed ring hydrocarbons, including cyclic terpenes.
Examples of hydrocarbon-containing materials include any form of natural gas, oil, coal, and

bitumen that can be used as a fuel or upgraded into a fuel.

[0109] As used herein, the term “hydrocarbon fluids” refers to a hydrocarbon or mixtures
of hydrocarbons that are gases or liquids. For example, hydrocarbon fluids may include a
hydrocarbon or mixtures of hydrocarbons that are gases or liquids at formation conditions, at
processing conditions or at ambient conditions (15° C and 1 atm pressure). Hydrocarbon
fluids may include, for example, oil, natural gas, coalbed methane, shale oil, pyrolysis oil,
pyrolysis gas, a pyrolysis product of coal, and other hydrocarbons that are in a gaseous or

liquid state.
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[0107] Figure 18 presents charts denonstrating the use of a collar pattern
mat ching algorithmfor the nethod of Figure 15, in an alternate enbodi nent.
DETAI LED WB3CR/IBTIOON OF CERTAI N EMBODI MENTS Defi ni ti ons PLOAB3)1A®6123Ed
herein, the term "hydrocarbon” refers to an organi c conmpound that includes
primarily, if not exclusively, the elenents hydrogen and carbon.

Hydr ocar Qongojnay A3l &ed | ieedikdgheOlehas ?hﬁi‘ﬁ@é& $luidUChdaSprodkion Hyidd Mdf@dedt O,
hal ogens, netallic el enents, nitrogen, gen, and/or sul fur. Hydrocarbons
general | yhcruadSI andieto gm@ rsmeseddronald ph@tur cc dprmption; greludingi for hgx@psardsons,
and CyCl' ange- Sh(Poc Fobmith hyﬂrog cedt}Pl s (i\’nc'ﬁgder{%al? Xcérog r{)orﬁfﬁgg il non
Exanpl es ognh rocar bon-cont ai ning ma ¥ $'9NEI % b nat ur

gas, oil hy@ﬁ&hrboﬁlﬂill@s thﬁﬂlﬂcﬁi(hﬁﬂuﬁi@ﬁln@emUBﬁé B8 ade ilUtehrnﬁE:d lﬂ(ﬂgj’ll’qldﬁdlralrga@ a
fuel. [0109] As used herein, the term "hydrocarbon fluids" refers to a

hydr ocar BoFOlgFednihale s sBRthaspdese ar DA Hipdust ©f gagk cathon) diggidgshydragen
exampl e, huf.ogarheg fluids may include a hydrocarbon or mxtures of

hydr ocar bons that are gases or liquids at formation conditions,

pr OCESSI ndi QRS Rl At arrbl e Lons ressure).
Hydr ocar BOMTHI G %‘S 4 ey 0 &y ctﬁ“l eﬁ% ga&%( }“ﬁ? |C°m§mm“§oa? fa°

met hane, adaligidy, las I @b Y& lcSm@iﬂatlomybf)gy@s Sangas%hdg @yrmhatﬁins ofriEhikst arf
coal, and other hydrocarbons that are in a gaseous or liquid state. WO
2012/ 08230kt dspobinrosn2s gajenio)ids aidedidier ein, the terms "produced
fluids" and "production fluids" refer to |iquids and/ or gases renoved from
a subsur fAERIf or ramsahheréincthadirmg;gas orefas tnpfleid that ivingteriapor plaie.r ock
formati on. Produced fluids may include both hydrocarbon fluids and

non- hydr dﬂhliﬂon Als uniscttherEimoﬂhlacerinoi‘oif”lmfedgtomabtydrmalrludeﬂuibwbn@Mgpnimhﬂihyiat ed
to, oil, ur %@gﬁ%ﬁ roI shale oil, synthesis gas, a pyrolysis

pr oduct cﬂmx ap C& Oy dr ogen sul fide and water. [0111]As used
herein, the term"flujd refers to s | i qui ds, and conbi nati ons of
gases and® H‘Hw dés uged bﬁé?lp’%t%fﬁl gwf@s%.@fﬁgswrge@&%%stmogc&m%below the
conbi nat i 81;}% fidequi ds and solids, and conbl nations of gases, liquids, and
sol i ds. 5?&3 used herein, the term "gas" refers to a fluid that is in
its vapor u r e r

hydr ocar 8%){% UI con%]ﬂpiflelmnstﬁe te@l% ‘efloﬂmt 0}}1 rgférsr][eo or cé%f;%{)fae é%)%urfé%e region.
hydr ocar brhesformation may contain one or more hydrocarbon-containing layers, one or more non-

hydrocarbon containing layers, an overburden, and/or an underburden of any geologic

formation.

[0116] The term “zone” or “zone of interest” refers to a portion of a formation containing

hydrocarbons. Alternatively, the formation may be a water-bearing interval.

[0117] For purposes of the present patent, the term “production casing” includes one or
more joints of casing, a liner string, or any other tubular body fixed in a wellbore along a

zone of interest.

[0118] The term “friable” means any material that is easily crumbled, powderized, or
broken into very small pieces. The term “friable” includes frangible materials such as

ceramic.

[0119] The term “millable” means any material that may be drilled or ground into pieces
within a wellbore. Such materials may include aluminum, brass, cast iron, steel, ceramic,

phenolic, composite, and combinations thereof.
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[0114] As used herein, the term"subsurface" refers to geologic strata
occurring below the earth's surface. [0115] As used herein, the term
"formati oNO 202f8e®2t 0 any defi nabl e subsurface regi on. Ph@/USerimmbizon nay
contain one or nore hydrocarbon-containing | ayers, one or nore

non- hydr ocar bon containing |ayers, an overburden, and/or an underburden of

any geol qgio|f or ma¢ k@ “rhdbhdBd JiBRalt SlcrBrs ZPAECriOdl sichQRe&r&fted By BeQtésenéEber S

to a portion of a formation containing hydrocarbons. Alternatively, the

f or mat i ormamgtipdlua, watdeehdsgarin mgagnetierivgl . Spoil thymes geatpeu@entothat may be

pr esent Q%F%E%%mh%%mgg£g1"production casing" includes one or nore joints of
casing, a Iiner string, or any other tubular body fixed in a wellbore al ong

a zone of i nterest. 18].The term ! fri.abl e' nmeans. any terial, that is
cas 1y crlOhlica Asouatricus: T SoPoranvingy Sngar gt Mo, Labsh THEM et
“friabl e"prbfgh WHeRid & ARYINR BolRb eI bk RtiAHCAjRSnCRIN AT sclé@ddl 9hd Bfe bembie
"mllable" neans any material that may bé drilled or ground into pieces

Wi thi n a reeichdndative vSlksh ofrdlhas rgredps isngeyerimieddu dEhameningugroup mzayshe ssagpted, femn,
steel, ceram.c, enolig,. conposite nd._caonbi nations, t her eof . WD
5015 0sod5amel pRBS b rnSIMRERY fad B te R AT AARE ARE ) B IR for Ehraple. an,

el ectri calvesiggoah so-htaicednddixt he presence of magnetic flux, or a change in
magneti c flux. Such changes create current that nmay be detected and

measur ed.joi £421] Agc keRdATE Righ refelo LAY FhsiAPYIRY 104, NORWRDSTiakd SthbsaAke in
anal ysi s" nmeans any
the claims, the term “log” includes both raw downhole signal values and processed signal

values.

[0123] As used herein, the term “wellbore” refers to a hole in the subsurface made by
drilling or insertion of a conduit into the subsurface. A wellbore may have a substantially
circular cross section, or other cross-sectional shape. As used herein, the term “well,” when
referring to an opening in the formation, may be used interchangeably with the term

“wellbore.”

Description of Selected Specific Embodiments

[0124] The inventions are described herein in connection with certain specific
embodiments. However, to the extent that the following detailed description is specific to a
particular embodiment or a particular use, such is intended to be illustrative only and is not to

be construed as limiting the scope of the inventions.

[0125] It is proposed herein to use tool assemblies for well-completion or other tubular
operations that are autonomous. In this respect, the tool assemblies do not require a wireline
and are not otherwise electrically controlled from the surface. The delivery method of a tool

assembly may include gravity, pumping, and tractor delivery.

[0126] Various tool assemblies are proposed herein that generally include:
- an actuatable tool,
- a location device for sensing the location of the actuatable tool within a
tubular body based on a physical signature provided along the tubular body; and
- an on-board controller configured to send an actuation signal to the
tool when the location device has recognized a selected location of the tool based on

the physical signature.
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process wherein a noving group of substantially adjacent values is

sel ected, and one or nore representative values of that group is

det er m newio 2012#82392i ng group may be sel ected, for exanplPeT/tskold@sizghat ed
time intervals, and the representative value(s) my be, for exanple, an
average or a co-variance matrix. [0122] The term"CCL | og" refers to any

casi ng coffcadctla@ble ol @Sdesiinel it6l8d abfuBRHWH $erfbin kb AhRdFRatidnNia bgloe 109"
i ncl udes both raw downhol e si gnal val ues and processed signal val ues.

[ 0123] As theedtudineaignal.t he term "wel | bore" refers to a hole in the
subsurface made by drilling or insertion of a conduit into the subsurface.
A wel | bor[@12y hdAte actustablsttawit ttel loyatminrdewicar ad theonslawird omtradier etchepether

an opent HIMRTHE O HOESh S g BB GLBd T A ST aNgeimy AT RR e antter e °
"l | bor &l RESS ObicRaN) o SRIB61AInSAREE borETRON, doirboh Gb24] The

i nventions are déscribed herein in connection with certain specific

enbodi ”Efr[bfzs] Howggq;re A RelNR fﬁh@,@&ev& ttapan tngehld %Iggn&lstta&ﬂ ﬁﬁﬁ%%&i% ion

is specific to a particular enbodinment or a parti use, such 1s

i nt ended used ke tibdlasipeattione bnthys \pd, ths todt20001sbefradmsig pled asssniblyriand tig t he
scope of the inventions. hngS It is proposed herein to use tool assenblies
for wel | -BRHH @Tabionds 2 SEHRYCCOBRIHPoper at i ons that are aut onormous. I n

this respect, the tool assenblies do not require a wreline and are not

I
ot her wi sdO0%Yct r iThaifrastutgt Plge| aseerablyndd0h ds depioxed witlhie asiringedty PiodusiiRn of

a ool asagblsoMeind fichdendfih %0 USRI ANA ALY BF BRIV EEY that ar

[0126] Vari ousS tool a Ies aré proposed herein that” generally 1 ncl ude:
an act uatthizhdcdiyodnneetetl et aillagn2 He viteewéltrors ensploigort imeludectht ingactafh dfHlids

act uat abl.e tﬁol 0\ﬁithi n a tligﬁl ar, ho based on a physical signature

provi ded BiedRgPIORECHIRSEP AR 258 gy der pressure. an on-board controller
configured to send an actuation signal to the tool when the |ocation_ device

has recodf13ld athigé'E? &othp SRARFIBE POIE ashambly ot shoagiid both ¢ REc-pAlFdRgsition
2L St BRI 1SR LSRG R L REFLSE
200°, and in an actuated position at 200°°. Arrow “I” indicates the movement of the
fracturing plug assembly 200’ in its pre-actuated position, down to a location in the
production casing 250 where the fracturing plug assembly 200’ is in its actuated position.
The fracturing plug assembly will be described primarily with reference to its pre-actuated

position, at 200°.

[0131] The fracturing plug assembly 200’ first includes a plug body 210°. The plug body
210’ will preferably define an elastomeric sealing element 211° and a set of slips 213°. The
clastomeric sealing element 211° is mechanically expanded in response to a shift in a sleeve
or other means as is known in the art. The slips 213’ also ride outwardly from the assembly
200’ along wedges (not shown) spaced radially around the assembly 200°. Preferably, the
slips 213’ are also urged outwardly along the wedges in response to a shift in the same sleeve
or other means as is known in the art. The slips 213° extend radially to “bite” into the casing
when actuated, securing the plug assembly 200 in position. Examples of existing plugs with
suitable designs are the Smith Copperhead Drillable Bridge Plug and the Halliburton Fas
Drill® Frac Plug.

[0132] The fracturing plug assembly 200’ also includes a setting tool 212°. The setting
tool 212° will actuate the slips 213’ and the elastomeric sealing element 211° and translate

them along the wedges to contact the surrounding casing 250.
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[0127] The actuatable tool, the | ocation device, and the on-board controller
are together dinensioned and arranged to be deployed in the tubul ar body as
an aut onowousi12ns2302 The tubul ar body is preferably a welPCharseoiaoner uct ed
to produce hydrocarbon fluids. [0128] Figure 2 presents a side view of an
illustrative autononous tool 200" as may be used for tubul ar operations. In
this viewpi3de t apihe20fatctd poditibh RGitHE Bfﬁ% RIADHRI6@MRhY pludddy R0 UbiHodm
operation is a well bore conpletion. [0129] The fracturing Plug assenbly 200
i s depl oye@nwikp#rided stase. r fongisoespeeo dice poomens beadin2 SEmenh gl b aduxendad vsi ng
250 is for from | ur,ali t f "joints" 252 that e threaded! y, 1s»
connect edlrd e ReDsfiPu YuRlunglo ol odt el 28 Sl NERIRN A iy o
fluids ingxpaided iatoophdchianiual eagigegheadbGithindersufrogiding @ssdikcton [cIBORE0. Frigur e
2, the fracturing plug assenbly is shown in both a pre-actuated position
and an aceu#igedlcmer 3hloncommpiisch paetling Hee.priily BssbnbRy37 oTishgigevEnoRtecth
pre-actu dq sk . ' i a j.tion y(ry2 AL OW
L T nfcdRER b P, e e af e A2 SR, BB Y S 200 ik

pr e- act ugtleg bpdgi2tldBncondsting tod the Isedaigi domem 2he’ pnddbe tslipn 2¢33 i dedin26 Ghe
where the fracturing plug assenbly 200" is in its actuated position. The
fracturiﬁﬁ“ﬁF@%ﬂﬁggenbly will be described primarily with reference to its

pre-actuated posjtion, at 200'. [0131] The fracturing plug assenbli 200
first i ndMdls aTpe Jepcheig plug assepidy A00g alsgdichdes avpasitiopr lepepaiily. dB#g ne

an el ast %Bgftf-oﬁ lﬁ&%ri 19 s%%\%?%g% ]l_&:"a%lon %Qgiﬁ@‘ AL %?{}g #e lgé%ig)é‘?blf thel {481 assembl

el ast one seal i ng ‘el enen I'S nmechani ca expan I'n response to a
shift in 2005 eéthiretho pratubeeon cmans23s Merckaposifically, tHeepaaition 1ddaeorsd 1dpsns2d Bie

also ride outwardly fromthe assenbly 200 _al ong wedge naot shown) spaced
radi al | y PAPSBFfoRl ecchsefgsisy alogyg the st ZH)-gnd BTy %@%’z%nﬁ%we%n%e-
urged outwardly along the wedges in response to a shift in the sanme s|leeve
or other [A3Ms™ a¥ the weiswh Kigunend the pbicqth arssthiepgsing zolles 28dd Thadmansythato
"bite" i [ uat [ Ly« 200" i N
posi t1 on. PERSHIEE BHae 2H3Y a ReliR el SERML KB 1E o MR L S T
Copper headCDrsehdealbheeloBatichgef Rlcugsiagdotiie 234l dsi iburdvos d6as thy prddutiorFeaing
Plug. [0132] The. fracturjng plug assenbly 200. also includes a setting tool
212", Thed etW$H6 Fige pssig the Testioadbeere $%§m2t1@11y6ﬁ%& SnEe Sl Glatibiter i o

seal i ng ﬁin%@?s{btod%ﬂ-al'th%ﬁ&i&dh%é&t@ﬁﬂrﬂ @A@ﬁ&f&%aé’iﬁ%%ﬁrﬁ&a@o@?t act the
surroundi ng casing 250. WD 2012/ 082302PCT/US2011/061221 [0133]In the

act uat ed ption for t g Y. " " WN
o o exgEIG ofsy el cpltIEREE TR ok bR BIY A0 Rhikache ALY,
i s expandeathekmt it tBatses thengadertivntcasing B50. NEhsvgrmaumdts Rigngratlies twilflucastang

250, and the slips 213" are expanded into nmechani cal engagenent with the
surrpundicf?aer%%mq tkzla@m@ 058 S“ﬁ?é‘né@gltﬂlﬁ’gafell’%iﬁfe s PeCCh Gpsprssendlag
seal i ng risng thMiaoBeddSioRAll PRuGLF i1 GhdrElsc 9T PRY €30 cAbtid §EMAIS S recfHEE as 1Nt O
t he i nner dlaneteg of tﬁe casing 250. Thus, 1 n the tool” assenbly 200", the
pl ug bodyfuR&®h ofdapthst i ng of the sealing el enent 211" and the slips 213"

defines the actuatable tool. [0134] The fracturing plug assenbly 200" al so
i ncl udes [a1P7si t Aarvpeet@tmiy gledrun Bhdsing collar locator in a wellbore to obtain a baseline

CCL log. The bascline log correlates casing collar location with measured depth. In this
way, location for actuating a downhole tool may be determined with reference to the number
of collars present to reach the desired location. The resulting CCL log is converted into a
suitable data set comprised of digital values representing the magnetic signals. The digital

data set is then loaded into the controller 216 as a first CCL log.

[0138] It is also noted that each wellbore has its own unique spacing of casing collars.
This spacing creates a fingerprint, or physical signature. The physical signature may be

beneficially used for launching the fracturing plug assembly 200’ into the wellbore 100, and

221 -



position |ocator 214 serves as a |l ocation device for sensing the |ocation
of the tool assenbly 200" within the production casing 250. Mre

speci fi cavbyp1adsesoposi ti on | ocator 214 senses the presemrCe/uskoobpeet s or
"tags" along the well bore 250, and generates depth signals in response.
[0135]In the view of Figure 2, the objects are the casing collars 254. This
neans t haicndahifg heSfrtdt@rhg @ﬁgtaeren&;tﬂ 200° RitR&g MbtSQl kdhalls F 3h@hanikN WaAtrbN
the industry as a " senses the |l ocation of the casing collars
254 as |tfr0mﬁ@§UGf@0m the production casi ng 250. \Wile Figure 2 presents the
position |ocator 214 schematically as a single CCL, it is understood that

t he posi t[DE39]l ocEhoﬁa@nﬁngpylglmsmblarmﬁyam im‘b.siemgnoomoard ¢amtratlor 316. The

[0136] As a casin | ocat or, the p05| ion | 214 sure
mgnet 1 o Criamiad Cdhuietes P RES e BSL iRl R eralatythe ASTg B ol
nmagnet i c gheGBpdct, WA BEDoMfd! donfrbiGt1tie pHRRAREAEN S SRAD tHhQsiBI 61‘15}@5254% tiiche
surroundi ng tubul ar body. As the CCL crosses collars 254, the nagneti C
si gnal valomabolgi tbpl 204 trasiele dowhehermgHeericc Pétegnrﬁéllvslyaﬂe crrelwr@le@nt leaZI6 is
function of rgr% era t;0[19610 An oper at on Vn%}/es gihun a casin e%?l Iar oco%t Qr in
a wel | borRe°% tai’n' 4 asegl he TeL| TRE badel's erfnog Cortepdt 88 i ng

collar | aelatiww YiatifticaEasilysad "ﬂﬁp'frépredeﬁtstahﬂrﬁlsf&ﬂmed lsecatli @O deta seet Thd bing a
downhol e tool nay be determ ned with reference to the nunmber of collars

present th@ardes@ﬁrqllﬁre 2@ ddgngfcs sigatl pasks, T %%mrrﬁtsl hgmorith |nsaks Fomothe dittled
t

mgneti o e o (S AeSGhrEORRuS P Akl P HESIEABSERL 100l 0fign,

216 as a signastto Got framglrlngth@] hdseinblyal8@ mnbtedc tshactte@ettebtlu\/&i Ird»ohed. haMoret s

own uni que spacgjng of casing collars. This spac T e nger print,
or physi éaFCIBP%hagﬁraétuarﬂ%S%ﬂ%Jﬁﬂesgﬁ th S&ﬁ]é‘tgﬁlemﬁ%t;}qﬁp PGPy gﬁal WEkd f or

| aunching the fracturing plug assenbly 200" into the wellbore 100, and

act uat i nS 014 fr Hroermne agptaiicey th%@@ﬁ@ptjlmze@ﬁmgmmtﬂy ¢ aeerdasteard §1> élﬁ‘éft §0or
mechani ¢ o] [ r

200" al sgéalngl(g%%%m%:é\ %"t Eb%er?%‘ﬁt 0t(?rrltt%lt a]tsd%12§€® %?%ﬁlp eggrs ecbn roI e’rxl216
pr ocessedciide, dbegiposal gtk s stgﬂdt&d’at@@ﬂbselédml bpsid onatbotatompltihg d webne
aspect, the on ard controller 216 is progranmed to count the casing.

col Lars 2880 3530 fet bk PNt Sbs O208aPRTRIE AGuRa HE HenpByREo™ spacing

Al ternati é)‘f@é]lﬁed B@?ﬂe oR98Me GODEE :%sl ST chédifnd 8r chtﬁﬂﬁﬁ'ﬂ??@octaﬁoﬁ BERLAvdImEREt i C
si gnal | ues en transformt em usi ng a noving W ndowed statisti cal
anal ysi s.asThg &aqtmmglslegassembtymmmre@nhdpmuctdmcaismthSOThe onboar d
controller 216 identifies signal peaks, and conpares themw th peaks from
the firstjocay | OGecﬂﬁmq’C&B ¢br @ﬁbhﬁ@a@@hﬂr@'ﬂa 21bno &ndwahe ictati@nofan t®nomous

controller 216 sends an actuatiQn Si to t efrac ur| gplug ssenbl y
200" wherfodl 8¢ @egdeyeliRase ArS eeserbedp urt rietaglgv@tqu. Lhe mﬂH%? ablsdhe o

si gnal caiarfodni®)iSeRs B gdé?lltl?}p‘ﬁl@tlas@ t]:c]ilar%@ﬂ)ré Lénﬂﬁlgzalqg‘act aﬁoﬁ) gt - kL4l n

sonme instances, the production casing 2 be “pr e- desi gngﬁ fo have 5o0-
cal | ed shbe BCt]JﬂIBbﬂEStOOltlhabtUBEd valelnetbé edntmilena%tdhm‘mmee tlont Ithe, adtomorexenpble,

S beren 5 R ats aeicufdin ARalRPa Ehel 20ng aiihBREE) T ahf Whfioienoty

event, thageF: HARE OnHBA @ntreller2i® a{myat%ﬁletf?&uﬂﬁ{g P DOFMagP At ftinr oyl ded
by the short joints as a neans of checki ng or confirmng a locationin the

wel | bor e 248 ttheatsedbe rr¢thgngpplug 2awedinPY0°2@0stoprmesing: Arbiaght intbe proddeteti on

casi ng 250. chnigues for enabling a controller 216 to know the
| ocati on Cg%lng%ﬁ {%ﬁ iijgepedsl or Pcafidlf

[0142] In one aspect, the on-board controller 216 includes a timer. The on-board
controller 216 is programmed to release the fracturing plug 210°° after a designated time.
This may be done by causing the sleeve in the setting tool 212" to reverse itself. The
fracturing plug assembly 200°” may then be flowed back to the surface and retrieved via a pig
catcher (not shown) or other such device. Alternatively, the on-board controller 216 may be
programmed after a designated period of time to ignite a detonating device, which then

causes the fracturing plug assembly 200°° to detonate and self-destruct. The detonating
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tool in a cased well bore are described in further detail below The

t echni ques enabl e the onboard controller 216 to identify the last collar
bef ore semOi2np/@es3oact uati on signal. In this way, the actraattshiig/osrel is
actuated when the controller 216 determ nes that the autononous tool has
arrived at a particular depth adjacent a selected zone of interest. In the
exanpl e ofevickOhhg Bo at B6oRRNiMO0A6M, CRBK Al hRr PAlficael Yabedinkheorll aah Uthing
plug 210" and the setting tool 212" to cause the fracturing plug assenbly
200" to sw@pgeuitnge canry fractueng phigtasecrphly Q00T s ialyipstoddr@Ba fGitable maistinled
depth or | %}&ggh-[0142]ln one aspect, the on-board controller 216

i ncl udes "8 tiner. “fhe on-board controller 216 is programmed to rel ease the

fracturi ug 0" after a designated tinme. Thi. e done by causjng
the st ceddt Bt afengmdu 5 st oraya it BT T mst PR RS h U
assenbly 2400/ 200y nlah &R 1R&1. T Figwed3 bagkntt @ sId&iSHbf &¢ Slt@Rsiveaiah t YbrBarA

pi g catcher (not shown) or other such device. Alternatively, the on-board
cont r ol | exutgnogonajodd 0B argmayrhe dsek foe tubalat @picghiane dingbisivaev ghe t9atrd00ois a

ignite a %q;gﬂ%ting g%v% e, which then causes the fracturing plug assenbly
200" to detdnate Bnd>sel destruct. The detonating device may be a

det onat i rd, . such a he Primacord detpnating cord.., In this ..
et angerd AT o ln e, hd dertorine BrbaSEubhe it e bty a Prasrqraats b FiBn o
friabl e nalQhidha®dPBsifion CEh&PEForafifbld] L5861y SRNGENRYrS-abRhtc@Position at

d 00" / 200" may be

autononous tool besides the fracturing plug aSsenbly 2

used. Fi gi®0& apdpy wemtis aa asivded\posionft 3’ 2l Awpwall walicatasdhgyeoremerftord thm

aut ononous _t 0ol 300" as e. used fo bul ar. operat.ions. In this,.view,
PheCTony sl ting B s R0Reint e el @lualdd 8t Al GRELGtbLATal § 4 fcBic £
per f or at ithg wglBordsaRMbth pesfofdtianmniuh ashaitly 300r e aditskahegedssitldnonoam drian
actuated position. The perforating gun assenbly is shown in a pre-actuated

posi ti on Rerfosding gundsseEmbihavil ba daseribed patesdilp owith irefgreace 300ts. PiErachyted -

i ndi cate \Y; - hve I Ci

pre- act uacaopoR SR acie B BLALTRIG o, BAPR dstOllion' T abi Bisenbliner
t he perf @oét.i ng gun assenbly 300" is in its actuated position 300". The
perforating gun assenbly will be described primarily with reference to its
pr e- act ug0e45|PosThe petforatingd@éh ass@ablyBo0antagainatpRged bitih 304Png BEBRYuction
conpl ete destruction of the assenbgy_SOO'. [ 0145] The perfgrathpggfun
assenbl y 3808 358. algwi prodegiionyasingi 38 ip fermad, frerg doplupiis @€ jods'c A4 Hyt 380.

The prod i i i f Ny ] " at
are  nr eatsaiE bded sPadiPud LT CRATAR: EbbBlol bhcflass Lt Sreeiner U2

t he per f giraducoibn @hsitih 85 aodiiuk Gelcatasd imgvabQisal thapedoratise bec hgdmbht BWal s
using the perforating gun assenbly 300'. WWtilization of the perforating gun
assenbl y @dlgratipn Ogé@cﬁ’qrg)é%fl%gl@ $9¢H1Y; 390¢ Snsebeshmpre ﬂﬁlpfi 1§ fPRRCCHAD nd

S5A- 51, bgtigites 4AL4RI JHaes 81 fiRlA 1 N gun assenbly 300" first optionally
i ncludes a“fishing neck 310. The fishing neck 310 is di nensi oned and

(not - Shout) 361 o THE cBiodfe Th 356901 8a” A BALE HOMIIL Tibhnp Hpg 16°

per f or at iTig fighingassRBN0Ys J&nsioned el sonlfigheddyto eventas thrahale pohmoo@smstingc k
in the casing 352 or fajls to detgnate. [0147] The perforating gun assenbly
300" al sdlovrdplsdeding tog (st altqw@- g fehing %5136@ pHewatheRpegior Rustrieyy thie a
sel ect figegrphiotliatsdeh Of (RXHIRER cvdf (NQE i
associ at 5 gﬁgkééﬂthg% éﬁf%ﬂ%teé in o%ﬁé?%@g caJ%gos %P%H?g§%§C?§§%§§%?Q”n
t he gun 3is fortentatee surroundi ng production casing 350. Typically, the
perforating gun 312 contains a string of shaped charges distributed al ong
t he | engt[p14f] t h@hgwerfantingrdu@nissemBlgc300di g tmehudes iar gafospa fircd12.0rbhe The
charges are preferabl§ connected to a siE%Ie detonating cord to_ ensure
si mul t andSteTBE ALY bap sclesidlirgedn tiatdipt dor eyanyf-tlapihetspethcosu 414y
guns { ncliden QG eRAarctd M IGOmECH! JHaRGb e HBE b (FERTHRA e Jiosh:

into- the surrounding production casing 350. Typically, the perforating gun 312 contains a

string of shaped charges distributed along the length of the gun and oriented according to

desired specifications. The charges are preferably connected to a single detonating cord to
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[0148] The perforating gun assenbly 300" also includes a position |ocator
314' . The position | ocator 314" operates in the sane manner as the position
| ocat or 240 2hwosedee fracturing plug assenbly 200'. |n tIRCI/USeEPO6L221t he
position |ocator 314" serves as a |location device for sensing the |ocation
of the perforating gun assenbly 300" within the production casing 350. Mre
SpeC' fi cahkire sirh@taROSistdc®hati®e 8f N ckdes. I8ARPResOTRUIRILES flHERatRig ARls 8&dISdOr
“tags" along the wel | bore 350, and generates depth signals in Tesponse.

[ 0149] | n thEragiCaw™Yfirom §Qh1@mherg@m@n<gﬁae&ﬁgrcar éroagHpkiburien.casi ng col l ars
354. Th| s nmeans that the position locator 314" is a casing collar |ocator,
or " "[0T48 CCIlhserdestingezuhossinidn 390’ tahve ioalsilesga cpolsiltianslo@ﬁmr 36t tThmves

d t h 350. o d t ood .t th
amngereraﬁ@c@a o oCRe AT SPdART int e’ St Blapings i Pagutnapsanale 80T
the use qfuchifCHlugewor8s: 200 L3RLT0RBEA A HobiNon AUH ARy 300, 10Ewidnher

i ncl udes an on- board controller 316. The on-board controller 316 preferably
oper at es demiceHer sawmgnthahegatiar of iee perfdretagigwn asseablye3 002 peitlfin the hepduction

fracturin n_thi.s nespe , board co trol I 316
br ocesseshite Hp RO, wksfee b7 2bBliBn STRE tass sk B BRbE ARt
appropri atgsh a@ng tMel[&M@BSM@hd gendr&tem@ﬂaagﬁm in flely®ned)- board controller
316 conpares the generated signals with a pre-deternined physical signature
obt ai ned [heso)t heyelhay ef F@lﬁ*@@stI{eSdb?&tsaz?re%gélhaﬁesca%ﬁ@colﬁﬁér35ﬂxal‘lﬁi fheas CCL
| og may be run before depl oyl ng f he aut ononols t ool (such as

per f or at |th@t iga rpoalélgeribwm@w)lsmca:suﬂtﬂeﬁolta@ loeatesy wr NE€GLRE Ebfpt(]ﬂaﬁmsw the
spaci ng [0151] The n- boar 0

ot vat edoraidt G PRURCEV BT 338 & it ous & MR ARRRDPh oL bbb et
300" has \adedsied fiat dtiar @dn@ﬂngaarrﬁ@aﬁllan@dmay ey etpidledCire thez @agoting gun
interest. This is done using a statistical analysis, as described below In
the exanpiseendily BPQupechas thaescon-BEHP ddeessr ol | er 316 activates a detonati ng
cord that ignites the charge associated with the perforating gun 310 to
initiate [Oh¥]per Tbe arifontiof cuheasgnddydo) oﬁlrthalsiimgldzs@natn @ad@s;bmtadledépﬁh or
IocatlonTIIIu(sS) tlvtgdilerfﬁratlfgqlares tg ure3at 356. g éj]
addi ti on, &M ORMBo ST H SRt 81 Pisrer ?Paeraaseﬁlér f SR SHBARAL & LG RATOOF

i gnite thondel&mE6i BYHeATLnlrigGRus Bsse@BRI T desiis shi@Nthebnitoerd@ntonat i ng
gun assenbly This is shown at 300". To acconplish this, the conponents of
the gun a6 meysefa@l@ depthesigraly pensrased by tenesiion desiator 3d#bvsing appropsiate logic

perforati e r
mat eri al sqllg pon g‘é&dm?%n?sfpg ﬁé{h(re;got%g%aﬂi 85“@%5%% C?‘ﬁéﬁgge@%o%egﬁaﬁeg Sg%nrai1 Is
assenbl y \BlﬁOa preyletortion® ppgdital Gignahee pbaprdtor thexivelimre IObﬁ:CﬁsE(dudhnisOcollars

fractures_in a | ater co efion stage. 153] I n. one aspect, perforating
gun assendry Borxaapke mt?@éa% gy b e@aald@p Ozelagrﬂilee%ut@mwwrﬁ %6%0Pa§é‘%ﬂ er

carrier %ﬁfolra?tmg [%%B% y g’g gﬁi oftfer &) ﬁet@ﬁﬁlth @ﬂé){l (:_P?ﬁ; & PSS §ERIn O%no%qge casmg

Destruction of e asse causes ball sea not "sh

rel eased dotlam3SHe bal | sealer carrier 318. Alternati veI y, the on- board
controller 316 may have a tinmer that releases the ball sealers fromthe

bal | seal[@t5Kar r iTa¢ od-bBashantrioficto®feoactivhiae thresdnitattle v ghien 3t detergnihiés thak,  Or
simul taneously therewith. As will be descrl bed nore fully bel ow in.

connect i dh¢ wtt)wm?wa‘éléﬂ@#hww atraparpicylar depthy adhacentdselpstsd z08¢ gbipterest.

perforat|g1;§ E & stifsticql 3h LBHeRRPL Th AE ckaf %' PR t3h@h
wel | bore. [ 0154 u% es]i%r abl Qi?gish t(%é 1rper forati ng gSn a seorrb l%/ 300"t
provi de verbmud C(ﬂﬂ]foélbly316 activates a detonating cord that ignites the charge associated with the

perforating gun 310 to initiate the perforation of the production casing 250 at a desired depth

or location. Illustrative perforations are shown in Figure 3 at 356.

[0152] In addition, the on-board controller 316 may generate a separate signal to ignite
the detonating cord to cause complete destruction of the perforating gun assembly. This is
shown at 300°°. To accomplish this, the components of the gun assembly 300’ are fabricated

from a friable material. The perforating gun 312 may be fabricated, for example, from
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features that prevent the premature firing of the perforating gun 312.
These are in addition to the |ocator device 314" described above.

[ 0155] Fi gmoes1z8230dr ough 4M denonstrate the use of the fPcaasSaeiog2pl ug
assenbly 200" and the perforating gun assenbly 300" in an illustrative
wel | bore. First, Figure 4A presents a side view of a well site 400. The

wel | sit echMicimabides Uponrletdiaash, 4k naiélia rﬂﬂiﬂ@%%éﬂ&fora&%ﬂi@his%b% 410
includes a bore 405 for receiving the assenblies 200", 300'. e wel | bore
410 is gei¥8r mayybacamapetrafdhe erapipeit meitigoniected iep fRicjueseina lHegweopenlctiant i s
shown ir]&é ure 4A that the well bore 410 is being conpleted in at |east
zones of Trmterest "T" and "U'" within a sub surface 110. [0156]As with

wel | bore the _wel | bore 410 i drst for it h a.string ,of surface

cast ng. 20005He s P Boeds i gedtrofint Bin sSHREH %3 ifatdash Bl Stk 8fron
Wth a | ogr mastiRll JehRE baiRr B88 VEpt&Rably HactH ek AKEHLSRT 09 tOaRbSBIyNFR’ 2

| ower end 24. The surface casing 28 is secured in the wellbore 410°with a

sur r oundiPeptroetimel b estcmbRs300° @assEh Phlk seuddrs hasrtshavn) talbsgeleassid fonas the kall i ng
of productijqn_ casi 3 The praoduction .casin is also securgd in the
vet Pbor e S8 et S Rieailfr G e R e R R A o i b8 LB A ka0
has an uphebalefsdlesLfrbih the BhIe cat@asich 308 shdrtl baford R eerfoRShE uh BAT iUfid,
val ve 135. The production casing 30 also has a | ower end 34. The production
casi ng 30restnsligneously ghefawihy otve stillZm dessribechmare fully Pelowy iy canngstiom mathgh
at | east f =g Regt . 1L rY N ration
w1l o (GBI SGTE AR sealths S b TR Rrabns 1l WAL RoftREY A
sequent i dbiwyr dept»i20d:210082 BRARTIOS2011/ 061221 [ 0158] A wel | head 470 i s
positi oned above the well bore 410. The wel |l head 470 includes the | ower 125
and upper[oi8f mastirdefiFatd Wil tMalpeasratihpgunelstdhead 3060tovpldvidl wRiouh chfdde
bIom#out1preventers (not shown), such as the bl ow out preventer 60 shown in
Fi gure 1.fcptoresdhatipgayeet thapeginatee dirmgerhtin prifasating gyntH3t Theee qtelin additien 000
wil | nottﬂ@ﬁgm5pg?h&pghpq%%ﬁm8&a@ﬁ%ociated surface equi pnment components. In
0 ns

addition, no wreline 1s shown. tead, the operator can sinply drop the

the- ol | D8HEao PSR it B o i RERUR, BiauRlRe R0 PRkt 2B,

casi ng 3Qnkmle potfRMehdoudi dssdritlg800° thain iBXREL € wellbote. Fast Bizurean, prighween
the |l ower 125 and upper 135 master fracture valves. [0160]Figure 4B is a

si de vi ewidsfviewe@wersll gt 4004 theorelsitndl inpludeser wellgd 4781ang ariecliboge sk
recei ved 0 o PR AEALENS bgUURSBERRLY A0he TRALLL S80-PSd-OrRk \AGLEHN
assenbl y 1 is generally 1 n accordance Wit he "pertorati ng gun assenbly
300" of HI19us gerdrally intagcordanc@usittewbibhrod0tod Figuwrede Siotvichadit abshosun intFigare be
seen t hat tgs ggrnﬁratin -ggn assenply 401 is nnviqg domnwagqg%‘hn tge

vel | bor e 4 Brat B wehhreeA10ds Bying cpppiotqd in atfeastzepestanicrigt glinangds d&ntsithingo1
may be sgﬁpgﬂﬁ&@hiﬁng through the wel | bore 410 in response to gravitational
pull. In addition, the operator may be assisting the downward novenent of

t he perf i Ng k1g:.h [ syup.e thr t he
use of sqvFRYIC” Aty A8 kSRR U il PEERS iR b sRHA
assenbl y cAfihgro@y Dic surtied daking t29 heveiveasdr ray @2eint schiled @oghectibe wisea dbwer
tractor (not shown). In this insgfance, the tractor wll be fabricated,
entirel y Bt fraciusg valvedtr The S.urfa@qsaﬂ@ Hupleo has g lewshedid Ehquiripre sy t he

vell si tQﬁgge&ﬁedﬁhgﬁﬁe%remG/’ithtakhﬁrrulﬁ(ﬁﬁ eéﬁgér@@ﬁéams.gun assenbly 401
e we a

has fallen int ore 410 to a positio | acent zone of interest "T."

| , - . ‘ .
a7 PSR e MBS AVGIL e SAER LB Eo T MR
al ong t hecapihg@acisi add ¢R8icdgin3dBe Wollbbid $100axth 4 B@r@mdhgactnam®Bhéath B8y Tiehown

at 316 of Figure 3) is aware of the |ocation of the first perforating gun

assenbl y npeduction casing 30 has an upper end 32 in sealed connection with an upper master fracture
valve 135. The production casing 30 also has a lower end 34. The production casing 30
extends through a lowest zone of interest “T,” and also through at least one zone of interest
“U” above the zone “T.” A wellbore operation will be conducted that includes perforating

cach of zones “T” and “U” sequentially.
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[0162] Figure 4D is another side view of the well site 400 of Figure 4A
Here, charges of the perforating gun assenbly 401 have been detonated,
causi ng twe 2pevdsesoati ng gun (shown at 312 of Figure 3) wPoTiise@.1/0d12e1 casi ng
al ong zone of interest "T" has been perforated. A set of perforations 456T
is shown extending fromthe wellbore 410 and into the subsurface 110. Wile
only siXx (pesgjor all QEshc4@ 470 & s abdVclthe weilBl6te Uil BWThb tvcllhicdN RN inE1I0Q8L
that additional perforations may be fornmed, and that such perforations wll
extend rdb¢ dower uridupnes 136 guastari foacterasiahggs30The wgllhead 470 will also include
2012/ 0823Q2PCT/ US2011 221 [0163]1n. additian to th reat i f
per for at 1AL SHEE e (farorak S nCEBuEhE b ok B G hBefle Ly ea. any
pi eces | romthe assembly 401 will Like all to.the botto 4 of the
Pt oduct | N8l nEtedge PO FRRF: (0P dMaers ¢ Yeitn it weh S DU E Tere i
site 400 |Qbridak@Usreasédiatbie s@fack! ddupnicht REMPEndnRY. €Rt flididH, Rol MRCIRRY & sfiO®n Of
the wel | bore 410 under high pressure. Downward novenent of the fluid is

i ndi cat edngfyadatheooperatpr carmgigply diog theViasturing plughasserablyedd06 ead itongeriggingand

into the surroundi subsuyface, 110,,,Thi-S causes, fractures 458T to, b
formed wid'hi aﬁsﬁnﬁtg}’% en%? “h weﬁggrte 410. . Jl"%\accom O%ac‘g? s th& r]#g{}era?ndo?z OF the

I'hter N~ aci I’on S
opt i onal Ipfodetioh kedih@3®hal Rk@nd AdithenEr ABbctanglembiao ear loonaéte chuibledowdr and
remai ning drilling mud and further stinmulate the subsurface 110 for

hydr ocar bi3d a9¢ sapeit38rmastay fiesiurg yalyes- 4F is yet another side view of the
well site 400 of Figure 4A. Here, the wellbore 410 has received a
fracturin@lglug HigeeadByiss0bde Yisw 6 thetwall sitg 410uef BigurarhAy H@s, ths wdibercal | y

in accord e with the.fracturi.n | ug. asse y 200. of Figure 2 in_i

v o cARSRs tetehed"S e EPTLRE Bp SRS TBLY R Cpufotie s pelbfy | o
pl ug assemmiliy £Q6rail ih Actdr8arcd Nrit tHePp@forstintat@d hssp@diyt BOOT. of Thigut¢ 3Cihlitd Ny
pl ug assenbly 406 is noving dowmwardly in the well| bore 410, as indicated by

arrow " | .variphecmpedimgnisngs desagbedsahonsl Yt emebariagn dhatihy peréorptang pwyassambligh
th Il b 5 t i 3t e di ti :
€ we 4@;1135 %éoné gd&&rﬁyﬁaﬁﬁg tg% Weﬁ%réqﬁbo&afndf&f{gfi btyha{élrof%g | I %érgq?%tbng

oper at or Isting wnwar d novenen racturin

assenbl y @6 apymbppl4pil nenapr Bs ssimpelyt Halonghthtdughude ofcllboref 4@ ipunppor(saoto
shown) . [0167.Fiqur 4G i s still another side view of the well site 400 of
Fi gure 4/&rayigfignaly - R agitipraige BPLIgton S¥ S| 4psining hadopappEhmpyerey of the

wel | bore p%%rétﬁ’iga%ﬁo%sgﬁlgﬁsm‘ﬁ? %p@@riﬁg:) ﬂ;a@ﬁhéc @}égglﬁg mfoggﬂ zﬂiﬂ u3C BRI HANGE

with the presen nventions, the ator " devi In Figure 2)
has generpingd (sbgstalver)i NAltespovede the pedblaing guesisstinnigy al0dnyayt be apteddincits on

casing 30, In this wa he on-board.controller. (sho t 216 of Figure 2)
o avar o dPHE PR AR hEEPHE Pruct GrHg: Paghastent PBsinti i Gur &
4H i's anqlinede fablitad @rQy of A@iMR hakkihe 400 of Figure 4A. Here, the
fracturing plug assenbly 406 has been set. This neans that on-board

control | E[b1§‘ﬂ5 gﬁ@réhﬁdis%%@} idL QicBl thabr)tie 4%%?%1%%& flshown @kt 212
of Figure 2) along wth the sealing elenent (shown at 1" of Figure 2) and
t he sli pyetormmg gm @RISHYlytdd1des faim mahs eallboteedll togp pesEorbhdjackd6 zone othe

bore 405 ig‘gcelrets{1 S 111I a&%g%affgeowmll ﬁleFIgrgleerrl?inA\'fgﬁtigng?th]ce "\8cator devite Fzéhuo%vn at 314’ in
Figure 3) has generated signals in response to collars residing along the production casing
30. In this way, the on-board controller (shown at 316 of Figure 3) is aware of the location

of the first perforating gun assembly 401.

[0162] Figure 4D is another side view of the well site 400 of Figure 4A. Here, charges
of the perforating gun assembly 401 have been detonated, causing the perforating gun (shown
at 312 of Figure 3) to fire. The casing along zone of interest “T”” has been perforated. A set
of perforations 456T is shown extending from the wellbore 410 and into the subsurface 110.
While only six perforations 456T are shown in the side view, it us understood that additional
perforations may be formed, and that such perforations will extend radially around the

production casing 30.
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assenbly 406 has been set above the zone of interest "T." This allows

i solation of the zone of interest "U' for a next perforating stage.

[ 0169] Fi gmioeorrlosem2anot her side view of the well site 4@0TafS2Hi1IG62R1 4A.
Here, the wellbore 410 is receiving a second perforating gun assenbly 402.
The second perforating gun assenmbly 402 may be constructed and arranged as

the firstopes)f or af ABHAHHD RS SRANGY o ARkforathing 456@%%6@&&3@ gBEERBAbly 401
perforatlng un assenbly 402 is al so aut ononous It can be seen in

Fi gure 4%ssé¢l ﬂe&tweteéee%delp@Sﬂ@% ﬁpnn@legmnééx é%lwll h@@lyufsll trothcrigttaowiinelr dl y
in the ore 410, a ndi cated by arrow "1." The second perforating gun
assenbl;qhﬁg(thuq?caﬁnggpy falling through the well bore 410 in response to

gravitati additio the o 0 assl.sting, t wnwar d
o ot 101841, P i BRSS! drbier 808 vRE DR S TP s i ﬂﬁé*l%w&s B A
the use gf Rl ARRIAURMRS tHe¥re H08VEY) the ALdIRORALT I @hiler KiBR PP&SHRI abbREwEKN
assenbly 402 may be aided in its downward nnvenent t hrough the use of a

tractor (m@\tensemmmhe fluid ishindichied harerowst e’ tThadtusd maives thseughatbe perderations
entirely fr| bIe naterlal Fi.qure .4J is t he
oo 1 ot 3 eRgagutd tp of SRERhORG sbOHfgt 3BT it Tptds TPRNBEL 4R E R Bt i0)

has fal | epithin ﬂﬁeh@oxw&lﬂ ibefst t'D.”a Aposid s&mlc&dnﬁy‘ a[sb apingalBf bd dik@Nasd intdthe
Zone of interest "U' is above zone of interest "T." In accordance with the

present iGoeAd neemovpsarbypae duildapiwd revpBE @tlhsamudu adipgheretigylagshe
generate%m§&§§@g§1% gﬁﬁgg%g §Rx&g&?rplaced al ong the production casing

30. Int oar ontroll'er (shown at 316 of Figure 3) is

[0172] Fi g&?@lh&c?ig'uiﬁé s Sl G TR e L AR FPB R, orey e

Here, char@porod10dhs reee@ac Petidigahlufgssgtb e Mt/ frdddidepies baembly 406
det onat ed, causing the perforatlng gun of the perfora}ln gun_assenbly to
fire. Thes gemsalbf i gpcardesee with thpBageane puefsroaiin 208 efekigare Ban fisratipens

456U i s %Qﬁ%ﬂnﬁéﬁ? QHQ nEE@ ié%e wel | bore 410 and into the subsurface 110.
Wil e only 5|x per ora 1'ons U are shomn in side view, it us understood
t hat addi erforatj and .t such erforations

exrend T AOIER, BPEIAR S Be ot R RntyD oo 58, RE Rl Sty et
creation pa)fsnﬂaﬁr fMeaﬁrao@L&ﬁlg@ﬁ%Lasgehﬁ)lys 806 mpeink Aoknwagd1g Un ts senbiry 402ad S
self-destructed. An ieces [eft fromthe assenbly 402 wll |ikely fall to

t he pl ug iBdisead by azrgw “§t The &iaeturing P gspeally 06 mayasmaky @ofall{ngﬂM}lgh thes
not ed her t I 4

b T TR N e T
oper at or ' dwhivaed @toveihent Mﬂha (Bﬁhz‘z‘uﬁag PORPESEEMBR O B64i32ling GrekSirkithtongh 4He | S
yet anot her vi ew of the site 400 of Figure 4A. Here, fluid is
bei ng i nj'eELe ﬂ“ﬁﬁ?@u@ﬁ§155§@”£§5 of the wellbore 410 under high pressure.
The fluid injection causes the subsurface 110 within the zone of interest

"U' to bd01¢Hct uFigyre Bﬁ/\hﬁ\ﬁﬁﬂcﬁnﬁﬁh@’éﬁéﬁf’l%‘f of the wallyiitg 409 af Figwrer 4 Byraaiticons
subsur 1 acii b B S-S AR08 AL ReL LU TPRrS 2RO BN P e AR 0B gr o

i nterest intdrcst AN.”abi secoalantd aith Ty peban ivEhtiomaielobsocddvietd @h@tn an2 b4 tnhe

bore 405 to renove carbonate build-up and r ining drilljng nud, and
further SHIBWR &k ks gracipdstignaie rfﬂEPnIS%rtO ﬁ91§6rr66%?ﬂ%& ajong dlie Pragiyction casing

30. In this way, the on-board controller (shown at 216 of Figure 2) is aware of the location

of the fracturing plug assembly 406.

[0168] Figure 4H is another side view of the well site 400 of Figure 4A. Here, the
fracturing plug assembly 406 has been set. This means that on-board controller has generated
signals to activate the setting tool (shown at 212 of Figure 2) along with the sealing element
(shown at 211" of Figure 2) and the slips (shown at 213”°) to set and to seal the plug
assembly 406 in the bore 405 of the wellbore 410. In Figure 4H, the fracturing plug
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[0176] Finally, Figure 4Mprovides a final side view of the well site 400 of
Figure 4A. Here, the fracturing plug assenbly 406 has been renoved fromthe
wel | bor e woQo12/0823ddi ti on, the well bore 410 i s now receiPeirus2@no612et i on
fluids. Arrows "P" indicate the flow of production fluids fromthe
subsurface 110 into the well bore 410 and towards the surface 105. [0177]In
or der t0zﬁﬁﬂﬂ&%4bb%a§b&%¢%§&&ﬂ%%ﬁe%Q@wﬁhﬁ%m%ﬂ“TwaTﬁmQQBﬁ&Q&hﬁkmﬁ&hﬁ&@mﬁi
216 of Figure rel ease the plug body 210" (with the slips 213" of

Fi gure 2yﬁémﬁeﬁfaf’ s pgastnesdopdingotigef time. The fracturing plug assenbly
406 may then be flowed back to the surface 105 and retrieved via a pig

cat cher ([Ab89]s homgurerﬂois rrapthsuchiledavw o thal wal st H0@lof, Flgm &A- bldared the
controller 216 ramed,so th t after a erlod of .time,
et onactHoRoR T i Biiidetootan RroHane Sih e iRe A TG e Rg R eine
assenbl y ABQGsicenteitonatad b@@GnﬁﬁﬂcfedChﬁataﬁﬁﬁged dshd fise @fdr%%é(ﬁfﬂsserﬁﬂ? qontire
fracturing plug assenbly 406 is fabricated froma frlable mat eri al .

[ 0178] Fi gihiemeans thifrtbeisgeondperéoraineg gurn asserhlely 49 ivflspaytoramagusng gun
assenblies with a fracturing plug to perforate and stinulate two separate
zones of [Dlﬂﬂs}r esIt cgamheeseé'nTTn Fighre 4T) thai the secand iﬂetfusﬂtingtgimeas&ahbboﬂb’l 410.

In this exa the fir and. t he cond 40 forat un
hesenb | GUOVIEE BORREBRbHLLS Welornd of PeiotiFI RS TRy abs e
aut onondUusgy  EQMRBES 4021t nda§ Bé)ss'impiye fifnPethf At et kxeub&le/eaio Gh Fe%diﬂs@a{o
zone "T" using a traditionhal wireline with a sel ect-fire gun assenbly, but

t hen use g{@i\tlt&ﬁomhpyllp dn faddlapn rige gperates swytici sssisting thedpbonaes mmmquﬂt@f #nes
b th t G h d |
Fool e hel@r ol B b 02l S0 e SRR U2 ol b B il 8 PO

t he oper ash@myawfdﬂﬁhutve@ thcapértfsrafig RLik! GSscnitlP 40Demie bt beded @nita dmvhehtdne
but use one or nore autononous perforating gun assenblies. Reciprocal
t he oper dn@yeniaay thrangh e pesples ttiagor dapt Hioat nglngilis HSEaD| the srapter Oer’slH@

Q‘E's'eﬁﬁ[ 42 Nl @%ﬁ%?%&%@%%&%?%%%ﬁi 032231:‘?5228?? " another ar fahgenent
Fi gur os. SR {Hr oubFEE FEtHBIRRR Bl o P SOy il I80 i e

sequent i aktohdarifoldtmlp@iinaREEnbIL AR Had fallén Wetht RRIBotdSd AP odiEivh abjatikzenc of
autononous perforating gun assenblies and ball sealers. First, Figure 5Ais

a side viiwrest “H. pdromcon 1sferast Bl lipabevesome oftiatorgst [Bor dnsgeorandseyiiy the

conpl et eg)r%%g mk,éll}tgdsnt@, &%{[S&wﬁ{ dévggr?g(rsﬁ@rn of BF4 L&ﬁ']_ﬂngeoﬁeﬁas L@’nera & Slg%i%ln C'

The zone reside wthina's ace
cont ai ni ngsployisty tmctagsbpllacefd alowisthe[fPddiclidheasiet BbolethOGay bt vdeéparl sintioligr of

production casin al ternativel a l.iner st g).520. The p uction
casi ng 52(911%%33@&%@%3%13%& PR of %e legaen P the 1@@@@%@5@%@6{!@@ YWYnes

of interest "A " " and "C' as well as other strata along the subsurface

510. A cdRER shEeﬁqﬁe |4!.< seanthge sigoyiew eflezwﬁﬂélt@rﬂaﬁtﬁlwec%u Hgrosolpreegss a
fd 2
Cdea Ty SsBGaEa hASART A A5Gl M2 Bl SR GRS RS rRaR AL

their intefghd parforkdoveyer assémblyitd lfiust Tht kore: ¢linResesUt hes beagictbraal) SA 322
are shown in Fia%ére 5A as attachnents_al ong the inner dianeter of the

product i o¥f PeHeratgns4pU [sshopa %F@&H@e@i‘?!ﬁtth%wllﬂ?%ﬁf‘é“ gad inte dhq ybsyréicetldfs
512 repr e@/ﬁ L ohRAiiQ efﬁ?ﬂaﬁ%ﬁ&ﬁ%@%ﬁ]@ kﬁdv%"ﬁﬂ SR Lads it fﬁe nﬁéx@to%@riﬁeﬁdadﬁﬁloﬁﬁ‘l

RFI D reader ant énna ocator tags 522 creat€ a physical signature
al ong t hepeveldtioos ereFoned, @dBBiat suchperfotatidns tvall etthied tadedly aroundgbe p@@duomn

al so be casin% collars. In this instance,
casing 30.

[0173] In addition to the creation of perforations 456U, the second perforating gun
assembly 402 is self-destructed. Any pieces left from the assembly 402 will likely fall to the
plug assembly 406 still set in the production casing 30.

[0174] It is noted here that the perforation step of Figures 4J and 4K may precede the

plug-setting step of Figures 4H and 41. This is a matter within the operator’s discretion.
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the casing collars would be sensed using a CCL sensor rather than an RFID
reader/antennae. For the illustrative purposes of Figures 5A through 51,

t he | ocatwo 20eys23l | be referred to as casing col |l ars. PLOAB4j1TIe122£] | bor e
500 is part of a well that is being formed for the production of

hydr ocarbons. As part of the well conpletion process, it is desirable to
per f or at 3011751 t hFigeré ALty et ARater /ide iy 3PMRSWAS site 0B T Higurd 4A " Bere, ANR
"C." [0185] Figure 5B is another side view of the wellbore 500 of Figure 5A
Her e, t hdsweingbjest®ominale beisedfed! the weHborgetlonrder fycly nresaysenbhey {18l
The first. rforatin up.assenb 501 .1 s, general LN aceordance. w.th
perforatfﬁ%gﬁﬂhcaggg ?ym@%g%w i%ﬁ}fgaggf@guﬁggn%%éﬁ%gﬁtS?Qd% E?g%?gm§¢

Fi gure SByowheardendwahaht 00 thgUluidssmdivayed I lart@voar NgTiRufpEdnelsnhiongh the
wel | bore 500. The perforating gun assenbly 501 has been dropped into a bore
505 of t HerigEatioppebAand ingg hicisyrraprding suhsiiacenld dndihieusessorgturpy afthtobe
conbi nat i . I i lde7an r j re. T

i cat esOmme et B SRR P QU Sl RIS eIy B cllered
vi ew of tihe thel bdrvordd55000reafovEi @usomateAbuildene and hemhbinigt dpBmizomad iang fyther
assenbly 501 has fallep in t he bore 505 to.a position adjacent zone of

i nt erest ﬁ?@ﬂm?ﬁméE%%V ﬁ&i€&F@W¢Pﬁ@%B?8§§W@“Wﬁventions, the | ocator device

(shown at 314" in Figure 3) has generated signals in response to the

col | ars 99%7¢)| acEmally.obigurdMopredides pdiakbside migvaof the walltite 4(4yof Kigure 4A.
-board : i i f | i.an of
on- boar ﬁ&@ttpé’kﬂa@hn{ég g@g%g%gxgﬁlﬁg@@ﬁ&%@%ﬁf%rﬂ@ elftford §60. Iﬁ%aaﬂngﬂ, 0

the first perforatin gure 5D 1s another side
vi ew of tthe wetlbbizod B0 50 @oaf rdeeigitree pioductider BpidshaAges/sofP’t helidaia dic flow of

perforating,gun ass | y have been_det onat ed, causing the perforatin un
of the p@rg@wapvﬁaldgﬁé%éﬁﬁwfa@%lqu%?Wéeﬂ?e%fl&fa%#ﬁ?wﬁéfh@w ) Pecn
perforated. A set of perforations 526A is shown extending fromthe well bore

500 and ilMYIt helnsomsiiof igeovs the plagiapehhy §06ithe pebpaidaongaderssigrvmpte2 ¥hown
in side {drHontd 248 NARGLSE ﬁ%dglhg%rogg?ﬂ]'ot* ALk ﬂ%eﬁh%rz’ﬁts"ﬂgisc l%ﬁfigra{ﬁ’eﬂ”a and

that such pefrrorations nay ext al'l y*around e produ asing 30.
[ 0188] | n dedighatedpetial dfemer at fractunhg prifaescaitilp 86 D26 Ahert teefléwedback to the

perforating. gun assenbly 501 is, self-destructed. y pieces left framthe
assenbl y s 05 and w&vveg 319 @ pig $HopGHat Shwh ‘%%@pﬁr%‘a%éfi‘fl% 1Y VLY.

0189] Fi i | | f : Fi A
I[—Ie ] Fi g anbgaﬂdscoﬁﬁkllé}rﬂ%hglﬁy Bt gf‘otg}\ﬁ%rﬁfﬂe&) so LD a‘g%l %1 ﬁgsrlgréa?%%&fod SHhE

re, flurd 1s being injected 1nt bore 505 re under high
pr essur e,decaasnggotdhis ifwraunwhorh thich lvhuses e fracteriog plugt @sasbly 446 tbalcbmate

fractured. ,Do rd vement of th luid is indicated b re “F." The
1t rovisd Setaier RE THeArangeriegh dhe Sike distineg v ass Bt dgbricarct

subsur f aggyR 1 FriatibhstGruUses fractures 528A to be forned within the zone of
interest "A." An acid solution nay also optionally be circulated into the

bore 505 i SS A r i ’ g
Porthor SOFTE] of el diogh NF BAchsh el BEBMR RIEBAMALZR dhldinifs 47 o

[ 0190] Fi dwceurbig pleg jeeperfomat hed ssinditosivensepratchmneedf inorest fadeof TFaglif E”BA.
Here, the wel |l bare 500 has,receiv .secon erforating gun assenbly 502.
The. secontitBEAfalaFge GCASM T BioSHaps Poofls oAU L B AE AR as
the firstycpFdabaiuhRGsctblic@$efmltynorils, it the TR@ASIng Phlg 488nBI9UBBAvas also
perforating gun assenbly 502 is al so autononobus, and is al so constructed of
a fri abl eutamoaous| However, it is possible to perforate the lowest or terminal zone “T” using a
traditional wireline with a select-fire gun assembly, but then use autonomous perforating gun

assemblies to perforate multiple zones above the terminal zone “T.”

[0179] Other combinations of wired and wireless tools may be used within the spirit of
the present inventions. For example, the operator may run the fracturing plugs into the
wellbore on a wireline, but use one or more autonomous perforating gun assemblies.
Reciprocally, the operator may run the respective perforating gun assemblies into the

wellbore on a wireline, but use one or more autonomous fracturing plug assemblies.
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WO 2012/ 082302PCT/ US2011/ 061221 [0191] 1t can be seen in Figure 5F that the
second perforating gun assenbly 502 is noving dowmwardly in the well bore

500, as iwOioetmseBoRy arrow "I." The second perforating gam/usssenbi2zgr 502 may
be sinply falling through the well bore 500 in response to gravitational
pull. In addition, the operator may be assisting the downward novenent of

the perfqo#ging GHEn@BSCIRINgcROR, e FRRINMiMYIstBYdmay beCddnE 8Ftbue at fAdRualy t he

use of surface punps (not shown). g0192]ln addition to the gun assenbly
502, bal Iplegassemblys3bignneseSh dmugh Sbdemonsitate hove mudiiple zoacHQDINteTER Ny be
seal ers 532 ar.e preferahl [ ed ahead of the C erforatin n
recenbly LaMiE? PIGHRY HrkORAR CRERL bl GSERRTR, ASRRSHAY Perghe
cont ai nergupshiceiiblizt add Hall BedeBUrrs8)FigdhesRas b siRaliew ofadpbrase of abvdlibated
fromconposite material and are rubber coated. The ball sealers 532 are
di mensi o8- tlhepralihore005e peige spmplescdsp amultiply zongsmdantseest, inchuding 2o535Aq; e
| ntended - g Uged 2he 3oMLVH HABAIERB ThE) CRACGEDNC Slinti? " GuRAlccSERY ©r S
as a diversion agent for stinulation of miltiple perforation intervals is
known. Thentaélihg BgdbearsorbB&idwi | | seat on the perforations 526A, thereby
pl uggi ng the perforations 526A and allow ng the operator to inject fluid
under prgessnie i The wallsoreesodhavaddshestpas lo®pasdudtien bR6A (of hetchativelsealiass
532 provide a | ow cost diversion technique, with a | ow risk of nmechanica

i ssues. [WIAR0gdhe porductors easing Ffohasdrees peppenfediptathersybsuice §b9 & 50Btof
Figure 5 vofl Toye]ale B b Y, 4 N0
he el | 5% S50 RBSSECRT T BT R EC A0 e Skl e s k£ 1.

addi t i on,cetreat dhahth isemher 52632 have tenporarily plugged the new y-forned
perforations along the zone of interest "A. " The ball sealers 532 wll

| ater eitipes2|f | oWheopioduttidh kB0 Uady res dF RRA®: tapk SA2 PR thicheeal bt tTHE Of
the well in an area known as the rat (or jungg hole. [0195]Figure S5His
anot her dpepdontaginhX areideafly| anisededing te vl el te produckens casiigaddete MBeser e

second peplipiaLig. SHLATEATPINLAOR SAGRERN HelnaLedy SRUILAS HNAgure

perforating gu perforating g sse rre. The zon
i nt er est 3AB4s ftaghinestn apepfte aheddiaRcsedbl ik ppatucaoatasonssZR B thsarsdi@ement

extending fromthe well bore 500 _and into the subsurface 510. Wiile only six
per f or at IeHIS BAn B LB 8 STHERPSHR! 9o [T SPBREFHiABISTERE Phnal

per f or at | QA% 4&fead REIT® Yead@PshibRAL. %%ho&%rftggsagi?&%at 'agﬁzhalé?&taﬁﬁ%na[tﬁ%ia%d&y
520. 117061221 [0196] I n

around t he production casing WO 2012/ 082302PCT/ U

addi ti on thoweHeore 580t i on of perforations 456B, the perforating gun assenbly
502 is self-destructed. Any pieces left fromthe assenbly 501 will Iikely
fall to t[oeg3djot t &nis abtedhtkatphe dotator amgscE22 Mm@y 2RO bercabiak eollids 0vih hisig Kndtancthe
surface. %0197]It is alsqg noted  in Figure 5H thaﬁ fLuid continues to be
i nj ected! ¢ fingeolgEy woggdde sensed using a”CCL sensor rather than an RFID reader/antennac.

For the illustrative purposes of Figures SA through 51, the locator tags will be referred to as

casing collars.

[0184] The wellbore 500 is part of a well that is being formed for the production of
hydrocarbons. As part of the well completion process, it is desirable to perforate and then

fracture cach of the zones of interest “A,” “B,” and “C.”

[0185] Figure 5B is another side view of the wellbore 500 of Figure SA. Here, the
wellbore 500 has received a first perforating gun assembly 501. The first perforating gun
assembly 501 is generally in accordance with perforating gun assembly 300’ (in its various
embodiments) of Figure 3. In Figure 5B, the perforating gun assembly 501 is being pumped
down the wellbore 500. The perforating gun assembly 501 has been dropped into a bore 505

of the wellbore 500, and is moving down the wellbore 500 through a combination of
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of the wellbore 500 while the perforations 526B are being fornmed. Fluid
flowis indicated by arrow "F." Because ball sealers 532 are substantially
pl uggi ng wbeoiamsezozper f orati ons al ong zone "A, " pressur eCrasami®ét2e1 buil d
up in the well bore 500. Once the perforations 526B are shot, the fluid
escapes the well bore 500 and i nvades the subsurface 510 within zone "B."
This i m@h@%aﬁbﬁal?ﬁﬁ%h@ﬁy&ﬂaﬁﬁé Presur® 28Bowl @1 BBl datesinfoeRRIaT St10OGud Rakmb
process used for form ng perforations 526B and formation fractures 528

al ong zorf®lof interest "B" may be repeated in order to form perforations
and formation fractures in zone of interest "C " and other higher zones of
i nterest.[018]s whiguteiSAtisudesxt hele pliaxe efdret weltbonab00 sEHigure Sal. odgre, the first
perforations 528B at zong "B." rupning a third nonous. perforatin n
Pl y RO O oai shemo Y b Tllop dnBobe vk, S05a0 Brstials tUBERT Gkt g
gun assemnieyest A feiPRRbAIaAEORNEh ARG cQint IVeRAGS! the Gocat@ vt @gHowWidat 314’ in
perforations and formation fractures along zone "C." hng%k igure 51
provi des Eigarend) hasi ghacxaiagwsigials ineraapdrispde ¢hsodlass SH glaced slang teg produeféon
producti an. .casj,n 0 has been, perforated al ong z .in est "C. "

Vi 1 pl e G 307 YpdFroras BrEoBRE BpEb AL MR CHI o Mg 3f Rabvagtsof the

f ract ur edo&2ide off eheefirbemifok amyaainialscittty S0 surface 510. [0200] In Figure 51
t he wel | bore 500 has been placed in production. The ball seal ers have been
removed gpggflaveridpedd anbiier SHE {RGEof e WHbRKB00!JfiFiswRr $A.f HeW, BBarb&Y O
t he bore 505 and up the well bore 500. Arrows "P" indicate a flow of fluids
t owar ds tiéhefirst aedorafin@gul] misgmblyshaya beer detgietsdl caevimmthiemstferatiog gun of the

f i nbl i be.d N | | 500 ially,
et 0 SRSTRLRD o AR B, A LS ganagl &

pr ogr ammg@rfotutio@§iSREA I it Shées Reehilivg fEdhangescHbordi Johemanhtestkatbagfadepuds.
In the depiction of anures 5A through 51, the perforating gun assenblies
are dr opp¥hile enkyusk peripeatinay ST tare Bowite side Xigve it 2onaderatopd jthat pdditionak ed
first, f i alid I B

[0Sl DY SR ALY BB 906 S LAPRRI A LOERAFENS
may perf ansihg 30ubsurface zones in any order. Beneficially, perforating gun
assenblies may be dropped in such a nmanner that subsurface zones are

per f or at gg188]0m theddith todBBrcatldt Sf pERRAGi0nE 826 A e Piedt fperfadating gGh Bssembly
assenblies would detonate in the shall ower zones before detonating in the

deeper zdWdds sqlbdepmupied; dnxyipiesep fafeliomnbe asspyblyed1sunlllkebuigH to thedationset at e

t he use rat. gun assenbly and a fracturing plug assenbly as
autononnﬁée?%gﬁ&%§§%%E %gs. However, additional actuatable tools nay be

used as of an autanonmpus t.ool..assenmbly. Such tgal s .d.nclude, for

exanpl e, p@ﬁ%ge Ef%g TS%clﬁty £ aﬁlﬁhlef)fjlldg ,Vleé”éﬂé%‘? Weilﬁ gfe@$s°%£ﬂﬁu@%‘naeﬁaPEWes.
I n these iabeiap GGeREd fito tHREEOMHSoMhk hvdlBoREBERIgR hrddsiFpedusihg e fok@stidnnt o
a wel | bore constructed to produce hydrocarbon fluids or to inject fl uids.

The t ool Wdlyn e zoapof Bueres ¥y denba frgiusdsl Oorarves arovsment ofrtha flhid ip dislicated

mat eri al . »a I i . SE a f ri

and perf&pggﬁﬁglgﬁh g@%éﬁgﬁ?@%%Xgm%g%@?%é?%%ﬁg%Fﬁdgﬁ?ééﬁﬂPﬁﬁ%B%FW%&%§%§§b|y
200" and sabpeficosa0.i This gunsca§actuids $28006 befynied vdeih cheednt ofaitdrest “AS’ &m

aut ononous, unit, Such a conbinati on adds further optim zation of equjpnent
utili zat iaSH! solylaningy elserptienailybe citpelaisd jefodas bewsN)S s disselye dallingpudyandye
perforati 0 i PYARCTI Vi Y1 i ve
Fhe. pl ug ey L b R e Pl o K e el
Fi rst, Fipgodweti6A provi des a side view of a |lower portion of a wellbore 650.
The illustrative well bore 650 is being conpleted in a single zone. A string
of produddi9n] caFigugeis¥ is RewmasigdaiRt viealdf YhaiveBbote S00iolf Figuaeisng Eletd, dies

are seen at_654_ An autononmous tool 600' has been drogped down the well bore
650 t hr outdiIbOFe Y} BRrucesived & asgomg nssforating gy aspembly F0eatlds scrRNARRFENRIHE of

the tool HAQdfdy S HEy B WBNA Licinh@Uaind a8 s W fiRPp&fdiathg gun assembly 501.

This means that the second perforating gun assembly 502 is also autonomous, and is also

constructed of a friable material.
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[ 0205] The autononous tool 600" represents a conbined plug assenbly and
perforating gun assenbly. This neans that the single tool 600" conprises
conponentwof2omskweh t he plug assenbly 200" and the per PoTAiS2eIg/0g12A1
assenbly 300" of Figures 2 and 3, respectively. [0206] First, the autononobus
tool 600" includes a plug body 610'. The plug body 610" will preferably
define anoedgst oNeEInCHS 8&dnl MIFRIPEHH 11l the 8€na p%%ra‘ﬁfng%]dnp%s@éﬁy- 500

aut ononous tool 600" also includes a setting tool 620'. e sett|n9 t ool
620" wi | Imening deenyhslsmathp ngpllbpeerfd asmdicated byt dieove [T psTB1gcondapratorating

| h ' - ' 652. 0 h |
Fi guro- 6 APl 30y E 67 HE. o FpE SR B sHiE SR bl

in a run-drivip@shdlipatl, Thaddipenahe operafon énayehl dssigtirg] oRBtvn6Ahdd moterhéie ofltheg
body 610" may be nechanicall&zexpanded in response to a shift in a sl eeve
or ot her NPERFSINgsSUNsaspialy P92 Phephbting pdraublg pesrsure Hbrogeh the gse oé werece 11!

to provi £l ui | against the casing 652. At the sane tine, the
slips 61§ﬁmﬁ?(%ﬁgﬂ%ﬁﬁg body 610" ride outwardly fromthe assenbly 600

al Lows HBT2H oo SRR 2BR SR Ry e Tl Pl B RE Wit e 185

securi ng wdboto800. aTEE BRIl ¥eHEQ' 53R rurd pEifdrhBIR ieddhestbwh iyl @cdnddpatrating
force. [0208] The aut ononous tool 600" also _includes a position |ocator 614.

The posi tgudriissesetdy §02.6 PntigeallyethedullgealewsadR oie wdspekirora tdleoninar fghown
| ocati on al(?h}k he Iﬁiglglle ?)OOThéMbalrl"s?al&}ggfgraqg %ricg{%dcﬁh%mﬁ)%glte Pﬂfoegijal and are

specifica the®position l'ocator senses the presence o ects or
"tags" alrablgerichatesveThbdbalbscady 53ndde denasanes tal@pg thespogivadtions 526 £sponse. | n

the view of Figure 6A, the objects are casing collars 654. This neans that

the posi t[j00e98]l ocThebalb ihldrs 532 aasinR@dedld W ude@@at Qliverfon a&&ak.. "ThdBendeplof
senses the location of the casing collars 654 as it noves down the well bore

650. [ 0209]mEhealt sealers@e'a @iveiqmegantider dipdpfien af inngtiglarpesfomtionqatervals is
perforati un C ire fi , . 6
Chot o, - Akt TRE baleaRSs 332 Sufolnt ' el MRlgnt 85, dhep IR o
associ at g@rfohaioge 526 tandetlowaigehe bperatod @ injert Caitsendehptcssuro ifte afdohedbovit o

t he surroundi ng production casing 650, Typi.cally, the perforating gun 630
cont ai ns &€ §?f:*1‘i’fﬁg°16“r SZtapdBc ORhsedes F2 0Tt dOurBriglivsrelop dRGIHIUSE Mt gun
and orien;ediResAULhNG4 Asfasi red specifications. [0210] The aut ononous t ool
600" optionally also includes a fishing neck 605. The fishing neck 605 is

y
di mensi o nd i . r . td t i

downhol _ep[ﬁlibs‘ﬂi ngﬁf%%kg nlgs'?s tl}sl%gém e%./?#%g]lewgﬁﬁ%g% }llggllr(e %@gb falﬁ g'grv?/s‘ "hglg {?epél}eat or
SLuck | n ot el | bore 600- bt he perfora I ng tn £30 Fai e T Getomare::

[ 0211] Théh%l&P%Sfrﬁ‘Efgref‘b‘(‘)?-”GdB'ad\gﬁioﬁlhél}’e Lﬂt ??3%@ 5% Tsrvegemperagbhphigesdihcs 16,

The on- newly-formed perforations along the zone of interest “A.” The ball sealers 532 will later
either flow out with produced hydrocarbons, or drop to the bottom of the well in an area

known as the rat (or junk) hole.

[0195] Figure SH is another side view of the wellbore 500 of Figure SA. Here, charges
of the second perforating gun assembly 502 have been detonated, causing the perforating gun
of the perforating gun assembly 502 to fire. The zone of interest “B” has been perforated. A
set of perforations 526B is shown extending from the wellbore 500 and into the subsurface
510. While only six perforations 526B arc shown in side view, it us understood that
additional perforations are formed, and that such perforations will extend radially around the

production casing 520.
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board controller 616 processes the depth signals generated by the position
| ocator 614. In one aspect, the on-board controller 616 conpares the

gener at edwei2grealss3oai t h a pre-det erm ned physi cal signat ecg/uskalaioned: f or t he
wel | bore objects. For exanple, a CCL | og nay be run before depl oying the
aut ononmous tool 600 in order to determ ne the spacing of the casing collars

654. The [9pgg]espansidiordRRh& erc@fiort HEp&RTAtIGs A86B ahe p@#_féra% ghe aglemelynsgred
based on the | ength and speed of the wireline pulling a Iogglng devi ce.

[ 0212] Upda selétestmicisidndrnyrpieces thedt omathe aengsbhyod 1 §0blik¢ia salhiorthg edttem of e

sel ected depth. the opspoard ntraol | e 16 activates the setting tool 620.
Thi s cauéggycﬁgnﬁ?ﬁn %%ﬁ?q%Tbﬁgg a@‘%&%egﬁ%Fﬁe wel | bore 650 at agdesired
depth or tion.. WD 2012/ Q82302 011/ 06122 0213] Fi.gur B i

o e oA | ol G la R e TR B ET bt s di Mo Be BBt
reached arSel Qe 80PWRLe ThepsRhamhe 4268 RE iy FMMEaaFRIH AbwhS AkatediRS.

The on-board controller 616 has sent a signal to the setting tool 620" 'to
actuat e tdiovel'BSt Baesupe ball peplad $32 arecbubbtensallygugging thedopkuperfuatjors jadong
[0214] I n Fi gune, 6B, the ug. oo 6105 i s .sho i n~an. expanded. st In
this resgolt. A necerho bofs RoBgm e SR S, R BRERGERT S el e
engagenenhoiithd flulieessbidsaavdliBoRy SELghHd @vad&@siheGubStfacasdo twhienis lZops «“BL3"
are expanded i nto nmechani cal engagenent with the surroundi ng production
casi ng 65Ehis macdiatgly geptey Eatwes 828B. offers a sealing ring, while the slips
613" offer grooves or teeth that "bite" into the inner dianeter of the

casi ng 64901981021 8]insndarstedrbthautho morassssused ddr fooning ipaotatiens $2HB andnfermatidyoar d

controll 16 s a signal. to iggite charges jn the foratdn un 630.
The. pert drestirey S s FhACR inle et PR i s BeNed B Of B B rdtib Pl g
652 at t hermgloackadurdept Pore /8t infdadts ,CiNarddethar highgermos opfntdreg@urass GBurind
6B, the setting tool 620 and the perforating gun 630 together define an

act uat abligclpépfhe placenspEofbpld svalprs adorg pnraiians SRR #iose eBs’ Fuping stikod

accor dancl ey E e o A% G 2 (T RRRTE o YRS Bk d S0 AEREh TR, 1

zones of penfoetagtgunfassémblngo aletgpardilotd atnecaSinngest 01C,T andkicating pbeeations
into the wellbore, and the productjion casing has been cenmented into place.
[ 0217] ThéMfdPTRdioRdTRcrssAonE#MEdEs providing a first autonomous

perforatin un assenbly. This is shown in Box 710. The first autononous
per f or at i[n§9§un Higeadl pravidaserfifad sidaveayv phthg vecdiberen® ofi KigukeA pElefwmihst | ng
gun asse ' i V, i A iQu i.grent flr

aut onom[]}s?b%uecﬁg g rC§9 ?g ?2'8 3%%@%&@@0@%& Fsaﬁ né%adr?g i O;fl ’1%5@ sgf)sgb‘lrt?ca euét-[ﬁrgosreri[sagit
friabl e metferdtiohs 526d arssetasilgnddition, fembteleftctues S2pCdfage dbéry farmed in the

det onati on, of _char ges.
subsurface 510.

[0200] In Figure 51, the wellbore 500 has been placed in production. The ball sealers
have been removed and have flowed to the surface. Formation fluids are flowing into the

bore 505 and up the wellbore 500. Arrows “P” indicate a flow of fluids towards the surface.

[0201] Figures SA through 5I demonstrate how perforating gun assemblies may be
dropped into a wellbore 500 sequentially, with the on-board controller of each perforating
gun assembly being programmed to ignite its respective charges at different selected depths.
In the depiction of Figures SA through 51, the perforating gun assemblies are dropped in
such a manner that the lowest zone (Zone “A”) is perforated first, followed by sequentially
shallower zones (Zone “B” and then Zone “C”). However, using autonomous perforating
gun assemblies, the operator may perforate subsurface zones in any order. Beneficially,

perforating gun assemblies may be dropped in such a manner that subsurface zones are
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[ 0218] The met hod 700 next includes deploying the first perforating gun
assenbly into the wellbore. This is seen at Box 720. The first perforating
gun assermiDyoizosenfi gured to detect a first sel ected zeos/ustolnseeest

al ong the wel |l bore. Thus, as the first perforating gun assenbly is punped
or otherwise falls dowmn the wellbore, it will nonitor its depth or

ot her W sg,ceRkREdTHRE W Rop, tdohas  amid MREn@khd NBe fpeffofating! @t edemBAS Qbuld
interest. [0219] The nethod 700 al so includes detecting the first selected
zone of idstamatesin thy aloverczones baorcalctonating insthg degpeneoBox 730. I n one
aspect, detecting is acconplished by pre-loading a physical signature of
the wel | H02@2] Thé ipelsboroatd thgt Higures SArthiopgk &&kismpostrat de wseeofsi gpréitratires as

it traverses through the well bore. The . perforatin n.assenpl timtely
et ec s 10 1HHRRYSREE TR REBRAI G reLRoat S REDLR oy PR Is LR
si gnat ur exdditi8alSiARAUK RolPMaP e NBILCEThrt $0h AXGHIMARs 1) SQULY . NGuSBRIoNd
collars or through a collar pattern matching algorithm [0220] The net hod

700 f urt Heeludeadbudeampler bidgesplogs catttggtoplie ceémenitretapmees afd carieg patehesThins s
provi ded tﬁéseBgr)l(raJ%ron' ntFi rtfl nQooﬁhOt 1?1 LOgdGSs RET { %rlaet ! Olpsarr-igaein goa;[ Svellbore
penetrate a surré%nglﬁg S rlna‘% %Po 4P d%%ﬂ%&*%n extend’ i ht'o kﬁe
subsur f ac@nitard@t iooprod&2@idrdbebdretitiad of 9 iglksofliigs! atie ol @uy e gbidcas@ic ond
aut ononmous perforating gun assenbly. This is seen at Box 750. The second
autononDd?nbéﬁh@@éﬂ@ﬁ@wgahﬁ%@éﬁﬁﬁk/bﬂ%“@@ﬁo manuf act ured in accordance with
the perforating gun assenbly 300" described above, in its various

enmbodi merlf203] The As ewpabicraation nthss upe of Geparpiegirgeimries ptugbkyd ipsrigrasing gun

substanti al | v .fabricat.ed. fr friabl.e mater] ,and is designed to

ol 1+ des Rl on R B ST iy e TR B S0 e pR 5 b8 Rt by

i ncl udes 3Py By défeydd fogtthpesd o atiionGmEU$ uasS eSHhya tatheinhtig ulsl heher
This is seen at Box 760. The second perforating gun assenbly is configured
t o det ectopAmietionPiswuamped uibrdions Imthés eaypbigptiny thalugedsprohle 209hissetas

t he seco f ' n q h i e
wel 1 bor o Titt e R, A ee FEBbkabe BHIRRTRY gh AN Ao Phbte BRI
arrived assdniidysecond sel ected zone of interest. [0223] The nethod 700 al so
i ncl udes detecting the second sel ected zone of interest along the wellbore.

This is qegedjat B@uréy A abeteBCddnishstray sagahm alen@6RaiTPFirs NEiguby 6 ArRovieadi ng
a physical signature of the wellbore. The perforating gun assenbly seeks to
mat ch t he? 8¢ NiRWI0E adewier portinetise avellhpisu@t). t e whustbye welthere fi5i0f isrbgitieng

ot chi ng CRDFS L Batels S8 i esripp oD SRt SEREL 5 B8PE, Rheb MElFah 68
firing sheoiik astaaollbs sesamttadde Af aitoh@nhest toolT6008 has bpeotiopgped dowiBohe
780. Firiqg shot s rqg%ﬁgg perfaqrations._The sho;s,p&getr te the

sur r oundi* lbgferﬁﬂbﬁ% PERUSHOR 5851y 03 dAEseMe Id INiICHCY HiS BovRngRnt Q€ ghe

fornatiquﬂﬁm@fﬁﬁ@ﬁﬁ%Tbk%gmﬁﬁﬁQﬁ%h49@@e@&M%Bg@reSt is above the first zone

of interest, although it may be below the tirst zone of interest. [0225] The

method 708,68y ORhL aRBhbMol ot 860~ AbRELH BNBERY! iy hlsdinByHARE erRrShg

gun assembly. This means that the single tool 600’ comprises components from both the

plug assembly 200’ and the perforating gun assembly 300’ of Figures 2 and 3, respectively.

[0206] First, the autonomous tool 600’ includes a plug body 610°. The plug body 610’
will preferably define an elastomeric sealing element 611’ and a set of slips 613°. The
autonomous tool 600’ also includes a setting tool 620°. The setting tool 620° will actuate the

sealing element 611 and the slips 613°, and translate them radially to contact the casing 652.

[0207] In the view of Figure 6A, the plug body 610° has not been actuated. Thus, the
tool 600’ is in a run-in position. In operation, the sealing element 611° of the plug body 610’
may be mechanically expanded in response to a shift in a sleeve or other means as is known

in the art. This allows the sealing element 611° to provide a fluid seal against the casing 652.
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pressure to fracture the formation. This is shown at Box 790. The formation
may be fractured by directing fluid through perforations along the first

sel ect ed wone120i8230at erest, by directing fluid through perfuse@tioorgl al ong

t he second sel ected zone of interest, or both. Preferably, the fluid
cont ai ns proppant. [0226] Where nmultiple zones of interest are being

per f or at egk a8 darhé Ak Uhedlipd 613 of ERFINABE, 19’ SR bOvaAdIF figRh ﬁie%se%%?%ﬂﬂ’
Accept abl e diversion a en?s may i nclude the autononous fracturing u

. . )
assenbl y 2@ wedsss (hdfeshorbpypaccdmilizlheanonnd theeassembly 3099’ . ddbisrallond tgmkn@s_
The bal | alers »hol e .t o | . Gff_ th (forati d. may
pe. pl aced o & e sRh P E, AR rereSE osh e PR REC k80 A o805
carri ed dowhidalagainst ddweontdhydiulicfoeter €l eased via command from the on-board
controll er bel ow the second perforating gun assenbly. [0227] The steps of

Box 750 tpeesiah BRX adRBorBYs sl enealRdinb By QUsositioNERcdtor 6! tTHR! Sostites
of interest. A diversion technlgue may not be required for every set of

per f or at iloersor Gld saresp gs0s Kichlign Pevies & sondigg dict locatgmvelr e toedn’ aithen een
perforated, 228] The t hqd. 700 i icabl.e for. vertical, inclined, and
bor 1 sont dpgetEhSrane oS0 e falrEfERh: BRRLSAR AL Gl hP R PRE of

del i very owpdchost “@fgsanidng aguesltwrd oso,rah@gawtraamafpmsigmé B rebponver Inith@licand
| ow-angle wells, the force of gravity ggﬁ be sufficient to ensure the
$

del i very WiFighe o Shaphirdsatcsasing ook Hleipmeany thaoihe posifiom|oger 6 kthislae
wells, | gb%%lﬂg 'CBH%leEdt&P ot abbi.’cq{ﬂp%(%fgen\g% e 1odafiGn %%ﬁf‘e”é%'sffngscoﬂﬁr¥.6%ﬁ RTped
ell (0] I rst

down or ered using tractors. enabl e punpi ng down of “the
assenbl y,mé¥s doaaithgwolyorbésper f orated at the toe of the well. [0229]1t is
al so noted that the method 700 has application for the conpletion of both

product i qo20w! | sTa®ELO BPBTAE® hchrie 8 peffBA8Af The 6300 Re ¢REBRE uh &30 Snand
met hods concern an autononous tool, that is, a tool that is not actuated

from t he bsur yoieee firTaen gt Bresntusxemple. Woshals agaivithreeripratvg) suasHar Kigureat
i ncl udes ﬁ@hﬁa@nu?ﬁ)aﬂs ntagé)éciatérc{]alaﬁré)eoéha@c?&&@%s%n %:rfe? t Eﬁlsg qﬁ&f & lbé) ) 1?{2)
e catl he he act uat abl e

devi ce. on device serves“to0 sense ocatron o
t ool w t hhasiithaindilg prodectbasesng6560. Alyphliynlths poriathtiie gcpi 630 dedaiak angirtghe

wel | bore. The | ocation, device and correspondi ng physical ,signature may
operate iH Sg Qareca it aloBRisk HER Y tg%&lpias riEBEd ectosRgHg desired

autononDQ%e&ggakﬁ§senblies 200" (of Figure 2) and 300" (of Figure 3). For
exanpl e, the [ocation device may be a collar locator, and the signature is

bl ng. sor@2i o,y The Bfbafth (B0Pal UfiiohARchltB hERaRnild Hoow Ruge T <

i ncl udes fashimgnadokas0d Gaditendib®yd. antheomdipubiatodsceanty del @alei goromto gunathg o

send an actuatjon signal] to the tool en the |l ocation device has
down o{e 1sh1nggtooJ (not shown). The fishing neck 605 allows ?he operator to retrieve the

autonomous tool 600 in the unlikely event that it becomes stuck in the wellbore 600° or the

perforating gun 630 fails to detonate.

[0211] The autonomous tool 600° further includes an on-board controller 616. The on-
board controller 616 processes the depth signals generated by the position locator 614. In one
aspect, the on-board controller 616 compares the generated signals with a pre-determined
physical signature obtained for the wellbore objects. For example, a CCL log may be run
before deploying the autonomous tool 600 in order to determine the spacing of the casing
collars 654. The corresponding depths of the casing collars 654 may be determined based on

the length and speed of the wireline pulling a CCL logging device.

[0212] Upon determining that the autonomous tool 600’ has arrived at the selected depth,
the on-board controller 616 activates the setting tool 620. This causes the plug body 610 to

be set in the wellbore 650 at a desired depth or location.
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recogni zed a selected |location of the tool based on the physical signature.
The actuatable tool is designed to be actuated to performthe well bore

oper ati orwOreor2dspiwnse to the actuation signal. [0232] | nPomaSenbodizaent, the
actuatabl e tool further conprises a detonation device. In this enbodi nent,
the tool assenbly is fabricated froma friable material. The on-board

control I 0213 furidiee 6BPRId GHE §ebw Bf BRNFCBOHAELO FibUREA1 BRA, thO ahitBBomous
detonati on device a designated tinme after the on-board controller is arned.

Al t er nat itoell 600t Ires reasbid asslertbd yiepibl fThgeslertad dsptiris inglaqatndsas braskeh@’S. The
actuatl Onongt];%ag(? CoRfiIidf Fi‘g lhg% %]e%? lafsliﬁgr{a}ﬂ %o Hlaeyseﬁﬁglté(ol Eﬁto%?ua?é: %h%aettl)éas?olrgergc00|
is a perforating gun.” 'n"erther i ance, The=t ool assenbly may be

sel f - destringcg1i1mMand[s0338]3’nodihe palgtdgerent, the actuatable tool is a
fracturing plug. The fracturing plug is configured to forma substanti al

fluid segh2phien ackrisatredBMHHIN: bOE 10PULRhoRRRY afbxfanBeSahRCLehil RGALILON.
The fracturing plug conprises an elastoneric sealing el enent and a set of
slips forthtotlaitergenhecilowatclemrendf6liliye is caparded et yscpledx Eratgemetie witdl dut ed

| ocation. [0234]1 1 n _apnot.her arra nment,. the a table tool, is a brid
et PasutrOdhd hrBARUAR e REREETERE rnd Ufp ¥4 82 SiohBfia, o TpBibEREL

when act waggebnwnt Wiith thé Gurkdidlngr pré@etyioatcading 652 Th¢ echlihgerincane1Phefftral
assenbly is fabricated froma nmllable material. The bridge plug conprises
an el ast ohelnecring yihilsgheslmnrddd’ aplfereraetes of tagth that thate” fup dingnerbameienef on
of the tqg cﬂﬁgfﬁﬁly proxi mate the selected | ocation. [0235] O her tools may
serve as the actuatable tool. These nmay include a casing patch and a cenent

ret ai ner. se tQols nay be fabri ed froma, mllable material. . such as
coramc. A0or 658 Belor ol S RSB E et BRI Tt b Sh e TohFOAS R ofe

t hereof [DA36]ib Nghias khizes he A Pécforltingr e d38mbuRE MRAbather gudN 630t @EREPUS
tool (200", 300', 610'), the on-board controller may be pre-programred with
t he physiresforasioghdiigpgh dhhe prrdugien seviee GAY et Jbe ﬁeleé‘f@?hﬂeéﬁi é?.SI.O us, e s

that a b I L LAl r Vi i
or der "t o HEreRi g Filftel BaLHE 626 U S BERb Y A tc RURREGIPUR, Effbeler
si gnal s fdefine theactCdhbleagplare converted into a suitable data set conprised

of digital values. The digital data set is then pre-loaded into the

cont rol | g0214]023Fjglire 7GEk floA@h&OEHcYiag 8&8ps ArlaahicthO@L 200 R cwinbletide ptwbllbdhe
operator may select a location within the wellbore in which to actuate a
downhol e ust@ autpporaeusetoolsp 18 efisecmbedimgetat ilbricedrdencs wibithg reethpd 790, Hie

al gorith i r c |l t\hat. j S| I
oy be. SoMIPRr® PR Bk PE I mblbi Al Al SP) 60 ShimEDr AL SR RS .
devi ce. Siieh) s dest e in@dythdecllbare, add amppreduaiohrcasihg hadlgeeplcegemed ito place.

fracturing gun. [0238] Casing collar |ocators operate by sensing changes in

magnetic DA al URY MetB&SIY first includes providing a first autonomous perforating gun
assembly. This is shown in Box 710. The first autonomous perforating gun assembly is
manufactured in accordance with the perforating gun assembly 300° described above, in its
various embodiments. The first autonomous perforating gun assembly is substantially
fabricated from a friable material, and is designed to self-destruct, preferably upon detonation

of charges.

[0218] The method 700 next includes deploying the first perforating gun assembly into
the wellbore. This is seen at Box 720. The first perforating gun assembly is configured to
detect a first selected zone of interest along the wellbore. Thus, as the first perforating gun
assembly is pumped or otherwise falls down the wellbore, it will monitor its depth or

otherwise determine when it has arrived at the first selected zone of interest.

[0219] The method 700 also includes detecting the first selected zone of interest along the

wellbore. This is seen at Box 730. In one aspect, detecting is accomplished by pre-loading a
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wal | . Such changes are induced by differences in the thickness of the
nmetallic pipe formng the joints of casing. These changes in wall thickness
i nduce elwotni2ombk3oeurrent to flowin a wire or along a ®corius2dih@érasi ng
collar | ocator detects these changes and records them as magnetic signals.
[0239] 1t is noted that a CCL will carry its own processor. The processor
converts pth%icéleﬁ?ﬁéiﬁ& FRERE Wl bsiecdnaihs pdﬂfo@atﬁiggtgﬁ@aszfe@fmy UgtltldtAatch the
anal og-to-digital converter. These S|?nals may then be upl oaded for review
and savedigmtyaras ibfirayereesndirpugh fhel wellpage40fhet peréorkinegvsur gsseaitdy wliomaely

| ogs in cppnecti with th |.eti.qn or rvi ci .Of, 1. [he | og
or ovi des SagE o dateted apof REP by e AhecBR AR sl TY Sebitorc,c
pl acenmentmgf bpeeicas@tforoaanplic, B9Woding @in RORGE or tevwhed collat patfer apDSRA
herein to use a casing collar |ocator as part of an autononous tool. As the
aut ononoEEIEM. i s deployed into a wellbore, it creates a second CCL | og.

[ 0241] The aut ononpus tool has a processor that receives magnetic signals

from t he [8%20]boail e swdiodg’0dhither ihdudesdiringTihetsprlonsetis dirstsaone e int¢rese This
signals as a _secon ta.set. The prqcessor .is.progr d.to transform
el S gl TS o LS FRRU R B e e U A SR ok

anal ysi s.sutBu@difly striap of pfaRlupiciCRsHgant bLtcdBitd el sybsefparematibe transf or med
CCL log with the first CCL | og during deploynent of the downhole tool. The

processorjgdhgn CohE ShARKRE 7«@%}&%@@&&@9@% *ilﬁ‘% h QgSoridn@ttominfods b odtingea R
casing collar locations. In this way, the autononmous tool knows its

| ocat i on aasaoridy t Rbisuesdechat Bon{75&| The pagend afitoparndus ppafocatBgguo\ebsiedlnis also

fl h how hod f ' downhol
R L N e N e iy

hol e. [ 0Z4agbudhembaiimests808e tédosll aildabmMOeSpafulating il BscaiBly dadiso sdbtahtifiy a
wel | bore. This is shown in Box 810. The CCL data set is o%tained t hrough a

CCL | og tfhbricatag frmm aifFiakle mperind| and oy destaned tovpaledgstract upee dgiopaliomef dhaseche,
for exanple, a slick line, a braided wire line, an electric line, or other
line. Thd02Z%l datthe swthodéi®0dsheraneuddsrdsplogdig the§rst perfotabngugin bssembly into

thi s rospiibeiboe oahTPagnal FRSel AR rEPREbY ki s iR it de |

accor di ngictd@t b ReconBiselderes Pasd Hlintddése wiodsdhdyelithise PITRES, lak M@ céhepsmIrhthy e.
Optionally, the pipe includes pup joints at irregular intervals to serve as
conf i r matényassiellkds ppopad prethersist el lssdovm theowplaredé avill epeidtor dg dgpth or

| ocation W thi I r % r.-act ' ' This is
provided(ﬁﬁ&g%%(%g%mﬂﬁﬁgg%éf?S%P% éﬁﬁ%&%ﬁg@i%%%k@%&ﬁgggﬁ%ﬁgﬁ.a perforating
]9 Iu ::] s'? ' C%_[B?%%t urifid nPelthuo%' 70-5ha soI i%&%hésogetelc%ing S ond gerl]ectceedf song of ‘i:"ntgr%sttarlloeng

the wellbore. This is seen at Box 770. Detecting may again be accomplished by pre-loading

a physical signature of the wellbore. The perforating gun assembly seeks to match the

signature as it traverses through the wellbore. The perforating gun assembly ultimately

detects the second selected zone of interest by matching the physical signature.

[0224] The method 700 further includes firing shots along the second zone of interest.
This is provided in Box 780. Firing shots produces perforations. The shots penetrate the
surrounding string of production casing and extend into the subsurface formation. Preferably,
the second zone of interest is above the first zone of interest, although it may be below the

first zone of interest.

[0225] The method 700 may optionally include injecting hydraulic fluid under high
pressure to fracture the formation. This is shown at Box 790. The formation may be

fractured by directing fluid through perforations along the first selected zone of interest, by
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[ 0246] The met hod 800 next includes downl oading the first CCL log into a
processor. This is shown at Box 830. The processor is an on-board

cont rol | ewotzhetose®2part of an aut ononous tool. The aut oromaIsg0tM6I228] SO

i ncludes the actuatable well bore device. Thus, where the wel| bore device is
a perforating gun, the autonomous tool is a perforating gun assenbly.

[ 0247] Theyirmtimo dlu@Phogt peabRIibSE a10AE PIhE Ydebshd bedembRd @ f akieRRONEUSoth 00!
into the wellbore. This is indicated at Box 840. The downhol e t ool

conpr i sePrefeeabhy, decedwidcontaing peeppanly col | ar | ocator, and the actuatabl e

wel | bore device. Optionally, the downhole tool also includes a battery pack
and a fi dA22g ned%herd DRAFdEEorek oy int¢ras anebdiog p&Beratedcind destusah di ingesrable

actuati on sin%gal tgi actuat e heAact ug_t?a l e wel | bore devi ((g)led Itpi ) ti )

or ovi ded IR #sB ORI &65ghal AREPERly, T P HEhr BRESLINYS IS AUOTRPPor e
devi ce. Wﬁ%’hﬁiﬂghﬁuw&;éﬂ%lf 200V 46Rribsd abHRY, fafd akd BEI blerstdBR R]EARIGRLHIIS. gun
i s detonated, causing perforations to be forned in the casing. [0249]As

i ndi cat edienbaoscaBB0arctvenned| doavhelediesiceleofif shaperirptéensasnd may sl peteddn a

| ocati On'leTiIil Sﬂi s%\; rfernle Ofnatrileog SE{' t%CtbeH iarl]erB(a)u)r(e 088,%‘10'(1 (& b oreSin Jc(:)ornte;[irbeer and
processor 19" %kndw Aot SEndPthe 'St udtl 9n s gna?, The processor 15

pr e- pr ogrrare®d. viaOdafihbhd Yen Sheravbies doeabllrebeloh the &card ipchotatisg nByn be
used for actuating the downhole tool. The algorithmis in the form of

st eps, praéféﬁﬂdéﬂ- generally at 900. First, the processor is programed to
record magnetic signals. The step of recording nmagnetic signals is shown at
Box 910. [#P27]si gkt steps eof dBexai7h@dhronglo Beix 7HE npasbagepsatet aruntasewst smeadont he
downhol e t ool is depl-oyed. . Speci.ficall t he signals are .recorded

cont 1 nuodbPbleL T B MRst SR8 il 458h el PugioL B R R S noarin o
tool travripesiohfieueasy Ppesstll bahscddngittrevael 10n6¢ BaveBeen pagietcic signal s
forma second CCL |og. [0251] The steps 900 next include transform ng the
second @zmt a $8t nRlthdd 20 RCAWMihING -forl DérsicdlS idcNHEE Bl thotzoRaNy 23Rplcide
second data set is transformed by applying a noving w ndowed

stati sti cadllsadakygps of thiowell 1@11DgoR0RRCThYSRbUcky 08atRod of GRE 2eFiange don the

provides a list of steps that be ed . fo | yi-ng the nmoyi ng..w ndowed
Crati st ciongiigny ot Rl oo drab Rt hetBRaA Farutore SEAEs
r epr esentendite ah@@eiitdiynof ARPhYEMBIENS MR MISHID VR Bosd. Al BidheakndaaldIs] S

all ows the algorithm 1000 to determ ne whether magnetic signals in their
t r ansf or rndeludingtheriaqrtaldy camplstadgelise dhe hyeahbesgmay foet enpsdgdearn giufelsgred

oot on. IEOEETS 8 PR gh ARG TR KET e ToB8) Wbl bRl e orBult |

par anmet eras tlartee bf thatwell.

[0229] It is also noted that the method 700 has application for the completion of both

production wells and injection wells.

[0230] The above-described tools and methods concern an autonomous tool, that is, a tool
that is not actuated from the surface. The autonomous tool would again be a tool assembly
that includes an actuatable tool. The tool assembly also includes a location device. The
location device serves to sense the location of the actuatable tool within the wellbore based
on a physical signature provided along the wellbore. The location device and corresponding
physical signature may operate in accordance with the embodiments described above for the
autonomous tool assemblies 200’ (of Figure 2) and 300’ (of Figure 3). For example, the
location device may be a collar locator, and the signature is formed by the spacing of collars

along the tubular body, with the collars being sensed by the collar locator.

[0231] The tool assembly further includes an on-board controller. The on-board

controller is configured to send an actuation signal to the tool when the location device has
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established. This is provided at Box 1010. The operational paraneters
relate to the calculation of a wi ndowed nean and a covariance nmatri x.

[ 0254] Fi gmoeo2ospsvovi des a fl owchart for detern nati onsPCTAB20hAt12ar e nade
for the operational paraneters. One of the operational paraneters relates
to what is referred to as a "pattern wi ndow." The pattern window (W is a

set of magaRhiLdaisERkd YeHatES of 86 A6l BdsdMont the phfdicad SiRaRTre. TR 2@RAIBIAboIMUSE
determ ne the wi ndow size (W) for the pattern windows. This is seen at Box

1110. [ 02s5%fsignédstopbepetupted to nstrforrhdhparallbpre opanetion Vespanseite dee pefueienrer
| ess tha%iqﬁ/ collar of data. This determnation is dependent on the
vel ocity Gt “he CCL sensor as the autonomous tool traverses the collars.

Typi cal | tt i ndow si /). is,about 10 | es.  of

exarp e, PP Ine” Tobft Fabidiadth e ateils 1B RFEEL ortn GRa Foneitr St o

sanpl i ng tffs dbRAABAEShd Blol S8y i@MEbrichted F&h! Affridtie Jmefté}gil. L;ghé SR %obird
re

then the pattern w ndow ( may have a size (W) of about 5. M '

t ypi cal | ycontrplderssnButhermpnbgursaripl seng atdeoation 4@nshipltes dponatsec dadice @nd
the pattern w.ndow size .(W). woul d .t hen.be ahout, 10 sanples. [.0256];Angt-her
of the. opet B MBRATecAEE s Sk OBy kol P i Ry inetioB B ot m
sanpl i ng.dedtngets i pespbngdefol thiengtiaion raft the QfctB@bR tddl I'Ehis eliycaipd vaterdBehe
1120. In one aspect, the rate of sanpling is no nore than 1,000 sanpl es per
second oractugble fnobfieapirforating ke InHIHICE AStagapthestogk psssE®hn dnay be self-
[0257]'d%%h5¥nh§he rate of sanpling is correlated to the velocity of the
aut ononous t ool %i n the wel | bore. Preferably, the rate is sufficient to

capture en about 3 and 40,sanpl i thin eak. . St at.ed. anot her, way,
Cho sampiiagtly at b Sl iinBSeiloE WReEDIg b PR EREME PHE DGRt

col lar. Bynigirc@fto epsafif SubstdntibinBuidogdal intheh raauptddngithin e {ibel/ H6gpRAM thaand
if acollar 1s 1 foot in length, then the rate of sanpling would preferably
be about $3Bcted laggionahphr dsictyaing plugoermprisppan glestogrpig gopwrg/aspt Bnd e spbaf

[ 0258] A”%ﬁi@?%or%“ol%@h%@@éaﬁyé gf“@% t&(ij’;gh@énélﬂﬁéf ?wﬁc{rﬂﬂk tiEseRle aﬁ&{aﬁ%}ooo Is a

menory paraneter he s e nenory paraneter itt is

i ded 130.. Th itt det. i i
G gnal s d084lver M PRt ORI s by LSRRG LR TR ©

al gorithmy cdyfhiad ky forlche stbyttiil Paideget heh tabtuddel lwiltin aRoOHibuls bodyhat $hd s
al so a single, unitless nunber. HOZSQ%The val ue of the nmenory paraneter itt
i s al so delsetsddegation. {The tep)apssgbly b fabiigajedofrommemiigbloripatenal. tlds|bridgpelugal ue

Form- t naoRks PRy Fhold oalifls LG CRPRLER, (ol dfe ARG oo S

10, and idssdnitdy pRoxmyte plar @teetedrlotdtioni s 0. 1, the nunber of sanples stored in
menory for operating the algorithmmy be calculated as: No. = W * 1 /I

[0235] Other tools may serve as the actuatable tool. These may include a casing patch
and a cement retainer. These tools may be fabricated from a millable material, such as

ceramic, phenolic, composite, cast iron, brass, aluminum, or combinations thereof.

[0236] In each of the above-described embodiments for an autonomous tool (200°, 300°,
610°), the on-board controller may be pre-programmed with the physical signature of the
wellbore undergoing completion. This means that a baseline CCL log is run before
deploying the autonomous tool in order to determine the unique spacing of the casing collars.
The magnetic signals from the CCL log are converted into a suitable data set comprised of

digital values. The digital data set is then pre-loaded into the controller.

[0237] The CCL log correlates collar location with depth. The operator may select a
location within the wellbore in which to actuate a downhole tool. In order to sense the

location of the casing collars, an algorithm may be provided for the controller so that an
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=10 * -1 0.1 =100 In this illustrative equation, the algorithm 1000 would
store the |ast 100 sanples in applying the moving w ndowed statistical

anal ysi s,wbap12¢08230pl e, in determ ning the Residue(t), diPsTass@dobeRow.

[ 0260] As an alternative, the algorithm 1000 nay only store the last 10
magneti c signal sanples, but then use the nenory paraneter itt to weight

the nost fRGAEGE sRALL R DM SBRIONWY tﬁ@@ﬁbl@ﬁna@me%th' B thbenIBdre@ duat BRVdIIBErdTEaN
mt+1) and a noving covariance matri X descri bed bel ow.

[ 0261] Ancictise. Spelr at¢vermay betfor exammpie, tarféacalrgxgrplmmm a{yaguring gites t o
pre-setting a peak- detection threshold. Pre-setting a peak-detection
t hr eshol d0238]sho@asihg c@der l[dddd@s offtretedpescasiog cha;gesétmagndtiniﬂlixadlonw esiny d

Lot navdlE; SeEaRTEO SRt Dol HirB ke nu e dhicRitt O e T pib By © 7

initiate tfe athisRrabiing H‘h@%chaﬁgéé POwAID hislalcb P IR EO BleBhiRSCourtAE tPF10G SR SOT
starts to collect magnetic signal data. The processor then adjusts the

pre-set peiak Od@ko@gta eml.t Hheshong cottdyi locatpr (letedts dwsershengesldnd reqpedskthem as
det ection, 54 gnqt anot her operational feature relates to the selection
of tool dr control decisions. This is present ed at Box 1150. For

exanpl e, ownh Ie t ool perforatin en the ste

1150 i | |l'0§#d| b SRl Sqtondt PaR 5 N Enn o miodtisn U 8 ¢ o
fire charggsded fmatgh@ncd \gﬂm@hﬁmt aRlital SorfPsiAk N Wha3&s- ton@lguﬂeéanvartéﬂ aqtpgd ng
plug, then the step ox 1150 w Il include selecting a | ocation at which
the plug Sllglaiscm@eth@ebe uplondes fiaerdvisor end §20063] Rat effthe mgllisdilei gure 10, the
al gorithm steps 1000 al so include conputing a noving wi ndowed nmean n{t+1).
This is dP240]dedltas kBoxn fdRer td Iﬁ?é?Ln’mgi; ngcampection( Wi jheroepipdsientos sa'vmixvg' ofy

average for th etic si.gnal u of a pattern ndo to be
Sheer ved a nal EniEEn e herufar e iR 1 pl PR el e P pit kR ac
i ndi vi dUaﬂlao@ﬁ{ehﬁéppé’ifd?ﬁlt%s(oWdov&Jn'ﬁ&eeé‘i‘ﬂlprﬁéﬁ? H@)"J\}e\(fbldll'@il pR&Ids8d ReMi@Oe a

val ues (for exanple, {x2, x3 xwg }) are placed in vector form A
movi ng awesiageotrtledfor as rattarf a@@ntqnnmus topl.c St edomreusttoetes dfdoH] iMtve

novi ng mean | +1 LS 1| n vector form Further, the noving nean

m(t +1) i ?iﬁ% é%ﬁe 3%3 %%?B%(ﬁgk#’ 3F1 y wei ghted noving average. The noving

mean n(t ﬁ%4ﬂay t|1Ee auto gl’glglgs t%%fge{sdall Ir)] cgs(go;r[ trflgt Ie%lellv(e)sw mggnetl% 1gna?s from the on-
board casing collar locator. The processor stores these signals as a second CCL data set. The
processor is programmed to transform the signals in the second CCL data set using a moving
windowed statistical analysis. In addition, the processor incrementally compares the
transformed CCL log with the first CCL log during deployment of the downhole tool. The
processor then correlates values between the logs that are indicative of casing collar

locations. In this way, the autonomous tool knows its location along the wellbore at all times.

[0242] Figure 8 provides a flowchart showing general steps for a method 800 of
actuating a downhole tool. The method 800 is carried out in a wellbore completed as a cased
hole.

[0243] The method 800 first includes acquiring a CCL data set from a wellbore. This is
shown in Box 810. The CCL data set is obtained through a CCL log that is run into the
wellbore on a wireline. The wireline may be, for example, a slick line, a braided wire line, an

electric line, or other line. The CCL data set represents a first CCL log for the wellbore.

[0244] The first CCL log provides a physical signature for the wellbore. In this respect,

the CCL log correlates casing collar location with depth according to the unique spacing
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mt+ 1) = ,u y(t+l) + (1-,u) m(t) wherey(t+1l) is a sequence of magnetic
signal values in a nost recent pattern wi ndow (W1), and n(t) is the nean
of magnetwo 28i¢nsado2val ues for a precedi ng pattern w ndowRCfWS20110223]1 By way
of further explanation, y(t) represents a collection of nagnetic signal
values within a pattern window, {xi, x25 x3,. . . xw. This is in vector

form By groBlé®By tRDpipy lihifid the WAIREEND t@naoa | 1he G ORclal 6Iﬂt§ tSeg\ah
val ues Wlﬁtrhl n tﬁ% nerbilt) palt ern wi ndow, §1 9 (i)g? : GW a |sgl?hrus a

vect or t Haterygétte seomtab aerfirmptarp ¢heckd, W|th the vect or prefer any bei ng an
exponential ly wei ghted noving average of the pattern w ndow. [0266] The

al gori t hri024dps ToOOmathodi §90r elsd Oinaludes iseclcttinge aclooptinn mgthan 1ty i wiglbaiandowed
second no At This i nd| cat. d at . Bo 0 novi ng _secon
roment ACELR|ng & WATbBrs §i e BE PotRYIOBH af BRARPY, 10 cHBveRs LR dHen
IS an expeaeBld, gipkfoMehg ?{n@@r AVRtAGRg %h\?gt Ti%e eadtonl i8tRskeAGRAN dFddéhdeQo ke
follow ng equation: A(t+ =ittt y(t+1) x [y(t+1)T + (1-,u) A(t) ]J. In

gener al tfefﬁtrﬁéCLéogecond nonment is the product of the data. The general form
is: A(t) = mt) * m(t)T where n(t)T is nm(t) transposed. WO
2012/ 08230246]T/ USR0 1ictiasil 8¢ n:0 2601 ddsed @ goadin thesﬁfspéiCIDﬁ@ ofo FipgowessotO

| [ | yde . t [ d d t (t hi [
Ceon nt ES 10900 b e, B0 onfhe” hRCRR & oY pyCteg cgareet Fed i o okGi ng
to the f Od!ultd?l%ﬂﬂs ?(Qﬂat"ﬂh@ NiutoRofdotid ooT afih tlﬂ-C]h)lde'S A Ec"tﬂte)tane Walbdd) delice. ks,

covariance matrix E (t+1) is continuously updated, neaning that it is a
movi ng veehase the wellbore device is a perforating gun, the autonomous tool 1s a perforating gun

assembly.

[0247] The method 800 next comprises deploying the downhole autonomous tool into the
wellbore. This is indicated at Box 840. The downhole tool comprises the processor, the
casing collar locator, and the actuatable wellbore device. Optionally, the downhole tool also

includes a battery pack and a fishing neck.

[0248] Finally, the method 800 includes sending an actuation signal to actuate the
actuatable wellbore device. This is provided at Box 850. The signal is sent from the
processor to the wellbore device. Where the wellbore device is a perforating gun, the

perforating gun is detonated, causing perforations to be formed in the casing.

[0249] As indicated in Box 850, the wellbore device is actuated at the selected location.
This is the location selected in Box 820. In order for the processor to know when to send the

actuation signal, the processor is pre-programmed.

[0250] Figure 9 provides features of an algorithm as may be used for actuating the
downhole tool. The algorithm is in the form of steps, provided generally at 900. First, the
processor is programmed to record magnetic signals. The step of recording magnetic signals
is shown at Box 910. The signals are obtained through the casing collar locator as the
downhole tool is deployed. Specifically, the signals are recorded continuously, such as, for
example, 150 times per second, as the downhole tool traverses the casing collars along the

wellbore. The magnetic signals form a second CCL log.

[0251] The steps 900 next include transforming the second CCL data set of the second
log. This is indicated at Box 920. The second CCL data set is transformed by applying a

moving windowed statistical analysis.
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[0268]1t is noted that in conputing the noving nean n(t+1) and the noving
covariance matrix E (t+1), certain initial values should be set. Thus, for
exanpl e, wbheorpsemor shoul d define: MW = wherem(W i #Crhis2omani2e(t) for
a first pattern w ndow (V\), and y(W is a transpose for m(W; The operator

may al so define: y(w [ Xi, X2, x3,. . . "AT when the downhole tool is
depl oyed,[0p4Hr eXFiguFd. 10X§rov1des a hétV‘bff BpLHRN VBB AL L f Gpdfiny ahdl@RovMg hi n
apattern wi ndow (W. The operator may also define E (W as a matrix o

zeroes. [WiRdoYThetatistigel pedmist dhssclgom of shptgurg@nmllalaédﬂﬂﬂtcmsﬂd@pte@emmm ng
a Resi due val S._18S. I, de fers
a way of o) Or%grp B49‘% P%bévogvec or'd Btvtl'n1 fimﬁgdi %tlsl%téal a Sls Jﬁws‘%ﬁ? a%lggthng%

stat
The Resi chteerﬁtﬁe)wh@mreﬁﬁgheﬁc &1@ﬁalb/arh&ieﬁrtﬁihlsﬁandbc$ brancscbal neigrakel tﬁﬂ:shold
recent pattern W ndow and the present noving nean n(t+1), and may be

conput ed TagKovighahyakues Weed 8iel By hr)d dertheyire magked-as pyatgntial skt of aspllsr [ E
(t - 0-1 x.divht) - nm(t-1)] whereR(t) is a single, unitless number y(t) is a
vect or representlng a coIIectlon of nagnetlc S|gnal values for a present

pattern giﬁw ( ﬁ) r.esent.i ng
Gl I oot ONPBA e PR, ol e, bt oio0h. sPRESATE Bt BFmiibuctl By
established. This is prov1ded at Box 1010. The operational parameters relate to the

calculation of a windowed mean and a covariance matrix.

[0254] Figure 11 provides a flowchart for determinations 1100 that are made for the
operational parameters. One of the operational parameters relates to what is referred to as a
“pattern window.” The pattern window (W) is a set of magnetic signal values recorded by
the CCL sensor. The operator must determine the window size (W) for the pattern windows.

This 1s seen at Box 1110.

[0255] It is preferred that the pattern window (W) be sized to cover less than one collar of
data. This determination is dependent on the velocity of the CCL sensor as the autonomous
tool traverses the collars. Typically, the pattern window size (W’) is about 10 samples. By
way of example, if the tool is traveling at 10 feet/second, and if the sensor is sampling at 10
samples per second, and if a collar is 1 foot in length, then the pattern window (W) may have
a size (W’) of about 5. More typically, the sensor may be sampling at 20 to 40 samples per

second, and the pattern window size (W’) would then be about 10 samples.

[0256] Another of the operational parameters from the algorithm 1000 is the rate of
sampling. The step of defining the rate of sampling is indicated at Box 1120. In one aspect,
the rate of sampling is no more than 1,000 samples per second or, more preferably, no more

than 500 samples per second.

[0257] Ideally, the rate of sampling is correlated to the velocity of the autonomous tool in
the wellbore. Preferably, the rate is sufficient to capture between about 3 and 40 samples
within a peak. Stated another way, the sampling rate captures about 3 to 40 signals as the
tool traverse a collar. By way of example, if the tool is traveling at 10 feet/second, and if a
collar is 1 foot in length, then the rate of sampling would preferably be about 30 to 400

samples per second.

_42 -



WO 2012/ 082302PCT/ US2011/ 061221 [0270]1t is noted that the al gorithm 1000
does not conpute the Residue value R(t) unless the nunber of sanples (t)

t hat has weeni2mki®n is greater than the size (W) of thecpatst@neizendow (W
multiplied by 2. This may be expressed as: t> 2 * W The reason is because
the covariance matrix Eis inverted (shown above as E (t - 1)1) when

conmput i nqob48 Reahndih@r BEtthe opBALLAR PAMBESS MMl theIQPA1HRI YOOWLs BEmemory
conput abl'e until the covariance matrix accunul ates a sufficient nunber “of

stati st i qurameiermt.edhe [sep7af] dffiming hermemeny IBOONGET Filgproaided a4 Bog 11301 ubees
est abl i shing angt her.  set ,of rational parameters.. This_ i hown at Box
To60. 11 PaeBCRideeRd drRRELAbh A AEIATRL Rlahaise e ool nnh ofhi ng
Thr eshol dnd\ihg dycragcddddlidiicgt tiee digomhay iTgscalyf the widddsr phammcte lerinli biaibbons
1200 that are rmade for these operational paraneters. One of the operational
par anet er&l.i Shigés alpp aginalenwhiesy nymbafreter ii. This is shown at Box 1210.
The menmory paraneter 11 is not a vector, but represents a single nunber. As
shown i n [OAI]f or he¢ salbe pbihe méreory latpencieryi iGradsg dcperdentdif thetagcrabe velaeiee! of

sanpl es ed to calculate~an initial Threshold T(t) or.tg updat novii ng
Thr eshol A culpfofBS et PR b M RRBREY Pufmbily & gl BERuRf, R e
tine it takest bokinich®aeftr®bah®bRniodplof it Slpestina1600. | & the Paneviewinddd, shoul d
be smal |l er than the spaci ng between the closest collars. In one aspect, 11

i s about V'3 it §0.5nd[ibsheamanerhisaBpiet 4tis Brlakhcpiimaliasos samples sigeed in memory
determ naf} @Q%%tﬁ%gte Qgﬁﬂfa%ﬁga@r%{%ﬂ%g deviation factor (STD Factor).

This is pro actor is a value that indicates the
| i kel i hood of an abnormality in the data. The al gorithm 1000 actual ly
functions to detect=abnarnalities. [0275]Prior to conputing threshold
values in the algorithm 1080, initial values may be established. Initial
val ues may be determ ned by: defining MR(2* W+1) = R(2* W+1)

=10 « -
0.1

= 100

In this illustrative equation, the algorithm 1000 would store the last 100 samples in applying
the moving windowed statistical analysis, for example, in determining the Residue(?),

discussed below.

[0260] As an alternative, the algorithm 1000 may only store the last 10 magnetic signal
samples, but then use the memory parameter x4 to weight the most recent pattern window
samples. This is then added to a moving mean m(#+1) and a moving covariance matrix

2 (t+1), described below.

[0261] Another operational feature for the algorithm 1000 relates to pre-setting a peak-
detection threshold. Pre-setting a peak-detection threshold is shown in Box 1140. The
operator may set an initial threshold for when the autonomous tool is first deployed. During
the time immediately after the initial launch of the autonomous tool, the algorithm 1000 may
initiate a calibration phase. During the calibration phase, the processor starts to collect
magnetic signal data. The processor then adjusts the pre-set peak detection threshold. This

will allow more robust peak detection.

[0262] Yet another operational feature relates to the selection of tool positions for control
decisions. This is presented at Box 1150. For example, if the downhole tool is a perforating

gun, then the step of Box 1150 will include selecting a location at which the perforating gun
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whereR represents the Residue, MR represents the Myving Residue, and (2*

W +1) indicates a calculation whent > 2* W, defining SR(2 * W + 1) =
[R(2 * WwoRpR/0s¥¥022012/ 082302PCT/ US2011/ 061221 wher eSRprCearsesiant 22t he
second nmonent of Residue, defining STDR(2*W +1) = 0, whereSTDR represents

t he standard deviation of the Residue, and defining T(2* W+1) = 0 when the

downhol e it @9kird éhaﬁl%@l qy 8- doMRORTI08! 15 (W dthirwiSPmeRABYHS% frh@urikY f)liu%' then the
threshol d value. [0276] Returning again to Figure 10, the al gorithm 1000

al so i nclstepesf BorpUS0nyilk inebidensglcThng ehisication atrwhichTihe plig istoka sat B

1070. As vvilfbr(l)rcorrputi ng the Residue R(t) of Box 1050, the noving Threshold

T(t+1) prvé? garaebly i's not enforced unl ess the nunber of sanples (t) that has
mul 01 pii 28] 5, REbShogTRorienRpa0 ey eleptr ok L9 e SaFeY bihutee 2
series ofymgahg WiRddvRiaSmedti &%@?.1$h@ri§?@&d%tfﬂmr tTIRhAWRE mdaans(-1 BP0

for conputing a nmoving threshold T(t+ [0278] First, the steps 1300
i ncl ude cepISENINHYMRVING\AVARSREYT tHe magmgticsignal Yhluss pfsa pastorn aindBox (VW% 10 .1s thhe

novi ng Resi due MR(t+1) is the Residue | ue over, ti t he patt.er.n.
w ndove (o UEm AR ey bURRERLE G LR R S E 65 ol PR A8 SRR R it e
f ol | oW ngpaggthatindew (W); instead, the individual pattern window values (for example, {X,, X3, X4, .

.. Xp+1}) are placed in vector form. A moving average m(7+1) is then continuously computed

over time.

[0264] The moving mean m(#+1) is preferably in vector form. Further, the moving mean
m(#+1) is preferably an exponentially weighted moving average. The moving mean m(#+1)

may be computed according to the following equation:

m(+1) = py(rrl) + (1-p) m()

where y(t+1) is a sequence of magnetic signal values in a most recent pattern
window (W+1), and

m(?) is the mean of magnetic signal values for a preceding pattern

window (W).

[0265] By way of further explanation, y(¢) represents a collection of magnetic signal
values within a pattern window, {xi, X5, X3, . . . X}. This is in vector form. By implication,
y(t+1) represents a collection of magnetic signal values within the next pattern window, {x,
X3, X4, . . . Xpr14. m(?) 1s thus a vector that gets continually updated, with the vector

preferably being an exponentially weighted moving average of the pattern window.

[0266] The algorithm steps 1000 of Figure 10 also include computing a moving
windowed second moment A(z+1). This is indicated at Box 1030. The moving second
moment A(z+1) is also in vector form. Preferably, the moving second moment is an

exponentially weighted average that is calculated according to the following equation:
A(t+]) = py(et]) x [y(+D)" + (1) A@) .

In general terms, a second moment is the product of the data. The general form is:
A = m() * m@)’

where m(7)” is m(¢) transposed.
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MR(t+1) = u R(t+1) + (1 -,u) MR(t) where u is the nmenory paraneter for the
w ndowed statistical analysis, MR(t) is the Mwving Residue at a preceding
pattern wodow/sased MR(t+1) is the Mwving Residue at a pCEdsealpeat2Rer n

wi ndow. [0279] The steps 1300 al so i nclude conmputing a second nonent

Resi due SR(t+1). This is shown at Box 1320. The second nonment Resi due

SR(t+1) 1[9269]S0 FhEDAEAEhMakiBs 100 SCIARRN G dI8E iS@eRNdoMBIRIY a0tndRasd due
over time as the pattern w ndows advance. The second nonent Resi due may

be cal culeindewet coradianes matihe (ftblgl oWhiggs équatlﬁ Bax 18P+ flihe eovagap@ matriy] 2 +
, U) SB t+)12Nmayd%r giﬁél%ﬁ?gg aécorcrillgﬁeeﬁl%r}gllo 121% eﬁfonReS' due at the preceding

pattern Wi secon of Residue at the present
pattern wi ndow. [0280] The steps 1300 for conputing a noving threshold
T(t+1) al so incl aderigemputing a(rstprdpn@ O@vi ati on of the Residue val ue
STDR(t+1). This is indicated at Box 1330. The standard devi ation of the

Resi due (t+1) is als vi ng. val represe ts a standard
devi at i o?%coﬁ%%%“&%“%% &T 5§ IW@“%&PP@% \}\?%Bﬁ’\&st s AdUaREYeCide
standard devi ation of the Residue value may be cal cul ated according to the

fol I owi nqogesjat i ans nStEPRk Tﬂ-bompﬁtnig BRMovidy meiﬂ\ﬁ(tt-kl)"aﬂa Thednavigg esvhRRadet1)
is the Standard Deviation of the Residue at
matrix X (#+1), certain initial values should be set. Thus for example, the operator should

define:
m(W) = »(W),

where m(W) is the mean m(¥) for a first pattern window (W), and

(W) is a transpose for m(W);

The operator may also define:
VW) = [x1, x2, X3, . . .x(W)]T when the downhole tool is deployed,

where X1, X2, X3, . . . Xw represent magnetic signal values within a pattern

window (W).
The operator may also define X (W) as a matrix of zeroes.

[0269] The algorithm steps 1000 of Figure 10 also include computing a Residue value
R(?). This is provided at Box 1050. The Residue R(?) offers a way of comparing two vectors
that belong to a statistical distribution. The Residue R(¥) represents the Mahalonobis distance
between the most recent pattern window (W) and the present moving mean m(#+1), and may

be computed according to the following equation:

R(®) = [0 - m@-D]" x [E@¢-1)" x [0 - m(-1)]

where R(?) is a single, unitless number
() 1s a vector representing a collection of magnetic signal values for a
present pattern window (W), and
m(z-1) is a vector representing the mean for a collection of magnetic

signal values for a preceding pattern window (W).
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present pattern wi ndow, [0281] The steps 1300 further include conputing a
nmovi ng Threshold T(t+1). This is seen at Box 1340. The Threshold T(t+1) is
al so a nowoOregivmbise, and represents a baseline for detePrirAiSagiohe21
potential start of a collar location as the pattern wi ndows (W advance.
The Threshold may be cal cul ated according to the foll ow ng equation: T(t+1)

= MR(t +1E027(ﬁ’TD ﬁ%h@ﬂ’edﬂl@ﬁfé‘%ﬁ ordthm: 100028&d RRtempuitdné Relibe Gfilﬁl@R(tB Hﬂl‘eﬁ €ps
1000 of Figure 10, the ster§) 00 al so provide for determni ng i f

movi ng Rebe @u@bvrabﬁéaﬂnqlt:sri thrpésha@ oeeis éaken He grastar nbprmheeszo(W Vel tln@ pla(t@ml)

This is off foIIovmn ry is mde: R(t-1) < T(t),
and R(t) ? \%X\Qr 'g&)l)l eS| eexr Se%ag a present pattern

wi ndow( W, R(t- 1) he Re5| due for a precedl ng pattern wi ndow (W, and
T(t) is the THr s o*l ‘'val ue for the present pattern window If the query is
satisfied, then the algorithm 1000 nmarks a tine (t) as a start of a

pot ent i alTieOkhsdh it B@G’&héeoﬂhe cbR2B3bNakeiagais invdirll (Haemdeoes Bl mak L ay'phhdox

1080 is only nmade if t > 2 x W. In addition, a collar location is only
mar ked i feompufipg teaRiesidee Bé’t){ anchthgj inderse mowiskecnesally nettbq sompietable sty the

paranet e rCO(IQIrlanCQ ?na\ﬁdup QC%Y}%%Ia%saat éu?ﬁélgrﬁl nu%ﬂ)%lr $f Atgtlstlcal samples.

[0271] The algorithm 1000 of Figure 10 also includes establishing another set of
operational parameters. This is shown at Box 1060. In this case, the operational parameters

relate to computing a moving Threshold T(z+1).

[0272] Figure 12 provides a flowchart for determinations 1200 that are made for these
operational parameters. One of the operational parameters is defining a memory parameter 1.
This is shown at Box 1210. The memory parameter 1 is not a vector, but represents a single
number. As shown in the formula below, the value assigned to n affects the number of

samples used to calculate an initial Threshold T(#) or to update a moving Threshold (#+1).

[0273] The memory parameter m should be greater than the time it takes for the
autonomous tool to cross a collar. However, 1 should be smaller than the spacing between

the closest collars. In one aspect, 1 is about 0.5 to 5.

[0274] Another operational parameter for the determinations 1200 is defining a standard
deviation factor (STD_Factor). This is provided at Box 1220. The STD_ Factor is a value
that indicates the likelihood of an abnormality in the data. The algorithm 1000 actually

functions to detect abnormalities.

[0275] Prior to computing threshold values in the algorithm 1000, initial values may be
established. Initial values may be determined by:
defining MR(2*W’+1) = R(2*W’+1)
where R represents the Residue,

MR represents the Moving Residue, and

(2% W’+1) indicates a calculation whent > 2% W’,

defining SR(2* W’+1) = [R(2* W’+1)]*
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This means that the tinme nust be greater than the w ndow size divided by
the nmenory paraneter /1. [0284] Fi gures 14A and 14B provi de screen shots
1400A, 14wW0Bof2ms2zan il |l ustrative portion of the second tcarustane2CCL | og.
Afirst line, indicated at 1410, represents real tinme magnetic signals
obtained fromthe depl oynent of the autononous tool as part of Box 840 and
the recording of sigmnats asrReples@ts (BO¥eBhd moh@e6PREk HuNe, | ndicated at
1420, represents the noving Residue R(t+1). The noving Residue R(t+1) is
obtai ned as part of Box 920 and the conputation of the noving Residue
R(t+1) as par tdedpingaXI OREF WTHe Tdvi ng resi due val ues forma |og that
becones the 'transf d gi i : . 285] 1 n each of
Fi gures 14A and 14@%&¥§e XSE@P@EPg%ﬁgigﬁ€§n§§§{%5%§§é?ﬁ%ﬁ}%%h éin uni ts of
feet. Thegﬁ-axis represents magnetic signal value or strength. In Figure
14A, magriétic signal values for the second CCL | og 1410 indicate two

distinct regio of aks, The first region, shown at 1430, shows peaks
(relatively hﬂ%%nﬁﬁéﬁ§f§@+§?jﬁQP@¥mﬂh%§gﬁgyﬂ%gmf@ﬁk@@@ﬁ@ative of collars.
Al ternatively, peaks in region 1430 nay be representative of a so-called
short joint. Such @k¥ert 6 HWV ti)gressays thadnitigighieshald valype second regi on
of peaks, shown at 1440, is representative of a collar. [0286] Moving to

Figure 14B, Figure 14B provi des_anot her screen shot 1400B. Mving Residue
val ues R([0%16] 14Returmpg tagaint foa Kiguse il tiscialgopighm 40904180 anpdides sopuRting rf
addi tion, ' I , h -at '

i nes. Tﬁggﬁé ?gﬁ%gggﬁqﬁgSMggkqgﬁgéﬁﬁ2&%0€£§?fa$gﬂgﬁgga§§gggg%]%%%?ggyf%he
met hod 1QIBEEBNS0] 880hovihpiThrésholdi BEUBsgdfctably hetotkaf@ved mlegnheatimber of t h
Figure 16. Peaks between 5 feet and 6 feet are indicative of a collar,
[0287] 1t EPkst@dthehaes Pern takprdharaatarithen theseze Wmbof e arféeraayindewddy) The
thresholqnmﬁrﬁ&gﬁfgjly chosen as a nean val ue plus one or two standard

devi ati ons. Pn igure 14B, the Threshold value T(t+1) neets the Residue
value R(t+1) at every collar starting around 5. WO

2012/ 082302P4T/ USRO tampatimdtc 0P 88k NORO rtseldi nimmiluxtys tacscHicgy of eal@ylatidms. dtigwee 900

L1 ansf or NEDCREbTd R TG ONrEn sond o o g e FRERIIAD Box o30.

The conparison takes place during deploynent of the autononous downhol e

tool in tlbg7slel | BRsethe s AP aid &Roa{puBay aI88VisOREGIR PR (val) Ughidiskvgen
the two | ogs indicative of casing collar |ocations. [0289] The conpari son

with respédiox HH10heThq meyingdresidlg MRy il hitothgeRegpidugrifsdic @vsh tivhe ahicrugeey i ¢
A GLE- gy 1 f '
Thove oi GREMRNSEW) LaMAES 1R hbithe Mo BUL Ay WG DEERAIFR S neriofel

of the stegpatidn:acquiring a CCL data set from Box 810, the nagnetic signals
for the first CCL log may further be transforned. For exanple, the signals
may undergo smR{AING LWR(Fanm-the Hi mRi(HCCL 1 og. Alternatively, the signals
may undergo a wi ndowed statistical analysis, such as the one described in
Figures 10, 11 and vlZréor thgifﬁgﬂﬁthﬁnﬁbQWﬁﬁQn@£rHB?tﬁ@CQH@oggh bt@Gktical
Transform ng both the first | og (the depth series) and the second CCL
log (the tinme series) allows aplsagnetic signals or pulses to | ook
simlar, for exanple, sinple S. 90] T ep..of incr. ntally.
conparing the transforned sec@ﬁ@g&t&?@gv%gthﬁeﬁ%ug aftiar ]ieciﬁ%%t%er%fvylgg%w’93o
is perforned using a collar pattern matching algorithm Preferably, the

al gorithm conpares peaks between the first and second | ogs, one peak at a
time. MR(#+1) is the Moving Residue at a presént pattern window.

[0279] The steps 1300 also include computing a second moment Residue SR(#+1). This
is shown at Box 1320. The second moment Residue SR(#+1) is also a moving value, and
represents the second moment of Residue over time as the pattern windows (W) advance.

The second moment Residue may be calculated according to the following equation:

SR(++1) = u [R(+D] + (1) SR()
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[ 0291] Figure 15 provides a flowhart for a nmethod 1500 of iteratively

conparing the transfornmed second CCL log with the first CCL log, in one
enbodi merw0 208 hod 1500 first includes determ ning &C3tuseat1osreet f or
mat ching. This is shown at Box 1510. The purpose for determning a start
time is so that the processor does not attenpt to identify collars from

peaks that are inewf@bly reagR@s ittescabiPMemRHS o RAIdueSt tHerprccafi gﬁttem
deployed in the wellbore. [0292]Figure 16 provi des a screen shot fOO for

initial magnetic signals 1610vin¥, 30od axis for Figure 16 represents depth

(measured in feet), while th I.s. represents_ si | . strepngth, |t n be
seen that a first set of peaﬁssﬁlq%d%thseisgﬁoéll %é@%lﬁg(%h%éggflugg?gipgesg%té)r?%lgrr? an
area nmarked at 1620. The signaindown area 1620 are found in the well bore
between 4 and 4.5 feet. These signals are not conpared in the collar
pattern matching_al gorithm of nmethod 1500. This is based on the inquiry

fr om Box [93%Y: FgQ stpREINN AT sRREingidgnpwng Hireshokb EGhE Aot inglpds eqqriutinga

shown at s@a[hdgfde@evala%g- of TthE @sﬂiﬂ@'v%ldensﬂbﬁg'#ﬁ?@h%rlg ih@URE] oD BBQelf?a%.l Iy e
between 5 and 6 feet. These signals fromarea 1630 represent a first
col I ar t htendhsl dephtement ¢t Resitthe SAdM@r§)sonalsd gomovingm Yadue, idhegres&ae.a

0294] Th t 1500 al so. includ bl i shi b I f f
the ol | SHTEHCIRHBIORI B CHiTO i G s TErRAT WHEgR 1890 eviite: peerinderd
ref er encefvl8b8bf iR FSRIUB SRR thayi RS Iculi&l Aesidts: thde foldwit3equation:- } are

obtained fromthe first CCL | og. These indicate respective depths of the

casing collars _in the wel tned fromthe first CCL | og. The
times {ti, t2,SARED) = ySREreh ARG for the |ocation of magnetic
signal responses in the transforned second CCL | og. These indicate
potential casing collheae | ocatSTiR(tak) dether anddd MYevidt®npod desBosidum at e
aut ononmous tool. At these instances, the transfornmed nmagnetic signal
responses exceed the movi ng THFSEHRAUGTNVINGY. [ 0295] The method 1500 al so
includes estimating an initial velocity of the autononous tool. This is

provi ded [@2gBox T83Qcpl 1306 qt@ﬂthetrqnﬁﬁéé BSthfutuR! ﬁfﬁiavyngvrhﬁ@m& 1) s Bsswred

t
to match time t1. Likew se, defpth 2 is assurmed to match time t2. Then, the
initial wetwetBax 1340c diheMhaesbdldab(7+1d2s aldd a woving valug, and 0pe6EThe bastlinodor1 500

al'so | nCld‘f‘:ge?*rsninl{Rg %He' prgjgen%af;gtlallt A arg%hgrhllog io'nna%%ﬁ(é péﬁ%'rﬁ wiidows (W) advance. The
Threshold may be calculated according to the following equation:
T(t+1) = MR(#+1) + STD Factor x STDR(#+1).
[0282] Returning to the algorithm steps 1000 of Figure 10, the steps 1000 also provide

for determining if the moving Residue value R(#+1) has crossed the moving Threshold value

T(t+1). This is offered in Box 1080. The following query is made:
R(#1) <T(¢), and
R(?) > T(¥).
where R(t) is the Residue value for a present pattern window(W),
R(#-1) is the Residue for a preceding pattern window (W), and
T(t) is the Threshold value for the present pattern window.
If the query is satisfied, then the algorithm 1000 marks a time (t) as a start of a potential
collar location.

[0283] Note again that the determination of Box 1080 is only made ift > 2 x W’. In

addition, a collar location is only marked if:
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i ndi cated at Box 1540. The index refers to the sequence of collar nmatches.
In the step of Box 1540, the last confirnmed match is indexed to be dk for

t he dept hwoantk/ase3okor the tine. The | ast confirmed vel oectrysesitiooaee w | |
be u. [0297] The net hod 1500 next includes determ ning the next match of
casing collars. This is seen at Box 1550. The matching is done using an
iterative procesgyof convergence. In one aspect, the iterative steps of
convergence artes —dk+i- dk (1) If v -satisfies (1 - e) u<v <(1 + e) u,
match dk+i with t4+1. V1-V1 In this query, e represents a margin of error.
Preferably, the margin "e" is not greater than about 10% (2) Else, if
(dk+i - dk) < v (ttwhere t/), Wakepettadkwindownuhbe, &d | og sequence and
reduce all later indices by 1. This nmeans that the algorithmtreats the
next depth nunber in sequence, ds @k thendi pRiEBS bO tHE eRiddbived §tdtiddcse,
if (dk+i - dk) > v (tt+i - tighgedgl ete d1+1 fromthe CCL | og sequence and
reduce all later indices by 1. This neans that the algorithmtreats the
next ti neltumsaps ithpt $bediarc gugs be Brdaterathan A vAndasy wizesdiviged thaypthe amemory
[0298]Theaggﬁ§8g 1500 then includes updating the indices, and repeating the
iterativé’proceé@ of Box 1550. This is provided in box 1560. In this way,
the collars between the two CCL | ogs are natched one at a tinme. [0299]It is
not ed her[@284jat FEiguxed ddAmds 14Boprocidul drdee dhepl d400\, i ROABWEr| hoilRisaativea
conti nuous co ri son made hetween the first and the second CCL | og w thout
using an Rorgamaph (6 Sﬁ?%@e’é@%qurﬁl\gg il 1o pécﬁfst e AfIGHPT £h i Kb dPResPigiey!
mat ch 1 0Gahd ARASNERAYEDNI Sbth¥eMASHE S ARAynRARKS 1R LtdiMRMs tdd1dk Ak B dxhe
presence of a collar” In such an arrangenent, the operator may choose

t hr eshol d%#0f ord thkercbordsig ¢fssignadsl aslg@ptthofsBox &4). aAdsesexbhde, (indichicdent t1i428,

series) CCL residues. .This would typically be chosen as.a L hg nmean | ue
o us one TSI SEanoUPE RistRamGra” 115 wiviEe dPras RGr TPttt part of ' ¢
posi ti onBdN9PPtahd B¢ BoBlistion REAhe MAidd REsifliOR(ANE ab QRrtosf BBE 1880 bpiee or
ot her pre-determ ned | ocation, the algorithm may continuously nmatch the

event st dnevipglroudua galpbs domn @ paws that diecomesuéhef gransfremgdit eigsatostoradost tha om
the CCL H%&:at these tines, as shown in the adjoining figure. However, such

. €850r, . .
a direct ‘conmpari son of val ues would not take into account spurious peaks or

i i that m .ari i it t he .fi t th d | .00,
ond 1t oo alt ehb Rl RS Tl and duBy hsirhin Rt denB G g g oS
met hod 13{IQcétePriRSLRkS réfteRARANEAIED il {4116 oAPRIRAE NIn FiRirfaUROehalrOR

automatical ly estimates velocity fromthe recent collar matches, and uses
current regrehesluesofopthisasend 1Cdclogyl 4 §tindreate swe ldgsiact wgiohe oé aedkiserThgrist

Thi s novel .enhapcenent vi,des robustness and error-correcting ability to

compensatdePhr Beghetohlo HER REH, taaTeid Hef opfiieD N BEie Bufiohiy ve

al | owi ng repmbdntatiet @FicbMars hangastitelyapeltiin adpor0V430 thhyTBe representative of a so-
called short joint. Such a short joint typically has two rings. The second region of peaks,

shown at 1440, is representative of a collar.

[0286] Moving to Figure 14B, Figure 14B provides another screen shot 1400B. Moving
Residue values R(#+1) 1420 for the transformed CCL log 1410 are again shown. In addition,
moving Threshold values T(#+1) are shown at 1450, in dashed lines. The early peaks
between 2 and 4.5 feet are discarded as part of the method 1000 (Box 1080). This is
discussed further below in connection with Figure 16. Pecaks between 5 feet and 6 feet are

indicative of a collar.

[0287] It is noted that the Threshold line 1450 is moving and adjusting. The threshold is
typically chosen as a mean value plus one or two standard deviations. In Figure 14B, the

Threshold value T(#+1) meets the Residue value R(#+1) at every collar starting around 5.
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[ 0301] Figures 17A, 17B, and 17C provide screen shots 1700A, 1700B, 1700C
denonstrating the use of the collar pattern matching algorithmfor the

met hod 1500 20f2/08e3pare 15. First, Figure 17A provides a ®Crasnoizioor221700A

t hat conpares depth readings for the autononous tool wi th depth readings
for the first CCL |og. The screen shot 1700A is a Cartesian graph that

pl ots colfpzgs! Op%bvor@tu%ﬁliﬂF%Fiﬁﬂ@@bthe[s%@@hmf& tﬂ@?fcd&eﬁs@@_ﬂl‘gﬁﬁ&rﬁ RExttilGudd r st
CCL log are indicated at l'ine 1710, while the depth readings for the

aut ononouscrewentaly sompaiieg thedransfaringeg seqad. CGhdog iwith the X0st €6 loae This is

aut ononou (o]o] MRS sed, upaon the coll ar ,natchin [,0C Figure 15 |t
can be sea it BEC o88neint D mpSun BeS TR, RIS BIRERER S Ut kB TO ¢
t he act ualowd@plehtobBasthe 8gklfboesn The chinpsiso@f B&Xg930 Boridlhtss KRIBPE bétwebh fie
1710 for the first CCL log and line 1720 for the transforned second CCL | og
subst ant it40119200dicatays of[coI08 FEil4 lpw@tieTB provi des a second screen shot
1700B. Screen shot 1700B shows a three-foot section of a wellbore along the
x-axi s. TABBH- axiTye cemparfspomid rgenschtoghe fisst §¥llylog noysSny@let a comparos of dust .

In Figure 17B. magnetic signals . 1730Q.fromust the first or. bas .o
are shownmautic JRAR ool @Rt it s Ryt R b, Spp D RES R e

si gnal s Li@fls, beadisscl 43I0 harecheeh @amVcyted howitalsfofaC A syarifehd Sef akequirdg a
collar is nost likely present between 1,005 and 1,006 feet. [0304] Fi gure
17C provitek dag sef fremrBox Sl@ethe snagnetiy gognals-fog the frstcCLE. logkmay 41ahd Rhe

same three; et Ll . -axi S 1.§: | B { et,
Sae Y SR APh oL} QL Al MK, Do kB ATR! Dbtk cel e

| i nes 174Qtanaivti5 Gharseznplsomiagachdetgone vwlidd®v¢de praasténat analgvis,magheds thesognal
readin rom the second log. This js from.the autonono t 00 Peak
1745 fgi#mr dqipg figures ilﬁ%&a%q%véz Jer dby meng i agnahsol then§650917§65¢% ok

t f i i 7 t
rans Or”ﬁgns?@r‘fr%% bofH-thle st @CLR%? @Iglﬂ?&é h SJM%‘,E;L%%F%%C%&)C i&%&ﬁé higleat es

cleanly wth the peaks 1745 of t w econé [ 0306] To Turt her
reduce ureses)allowy thermagdnetideigeds edpdessdodbdBGimpaaks ex7mple, simptdmmaks.
enbodi ment of this invention involves the use of two or nore CCL sensors
| ocat ed i[0290]e aUTheRrEpOifSint@olentallpeopypuping ehd gadsforptedWedend €dnkbgntith the

magneti c signal neasure ts. The algorithmfor the processar then_includes
a conpar ifirétngé%é?ﬁ_ ol SdHORTTaYsRE fRAI% nRieRiTA B AlsPBRGOLS ARy, 1 n
one aspeGhe afoBRihdl ERNates u‘%‘%{% té\%w%%r{%letfﬂﬁ%‘il%!%édbn&@%%! Ok RHPWRCOf Signal s,

are averaged before calc the nean Resid m(t+1). This helps to

snoot h t ghet. p I i . i ¢ .signals
e sepanPIy " Fighek SSPREPRRS & AR IEE 4 TR TR of LRATR0 ISk ey OE T
separ at eltyansfonfpad estow T feg With sie GEECCbgognidemetdnebodiragntofThBaxetR&D150Dhe
t ransf or d,s”gggl t hat. best match the collar. pattern from_the Eirst CCL

| og are SEPEREIEACS (AHPTBYRIAGA SaHBR (s malelupe.r Eats Huiong ahdopd Sht Lkt pyrapsse
peaks dugpl Qetlih@ftnoC GRABARSIs SO thlPhe YOS Yoes BRIt th siﬁiéﬁlti%é’ c&?a?hg fryd

that where two casing collar locators, or sensors, are enployed,
sensors meykdbbatsaparcattedy acadrowre ditstemes tedl anfirst bang deployedlsin ttieewellliconionous
t ool

[0292] Figure 16 provides a screen shot 1600 for initial magnetic signals 1610. The x-

axis for Figure 16 represents depth (measured in feet), while the y-axis represents signal
strength. It can be seen that a first set of peaks (high signal strength values) is seen in an area
marked at 1620. The signals in area 1620 are found in the wellbore between 4 and 4.5 feet.
These signals are not compared in the collar pattern matching algorithm of method 1500.

This is based on the inquiry from Box 1080:

2

y7i

[0293] Returning to Figure 15, a second set of peaks is shown at an areca 1630. The

signals in area 1630 are found in the wellbore between 5 and 6 feet. These signals from arca
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travel s across the collars, the dual sensors provide a built-in nmeasurenent
systemfor tool velocity. This is derived fromthe known | ength between the
two CCL swozorsased the timng between CCL peaks. Thi sPe@lusedttipe1221

measur enent nmay be conpared to or even substituted for the velocity
estimates fromthe step of Boxes 1540 and 1550. Figure 3 actually

dermonst r o688 @pleQQtt 228REIBIN BEOishidy 1A Berdt¥P iS BRAEGHParRER Ial ddPhrh MR hRMfod
314, 314". [0%08]As an alternative, the process of estimating the velocity
of the aut™Bonous tool fromthe steps of Boxes 1520, 1540, and 1550 may

i nvol ve using an acceleroneter. In this instance, the position |ocator 214
i ncl udes [8294ccellbe onethad 15@h absocmkcidonmesteblishmgabaselne ecfrivatesntoasthe esllar

accel erati on .experi.enced, duri.ng a freefall .  An accel eronmeter i ncl ud
T © o B BT e Wt 20 s bR P RES et N gttt s on
as a vectfhesqUand idfelyths Wh‘? ) i, QQ"(’}T‘L&% 6@ttaiﬂ%_ﬂ frbrh Rh@madt Yt C %g.S afhye@licatdhe
accel eroneter allows the position of an object to be determ ned.

Pr ef er ablrgsperties grpshist ofche barerg onllaponl e avcdlborterps| dgthemanedyirass displerst Thé log.
gyr oscopewoul d intain the.orientati f,..for.examle, the fracturin

ol g asser ymSol Sabcer Sl A ey foouia® o FAMRY vipt Feoap i 46 1

vel oci ty tembfoffab®Sccobtl T Radi TIgSe MMiycatdgdtekital @vgii@eslthr levatibRCisedi@thined
accuracy. [0309] Yet even nore el aborate iterative processes may be

enpl oyed.byH8e PESeasher B the grtoppmppytoes 0dt these lﬁétaﬂfﬁ’gftg danygreqshpagneig stanal or
even thr i e. f tching. For exanple, the |ast
three deﬁg%ggggggg%gq?%%ﬁ§¥ﬁ2ﬁ¥§%§%ﬁgﬁaﬂgecond CCL | ogs nmay be conpared to
determn vel.ocity an t.chin eaks sinul tanequsly. S a

erbod med?28, bafE i FEPR RSN RS RS AT ) BRE Rk 3 Bopemevie
vel | bor e t86ICHTIES issfrevidedl @t Bog 1880.S P6idef to/ adtindité QBISCIDLY V@St @plsl AkEmédto
performa nore robust pattern matching to determ ne velocity and depth.
However , Tp#elt 88 tng Léksadsr, idspthrfpds asstmef do amtei tinadp- aklediy Srceinitiad yplosity &nd
nore comlex.aloprithms slow the processing speed. [0310]In order to
conpare nore than one peak at a tine for the pattern matching algorithm a
dynam c progranning teghnique may be enpl oyed. The dynam c programm ng
techni que seekg + iffd a mninum and utilizes the follow ng equation: Mn
E(a+vti - di(i¥y)-2E (a+vtW. - dl1 ) 2L a,vl j=1 where:tais a
shift, meaning how nmuch a point is noved; v represents velocity, and is a

scaling factor; d represents depth; j*(i) = ArgMn +vti - 111 ; o
[0296] The method 1500 also includes updating a collar matching index. This is

indicated at Box 1540. The index refers to the sequence of collar matches. In the step of Box
1540, the last confirmed match is indexed to be di for the depth, and t; for the time. The last

confirmed velocity estimate will be u.

[0297] The method 1500 next includes determining the next match of casing collars.
This is seen at Box 1550. The matching is done using an iterative process of convergence. In

one aspect, the iterative steps of convergence are:

d,.,—d . .
(Hh Ifv-= [M] satisfies (1 —e)u < v < (1 +¢) u, match dy; with t;.
Vi =V

In this query, e represents a margin of error. Preferably, the margin "¢ is not

greater than about 10%.

(2)  Else, if (di1 —dp) < v (tz1 — t)), delete diry from the CCL log sequence and
reduce all later indices by 1. This means that the algorithm treats the next

depth number in sequence as d;.1, and returns to step (1).
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i*OQ = ArgMn +vti -(111; and ArgM n neans the value of a variable that
provides the minimum [0311]Figure 18 is a graphic broken into three boxes.
The t hr eewbare#sasoe i ndi cated as Box 1800A, Box 1800B, a&au/uSext108Q0C.
[0312] The first two boxes -- Boxes 1800A and 1800B -- each show two sets of
data. These represent circles 1810 and asterisk 1820. The circles 1810

represent casi@yg caikans @dentdy bed (Mlomz)t slefe d,Stfrdefkhd QL lbr@@ecﬁéh&r arRKS
1820 represent casing collars identified fromthe second data set. This

is the real time dacéucgediteedmdipgs bné. Jbts(mmdyattmlgorabmﬁrqaﬁéhen@@me@

1810 and the asteri sk 2 er|v fro d 1000 for applying
a novi ng wi ndowed Jtat ngPl“EP%EEEPyer %yﬁufp%&ﬂﬁﬁ g13]The axes in each

of Boxes 1800A and 1800B are each calibrated. The x- axis shows col | ar
sequenceq0298]hr oUgé nlsBhodAl $00cihes |11&Sud]68 Ju(pdaﬂmg metledhiced(andaaﬁaﬁm@ tiwaitdrbtivat ed
to 0. [0314]1t gan be seen in the fi OX -- 4§EA -- that the
circles 182¢saAtBeRASHL Bip dxovidod Hab%bﬁwp rlééliné &2y, deicgHars priygsn dre two

Ord|nary(§5ngsa/'&Q&h@JSnégtéﬁﬁé | ogging will appreciate that casing
collar logs ¢ e inprecise. I'n this respect, joints of casing can

generat e a[ﬁé‘é € PRk ed”h ?'Q‘Eﬂaltt taf ey o%%ﬁ%ug?édéat aﬁi?l!r)é do 'E%ymbaew%llﬁé Qg Bh1 S

creates need to ma {1 ca e first second
CCL Iogscoh&&kﬁ$E@n@mﬁmndﬁmdaebn@mﬁahéanmma@ahemganueccabhg9wﬁMﬁmdegame
provided, ais a shif meani ng how nuch a point is noved, while

repr esentlgerwedz,rpws éadhuSsre%pegfcéhlq ﬁI@Oflﬂp@t aeuldmpléa ‘@éﬁchtlﬂ%“@%b%%quﬁﬂféalb’est

possi bl e e E’lgfl%llgaggi?st &0 fRRd Ny 1ca£19%%1t@] 138&% dﬂrklu)fh b ?%‘E%Heﬂg the

factor v is ap I n Box 18 the |ft an he sc act or
are applugﬂnmhhneanh@meSmeduﬂmﬁﬁnuheﬁﬂﬁ(&b&ﬁwk@ﬂﬂs@nm)ambsawhé(m&heeh&ﬁﬂ

have becone éé§¥0|o el y li n g in QB? 18008B. éOSl? .The thlrp box - Box

1800C - appfy e st AR BoFRESAmes RJURY 4% Jran (valug nlwy ong or

pOI nts. The stdndeid otek}muéﬁ@lféd&t@ctrfh@stmt %@ c@udr%eho&qm;o%dabmgt Thé) Glaby f or
a given (a, v). The object function calculates a squared distance to a

near est doimt thel topcat the swdhoticn oBoxthars pecd¢tirmined dQW’U@Dt ghie vadgarethmy niay

provi ded. vex ﬁ the apj.ect ﬁy tion. is noted mﬁth a

near - oxacP N oT Ph s Pl E e Rk P E SR e G REdh o B ot
from the CCL log at these times, as shown in the adjoining figure. However, such a direct
comparison of values would not take into account spurious peaks or missing peaks that might
arise in either the first or the second CCL log, and it assumes a constant tool velocity within

the wellbore.

[0300] The method 1500 represents an enhancement to this approach. The method 1500
automatically estimates velocity from the recent collar matches, and uses current matches to
produce velocity estimates close to the earlier ones. This novel enhancement provides
robustness and error-correcting ability to compensate for occasional and random missing or

spurious peaks, while allowing small velocity changes to accumulate over time.

[0301] Figures 17A, 17B, and 17C provide screen shots 1700A, 1700B, 1700C
demonstrating the use of the collar pattern matching algorithm for the method 1500 of Figure
15. First, Figure 17A provides a screen shot 1700A that compares depth readings for the
autonomous tool with depth readings for the first CCL log. The screen shot 1700A is a
Cartesian graph that plots collar location against depth.

[0302] The depth readings for the first CCL log are indicated at line 1710, while the
depth readings for the autonomous tool are indicated at line 1720. The line 1720 from the

autonomous tool is based upon the collar matching process of Figure 15. It can be seen in
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[ 0318] The collar pattern matching al gorithm 1500 may be used al ong the
entire length of a wellbore. Alternatively, the algorithm 1500 may be used
al ong onlwoaormse3oeurrent portion of the well bore, forpexamspdig/oot2be | ast
1,000 feet traveled. To facilitate the use the pattern recognition

al gorithm 1500, the casing joints could be intentionally selected to have

di f f er entsct@Rgion$700.2 tha@XRNM L1 720Ymatbidivegy (el lwittoihetagtu@pdopeh mcasurdd froml/ 2
and 3/4 length joints. Using a designed conbi nation of short-long joints

wi || enabhe fireCQk degs dorthisocpsce lineclitldt for yhaibrerGRindog vad piosi k728rfoedhen | f
there are m ssed) é‘e%%{u‘i’{:dg “s%s%aél%%ﬁk%vér the second CO. | og.
o] |6ur €9,

[ 0319] Ret'urning again e's aé)ps 900 for actuating the downhol e

t ool next  iLnclude, sending an. actuati on si gnal e.actu b || bore
dovi co. B} o Bulike drBRRUgREh SiartheRisPon! Qi sttt Shilr Al RS

pr ocessorihRasosieResh bhe wielhekt fengvalc! ReKis NMieatd QN I frég Rt dbptSensdupdlyl S
based upon recognizing the last collar, or a last set of collars. Sending

t he act uat9®nfest 008 densedn thigureut Bhonegrstie signaksd 788 rffam gust tle Gt or base
function. S, Where t aut onommus..t oo} .i s.a _perfoeratin n ass ,
the st gnChitd a£ 868 pe BEMPIPIRIG 8 b SuPEIL ALY Q%R ITSR IR,
per f or at imgkd he3e urd eadly NBodasisngach[ L] Astakam be eaenisnewvel likes hésgues
are provided herein for controlling the timng of actions by an aut ononous
t ool traketwery gl le006dset rol i s based on a conbination of

dept h/frequency and tine/frequency signal processing and pattern

recogni t i[8304tet h&ignre d 7hapronides yttar thirdowrdeorsbot THYGanKRigpse 47Csis peehaengd on

mount ed. ane PGS WIFGRshSTL0r SUMUTRNE. R eg B il By Siru SR

magnet i c isimginakise bhdgndlegesler characteristic spi kes when the thicker
netallic segnent of a casing collar is crossed. The w rel ess aut ononous

tool is Qo§Es|o0r aMRELird (7€, AitiS Pi7a0 RAJCHSH SBYroHBEL. Y aGnd 1940 ReRERUISOMS Y
recorded CCL | og. The nethods disclosed herein will automatically match the
| atter tonaguetiesigeareaigngdior dwegcondECldeg. e Shik nofpmike @bndragpsiteels Weelds by

the auto t 0ol 321 ile i il] be appare h he .l nventi on

ner e - aagariieh il 7B iR s st B0 AR Bt b IR IR D e
set forthC@b®E or Residhid(h). hcaRIdRE RAt) AT SH Bairclbide clcBYIQRitHOMS paile BMSGERd bl e
to nodification, variation and change w thout departing fromthe spirit

t her eof rewaceaRd\ak lass claimed is: 1. A nethod of actuating a downhol e

tool in a wellbore, the wellbore having casing collars that forma physical
si gnat ur d08@a] t hdovieithgroredyucecamesriewing thecdpieatédh secanCCiCld prakss ET45f poothethe

wel | bore, the. a .set correlati recorded magnetic signals with
measur ed FUBEHI T G By TV g i PRl B T Rt ot PhoBe LA 8 i ng
a | ocati afutdMobtdul tédre Telpubise if @rpracide atd@datfmanest kidailemeRMictints. The
downl oading the first CCL log into a processor on-board the downhol e tool;

depl oyi ngladigh@danthe peoceessr thentierludes agemppBsan serchetype scahentigbsiahds withpol

traverse§pe autonomous tool. In one aspect, two signals, or two simultancously obtained windows of
signals, are averaged before calculation of the mean Residue m(#+1). This helps to smooth
the magnetic responses. In another embodiment, the magnetic signals are separately
transformed in parallel under the step of Box 920, and then separately compared with the first
CCL log under the step of Box 930. The transformed signals that best match the collar
pattern from the first CCL log are selected. In either instance, such redundancy helps detect

false peaks due to drastic changes in tool velocity.

[0307] It is also observed that where two casing collar locators, or sensors, are employed,
the sensors may be separated a known distance along the tool. As the autonomous tool
travels across the collars, the dual sensors provide a built-in measurement system for tool

velocity. This is derived from the known length between the two CCL sensors and the timing
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casing collars, the dowhole tool conprising the processor, a casing collar
| ocator, and an actuatabl e wel |l bore device; wherein the processor is

pr ogr ammewione12/082302  conti nuously record magneti c si gnalPsTas2athesewnhol e
tool traverses the casing collars, formng a second CCL | og;

transformthe recorded nmagnetic signals of the second CCL |og by applying a

novi ng WRdewadC L pbalst iMaad vél@éierﬁba%urement rélék e rc@ﬂi%@ﬁe@'td) Yr SRIPALKIth]RE for
transforned second CCL log with'the first during depl oynment of the

downhol e th@)mlomty estinTagdsdram ﬂ@l s@@soful?vmqe&éﬂ(l/@ldoﬁ adiigiyecioictunlly| deownptories

recogni ze th C | o n.i.n -1 ’ send an
act uati on tgPFasg lfel %ﬁﬂga\é@ a?ﬂaratvxg?ﬁnbon lo?a 8rvsl3clg ’\%/r%én t he processor has
cat and din

actuat 'ezﬁﬂéﬁfﬂ S48 e, hIREodR b BBt De Py e el Sl fudhomous g

net hod f Ugdrhelc ﬁ@p’ﬁ%ﬂ B&&s 1152051 SH0MhAD 1530 mE&lin ik stft aﬁ Qécelelﬂ&nétbf Stn -
| og by applying a noving wi ndowed’ statistical analysis: downl oadi ng

the firstingmce] thg pqattt@ndopq{@fcéls‘ls oeluslosrpr iagepicramaier.o dd webrmfnfrtiﬂr ista device
transfor r{‘ﬁdt mcasy eall%ﬁteraﬁtpg} X L OCnecs(z d[uH?ln b fcaill hgn h%glee&%?m }6 1ncrfu(%eh

<
t he processor SECS rans

the fi rstmﬁlhaaxss‘ @ﬁ}i@ﬂlt ﬂagcttma tude! aide diredtivasof e @adeleq‘amf a€ as &dor
collar locations. 3. The nethod of claim1l, wherein: the first CCL |o
r epr esent®@aptigye pWhe@ dRi C@ﬁlmum%loae\ﬁ% anaptical sgitarss dae accsleaometar aldews

and polsﬂl%h Risfdey C@é‘@&éﬁxﬂﬂe& hﬁre?e‘?&ﬁfdthé fpéﬁﬁ&?LcIEE r Woluid 9% WMclfletd he

first CCLTo usesaco Ing patt gorrthmto conpare an

correl at %ylrcmdop'e.dcrab gyeakspd epukisenintaig thastiagatt@l bfrfot oxahplonthe fracturing
plug assembly 200°. Accelerometer readings are compared with calculated velocity

estimates. Such readings may then be averaged for increased accuracy.

[0309] Yet even more elaborate iterative processes may be employed. For example, the
method 1500 may be upgraded by comparing two or even three peaks at a time for pattern
matching. For example, the last three detected peaks from the first and second CCL logs may
be compared to determine the velocity and matching peaks simultaneously. Such an
embodiment can beneficially take advantage of special features along the wellbore such as
short joints or spacing variations between collars to perform a more robust pattern matching
to determine velocity and depth. However, processing speed is important in obtaining

accurate results, and more complex algorithms slow the processing speed.

[0310] In order to compare more than one peak at a time for the pattern matching
algorithm, a dynamic programming technique may be employed. The dynamic programming

technique seeks to find a minimum, and utilizes the following equation:

N
2 2
Mzn Z(a+vt j(l.)) Z(a+vtl.(j) —dj)
=

i=1
where: a is a shift, meaning how much a point is moved;
v represents velocity, and is a scaling factor;

d represents depth;

j¥i) = ArgMin ‘a +vt, —d,;
j
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4. The nmethod of claim3, wherein applying a noving wi ndowed statistical
anal ysis conprises: defining a pattern w ndow size (W) for sets of

magnet i ¢ wogneloseamkues; and conputing a novi ng nean nt PCx/uses11ob22ragnet i c
signal values over time. 5. The nethod of claim4, wherein: t he
nmovi ng nmean n(t+1) is in vector formand represents a nean of magnetic

signal values for a pattehp “@ﬂ~ﬂ%ﬁ3¥lvr§gﬂhaﬁﬁfy'ng a novi ng w ndowed
statistical analysis fur't frer efining a nenory paraneter ,u

for the wi ndowed statistical anaIyS|s and cal cul ati ng a novi ng covari ance

matrix E (t+1) for the %%ﬂﬁh'n@eaﬁé BRI USS NS that hFFRrdes Bhe hilBmiBL hod of
claimb5, wherein: the noving mean n(t+1) is an exponentially wei ghted

movi ng average for the magnetic signal values for a pattern w ndow ( ;g and
&5

cal cul at |[ﬂ§;11d nmoVigwye riﬁaﬁarg(faphlq broen e thregyhetasc Taieghiat bondsuare indic
di I t+ 1) = t+1) + (1- t
aher ey (¢ A9° 1.%0*62\ B BB HRIG, T 51 Ghat val les i b a wost Fecont

wher ey(t I’'on o I ¢ signal values in a nDst recent

pattern t t he etic,signal value for a
pr ecedi ngbggzﬂt er Wfﬁﬁgwo(%‘ '7E° lm%‘f ég@g?d' TREIES g‘g‘&/l FHE OWA¥ei n
cal cul at 'Ms@réﬁé@eﬁgcﬁﬂé’@lﬂ}ﬁﬁ% ARéddkx 18200 LT cfrEs 18R %@&ﬁﬁﬂ SasfigI&lars
val ues conpri ses: onputing an exponentially wei ght novi ng second

monent A(identificfldrom He fm@@@hl@g sT@mﬂtemkls 4820 jepresemrpssing eeléars 1c1§>at1 ied from
mnndom1( covarla e nmatr

baced updfe PirREsandrieiser | Dokt Soed TR BE FEHERUSARE afphomBubidol “Bbin

the circles 1810 and the asterisk 1820 may be derived from the method 1000 for applying a

moving windowed statistical analysis in Figure 10.

[0313] The axes in cach of Boxes 1800A and 1800B arc cach calibrated. The x-axis
shows collar sequences 0 through 18. All circles 1810 and asterisks 1820 are calibrated to 0.

[0314] It can be secen in the first box -- Box 1800A -- that the circles 1810 and the
asterisks 1820 do not precisely align. Those of ordinary skill in the art of well logging will
appreciate that casing collar logs can be imprecise. In this respect, joints of casing can
generate false peaks. In addition, some casing collars may be missed. This creates a need to

mathematically align the data from the first and second CCL logs.

[0315] To provide casing collar matching, variables a and v are provided. « is a shift,
meaning how much a point is moved, while v represents velocity, and is a scaling factor. The

algorithm secks the best possible (a, v) to match points.

[0316] In Box 1800A, only the scaling factor v is applied. In Box 1800B, both the shift
and the scaling factor are applied. It can be seen that the circles 1810 and the asterisks 1820

have become more closely aligned in box 1800B.

[0317] The third box — Box 1800C — applies the pattern matching algorithm shown above
to a set of points. The algorithm secks to minimize a least squares object function for a given
(a, v). The object function calculates a squared distance to a nearest point. It can be seen in
Box 1800C that a corrected velocity is provided. Convexity of the object function is noted,

along with a near-exact match of the true scaling factor with the velocity estimate.

[0318] The collar pattern matching algorithm 1500 may be used along the entire length of

a wellbore. Alternatively, the algorithm 1500 may be used along only a most current portion

-55-



WO 2012/ 082302PCT/ US2011/ 061221 8. The met hod of claim 7, further
conprising: defining MW = y(W when the downhol e tool is deployed,

wher em{ WwoO=o0t21m823s2an n(t) for a first pattern wi ndow (WT/useal1p6dplis a
transpose for m(W,; and defining y(W = [x(1), x(2),. . . X(W]T when the
downhol e tool is deployed, wherex(1l), x(2), . . . x(W represent magnetic

si gnal vajfugs vOMleﬂen fé Ratlp®y, ThMaRA0000 Wet thveltBe TEFRAROhE UG e Dattern
wher ei n: rrputl ng an exponentially wei ghted second nonment A(t+1) is

done accdﬁ@ngﬁglwlgméhmdlﬂﬂﬁmhngasengmm@ rouldbe+atpntiorfatly s@e@ted}o BtaV[eyi(lﬁfe@yltr +

(1-,u) A vin ovari gnce tri

done nceorbiin eoer o K NGy kY IR BNy PLGR TN i, bk

[m(t+1)] 'Eiemgné(D corhibéhatieh e dshoft- lch@u j6ing, wilh esneblo t&i@girmd%g)ratmmbir@gc&\ArﬁltdgN\Bd

statistical analysis further conprises: conmputing an initial Residue R(t)

for when Qerfém&m%rw%m@apn if$hete pregyiserd weRs sy Rerevn tie ReeihteLrog +1)

over tine; and
[0319] Returning again to Figure 9, the steps 900 for actuating the downhole tool next
include sending an actuation signal to the actuatable wellbore device. This is seen at Box
950. The actuation signal is sent when the processor has sensed the selected wellbore
location, or depth. Sensing is based upon recognizing the last collar, or a last set of collars.
Sending the actuation signal causes the autonomous tool to perform its core function. Thus,
where the autonomous tool is a perforating gun assembly, the signal will cause the

perforating gun to detonate its charges, thereby perforating the surrounding casing.

[0320] As can be seen novel techniques are provided herein for controlling the timing of
actions by an autonomous tool traveling downhole. Control is based on a combination of
depth/frequency and time/frequency signal processing and pattern recognition methods to
match collar locations. The analysis is performed on the signal received from a magnetic
casing collar locator, or CCL sensor, mounted on the autonomous tool. The CCL sensor
continuously records magnetic signals that register characteristic spikes when the thicker
metallic segment of a casing collar is crossed. The wireless autonomous tool is pre-
programmed with a depth-based signal derived from a previously recorded CCL log. The
methods disclosed herein will automatically match the latter to the streaming CCL-based time

series from the CCL log measured by the autonomous tool.

[0321] While it will be apparent that the inventions herein described are well calculated
to achieve the benefits and advantages set forth above, it will be appreciated that the
inventions are susceptible to modification, variation and change without departing from the

spirit thereof.
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conputing a noving Threshold T(t+1) based on the noving Residue R(t+1). 11.
The nmethod of claim 11, wherein: the initial Residue R(t) is only conputed
if t > 2 wowbiwisesoet represents the nunber of nagnetic ®CErske1oberl have
been cunul atively obtained, and W represents the nunber of sanples, or
size, of each pattern window (W, and conputing the initial Residue R(t) is
done according to the follow ng equat i@gimf(t) = [y(t) - m(t-1 AT x [E (t -
-1 x [y(t) - mt-1)] whereR(t) is a single, unitless nunber y(t) is a
vect or reyheiseplaimRfl 8’ col | ection of nagnetic signal values for a present
pattern wi ndow (W, and n(t-1) is a vector representing the nean for a

col | ecti dn of Araggiked of sityataig ¢ alovaboleotookimeevdhory thattedborevhavegncqswe

12. The net.ho f.claiml11l, wherei Q i ng a mpving Threshold T(t+1)
comr 1 sectgadndtinngh &bRkfdn s EBEhE Br BRRtoR? BT AR 2snol o cal cul i1 ons:
and defini ng acgtigingar dCueditabétoforhabé WellbSEDtHeACT DI data 36} cofldRutiAE trbsld aff

claim 12, wherein: the noving Threshold T(t+1l) is only conputed If t > 2 x
W ; and magnetigpignalp wathanensyicd genihnterby feripg & fird 41CTalogIf9sthe wallbpiger

conprises mar l%ief%gti& 1 d%dd WithS tRe REHESL 18 acilfbh off wRIESR: ld@{ficé;ocat bon if:
downloading the first CCL log into a processor on-board the downhole tool;
deploying the downhole tool into the wellbore such that the downhole tool traverses
casing collars, the downhole tool comprising the processor, a casing collar locator, and an
actuatable wellbore device;
wherein the processor is programmed to:
continuously record magnetic signals as the downhole tool traverses
the casing collars, forming a second CCL log;
transform the recorded magnetic signals of the second CCL log by
applying a moving windowed statistical analysis;
incrementally compare the transformed second CCL log with the first
CCL log during deployment of the downhole tool to correlate values
indicative of casing collar locations;
recognize the selected location in the wellbore; and
send an actuation signal to the actuatable wellbore device when the
processor has recognized the selected location; and

sending the actuation signal to actuate the downhole tool.

2. The method of claim 1, wherein:

the method further comprises transforming the CCL data set for the first CCL log by
applying a moving windowed statistical analysis;

downloading the first CCL log into a processor comprises downloading the first
transformed CCL log into the processor on-board the downhole tool; and

the processor incrementally compares the second transformed CCL log with the first

transformed CCL log to correlate values indicative of casing collar locations.

3. The method of claim 1, wherein:

the first CCL log represents a depth series;
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t>-W, /-/ R(t-1) < T(t), and R(t)T(t). whereR(t) is a single, unitless
nunber for a present pattern wi ndow, R(t-1) is the Residue for a preceding
pattern wodow/8¥02 Wis a pattern w ndow nunber, and uPC3/USh@ 1merzory
paranmeter for the windowed statistical analysis. 14. The method of claim
13, further conprising: defining VR(2* W+1) = R(2* W+1) when the downhol e

tool is depl Oyzﬁ@lsecwﬂ&ceﬁ16@%&@&%%&&@5&%@@&@6 MR represents the Myving
Resi due, and (2* W+ indicates a calculation when t > 2* W, defining

SR(2* W +1) = 1[1@@12@11 mr}lzarmethe sm@nd eansforrecd oL 103 W@Itéﬁh@ii@s@ CCL log uses

wher eSR re f Residu
when t he d%?/\l%%?? tta}%%gaée?ﬁ &egpqut a V\ﬁ“ are Or%(‘ae%)ag% ing n‘flag%l %relgdﬁse%l ng
devi at i orcagihg cbdarRecitidhe, and

4. The method of claim 3, wherein applying a moving windowed statistical analysis
comprises:
defining a pattern window size (W’) for sets of magnetic signal values; and

computing a moving mean m(#+1) for the magnetic signal values over time.

5. The method of claim 4, wherein:
the moving mean m(#+1) is in vector form and represents a mean of magnetic signal
values for a pattern window (W); and
applying a moving windowed statistical analysis further comprises:
defining a memory parameter x4 for the windowed statistical analysis; and
calculating a moving covariance matrix X (#+1) for the magnetic signal values

over time.

6. The method of claim 5, wherein:
the moving mean m(#+1) is an exponentially weighted moving average for the
magnetic signal values for a pattern window (W); and
calculating a moving mean m(#+1) for the magnetic signal values is done according to
the following equation:
m(#+1) = uy(+l) + (1-p) m(z)
where y(t+1) is a collection of magnetic signal values in a most recent
pattern window (W+1), and
m(?) is the mean of magnetic signal values for a preceding

pattern window (W).

7. The method according to claim 6, wherein calculating a moving covariance matrix
2 (t+1) for the magnetic signal values comprises:
computing an exponentially weighted moving second moment A(#+1) for the
magnetic signal values in a most recent pattern window (W+1); and
computing the moving covariance matrix X (#+1) based upon the exponentially

weighted second moment A(#+1).
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defining T(2 * W+1) = 0 when the downhole tool is deployed. WO

2012/ 082302PCT/ US2011/ 061221 15. The nethod of claim 14, wherein:

conput i ngwohe12¢s2iong Resi due (MR) is done i s done accor @éCmgiSt@ 1i0he21
foll owi ng equation: MR(t+1l) = v R(t+1) + (1 -,u) MR(t) whereMR(t) is the
Movi ng Resi due at a preceding pattern w ndow, and

MR(t+1) is the Moving Residue at a present pattern w ndow, conputing the

Second Myrent ﬂ{mg@{ﬁb(ggpclglgﬁj ﬂlﬁhg%ﬁlplrﬁm one according to the follow ng
equation: SR(t+1) =, +D]2 + (1 - SR(t) whereSR(t) is the Second

Monment  of Remdstﬁan@tm([\’ldﬂaﬁyéﬁém%tmatmmle\mdd@d@plam SR(t+1) is the

Second Monent of ReS| due at th atfern uting the
St andar d Devi ati on "%t he Restfl@vg %’T Bg‘gﬁeﬂsgpagﬁﬁbwmgr@?ﬂg ‘ﬁo t he
foll ow ng equation: STDR(t+1) (W)\{'§B€ﬂansb&e for MREW); + 1) ] 2 whereSTDR(t+1) is

t he Standard DE\(lil ation of the Resi due at the present pattern wi ndow,
an

defining y(W) = [x(1), x(2), . . . x(W)]" when the downhole tool is deployed,
where x(1), x(2), . . . x(W) represent magnetic signal values within a

pattern window (W).

9. The method of claim 7, wherein:
computing an exponentially weighted second moment A(#+1) is done according to the
following equation:
A@t]) = py(tl) x [y(+1)" + (1-w) AQ)
and
computing the moving covariance matrix X (#+1) is done according to the following
equation:

2 (t+1) = A(t+1) —m(t+1) x [m(+1)]".

10.  The method of claim 9, wherein applying a moving windowed statistical analysis
further comprises:

computing an initial Residue R(#) for when the downhole tool is deployed;

computing a moving Residue R(#+1) over time; and

computing a moving Threshold T(#+1) based on the moving Residue R(#+1).

11. The method of claim 11, wherein:
the initial Residue R(?) is only computed ift > 2 x W’
where ¢t represents the number of magnetic signals that have been
cumulatively obtained, and
W’ represents the number of samples, or size, of each pattern
window (W);
and
computing the initial Residue R(7) is done according to the following equation:
RO =[y(® - m@ED]" x [E¢-1)" x [y - m(@1)]

where R(?) is a single, unitless number
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and conputing the noving Threshold T(t+1) is done is
to the followi ng equation: T(t+1) = MR(t+1) + STD Factor x

done according
STDR(t+1) . 16.

The net howloahi2aisadom 3, wherein the collar matchi ng patt @Cm/uskeafst2im

conprises: establishing baseline references for depth from
| og, and for time fromthe transforned second CCL | og; esti

the first CCL
mati ng an

initial velocity vi of the auygn@rpysctbP@presenting aURARENHAD oft nnb@¢ signal

mat ching index froma |ast confirnmed collar match, indexed

to be dk for the

depth, and t1 for the time; dedussihor prgscat patiern wandsty OF).¢adi ng col | ars
using an iterative process of &%Qrgﬁ?%gﬁng%%g% ¢ﬂ%ﬂ{h§m%§%&g§4£ﬁécﬂhﬂgf

i ndex based on a best conputéa an ea I

er

I've process.

WO 2012/ 082302PCT/ US2011/ 061 3Rdgnefid sighdleats fisrch mrtcedind pattd o, wikkdeweaiwy).

estimating an initial velocity vi of the autononobus tool conprises:

assumng a first deEth di matches a first tinme ti; assunbg& a second depth
¥

d2 mat chel$- a sktsanethed aeclaim 1 hrichesein eomavtingp meeingsthirerhe
using the fol l(f)e\ﬁlnﬂl% aelggr%g)llyo&:rarggtef ;%j for Yhe thrdsfold ctafculations; and

defining a standard deviation factor (STD_Factor).

13. The method of claim 12, wherein:
the moving Threshold T(#+1) is only computed if t > 2 x W’; and
applying a moving windowed statistical analysis further comprises

as a potential start of a collar location if:

.
y7i

R(#1) <T(¢), and

R(?) = T(?).

where R(?) is a single, unitless number for a present

i) tcpaIprigest oci ty

marking a time (t)

pattern window,

R(#-1) is the Residue for a preceding pattern window (W),

W is a pattern window number, and

u is the memory parameter for the windowed statistical

analysis.

14. The method of claim 13, further comprising:

defining MR(2* W’+1) = R(2* W’+1) when the downhole tool is deployed,

where R represents the Residue,

MR represents the Moving Residue, and

(2% W’+1) indicates a calculation whent > 2% W’,

defining SR(2* W’+1) = [R(2* W’+1)]* when the downhole tool is deployed,

where SR represents the second moment of Residue,

defining STDR(2* W’+1) = 0 when the downhole tool is deployed,

where STDR represents the standard deviation of the Residue,

and

defining T(2* W’+1) = 0 when the downhole tool is deployed.
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18. The nmethod of claim 16, wherein the iterative process of convergence
conprises the following steps: (1) If v - 1dk+1l - dk satisfies (1 - e) u <

v <(1 + eyoupizvmedvh dk+i with t1+1 ; \' Vi+1 - VI eey/usehgee12ef (dk+i
- dk) <v (t1+1 - t1), delete dk+i fromthe index and reduce all |ater
indices by 1 so that the next depth nunber in sequence is dkii, and return

to step (i%); (e method of claim 14, wherein:
computing the Moving Residue (MR) is done is done according to the following
equation:
MR(#+1) = vR(#+1) + (1 —u) MR(?)
where MR(t) is the Moving Residue at a preceding pattern window,
and
MR(t+1) is the Moving Residue at a present pattern window,
computing the Second Moment of Residue (SR) is done is done according to the
following equation:
SR(++1) = u [R(+D] + (1—x) SR()
where SR(t) is the Second Moment of Residue at the preceding pattern
window, and
SR(t+1) is the Second Moment of Residue at the present pattern
window,
computing the Standard Deviation of the Residue (STDR) is done is done according

to the following equation:

STDR(#+1) = +/SR(t +1)—[MR(¢ + 1))’
where STDR(t+1) is the Standard Deviation of the Residue at the
present pattern window,
and
computing the moving Threshold T(#+1) is done is done according to the following
equation:

T(++1) = MR(¢+1) + STD Factor x STDR(#+1) .

16.  The method of claim 3, wherein the collar matching pattern algorithm comprises:
establishing baseline references for depth from the first CCL log, and for time from
the transformed second CCL log;
estimating an initial velocity v; of the autonomous tool;
updating a collar matching index from a last confirmed collar match, indexed to be dx
for the depth, and t; for the time;
determining a next match of casing collars using an iterative process of convergence;
updating the collar matching index based on a best computed match; and

repeating the iterative process.
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El se, if (dk+i

all later

i ndi ces

- dk) > v (t+i - ti), delete d1+1 fromthe index and redu

by 1 so that a next tine nunber in sequence is tiii,

return tovetep/osaserei nu represents a |ast confirned velPOTiUSgo1@®6i20RL €;

e represents a margin of error. 19. The nethod of claim 18, wherein the
margin of error e is no greater than 10 percent. 20. The nethod of clai
1, whereiyy. i ncriR&héd b clgiPa W Hgeih BRiRAGRNEA ihitianedlediiBd e Judshomdul t he
first CCL |og uses a collar matching pattern algorithmto conpare and
correl at dopfpogprisess two i ndi vi dual peaks at a tine. 21. The nethod of
claim1, mher%%am%

running a casi'ng co

g%ﬁﬂgﬂg ﬁ%ég%m 118 S8t fLpm the wellbore conprises:
Far>1ORatOr 1 htS “t'he WeY I'bore on a wireline; and

ce
and
and

m

pul I'i ng the caséigingalst@mdldepitdimdtches aGo¢chdimgei inel si gnal s as a function

of depth. 22.The nethod of claiml, wherein the downhol e tool further
conprises a fisghukgngsegestimppgdapiia) pdoayapoy thsidlpwingtqetion23. The neth
of claim1, mhereig:_ the actuatable well bore device is a fracturin

pl ug configured +o4oftn a substantial fluid seal when actuated within th
wel | bore at the sellected dept h;

18.

The method of claim 16, wherein the iterative process of convergence comprises the

following steps:

19.

20.

(1) Ifv= [%] satisfies (1 —e)u < v <(1 +¢)u, match dgy with t; ;
1TV

(2) Else, if (dp1 —dp) < v (ti1 —ty), delete diy from the index and reduce all later
indices by 1 so that the next depth number in sequence is ds1, and return to
step (1);

3) Else, if (dir1—di) > v (tz1 —t;), delete djy from the index and reduce all later
indices by 1 so that a next time number in sequence is t;.;, and return to step
(D;

wherein u represents a last confirmed velocity estimate; and

e represents a margin of error.

The method of claim 18, wherein the margin of error ¢ is no greater than 10 percent.

The method of claim 1, wherein incrementally comparing the second transformed

CCL log with the first CCL log uses a collar matching pattern algorithm to compare and

correlate more than two individual peaks at a time.

21.

The method of claim 1, wherein acquiring a CCL data set from the wellbore

comprises:

22.

running a casing collar locator into the wellbore on a wireline; and

pulling the casing collar locator to record magnetic signals as a function of depth.

The method of claim 1, wherein the downhole tool further comprises a fishing neck.
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the fracturing plug conprises an elastoneric sealing elenent and a set of
slips for holding the | ocation of the downhol e tool proximte the selected
dept h; amdoerdised®2t he act uati on signal actuates the seaCirng2@haseat and
the slips. 24. The nethod of claim 23, wherein: the fracturing plug is
fabricated froma friable material; and the fracturing plug is

confi gureg to BRlhcHesbf Uskn & Wiestignated period of time after the
fracturing pIuE is set in the wellbore. 25. The nethod of claim1, wherein:

t he act uat abl éhevettupigble welibose dpyca ispe fifapiuang mdug confieavednty toiar ysubstaatial
sendi ng the actuat] i.gnal . ua the perforating gun to detonate the
0 SRR 380 2 VGRS DR AR Rk

|
char ges. e %erforating gun is

substanti al | y thabfc@ahghlig oomprifcsiabdlestomens s@dlingaemédianger f@rattslipg fgun
is configured to self-destruct after the charges are detonated. 27. A tool
assenbl y Hoiginggierleeation @f therdommhale teplaraximsie tha selegied Aghieandt he wel | bor e

having casing %ﬁ{l}hgﬁﬁ atcnﬁhoﬂ gi';gﬁlllaacﬂﬂ}'eﬁiﬂ? egﬁlil%%l%%gﬁteanﬁ(?ﬁea §1§3§ Wel I bore, and

t he tool asse onprising: “an actuata asing collar
| ocator for sensing the |ocation of the actuatable tool within a tubular

body basexi on ThHran@hysobtahins2PRateusia: provi ded al ong the tubul ar body; and
an on-board controller config$ned to send an actuation signal to the
act uat abl e t odhe {ipgnripgelugds Brbrigscdbomceltishle maenyntded a sel ected | ocation

of the actuat RS I : reln: :
act uat abl e togP%ﬁ?ﬁgﬂgggﬁﬁgggoﬁ?%gg?ocaﬁg%§ﬁgﬁdﬁ%%3¥%%@6%g?%ogggng%PgF are
t oget her feicheringipdined satnid the walhlgee t 0 be depl oyed in the tubular body as an

aut ononous unit;
25. The method of claim 1, wherein:
the actuatable wellbore device is a perforating gun having charges; and

sending the actuation signal actuates the perforating gun to detonate the charges.

26. The method of claim 25, wherein:
the perforating gun is substantially fabricated from a friable material; and

the perforating gun is configured to self-destruct after the charges are detonated.

27. A tool assembly for performing a tubular operation in a wellbore, the wellbore having
casing collars that form a physical signature for the wellbore, and the tool assembly
comprising:
an actuatable tool,
a casing collar locator for sensing the location of the actuatable tool within a tubular
body based on the physical signature provided along the tubular body; and
an on-board controller configured to send an actuation signal to the actuatable tool
when the location device has recognized a selected location of the actuatable tool based on
the casing collars;
wherein:
the actuatable tool, the casing collar locator, and the on-board controller are
together dimensioned and arranged to be deployed in the tubular body as an
autonomous unit;
the on-board controller has stored in memory a first CCL log representing

magnetic signals pre-recorded from the wellbore; and

-63 -



t he on-board controller has stored in nenory a first CCL |og representing
magnetic signals pre-recorded fromthe well bore; and the on-board

cont r ol | ewoi2e12p8e39e anmed t o: continuously record magnskéa/osizgnal s as
the tool assenbly traverses the casing collars, formng a second CCL | og;
transformthe recorded nmagnetic signals of the second CCL |og by applying a

nmovi ng wi ndowed st ahé shibe@td BRRONE iSprogrammed A€ emental 'y conpare the
transforned second CCL log with the I?i rst CCL | og during deploynment of the

downhol e tool to corr el svatigegugbsceord inrgnitiesighalgasihagoal esscably Bewrics ity
recogni ze a sel ected | g(&&{lirgr}oi . t he é"c’)%ldlé’@ﬁ?d .and send an actuation
€

n
signal to the act uat ab Bo1"OWheER “ohe procesngr has recogni zed t he

sel ected | ocation in ordehsfodmpte frosdrdéd enaphiéid signapeirahé @dcond8CCIhegtigol
assenbly of claim 27, wherein; the actuatable tool is a fracturing

plug configured to #BhM%e SeEREariRfeNcd siicalaaren actuated within the
tubular body at the selggle ehtgﬁﬁtc})ﬁ’l arc@R9 transformdd& I)I{(fiEEWL'ngmﬁl Jfﬂg.ﬁrst
e nt ang ]9 S r (6] |

conprises an el astoneric sealing e a set o I pS ng the
| ocation of the todlChskgmdliyngrdeployatcat tdfetieeldewohkae| mohttoonorrd®e Falaecd ool
assenbly of claim 27,. wherein:. the1 tool .assenbly is a perforating gun
assenbly; and the dbdigattem éaﬁl%Fol%E‘ﬁﬁaP%%% a perforating gun having an

associ ated charge. 30. Th&hRl) RRIRADS.BH iFiH@IWBIBEre; bt t her conprising: a
fishing neck. 31. The tool "assenbly of claim27, wherein: t he

actuat abl e tool is a brisdyéapldgatensigirtedhd ectiagabie food wdehah¢ palcedsbuhab
seal when actuated r\é\é(}grﬁﬁz%dttﬁ]ees&e%’?e'ﬁl lgéatigqu o%ter %ohpeertso?rlrﬁﬁé %%ufa?ggérlalt?cg]ﬂ. and

28. The tool assembly of claim 27, wherein:

the actuatable tool is a fracturing plug configured to form a substantial fluid seal when
actuated within the tubular body at the selected location; and

the fracturing plug comprises an clastomeric sealing element and a set of slips for

holding the location of the tool assembly proximate the selected location.

29.  The tool assembly of claim 27, wherein:
the tool assembly is a perforating gun assembly; and

the actuatable tool comprises a perforating gun having an associated charge.

30.  The tool assembly of claim 27, further comprising:

a fishing neck.

31.  The tool assembly of claim 27, wherein:

the actuatable tool is a bridge plug configured to form a substantial fluid seal when
actuated within the tubular body at the selected location; and

the bridge plug comprises an elastomeric sealing element and a set of slips for holding

the location of the tool assembly proximate the selected location.

32. The tool assembly of claim 27, further comprising:
an accelerometer in electrical communication with the on-board controller to provide
a velocity estimate of the tool assembly when comparing the transformed second CCL log

with the first CCL log.
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the bridge plug conprises an el astoneric sealing elenent and a set of slips

for holding the location of the tool assenbly proxi mate the sel ected

| ocat i on.w@2n12lise3okool assenbly of claim 27, further coRpPTIUS2019/061221 an

accel eroneter in electrical conmmunication with the on-board controller to

provide a velocity estimate of the tool assenbly when conparing the

transf or ngd SGH&HQMQE&mMQgo%b&ﬁn?hew&h&ﬁt CCL log. WO .

2012/ 082302PCT/ US2011/ 061221 33. The tool assenbly of clai m 27, wherein:

t he casing colthageasingcenllor losatopedspsca affirptarsing spiiay leestorarorimete ofirspewkoinat e

: ngzadqggggia&9%>bpol assenbly; the tool assenbly further conprises
g col'l’ar |l ocator proxinmate a second opposing end of the tool

assenbly, sepahatotlagctibbt RARber eimpiids & bodd chdgs cblke Ncaer beiximstefalctdiel

programmed to: cal cul ate velocity based upon the distance (d) divided

by tine (@posing gk ehthe ol assemplya sepasatehn distnss dgindol | ar | ocat or s

respectively t | i i.de a velocity estimate of the

t ool assenblyt&ﬁéﬁ%gﬁﬁggﬁﬁﬁgg?%gﬁ%%gég%%?ﬁggMgécond CCL log with the first

CCL |l 0og. 34. The tool asabunbity velbcity dased2Aiponwhe rdéstance t(he davidadabyabhe @om i s

g 34 T _ onubedeiarce (s dag
2,0AS110 patch, & canent, el el net oLl Rl 3 L At ARl

collar to provide a velocity estimate of the tool assembly when comparing the

transformed second CCL log with the first CCL log.

34.  The tool assembly of claim 27, wherein:
the actuatable tool is a casing patch, a cement retainer, or a bridge plug; and

the actuatable tool is fabricated from a millable material.

- 65 -



