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3. Mud Logging
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4. Convolution

g St (JUS (9310 SlaSiSS o
31 Ly Sl o o LSS slnslayg, S
Ol yss ol [YF] sl o ol (ol ataxd
Sl JUSms 5o g3hamg)y (omine amy IS (9
sladard ol 65,5l 5 (mdge YL 55 4S
P Gig—w Sleis pasis slapi oSl ol
9, LAt (Gl ars Lol ads o g0 Lol
S o9l S 5y 0SB Ly 5 ails bl
s sl ISl el (o5 S

[Yol St S5 &l pnsis

Slo—ew 655l (s e jeSlnl g 5l adlie o
Sl oLl o a S 1> 058 oo oolaiwl ou i
Gl S ) Al ISt (S
3,0 Lo sy plow 4 Cod ,50b; oo g o
a4 S) ) s e o5, el 5l esliul [Y7]
bowg )L —Jel sl (0meb e NEO 1 1 Laus]
e JSh g Ol s olwlils gl Kaiser
(TEO) "5, (as e 9510l loseas ) T g o
ol awsn o b 5o [VV] seas 5,105k
B o0 By ) Syt §5 ) (S s
yxO1= [xO] - x(O x " () Qp
6‘)) [Y?] Sl X(t) 9o Sy M x" (t) L)T 3O as
S (o0 e ) by, 4 S

v [x(m)]=x? (n)- x(n +1)x(n -1) M
S5 Dlymss 8L 50 (65,5 (el 55l
992 il =il 90 e a S (S Loy,
P ZR W SO S - O PR~ PO 1 ] BV L.



IWAF sl 3 cone AV oo OZF=g

Yy

bl Juews

(s) oo

b et S5 5

(V) als
A
i .

Yoo \Y - - VF- - V..

©) obes
Yooue b g a8 alin] (z o das e 550 55500l Uiy 40 JSi G gm Ol pais 2 ilS bl (0 o 095 e gian JUiKw (I Y S
4 a5 egra JuS JS5 (G Y S
Do oo odalive JSb (g Dl ol ey
Sl s lgieds sud aowlS bl (0 -F S o
b Fojlot a ol o wgi a5 SO0 e

ale e S g ok (5, a3Vl (65 5 4 by e
S b 3l =l a2 09> ] Oladbod ol
e ) R
i s snay ) Ll (ol oy oa
Sl loa g jlo—al (i 0592 50 Ol
Yo o) oled 5l Lol e yslo my asg, o Cdggw
Glpol> ol 510,50 V7 slo s ailoais (5 a6l
oy ¥y uload o NS ez pllw (550>
5 W )b b ;5 St il Lol

Wles ;95 ez St )Lz ol

s sls e S 25 b S
IS 5l slaiges ¥ U jo ailoa i (g S diges
(Gl sl Wl ol SO leMbl (gl oo s

Dg—3 g0 ool ie RPM (o g jsbu8 =l )by

%9y b))
bl 8l Sae a8 Gl e a S 5 biles
% Smde b S Sl 48 Sl )L
Gz 53 (ke JSb (G Dl g gl S
— O e ik e o A e
s O S8 0 pllw oly S& s e slaosls

ISl 5o izmen . Cul 0al ooly ylis e o
W yme Voa bl o a S g laSal ]l ey

‘) ., g:)‘ - . p—ﬂ 9 .- ‘;. g:)‘ "“«.. p—@ S B3
Ol s laid oS Ll I Ll el Yol oS o oLl

Siboe pY RPM i &l s g 55l a5 e
o g ot a5 Sl JUSe—w 5
Cemto (g Olyedl Glyieds | (ol CnBlS
039y JUuSomw (5 Sle jlas a5 L5 o
A (i (Gig—w Sl plp—ea 1) (bl

Dy AT 039 ;eS JUSKi—w (—Sle

ewbwiodld
3 Sa ailyg, GBS 5l gy ol bl (sl
Ol ot o oS, b a4 cqazmop) oS i
38 edal Cwdds sla el )b ol oo solai
3lol= Y+ RPM g jobiS a_lox> 5l 5,Lo> (>
Sledbl aS Lasl 5l ol sas a8 5 (g La> &S, i



Iy

Yo - T T T I T T T
./S\Y..._ —
:g VO« o -
EW..._ i
a Db { -
. E ¥ vy T -

O ! 1 1

|

D+

Yoo V- -

1
YO«

Yoeoo
(M) Goe
RPM

Yoo

Y-

oo

S ol JS

|
ATARES

|
Yooo Y- -

(M) Goe

Y.e..

Yo--

XWJLM:(:L> Lg)Ln.>RPM Jbi...; (uj)stm (JJ‘?J&A;’

Silee

(Ib.ft) gless -

|
—

.
.

T T

\ -

. \ai. Y.:.
(M) Ges

xVeT o sesS 65 5l b el ]
1 . IJM_ ]
O VYeoo YDeo Yoo YO+ Yoo
(m) o
x) ¥ abl bzs,>

|1

1
e B

[

O+ Yooo-

(M) os
l

o v

[

(RPM) Lol JuSow

(1/ min?) RPM .5

—Y.- )
.

! L L

D -

Voo

ATARR
(m) Gos

[

: (RPM) (55,51 (Jos e 5555

Y-+ Voo

Y‘ T

O o3l

Sz o3l

1 1)

| 1
e e

(M) Gos

L

Yeoo YOeor Yooo

YO+ Yoo

Y ol oz (gl RPM &l (o 5 55ketsS it (Gl S Sm Ol slslids ames & JSUB

oS e 0Ll by o LS als ps ol 51 SI0d o oo o3l Galed sl el T p3sl5ilS 5 X(E) pgd ko 5te S 5 (55,51 oo o 53l ! 4 sl 51 2



IWAF sl 3 cone AV oo OZF=g

oo glatas) 5 Lao Goas g0 y0 ol ol ol
ol ol sos By by IS dy o Jlasl Ly 48
g oo S ailyg, Ol 15T o OIS
e (il Al ) slossl (e 45 i o0
i ids coadle U g wlouds olalid moxo

g oo ol i A IS8 0 m bl ailon i

Yy

JuSoms 59 L85 2y50 3l A P S5 )0
J—B o LS )5 iy poby LLRPM 5 ol
S 5o ol Gl (o) p Sl sl cnalie
lmosls L1y asl s b iy, 5 s oS
sl olwlis S g 08w p b a S ol
] sl o0 b ee o Lam) 5 S
2o parta V b 53 aelip (29> S o0

23S slp (29

ol oo

Y L

&

/AL

g

ol oo yo

1

VO« -

(M) Gos
Y o leds ol ol (sl RPM (0 g ,9beesS (il St Sgm Ol pis oo lulids amcs § S

Sile

28 ol JUSe

— <
. .
. .

(Ib.ft) jgliss

0. Y.o.o
(m) Gos
xVoF oS il s e el

YO« -

(m) Ggos

YO~

Y-

(RPM) Lol JLX

\a‘. Y T
(M) Gos
(RPM) (55! ozt )5l 5!

Yo -

Do Yoo VQe+ Yoo

(m) Gos

Y-

Gl 4y 5 s 7 olx gl RPM Sl i (o 5 55t Sl i (Gl S5 S5 gm lppi mgloslid dmes ¥ S



\YO

m
.5l
el <P

«/YH

ol oo

29biS Sl >

V- - Yooo Yo -

(M) ee

\ RPM (>5,>

“IA
If

=
]

At

V- - Yeoo YO -

(m) Gos
Gl 4, S s 7 olx ol RPM (o g 55letS (Gl IS5 ggms lyeis loslid ames A S0

oald yimlad V Jaaz o i3l ,m an bao e ledbl

el 0o
AL, 25 gods olulid (S yen )0 e Sl ) Joua
d)u"

shls sl ©ole

< ol

) VO ol )i ot

¢ . shls gl asis

<

5 solei—tinn a0 ,85d1 sl aaiws Lol
Gimled ¥ Jeoz ;0 g ool a5 slaJge

] 00 00l
CA=TN+TP/TN+FN+TP+FP

CA=FN+FP/TN+FN+TP+FP=1-CA

DR=TP/FN+TP

FAR=FP/TN+FP

Iy gaaiws gl ER 5 ganaiws &35 CA oS

Soli> alh) 1S e9dy aid (og; 2L laylas ¥ Jgua

CA -140
ER RN
DR -y
FAR

1. Classification Matrix

' B 02,0 e e pgpie Lo 1y LT (gamaiws
SpSes NSz o le il oS o0 (k)
dcgozme A Ao Lo | gamai o 6
Al gl wo glel Sy ay (94,9 olo
UG- X A DN SR VO LR

LQ_J ‘rxﬁ‘s Ao aS @Lmo)jf) Sloss )_faLu ‘TN
1y Ll aiws 35 (goimaiws o,650 g 009  —bie
el o0ls e i aie

Ll (bly o a5 leo,sS ) slass , Sl TP
Ll s 55 (goimdiws v ,53] g 0390 Cta
el 00l a s cie

Lyl (Bly awo a5 lo,sS ) sloes , Sils :FP
1y gl a o gamaiws o650l g 009 —bie
ol 00l a5 e ol

Ll (on8lg alws 45 oo )55, olass , Sl :FN
I Ll ai s (gommaiwd v 56500 5 039 Ca
el ools aseis i ol i

am by ye sl i 55— b9y Jlosl 5 ey
3l WMol ool ade i Wl gy 4 ol VO
— ‘Lg)l_b > AL "‘) )_5 6‘)“5 ol_? ¥ & g—oo
Wb ool et id St ghle s yoay ol F



IWAF sl 3 cone AV oo OZF=g

Gola a i, 8 alasd le sedy S i bLaS
JL&_M: )‘ ool _wl l_’ LSOLQa_m.u wg) RUY (H)M
S i leas a8l o o)l JLK—w g —esias
=Ll a5 8 (bl ey ol el (o
Sl eolpp—in g, ol lis a Lol mxls
S eg)lb> i) S gg By 4 laxd a5

g <140 [E3S SEL VWA -R) )La.sm | J._AT)lS
sba ol 5l Ja e Lo jo3lo ool a5 Lol
9 u.\_‘n)j_) LS)LQ} ..\.\)L.u u,..al_w‘ — 03— HQJLLB’A
oud a5l s sla g, 4 Sl a o a>g Lo
o gyl il S A A g (i sl
6)519_3 P15 U M‘s )R S )5 ol_% Sl
Trbe slahy, (Smly poe 0ad (3yme b,
ookl gl g, o=l g (g las wijlw a sa
90 sl 55i> T b sLoalidle 5 5o
o sl o1 bl e 4 ST | > 39 aalgs
ldaz o ls 0, 0,l5 S5 oM sl pis 4o 5 Sl
Ol 50 4 Sl o5 Jlmes g, (2l )S aeiS
95 P Sy d az g L 093 03, b sLa )
=9 O S (0310 50 (gl Sadil glaosls ag LS

S5l

\Y#

& 5 4o
Sy & jgmoty (g, a5 S oLl
JUS s US55 i Ll 51 eolial Ly
(il aly (g B JESe—w 5 i
30 ey bl ol S a5 e iS5y
Ol )0 4 0l (e (g lb> Al o5 555
WL jeba g b a ) gl i85 e By
S92 yyme Joo e S 2 S g 09,00 Yo
ol (SSU Sl mlpby b e als
S5 el (T Gle e RPM 5 psbiS JLK—w
S B R B P )
=290 8 5 0l 5 Lo (mlaolayg, S5t
blid e o (addd () s (glataxd
ad b sad ol JUSK—w g0 o Ol pess
Sl oad Jle—en (65,51 (S e HeSTnl )
s a5 Lo 5l o solial ol oLlis
e b U (ST il Ly il g o
Sl lwlbid lm g gy S 09 LA
bLE b (o8 [0 &) 0ty (dte 5 Sle
9,8 dmlie o JUSms 59 (lym ooel ey

&2y

[1]. Nybo R., “Efficient drilling problem detection,” PhD Thesis, NTNU, Trondheim, Norway, 2009.

ol g i ol I S b ey slools o Li> 4, S o i "‘.& oisld o olris -[v]
LO‘)_QS ‘grblfjﬂ" 9 (o :’5).’;..3. s)lf [TP—-1) Q5 s-l.l.o.”().:.j u.._").é.zs L‘)_.f'ls‘ "‘ ’_...4(:‘ 6&&—&0‘ 5 )'/OJLL_MJ‘“ /L"O/)_”J/

AYa)

[3]. Arnaout A., “Diagnosing drilling problems using visual analytics of sensors measurements,” Instrumentation

and Measurement Technology Conference (I2MTC), IEEE International, 2012.

bz 4 sy oS ol ie 0 gLl ol s (s Az 0,05, " e (3l g i ol Ll [ ]

Sty Ly ol angs 5 piseedls e (Lo islon e (slodSd S ool Ly (o bowle g
VAV gt i Sl 5 (3l (5 )T gealS sloasi—

S e o o lis sladly) ;S o i 0 eeac slaaSs o, I e s i) —opas (0]

’

[6].Salminen, K. “Stuck pipe prediction using automated real-time modeling and data analysis,” |IADC/SPE Drilling

Conference and Exhibition. Society of Petroleum Engineers, 2016.



14% . Ay S £989 LAl

[7]. Jia Q., Schmitt D. R., “Effects of formation anisotropy on borehole stress concentrations: implications to drill-

ing induced tensile fractures,” 48" US Rock Mechanics&Geomechanics Symposium. American Rock Mechanics

Association, 2014.

[8]. Jardine S. I., McCann D. P, Barber S. S., “An advanced system for the early detection of sticking pipe,” SPE/

IADC Drilling Conference, Society of Petroleum Engineers, 1992.

[9]. Iversen F., Cayeux E., “Drilling control method and system,” U.S. Patent No. 9, pp. 175,557. November 3,

2015.

[10]. http://www.drillingformulas.com/stuck-pipe-prevention-book.

[11]. Nybo R. BjorkeVoll K. S., Rommetveit R., “Spotting a false alarm. integrating experience and real-time analy-

sis with artificial intelligence,” Intelligent Energy Conference and Exhibition. Society of Petroleum Engineers, 2008.

ol o,ly0 ~ g, Li> di s, wlod gz Lol oo Seoloo Lis, [l cp osljooma g.p (55l -[yvl

A aabimle o oo i slB il (S SilSe (wiige dde " wlod il <L,/ Joo I ooliiwl L
Y f Jlw AAFFVAL0 Slxas

[13]. Warren, J. E., “Causes, preventions, and recovery of stuck drill pipe,” Drilling and Production Practice,

American Petroleum Institute, 1940.

[14]. Hempkins W. B., “Multivariate statistical analysis of stuck drillpipe situations,” SPE Drilling Engineering, pp.

237-244, 1987.

[15]. Bradley W. B., “A task force approach to reducing stuck pipe costs,” SPE/IADC Drilling Conference. Society

of Petroleum Engineers, 1991.

[16]. Biegler M. W., Kuhn G. R., “Advances in prediction of stuck pipe using multivariate statistical analysis,”

Presented at the SPE/IADC Conference in Dallas. Texas. pp. 15-18, February, 1994.

[17]. Gokhan Y., “Stuck pipe prevention-a proactive solution to an old problem,” SPE Annual Technical Conference

and Exhibition. Society of Petroleum Engineers, 2007.

[18]. Wisnie A. P. and Zhiwei Zh., “Quantifying stuck pipe risk in gulf of mexico oil and gas drilling,” SPE Annual

Technical Conference and Exhibition. Society of Petroleum Engineers, 1994.

[19]. Siruvuri C, Nagarakanti S. and Samuel R., “Stuck pipe prediction and avoidance: a conVolutional neural

network approach,” IADC/SPE Drilling Conference. Society of Petroleum Engineers, 2006.

[20]. Poordad S., Chamkalani. A, Shahri M. P., “Support vector machine model: a new methodology for stuck pipe

prediction,” SPE Unconventional Gas Conference and Exhibition. Society of Petroleum Engineers, 2013.

[21]. Naraghi M., Ezzatyar P. and Jamshidi S., “Prediction of drilling pipe sticking by active learning method (alm),”

Journal of Petroleum and Gas Engineering, Vol 7, pp. 173-183, 2013.

[22]. Hegde Ch., Wallace S. and Gray K., “Real time prediction and classification of torque and drag during drilling

using statistical learning methods,” SPE Eastern Regional Meeting. Society of Petroleum Engineers, 2015.

[23]. Bello O., “Application of artificial intelligence methods in drilling system design and operations: a review of the

state of the art,” Journal of Artificial Intelligence and Soft Computing Research, Vol 5, pp. 121-139, 2015.



WAF ] § oot AY 0 lois 0.;,0!_9;2 YA

[24]. Malarvili, M. B., Hassanpour, H., Mesbah, M., Boashash, B, “A histogram-based electroencephalogram spike
detection,” In ISSPA, pp. 207-210, 2005.

[25]. Mukhopadhyay, S, Ray, G. C. “A new interpretation of nonlinear energy operator and its efficacy in spike
detection,” IEEE Transactions on Biomedical Engineering ,pp: 180-187, 1998.

[26]. Hassanpour, H, Mesbah, M, Boashash, B. “Eeg spike detection using time-frequency signal analysis,” Acous-
tics, Speech, and Signal Processing, Proceedings. (ICASSP»04). IEEE International Conference on. Vol. 5. IEEE,
2004.

[27]. Kaiser, J. F. “On a simple algorithm to calculate the energy of a signal,” Acoustics, Speech, and Signal Pro-
cessing, ICASSP-90., International Conference on. IEEE, 1990.

[28]. Gibson, S, Jack W. J, Markovic, D. “Comparison of spike-sorting algorithms for future hardware implementa-
tion,” 30" Annual International Conference of the IEEE Engineering in Medicine and Biology Society. IEEE, 2008.
[29]. Calvagno, G, “A multiresolution approach to spike detection in eeg,” Acoustics, Speech, and Signal Process-

ing, ICASSP>00. Proceedings, IEEE International Conference on. Vol. 6. IEEE, 2000



