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Fig. 1.1 Laparoscopic surgery.

(Left: Kenporen Osaka Central Hospital, http//www.osaka-centralhp jp/sinryou/ge/)
(Right: Okayvama Citizen’s Hospital, http/www.city.okayama.okavama jp/byvoin/simin2001/sanfujinka/sanka.htm)
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Fig. 1.2 Upper gastrointestinal endoscopy.

(Wikipedia, http/jja. wikipedia.org/wiki/%E7%94%BB%E5%, 83%8F-Endoscopie_haute.jpg)
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Fig. 1.3 Fine needle aspiration biopsy (FNA).

(Beliefnet, http//www.beliefnet. com/index/index_203.html)
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Fig. 2.1 Experiments using direct projection of a laparoscopic image. (a) A projected laparoscopic
image. (b) Top view of the experimental setup. (c) A laparoscopic image projected onto the white

cloth. (d) A laparoscopic image projected onto the planar screen.
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Fig. 2.2 An example of the distortion correction for projected images using the method proposed

by Raskar et al. (a) Before correction. (b) After correction.
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Fig. 2.3 Schematic representation of the coordinates and their rigid transformations of the

proposed system.

Fig. 2.4 A calibration board for the structured light system.
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Fig. 2.5 Markers for tracking the body motion due to respiration.
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Fig. 2.6 A prototype of the proposed system and its experimental setup.



Fig. 2.7 Distortion correction of the image projected onto the curved surface. The lines (represent

the laparoscope and its field of view) look straight from arbitrary view points.
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Fig. 2.8 Proposed projection image for assisting laparoscopic surgery.
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Fig. 2.9 Setup in the first experiment. (a) Previous system. (b) The prbjection image onto the box.
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Fig. 3.10 The result of the first experiment.
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Fig. 2.11 The projection diagram and the detailed measurements of the box used in the second

experiment. The unit of length is centimeter.
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Table 2.1 The factors and levels of the analysis of variance (ANOVA).

Factor The number of a level

Subject group 3 (surgeon, medical student, and ordinary person)
Port position 4 (see Fig. 5.31)

Projection image contents 2 (proposed system and previous system)
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Fig. 2.12 The average and standard deviation of the total lengths and the average dispersion in
the second experiment. These values are calculated from the measured tracking data of the forceps
tip locus. (a) Total lengths. (b) Average dispersion. Starting from the left, the graphs indicate

“Subject group”, “Port position”, and “Projection image contents”.
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Table 2.2 The results of the analysis of variance (ANOVA). (The same data for the ANOVA are also
shown in fig. 7.) (a) Total lengths. (b) Average dispersion.

(a)

Further analyzed for multiple comparisons (Tukey's method)

Factor Main effect The data pair having significant difference of Significant
two samples and its magnitude relation probability
Subject group No significant difference - -
(Port 2) < (Port 4) 0.01
Port position Significant probability is 0.01.
(Port 3) < (Port 4) 0.05
Projection image contents Significant probability is 0,01, {Proposed system) < {Previous system) 0.01
(b)
Further analyzed for multiple comparisons (Tukey's method)
Factor Main effect The data pair having significant difference of Significant
two samples and its magnitude relation probability
Subject group No siginificant difference - -
(Port 3) < (Port 1) 0.05
Port position Significant probability is 0,05,
(Port 3) < (Port 4) 0.05
Projection image contents Significant probability is 001, (Proposed system) < (Previous system) 0.01
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Fig. 3.1 The flow chart of the algorithm proposed by Stoyanov et al.
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Fig. 3.2 The determination of image regions for applying PBM.
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Fig. 3.3 The flow chart of the proposed algorithm.
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Fig. 3.4 The optimization process for determining all the control points of PBM. This process has
three steps at each resolution level. Step (A) is determining the positions of all the control points by
calculating NCC. Step (B) is increasing the resolution and subdividing the lattice. Step (C) is

warping the right image by aligning the positions of the control points by bilinear interpolation.
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Fig. 3.5 The results of 3D reconstruction of an abdominal model with a stereoscopic laparoscope.
(a) The image region for PBM from the left camera of the stereoscopic laparoscope. (b) The 3D
surface reconstructed by the proposed algorithm. The depth is represented as gray scale. (c) The

results of 3D reconstruction from arbitrary view points.
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Fig. 3.6 The scene of the experiment for evaluating the reconstruction accuracy. (a) The geometry

of the evaluation system. (b) The geometry of a stereo camera in the evaluation system.
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(c)
Fig. 3. 7 The image regions that used in evaluating the reconstruction accuracy. The rectangle

area is the image region for PBM. (a) Bowel. (b) Kidney. (¢) Liver and Stomach.
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Far

(b)
Fig. 3.8 The recovered 3D surfaces. The depth is represented as gray scale images. (a) The image

region for PBM from the left camera. (b) The recovered depth image by the algorithm proposed by

Stoyanov et al. (c) The recovered depth image by the proposed algorithm.
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The recovered depth using a laser range scanner

(a) ®)

Fig. 3.9 Extracted points for evaluating reconstruction accuracy from the left image are shown in
(a). (b) shows the scatter plots of the correlation from the recovered depth using proposed algorithm

and Stoyanov’s algorithm.
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(a) The number of calculations of correlation coefficient

Table 3.1 The comparison of the calculation cost

(b) The number of bilinear interpolations

Window size Proposed Stoyanov’s ‘Window size Proposed Stoyanov's
{pixel) algorithm algonthm (pixel) algorithm algorithum
g§x8 8 — 32 % 32 1 7
16 % 16 27 —_ 64 % 64 1 23
32X 82 28 128 % 128 1 16
64 > 64 1181 207 56 X 256 1 4
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256 > 256 — 324
S12x512 - 1445
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Fig. 3.10 The geometry of the images from Middlebury Stereo Datasets used for the experiments.
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Fig. 3.11 The images from Middlebury Stereo Datasets used for the experiments and disparity

images estimated by the multi-baseline stereo method. Top raw images are the results using
"Baby2". Bottom raw images are the results using "Wood2". Starting from the left, images selected
from the datasets, true disparity images, disparity images estimated with 2, 4, and 7 reference
images, respectively. The disparity images with 2, 4 and 7 reference images are shown here as

typical cases.
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Fig. 3.12 The evaluation results of the multi-baseline stereo method using Middlebury Stereo

Datasets. The RMSE is calculated by the true and estimated disparity values.
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Fig. 5.13 The camera geometry used for the experiments.

Fig. 5.14 The abdominal model and its reconstructed results using the multi-camera system. The result images
represent the depth from 550 mm to 680 mm. A high pixel value indicates a small depth value. Starting from the

left, the abdominal model, the reconstruction with the 2, 3, and 4 cameras, respectively.
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(a) (b)
Fig. 3.15 The difference images of the true and estimated disparity using "Baby2". The difference

images calculated by the estimated disparity with the 2 (a) and 4 (b) reference images.
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Photogrammetry [€
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Measurement result

Fig. 4.1 Flow chart of the proposed system. The stereo-pair images are captured by the endoscope
attached with an electromagnetic tracking sensor. These images are displayed after correcting the
distortion effect of the endoscope lens. The 3D coordinates of the target is provided using

triangulation by manually deciding the measurement target.
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Fig. 4.2 Relationships between the coordinate systems and their transformations
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Fig. 4.3 Scene of the experiment to evaluate the measurement accuracy using the endoscope with

a magnetic tracking sensor.
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Fig. 4.4 Measurement results of the proposed system. When a plot is closer to the diagonal line, it

represents high accuracy.
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Attached LEDs

Half mirror

! Infrared camera I

Fig. 5.1 An overview of the system setup.

Fig. 5.2 Proposed image overlay system. (a) Training scene with the proposed system. (b) A

stereoscopic image of an injector. This image is superimposed onto the haptic interface using a half

mirror.
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BL—FEED. 7)) vy EUSEE, CG TARLZERA+IIIMS LD ICEERET 5. i

AT, FRBRETARTLAEREN—7IT7—ORFBLLTRSD, N"—T3
S5 — A THERMBIRAT 4 AZVAEEBREL, ThEERYEZ —HIES.
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Eye position ——> Stereoscopic image Synchronizing signal for stereo glasses

Half mirror

Infrared LED

Tracking the LEDs
(Cam shift)

l Camera pose |—
LED image Infrared camera

Fig. 5.3 A schematic diagram of the data flow for tracking eyes and projecting

Haptic interface

stereoscopic images.
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Infrared LED

[ Binalized by
the threshold

Search wind;)w 1 Search window 2

(a)

(d)

Fig. 4.77 Extracing LEDs from the infrared image and search window setting in the next frame.
(a) Extracting LEDs and its search windows. (b) Initial setting of the search windows. (c) The
window setting when the user moves his face to the edge of the image. (d) The window setting

when the user tilts his face around the center of the image.

(b) IRERALEHEDEE

LED O:BBi#E R SEAE ORKMB ZHEET 2 HEIC OV TE~S. ERAZOEMEHED
HHEIZ6 THAD, FHENMRBT A AT LABEEIZHLTERF LTS ERETHI LT,
2 >® LED DBHMERDZ 0 SERE OBEMESRZHETS. 200 LED OFBEEIIERL, @
BROBRIZRADES LV bid 60mm 2 AW 5. 7z, LED %8BT 20 2 7 DET VI,
EUR—AAATERETS. ZnbOEREMANT, EAFOMIRD 3RTMEZHEET S.
MAPCICHBNWTEELERE, VIALZA LA TOMBHRERFAETHT.



513 FWREZDOHRE

R/EVAT AT, FRERZRAOTEHE 60mm % BV CHIBEEESFERLTWA. L

L, EREICLI TR, EACEBIENEHME ENTICZECRATLE >R, FhEr4&
LOESPHEENTZ. ZNiL, MREELZFIR L AR TIL RN D RkEeE & & i
LOFR—BIC L DRBRRENVEEZ b5 BEBEGOERIZAV 2 EREEOEZ /&< F
DIET, MERIBREDLOOTRBEDREMICIMA OND LRI h-oTWNES, £, -0
TREZEAZEBBEBD TREVWESATWS, BERT LTI, ERZE LARERRODRE
ZEBICRETE2 I 5L,

52 EE

BEVATATEFY I I L—2a v b bPA ML —2 a3 v ORKEFFETT-o TR Y, HE
SHBEMIIMERSHS. LED BHETIFIATE, Fx VT a i RT3 2A—F%K
HTLED BHMCAWARLERDHE. FAAT LA, "=T 35—, HEAET=—ADEKHE
BEROVIA M L—3z2 V3, S OFAMEL BEILRDP ZRETHVW 2R ELTITOLERH 5.

Fiz, A\BOREROAEFPLOMBRLZRELLZFEEICRDDZ LIZE LY. T0kd), iR
NBOHEFBESCHREBOTLBEZTMT 2720101, < OHBFEIC L 2 EHNRFHE
BETHIHFENRELLND.

RERE L EAREOFBIIR T ST AR EERVNIERER TE D0, BROFEER O
ENA LS. BEATHE, BEVATLAOL ) RHEBRREFRNOEAEIRERFED1STH
BrEZLND. FEFEE ESEHOFBEES L THNALED, ERAENERLERTIHS
BT 4 AT VABPAICES LOICREBTIREDIRPUELERILND.

68



53 &

VR 2 AW ERIIBRS AT 2588 L, "—7 35 —% AV EEROERSDE AT A
EWME L. AT VA AN R L AZRORRALEBHES R L, HREORERAEOLERIZE T
BB ZRT Lic. BRERMEBEOHTEICIT, TA VAT EAF LA AH RIS Li=FRs LED
RV BEVATAMLLY, VAT LAOFERER, FIRNIRNTEARA L ¥ 7= —240
FROLBLBERFHUHOMBER L —H L TVWALELLNE X5k o7,

SR, BAOXF )T L—al LI Abb—va L iC BV AT AOBERLEYL, 70
FFHET D REICIZIE S AT ADREZITV, BEV AT AL DIEDR~OEBL T
MTB2UERDHD. £z, EOETHERIEHETFALZREVATALHESL, #HHEHI Iz L
— S OREEX BT

69



FBOE #OLRD LAEEHEEBEOTRED
ERFEYIa2lL—3 g v

AETE, MMELRLHERIIBI IRENEMNEXNRE LIIFHA VR &2 =2 L— 2 DM
REBMLL, EEMYIaL—va v E LT HHEANONSVWERTFL 28K T 5.
BEEF VL, $tOLRY L AGREOLEROR S % LA TERTETH 2.

%% 713, Long Element Mothod (LEM) [Cos01] %5 f8 Ui AMMBMEF A &, 2R LEA
HEFOLIICEFTTLIZHMOLAEYVEFL (TFLA2YEFALLER) hbis. #toLey b
HEOEBOENENERT T A— 2%, R—OEIT—KREFBERICHELAS, $tO L0 L4
MOEREBRTS.

LEM BHEREFZFTTAVLDFRAMNSNEL, 2, RUKHEAROIEVWEBET AL
LTREALASRERET VLD QEEICHREERTE, Tk, IV ARLZDBHNERER.
BEFEO LEM OFGHFI L LT, LTO DA 5. Sundaraj H [Men02, Sun02] i3, Kb&
HMOBEEREE L IaL—2 a3 T3V RTARBET 2D, BEE S0 —7 TRIBS %2
Licb EORBHROER EARICEZETME-BERTAFEE LTAWVWEE. 27, BIEETF
fieIal—rarofBExEfE L FBOEREZ I aL— 207238k LTHAVE.
Nakao Hi%, DEOMZ S Iz L—Ya ikl HELVFV v SoFEE LTHEVWE
[Nak02]. Nakaguchi 513, ABFEMIBITEA AL 2ORBICEBNT, A A0HAL L EAEEHD
REANFERL T O T2 TORBEBT 2ERBOER L NREEEET ML-BERETIF
HEE LTHWE [NaK08]. Tamura HlE, HHI M L—=0 7 A7 LOEEOD, FHl#HOH
GEBAREETERLTIALEBRTIETOALOERERELTEIFHRL LTAVE
[Tam05]. BEZTFMZINLO LEM OFERERERY, MRS LBV RTVHOFRIIEIT D
EWEDHRIGERZBRTIHEL LTRANWS.

EEECIL, BETTFAOHERAN, #fo L2V OFIRE, L AER0OEEERCBREE
ExihL, RETFAOEDMEETRT.



6.1 ZHRIFFIZE DT 1B

RBEETNE, L2DOENRIECHBHOT v+ 7 MRICH LEEA TR T, B
DEBLHO LRV OWEEBRT 5. KETIE, SIS L AFREZOBICE < HlconT
ERL, RETTAVTERETHNORELWLHIITE. 2Tl HEREmcskes s
YD & EITE LARMOMIZM %, I OHORSMBEMIZH>AE] Oh, TOftoE#FmIz
‘’EZAZ) OF), (@RS AzEEmE TAEESR] OHD32ZNF THRETA.

SEIOREETVTHERT IO IO ORMFMICEEARME | ONTHS. ZOREOH
BEHOEDRAZ OMEEZIT) LTHERECEETHS. B2, B I(OHOSHEFHICE S
ME] ONDLERORBICRESEETIRD, BETFNVOIBRERVERETHS.

(Q#HOR#MERIZEEZME ] O, £AEEEOBBEERLHO LAY NKEFEL
TS, ZOFMIZEBNTH» A FRB~RIZEND DT, #MEEEEREZHT I L RUSH
OB OFIEEEICIVRE TS LEZ 515, Glozman & Shoham [Glo07], Kataoka &
[Kat01], Dimaio & Salcudean [DIN05] D& 7 A — 72 L W iThni- A TOMETIE, @FH
KRBT AHNLAEBZEA~D DG Y FIZOVTERENTVWRENS, FOERBREEM LIS
THI, SPEEEEERT L LHBEEELRRI L2 &b, TROBREEIZIZIFLALE
FELLWEEZLND. BETT VBV THRRIE, £EEEZHTIL CHEERERFRE
T, @FFICETHNHE2BET 2. 7z, @FMIZB W TH B EHEET 57D, &iE
BEFITHS TOHOEMBERIZRIRE ) IZH_TRERAZMEL L, O X5 2BE1EH
ThHdEEZLND. INITREOHSE [DINOS, Glo07, Katdl] OB YTHILEZ 6N, &
BETNMIBOTHOARICHERIZRE 2 WERETS. BEBEETTARBRTIOR, £46HEE
OFELHOL2ZY ThHD. BHEERITEFROKRE ST LTRSSV E L, BB 2 RE
T 5. BRI A EBRBOERICE N THREM Z{RETE 5 & L2 %KL, Glozman & Shoham
[Glo07], Dimaio & Salcudean [DiN05], O’Leary & [O'L03] R EIC LV MEENTWVWS. 2B
Kataoka OISEFHEMOER ZZRE L TH 5T [Kat0l], R 58I L TERBRE ik
TEZWT L& [Abo07] TIHRBSINLTWAE. #Ho L0 ix, RERIIFEE LzE7 R0
N A—FEFEREICLVEBLTDZETHRETS.

(Ot OEEMFEICINHEE | OAF, Bl LB ofHE TR & 6 & &0 R o fh L B
TRz, St EHEZIE LR DML EEED Z &0, HERPIEREZERTD
BEOMBOBEDEE (SH0AR), S#3EEET Y EHOTW A (FAED), #&E#OR
DEVEEN R UM ESEABEMET 2 L £ 2 b s, (@t RES M % B & 5 2 EER 5
DHTIZ, & EOBOBEERKE FET S, $HRRMOTRA BRI L TERRTRan
BAETIE, OomE LRRICMOND LD TIRRPOLREETLEEXLND.

71



6.2 HBEFT I

EEMFEROEFML I 2 L— a3 2 BRE Ui, A RFEAR THO L2 b & AR
@%%%ﬁﬁﬂ%t%?w%%%fé.%%%?»m,ﬁ@bﬁ@%ﬁf%?»aLmuwwu
FICALAGREEERTETANDLES.

6.2.1 Long Element Method

Long Element Method (LEM) [Cos01] & Costa & Balaniuk IZ X > THREEN, Efi Iz b—
g VBTG R CATHBOELEFRTIETATHD. BICHEESORTELEME L
TRt S, BELTARRICETZENTE . BRAIZI, FERBRETH-SA-mEL R
ANDFRBEFFERFIZESHNTET ALL, EHMRECERFERZEH T IFEETHS. ¥
EMMAE TRz SN, £EREROHFEHEE L GElT 3.

LEM HEHBEARI/NSL, EEHT=A— a3y, X—F v ARBIIBITFAA %5/
Y, ARV F) L 7EIZE L TN 3. FRERE FEM) LVEFECHETETHY, BE
ETHETELH, FHVIab—ra MIBT AEHEEOBE > ERMTRRBTHFELLT
BTV 3 [Men02, Wac06]. LEM % FEM L W SHHEAWMR/NEL R AHAIE, RURY a—2i
TFT—HOREE, MFEEANTELVWEOA 2 TRELLLE, LEM T VAR WER
THEAZRBETELZ & I0L 3. FIAE, SIHEE 150 n@0ORA y o2 THETBHE, FEM
R BOMNFEEREFVELTIOIKL, LEM 1Z 3o’ @BOESZETRBRTETHS. RULE
BAGONSVWETNE LTERRAFERTTNALHEL T, BESELHBEAICT YD
EREICERTEETH D [Mend2, Wack6]. £7z, LEM # AWV =EEOETFNMLIZHLERET,
BE, KL VS EITBRNAS CFHAIFEETH S [Men02). BiZIZ, HF—HAHFEMER
WMTE, EXNEOBZRBETAZ L CRELHERERLEIIR U TR TE 5.

AR E I EOEEENEERREMENONH S AT LAZHEETIZIERENTHY, £
WOFEHH LEM ZAWTAKE#RZER TS, BICBEETATRE, #IOoLR2DETLE
LEM LR UHFEROWE 2B L5 ITREHT . UL, PRVWERTER+FRT A LV ) LEM
OFIEEZREKBIZENL, #OLRD L EEEROET2RmEBIEH T DTHD. LL,
L0 EFVEROWN LEM ERLUTIRH2 000, BERlIRL2.

Fig. 6.1 {2120 LongElement (LE) %773 . LE TR VIEEERT, TORMEROE &
EHEBEHETS. Lk LE OBRE, ALIIEN, A2 LE 0KEH, {13 LE OE®EICEER
B AEET. LE OEBIIIHEIEN fIALEIPELL B EEDN, D208 00
RETHD. HATAL/LICHAFT 5. LEM TiE, $iE% LE 0£&TERL, E1D»B(6.6)



TRTEMLFBRRZY TS, % LE OMEERIZ, R(6.4ITTRT adjacent B3 TRT. RaFi &
JRI=N+1E j=N+10BEEKE, %I LE O/ LF v 2 2% 5+, R, 20O
TEFNDA LT v 7 ALRT. FAFREEERICERLTVWDZ LaRmT. A, 22i%
FIDHTILE & ES j 2810 %5 U7 LE BBEE L UBBRIH 58S, BIHEEE ST EK
TH A DT jHBRS a,; & JITIBIEMY g, \C&END adjacent BIBAIIC 1 OEER
2. FLELEIDSTAESE, EVCERPETELOL 3 IZEI0 S TTHL LV, yids LE
DEMDEEEZ BT, b3 LE KHh»DN0EENSERATHTHD.

A4y =b, (6.1)
i1, i, 1
A= / 6.2
wy 7 Gy, A ©2
4 4y 0
E 1 (n
—+—| » adjacent(i,/)k, , i=7
P Satseento)t, | i
a,;= (63)
—A;adjacent(i,j)kt ; , Q%]
) _+ |1 , theithand jth LEs are adjacent.
adjacent(i, j)= , ) , (6.4)
0 , theithand jth LEsare NOT adjacent.
AL, , 1Zi<N,
Y= ; (6.5)
AP , i=N,+1
dghh , 1<i<N,
b = (6.6)

0 , i=N,+1

o, ERWEGE KREREENGE, NI LE O, 32y o8s, APIERELS
EnE, bixboms, d3HE, gRENNEE, AMZZTORCETHRELALTEOE
EbOEMLZEST. 8L < IEXM [BaS02, Cos0l, Sun01, Sun02] 72 EA# BRI N7z,

73



Fig. 6.1 Long Element.
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Fig. 6.2 Modeling of a needle and tissue using the proposed model. (a) Modeling of tissue. (h)
Modeling of a needle. {c) Modeling of an inserted needle and tissue.
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Needle-Tissue LE & L, LITFO#rFERUC L DD L2 Y EHERDERE KD S.

Ay=b (6.12)
i a,, A N 0]
Ay, 1 Ay 0
A=|ay_y., Ay w1 (6.13)
Ay, Ay ~1
0 v 0 Ayya A, 0
ay; ; , the ith LE is a Needle LE.
a,;=+4a,,;+ta,, , theithlEisaNeedle-TissueLE. (6.14)
a , the ith LE is a Tissue LE.

{ 0 , 1<i<SN-N ori=N+1
= (6.15)

dghh ,  N-N,+1<i<N

TIT, NIZH& LE OGS »HET.



6.3 BEETTNVOEAM

RENFERMOEFH I 22— a3 VEFEAME LEEREEFALOHBEARLFTMTS. TR
EETTNVORBHLHEFIEEZ T, HEVTENY I 2 L—Y sV ITAVWGRBERETLE L
TRENBRFRERT TNV LOEBICL Y, HEAWOEERUFER Y I aL—Ta (L3
FHEERETS

6.3.1 EFHEFIE

ET, MEETALONG.12) ELBHR THIAREZRT T VOREN LA FIEZTRT 5.
FlEE, ZAE2AALTHEIE (UT, BAEANBELRESR) A2 AHETIFIE (RBIZHA
AREBER) L TRERD. EFEEOU I 2 b—Ta iU, flxiE, MEF A AZHNE-
HOBETIEANBRBHOBIERDOEM L 2 DBENEL, TO %m%&lﬁ@%mwa
ANEBEHETETRAL ZFBANTYI2Lb—s 02 T58B81E, AAARERNWA.

(a) BEETTNVOHEFIE

RETTNAVOEMANT L HAABOEEFIES Table 6.1 1T, BIERIHTIEMET
B3 FIOKRE EOEDHZTHNIE, Step3 OHFFBEFETHZ & THRMEOTNRED.
BIERANEDIUL, Step2 & Step 3 MADOHHERLETHD. AEMEITT L THRRE%E
TT-72BAE, Stepl b 3 TTOLTOFIFEOEMERLELRD. BAANBIIBITS A
OEFHILLT O L D17 5.

1 , i=j
{ =) 619

IO, iEBEAICHETS LE DA LT oI A, JIEFNUADLEDA VT v I ATHD.
bo ﬁ@.iuxﬁﬂ&ﬁkﬁ 1 ZNFBNT, ST 2AICER (1) 2RAT2Z
& T

m



Table 6.1 The calculation procedures of the proposed model and the linear-FEM displacement
method.

Condition Praposed mode! Proposed model Linesr FEM model Linear FEM model
{Displacament input type} (Force input type) ({Displacement input type) {Force input type}
Set » targat objact . = . =
Stap 1| (Shape, parameters, ~Setup Ay=b *Setup Ay=b .Snlt up Ku lf Set up Ku -r
boundary conditions, atc.) Caleulste K ~Colculste K-

X ~Update A *Sat up u, = M. f.
ipulated -
Step 2| Sat & maninu point -Calculate A™ +Calculate Mu_1
Set input data int (input displacement) (nput force) (Input dispiscement) {input, force)
Step 3 thce :::n?pu'I:te:!"pZint *Updste b *Update b «Caleulate £, = M..:'u, ~Calculate = K'f
Calculate y = A”'b “Galculate y = A'b *Calculate u = K°'f

(b) BREARERETNVORMEOHEFIE

REETTNOEBXNRE LT, BEERERT T NVOLEAEIRIT 2 EHFOEITOHEFIES
BT 2. BETTNOEMPEBFFHLBTHA 20, HEAROKRE RERUERIIEEST,
BEEFAZEIY LT3, 5FREFIEE Table 6.1 7. ZoTu, f, KizFnsn, #iE/
— RFEFLEB/ — NS LB~ b, A2 b, Bltt= ) 22 ThB. BAN
MIZ3iTH Step2 & Step3 OFMELITIIRT. BE) — FICHBRTHEMSRY bk iy
MrEZRERL,, f,, BE— FUAOHEB /= FICRETBERH~S b LAy bk
EnERU, f,LTHE, UTOESIZET3.

el 1
ac »fc Mco Mcc f;:
u =M_f.( f,=0) (6.18)

BWTLUTOLSIHETSILT, Rl /— FOEMNPRD LS.

fo=Mu (6.19)

cc c

= Kl 0 ‘G2
u=K {6.20)
f



6.3.2 EEREM

Table 6.1 T/R L7RHRFIED S 6, SHEBMHIREVOILESLFERNEZMIBS THD. BT
FREADOHBEANZ, Gauss DIEFEIL L 2 FITFIFRE BV 5 Fk L #BAEEOEH CEE
Lc. BEETFALLEBRERET NV HRHITIIREHTH Y, BEENS L X 3B ARERE
DTHD. WITHEAEZ BV D HFETIE, KDZHETHENRY M OEEZ RO IEFE L LB
25, REEFATRy=A"bOHER, AREXEFLCRu=K"f Ot ErEYT 3.

(a) BEFRDORE
RBETTNVOEFIZLE D OENRECHIZH LEERFHIZBESNATVA YD, HIRESE

ETNAOLGBBEAEREY. L2L, EREXBNTENE, TORBIINIVEEILNBZD
T, TOHMBOTTHRAFTOLEEITS.

Needle LE  Needle-Tissue LE  Tissue LE In II It Tissue
N, n -Ni Nt ! = oy

Fixed end 7= o 5 )
Needle~.™ ! /

: O g [N Y
Free end %= } n } t

Manipulated end| .4 . Free node -»

v P o

Fixed end S o e Fixed node Triangle element
(a) ()

Fig. 6.3 The elemental settings to evaluate the computational cost. (a) The setting of the proposed
model. (b) The setting of the FEM model.

FHBAEIT S RO BRI E X Fig. 6.3 IIR9.Fig. 63 (@) ® N, , N;, N, iZZhZi Needle LE,
Needle-Tissue LE, Tissue LE DB TH L. FRERET VTR, & b —RAZZAFEFR % Finite
Element (FE) & LCHRA L7, Fig. 6.3 (b) IZFRT XS, FE2 2 THRKENIRAITEEER
RHEREAS (UTEMRAFBEELR) L UTRETS. [, L, LiEsHIR > FRoRFHEOME
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BERL, TNTNEHOHOMSy, #LIBHMTS OMY, MBOLOMSITHEST S, 1, 1,12
HICEBELRTAOERFFHOBBEERL, (IIHOKE, 1 138882 E0EHLECRYT 5.
ARBERETTNACRIT 2 OEMIT, BHAOT- DI RIBEE Y TERT 3. St L W
AEREREOMEMHEIT L L, BESFACIRERICE L-BERKE, fBEXFEFALT
X2 o0BME, — NIz, HOERBAIICA»S B ANE LTELE, BEOK S S 13585
Gy D E D 1/2000 & L.

Table 6.2 The elemental settings used for evaluating the computational cost. The parameters in
this table correspond to Fig. 6.3. The diagrams are simply drawn for intuitive understanding.

Notice that these diagrams do not indicate the actual numbers of elements and nodes.

Condition 1 2 3 4
Nn=2, Ni=8, Nn=20, N]-=80, N, =40, N~160, N =80, Ni=320,
N=12 N=120 N=240 N=480
Proposed | 57 T 1 PEN B o r : . S o e B o THTT T
model
=2 1=8, 1.=20, =80, 1.=20, [=80, 1.=20, 1=80,
1=12,2,=1,4=21 | 1=120,t,=1,2=3 | I=120, ¢,=1,¢=3 | 1=120,£=1, £=3
FEM i 7
model

BRETTNVEEREFET N TREZRNHOFELEEROBAENERD -0, 2 228

DEEREZOINLD. FIT, Table6.2 LLLTIZRT 4 DOEETHEANOLEEZ{TS.

1) BEETN QE#22- BAEE 22 - FEITHOKRE23), ERESZET /L (FE
% 84d-FHTE /) — RE62- B/ — FE 404 - B HEE 808 - REITFIDREL 808)
/= FREROEEBENTE AT R IO RERHE L. LEXERT
FHIR > THIR < 25 L 51, #iZ FE MR SR WE 31273, #HIK
D HFMOEN LE L BARFETELIRD LT 3.

Zi2) BEETT N (LE#220- BHAEF 220 - RETHIORE 221), AREFEET/VEE
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#1240, EE/ — N$ 404, B/ — N5 440, BB 880, (EEITHIORE
880 Hi41ZILIT, $HEERFMD FE O¥ETEBMRUBS L, LE & FE
DEFHES LT D. FMF 1 LEE, #HZR 5 FAMOED LE L BES
BTHLLRDESIZT A, Table 62 1R T & 3 ITH#E S D FE MR < 72
D72, AREFETAVE L TEREITEE LLARAVWREITHS.

%1 3) #HERTT /v (LE$ 440, BB 440, BEITFOKRE 4D, HABEERTTL (&
2 ER—) 2 #%5mic, #HIR D FRIZ LE 2L, ZOKFADLE &
FEDEZHFLTH. Table 62 ITTFT X5, §ffF1, 2L E42Y LE gt
RO FRDIRBEMEFRD 121725,

&iF4) REETT /L (LE $1 880, B HIE 880, MFHITHIORE 881), BRERETN (&
2 LR—=)  FfF2 2w, $HZ S FANZLE 288, BETFALEE
REZTTNVTMNEEZRTEROBEEE L T2, Table 6.2 (TRT L ST,
Fff1, 2 2 R0 LE OFHCIR D FADBAEMESHO 11412725,

28, ARERTTNTHE, £/ —FOBHEL BH/ — FOBREROBEMRETHORE L2
HHRAMICKE S EL®), FEOEIMA T, — FoREE R L=,

(b) FrHEIZTE

FRffitz VM- 514413 Intel Pentium 4 3GHz CPU, 1GB RAM, 7 k 7 = 713 Microsoft Visual
C++7.1 & MATLAB R2006b, #{EftE T 7 7 Vi: ATLAS3.6.0, CLAPACK 3.1.1%, GSL1.6"
THd. NBEFEOFANCIE, C+ @ clock BEER TN MATLAB @ tic B9% & toc B Z AW
7o, Eiz, TERR L TOABRGR ERDN, FOLERAVWLETATY XA LEHOAFE Table
6.3 12y, TATY X LAOREZREHEEOFIBIREERLZ RV, EXHFEATRVEST
T ZLRRLRDOE, BRETT A TIHERITANRERNRICZ D0, ERERTT L TIHRE
THIRHABICRZ DD THS.

CH7Tr 77 ATOFMIE, =4 CPU BRIOELEZRDZ L TiTo. BEORWIE
BHEZRD D78, F5 I 0B LD CPU EHAEZHI 98%RIRIZ Litk, —EOFAR
AL EL 22 X5 ICR— 0B EZ L~ 2 ¥ THA L. ZhEE&FIETIOET 21T,
MEBEFH O L EREREZRH Lz, MATLAB 7’045 AT 10 BEHAIETV, RSO
BROFY - FEERETEH L.

f Automatically Tuned Linear Algebra Software (ATLAS), htip://math-atias.sourceforge.net/
g CLAPACK (f2c'ed version of LAPACK), htip:/Avwwnetlib.org/clapack/
h GSL - GNU Scientific Library, frtp:/www.gnu.org/software/gsl/
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Table 6.3 The functions/libraries/softwares used to measure the computational costs of the

simultaneous equations.

Calculation Expression Algorithm Function (Library/Software)}

A K Gauss elimination via LU decomposition

Inverse matrix using Partial pivoting

dgetrf , dgetri_ (CLAPACK)

Matrix product Ab K'F - gsl_blas_dgemm (GSL)

Ay=b Modified imcomplete LU decomposition,

Bi—conjugate gradient stabilized methad luine, bicgstab (MATLAB)

Simultaneous equation

Modified incomplete Cholesky decomposition,

Ku=f Conjugate gradient method

choling, pcg (MATLAR)

633 EBREE

AL /-5t ERRM OV L EERREDMES Table 6.4 [TRT. 41, 2, 3 TlE, FORERN
BBV THRETTVOHEREINI W LBS0D MBERTEROBRENS L4
4 T, Gauss DEEEHEZFAWEHSITITIIRCFERME -7, LisL, Table6.2 (TR LE
LOCEHZR D FAICBITZ2REBETNDOEREN4ETHY, Fig 64 IITRTLHIIREET
NDFEREVEEORVMIEFEREF. ERARER AV HEIRERESTT VO ERRE
BRELL 2o, 2, HEAEEONREAMEETHCEAESROT(LICEE TGk
HEEZOND. BEETVOEEEIZFRRITIOREZ NETE L TELALDHLDOTHY,
RETVOEHESHTZ2EA TEEAREOINREED 2 b O TIZRV. £/, £EHERETDH
FRETFIOREF D EVNEELRVEHEBBTER LV ORBERR L THS. ok, &S
BLEOINREIZ OV TOFELWESRIL, BETTLOFME VS BRNZ-ER 2 :ZAbNHDT
fTdoZzv.

2B, TITHEREERLTWVWRWEED > B, Tableb.l @ Stepl IZHFHHEM HEXDIL
RCELTEHFMEDO L DZT 2TV RV, SEOCEFETT VL, EXHEREAL Iz —a
VHERTHMERH DRI EREGOER bR e P—OFR) ~HELTWARNWZH T
HB. TNLUAOETOFIEIZOWTIEFMEZITY, WTFALFERREIL 0.1 ms RKF & I
INE DT

33



Table 6.4 The computation times of the proposed and linear-FEM models. The average and
standard deviation values of the 10 measurements are shown here. The shown values were

rounded to the tenth millisecond. “Elemental setting” indicates which condition for comparison.

Elemental setting 1 1 2 3 4 2.3.4

Model Proposed model | Linear FEM model}] Proposed model Proposed model | Proposed model | Linear FEM model

Inverse matrix

(Proposed model: A. 0.1%0.0 1466.1%64.8 31.3%1.0 217.9%9
PR T .9+9.2 1907.0%45.7 1811.8+89.1

Matrix product
Calculation (Proposed model: A™'b, 0.0%0.0 1.9%0.1 0.1%=0.0 0.5%+0.0 23%0.0 23%0.0
Linear FEM model: K™'f) o

Simultaneous equation

(Proposed model: Ay = b, 1.6+0.3 37.1%6.2 84.9%7.7 87.5%55 =2 5
Linear FEM model: Ku = ) S 1oz1=08 i

Fig. 6.4 Comparison of the number density in the experiments for evaluating the computational
cost. The horizontal direction indicates the longitudinal direction of a needle. The midpoints of the
LE bottoms are drawn in the proposed model. The nodes are drawn in the FEM model. (a) The
number density setting of the proposed model under the conditions 1 and 2. (b) The number density
setting of the proposed model under the condition 3. (c) The number density setting of the proposed
model under the condition 4. (d) The number density setting of the FEM model under the

conditions 1, 2, 3 and 4.

U:'::, 3‘5%‘3%{41(7)7&7f.'lmb‘/_ \: )(-——y (Nnv ]\711 N(v [n’ [i’ [t’ fn’ ) ;‘;—/,‘if:
BAITONTIE~, &1, 2, 3 TREBEEFAVOFHABRERET VLY LRETFIORKS
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BANELRB L ETRT. BETTAO LE DTN, + N, + N, L 2507, HBEFHOK
HIZLLTO L1045,

N,+N,+N, +1 (6.21)

REUERERTFATIE, /— PO L, +1)+(0 +1, +1) +1), > bEE, — ok
B2 +2 1+l 2s0T, gl — o L +D)+0 L)t -1) k3. o7, &
HITRIDREIDT O L 512725, -

21 (e, + 1)+ +2)e, -1} (6.22)

IT, &L, 2, 3ORTEE 3 OBAI, BETTAOEEITINIIRLREL, BRESRT
FTNDRBTFNORBEP RO /NELRDOT, & 3 22 > THRATS. & 3 Tk
N,=2l, N,=2l, N=2Cthpaztr, I, L, 1, t, 38 TI1LE, {H33LETH
DI EMb, R62)MHRE(62DEFIL &,

20 (2, +1)+ (I +1 e, = 1)}— (27, + 2L +21 +1)
=21t +2(L +1 )z, -2)-1 (6.23)
>2-1-1+2(1+1)(3-2)-1=5>0

kB, £oT, &1, 2, 3 THRETTLOBETINOREREICIEL RS, 1=, FE
DEZRZLD, FH4TIEIREETTLVOREPFRERT T AV TOREICIZRELI-bDIZRB.
PLEEY, BEEFATERERET ALV BAEVFHEARNT, L 0EVNREDOH IZE
ERAROEREENTEZ2 L 25, 6%, BEETAVEFHRBELTHABEZECL, TOLET
HODTHERMOLBETOILENRDS.

64 BREREFTNOLEEE

BEETTFTNTI, LE OEATRINIEFREZTFTNEFN L BAMEFELIBFLE
HOLRWEFLEZAWT, EROBEZTS. T, BETTNMCEEYIzb—Ya»
FERE, $HE2HELAET JREUARS CATRHLT “$M8” ¢13) L&&FT77 2 FAEH
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WERRIRR L BT 228 T, BEMEZHMET . RUDRBTHERL LTET /52 4R
HORDYITHAWE. ©7 /BE2RAVZBRIL, RETTAN S SBERL 2HEICERTiET
HDEEZRIZ L L, EFESRTHIERI LD LERITHNS 32 MIMEL, okt g
AREFH BRIV A OMKR K FRBRERFM THEH-DTHS.

6.4.1 EERIEE

EHRTIE, 1 REFAICEE L2 0L L D RmARe2HIERZ AV 5. EBOEERE
Fig6.5 [0 T. %EOn— FELBZORIC, EBSEHEN L THEBRLEZET /# (IS Kk
FF G352 VT JMRAME, ¥ /R4 206GPa, AT Y003, EE 1mm) E7 3R
(RSt by 78 by TR RS, 1 SUS304 (¥ 7/ %40 193 GPa, KT Y - H#90.3))
EFROMTTEHZITS. E7 /#1E, &E 70 mm & 150 mm O 2 f3H, AHE#HT, 21G TH
AEHSDOES 150mm O H D E,22G TRE200mm DL D2 EEEFZAELZ. 7 /# T,
ERMEICIRY HT 28T /RO D 12.4 mm D5 % UL T ERIER & /5. AR TIE,
FEALSICHOEREZ I AT, #HAENS OR L EMAORZ BRIFRE L7,

Fig. 6.5 The experimental apparatus for evaluating the accuracy of the proposed model.

BRFETEIL R R T A RS, KSR T, IZHER 0.8~0.85%, 3 0.12~0.32%, < H 2 0.3~0.6%, U 0.025%Hif,

Bi#E 0.025%Hi1%, §50.2 %HI%SS 3
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EEIL, ATy TE—F (BARVP—REE KHA2IM2-901) ¢H o7V v IsBinTo— K&
/v (Nordic Transducer ##¢ PE-1) # 1 fh 27— (RREHL LS-M63-C6M) LT 1 T HA
IZBERY (A7 w 7240 1.25 pmistep) L, 0— NEABRT v FE—ZDOAT v FEICEHES
MO EHEAMYEIEST L LTHATS. FHAERE ORIEFTEREIL 3.56 N~0.97N Th 5.

FHEDEMIIN AF (Lumenera B Lul70, EBAFOMFEEIT640X512) THRE LCEHAIS
D, HATONXBPEHEOIFIFPRLEBRATILD, IASEEELE. H A T GML camera
calibration toolbox [Vez06] W TFHXx ¥ V7L~ 3L, Vo AELOEBOKREL, B
ATHRLHBEHERE CORSOREEL LTHL.

642 #OLARNIZONWTOREIMER

Y, HOLZVEFVEBTOREFMET S . BIEEEIEHAOL D —FoREEEL
otk TSEEBSET, RIBROEM, RIERORN, $HEOEHEFATS.

BTV BERVDEBRTIE, AATZ»LET /BRETOERL, 70 mm OVT ) HEHAIST
43mm, 150 mm O 7 /@REHAFFT 74 mm Th-7, Z0LE, 1€/ 8 okEE
NENO0I2mm & 021 mm Thol. B— KEAOSRET4.6X107NIZRELE. Z0%,
KBIAERCAVONDHEE> TAROEREZT 7. H A F 0 0ARSTE TOERI, 150
mm OFFFHARET 165 mm, 200 mm QHFAFT 214 mm THo7z. ZOLE, 17 ELEHL
D ORSIFENAZN029mm & 034mm T, ©— FEAOHRETEEXIOINICBRELL.

FHA L 72 $HAOER L BERICAR IR AERANT, Y Iab— 3 VER L OBERR/NM
2HED, RENTERLLLBVETAD L ki, KZ@kTl, =¥ 42Raky
LTUT OX & R/MET 5.

i

L oc, a5 e

n i=l

IIT, ALEE LE OBV I alb—va UERAL &, AL 13 EREFIST AALE TH
EAMICEMLEZEMEZRT. 2B, Y Ialb—2a VTREREMSE LTHORBOERN AL,
ALy AFHEZ TS, RIZ, BEELE FE2RVT, aifinfl LTUTORE R
5%,
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(b)
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Leve ervtesvsersty
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_.nﬁ,;;t‘ii"""' + Measured small bend
~— Simulated small bend
g »  Measured middle bend

—— Simulated middle bend
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a
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-
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+ Measured small bend
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— Simulated middle bend
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=== Simuiated large bend

&
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()

>
M“‘"M:;-!'
gLt K
Lot powwe SO = L2 ‘./w /
L 0)

+« Measured small bend
— Simulated small bend

= Measured middle bend
— Simulated middle bend
Measured large bend
-~ Simulated large bend
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Distance from the manipulated point [mm}

{e)

Fig. 6.6 Measured and simulated bends using the only piano wire or the only biopsy needle. (a)

The graph shows the residual displacement error calculated by the expression (24) to the

displacement of the manipulated point. (b) The results with the 70mm piano wire (¢ =4.1,
f3=0.0113). () The results with the 150mm piano wire (@ =1.7, [3=0.0066). (d) The results with
the 150mm/21G biopsy needle (& =0.25, /B =0.0051). (¢) The results with the 200mm/22G biopsy
needle. (¢ =0.10, [3=0.0042).
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|\ = £ (e, B) (6.25)

IIT, L& fuld TRTRBERORERMICINENNY I 2 b— a ViER L EAGE
ThHbH. QIFHOLERATIERE L2\, o 2SI ELTE 3.
HEIZRENTAIBEOREEOEMES 2. BL/ASWEMICBWTEEL L/$F £
—FEZRWT, FEMUIZBITD L) ORBELBIERIIIDDNOBELZFNEAR(.24) L
(6.25)TFH L7, i, RELONBTHL T A—F L fOBREBGEOEMEBICTTARE
HERRDED, ak fEBRIBELERE L EDOK(624) L 625)DENEBF BT,

+ Measured force (7Omm)
Simulated force (70mmy} + Measured force (150mm, 21G)
s Measured force (150mm) — Simulated force (150mm, 21G)
------- Simulated force (150mm) +  Measured force (200mm, 22G)
------- Simulated force (200mm, 22G)

15+
008 |

0.06 -
0.04 ;

65 -
‘ 0,02 +

0 £ b L
0 10 20 30 0 10 20 30

Displacement of the manipulated point [mm] Displacement of the manipulated point [mm)]

(@) (b)

Vertical force at the manipulated point [N]
Vertical force at the manipulated point [N]

Fig. 6.7 Measured and simulated vertical forces at the manipulated point using the only piano wire
or with the only biopsy needle. (a) The results with the piano wires. The parameters for the 70 mm
piano wire are @ =4.1 and [=0.0113. The parameters for the 150 mm piano wire are & =1.7 and
S =0.0066. (b) The results with the biopsy needles. The parameters for the 150mm/21G needle are
0:=0.25and [3=0.0051. The parameters for the 200mm/22G needle are & =0.10and [=0.0042.
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(a) EBRFER

T, BBDBREY Fig. 6.6 (IR7. Fig. 6.6 (@) IZFT LI, ©F JHOEESL AR 0
BLBERIISEZDEMBREVIZEBRENMERT S, 150 mm O AR OEBIERIT 32.57 mm
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Fig. 6.8 The effect of the parameter variation of the needle bending model on the simulation error.
The vertical dashed hnes s indicate the parameters with the minimum error in the small-bend
case. These parameter values were used to calculate the results in Fig. 6, Fig. 7 and Table 4. (a) The
effect of the ﬂ variation on the displacement error of the 70mm piano wire. (h) The effect of the
ﬂ variation on the displacement error of the 150mm piano wire. (c) The effect of the & variation
on the vertical force error at the manipulated point of the 70 mm piano wire. (d) The effect of the

(¢ variation on the vertical force error at the manipulated point of the 150 mm piano wire.
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Fig. 6.9 The evaluation experiment for the reproduction accuracy of the needle-tissue interaction

using the proposed model. After the piano wire or the biopsy needle was inserted into the thin

tissue phantom, the manipulated point was moved by the step motor. The deformation of the

phantom was measured by the camera. The unit of the shown values is millimeter. (a)

Experimental setup. (b) Top view of the setup when the piano wire was set in the gelatinous

phantom. (c) Front view of the (b) from the camera center. (d) Top view of the setup when the biopsy

needle was set in the polyurethane resin phantom. (e) Front view of the (d) from the camera center.
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Fig. 6.10 The measured and simulated bends of the piano wire or the biopsy needle in the tissue
phantoms. The parameters for the piano wire and the gelatin are & =1.7, ﬂ =0.0066, £ =0.01
and kt =1.3. The parameters for the biopsy needle and the polyurethane resin are @& =0.25,
[=0.0051, E=0.16 and k,=0.12. (a) The graph shows the residual displacement error calculated
by the expression (24) to the displacement of the manipulated point. (b) The representative results
after the piano wire was inserted into the gelatinous phantom in the case that the displacements of
the manipulated point are 1, 5 and 9 mm. (c} The representative results after the biopsy needle was
inserted into the polyurethane resin phantom in the case that the displacements of the

manipulated point are 1, 5 and 9 mm.
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Fig. 6. 11 Measured and simulated vertical force at the manipulated point after the piano wire or
the biopsy needle was inserted into the tissue phantom. (The parameters for the piano wire and
gelatin are & =1.7, ,B =0.0066, £ =0.01 and kt =1.3. The parameters for the biopsy needle and
the polyurethane resin are & =0.25, ,6=0.0051, E =0.16 and kt =0.12.)
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Fig. 6.12 The real-time simulation of the needle bend and tissue deformation by the proposed

model.
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