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#include <iostream>

using namespace std;

int main ( int argc, charx* argv )
{
cout<<"Hello"<<endl;

return 0;

}
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(I FRAILS FRAT 1T sf UL 381 ) B ST AR A5 Sk AN Rl AR08 . B 8, il i A5 B Dt ik
M2 L — 5 S AT J PR O R, A S e A AL - 3 4805k B LA B R0 ot 30 5k 1A
Fy A0 8 S A RS, o A L) e iz B A AR, AEBLAT LA A5 H ( Monocular )
FIPL. WH (Stereo ) HIHLHNALE (RGB-D) HIHL =K, Wl 2-3 . EWEX, B HAMHEL
RS, ACHA WA, i RGB-D MHAE 2%, BR T REW RESIRAK R, EREEN
BEMEE SHMLZ MRS REEAIPLE F 45 2085k, TARRREARE @ AL S AR, 7F
8 S S TR L TAR IR, b U — A EDWAE SR AT, tesh, SLAM Wik A 2504
HL7T . Event FHALY SRR R M4m0 Rh e . AR ZKEBER BIENT/E SLAM TR, A3 H i
MR R . MWEETF A, /N8 N AL J2 K P8 A H AL -

XLEHEH

LASEEU) REARH

M23 Mheeimail: £E. XEMEEmRL

@iF A, EPR LIRS BRIG EEHE XA FRENE TIE, FrUAARgEae—oe i aUomith i £ 3700 2 (u] op ik 4%,
+IIHL{1"‘FH FREAN ’1'|'E|‘" AR i )
A B P IRA AR A KHMERFER, 0 s Py ek b
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AN E —H S FAIHLT A SLAM WA 205 5

T H AHPL

S — 4545k T SLAM B0 F5 5. H SLAM ( Monocular SLAM ). X fp % @& g 4%
AR T PR, ACRE SIS, T AR H SLAM AR SZ0F 98 & & IRy o Wk o A BLAY RS . 18
Fo J20, fEN—iKIER, EAT 25

WA AT E I 5 ( Scene ) 7EAHLIY RIS 1 B R — 88, B %0%
NIRRT 4R R, WA, XD Idn VR — PR, iR ITE R (alih ). 7
FLEHANLD, FRAC kI ek R T R b R S Z B A9 BE RS (it ). 2RISR
B, DB SLAM R CHI TR TRATW KW BIR, TR T —F R A B 58, X
KA s AT — A EOWAY BE S R ( S8R ) |, &l A BhFR AT PRI T R i i s e & . )
an, FATREOEHEA L EUR P A, OF HUREE SRS K/ s AR R P 4 e Ak A, i
KB H AR — AR (3 s PRSI &8 FEe 1, 555, X uu(E BAR AT LA Bh 3k
1WA G, H LA S 50 2 T AR R0, s A A1 Tk DG 3 e A ) 2 3 R
HESAR/NT P 2-4 b — A7, FRATIEAaE 2o s ke PR S W I it S e /s A LS 114
AN AR NEURERY  BRARTRAT e Ay, WSS g 5 — sy . 5 2, ROk EIRE, R0k
e — PR B RN R MR RERIENYAR, Wl —RIE BRI A
PTG/ MBI OC R, BT LR R P AR i m) B R INIFEF

24 BB, TR, U L AR AR

P15 H AP 0 PSR S = 22 o) ) 4052, BTLL, W AR S — AR 44, Wik s
AL S fE 9 H SLAM s Ji [FIRE R T8 FRAT A 0RE SIHAL, ATEA T EEBh ( Motion ),
[ g S IR O T AR, ANWiFRZ 854 ( Structure ), R4, /B A4 IX Mz B Figh
FaWg? M RARAAE S Shi o) ol — i, WU A RS, BTN 1B BRI S
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LS Al M E s ok TR i, JRA AR . IR R TE B IR,
ii&tﬂ@%%#ﬁmhf, Wizkb ( Tez5imid ) B9tk (KPR, BE ) BELEERAH. T, 4
PLES it , XS fe % iz sh el 742 ( Disparity ). ik #022, FRAT5EAE 2 Hk s 1
WpLe A s 15, WP iR 1

SR, BPMEIRATHGE TR, EMAER FUE— M. eIk i1 ("ILE""H'J‘ SR/
FEME 138 H 5 3 S b RS (A [ 55— R, (G S LS IR A < B2 ) JIRE K
PR B R R, R R S b A 7y SR R R Y S LR wwqu-h i"&nJrﬂs
A7 AT AP IZ B A AN EIRERORMAS . i HARPLIT B B a5 —FEry . AR, X
NRANELIAT BATEL, TR AR AR FEOY 514 X, L SLAM {90 At 6 5
SRV AU P AR 2E A, WA RE (Scale) P, HFHH SLAM XL UL E G
EIXP SR, L PR A REARTEEM ( Scale Ambiguity )

VR Z G A GBI R AL, DA RGBS R, XSRS 45 5 H SLAM 0 s nk 1
TRAHIIRRIT . R AS Dt DR ok sk PR C i TR . L, b TR BN, AR IRl
FHSUH AL AR FE AHAIL

B HIBLFTETEE FTRL

foft HTACE AL BE ALY FT A0 38 o FFp T Bl St R S HL =z Rl B, v iz e AL
JOiR A B Al . — BURIE TR, ﬁ',‘m ~HELSH AT LLE e SR R, (Al BRI
A EVE . SRR IR, (EO00H AL B EE AL 3 R A I R AN — A0 . AUH
FHAILHH P~ HARPLAL AR, (HUX AP Z Rl RS C Fp o EZR ( Baseline )] 20 F1AY. & (1M
i XA R A TR MR 2R A0 23 () o7 X AUAHRAEH AL, FRATTAZE o] LU 72 A7 R % 1

eI IR VT, AETERPL S R B C Q] 2-5 B ). R A H AL T .
T s # 2 HHPL, A FFEA A

25 REMEEE: ARERZR, tREMR ATAHRNER,
ML= 18] 4 6 35

OFCE RN 2 0 F B R F— Db fi
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AL E AR H AL 2 }\':'li'i'l’ﬂil""“i/i"‘bi ’/f\' P \CIETS () f.’fil"H —~MMEE SRR, ML T
ANFEEJEAE R ARRY S O AL G 50 19 R Y Bl 5 S 2 A G . REZRiE 2 B A 'Liﬁi‘éi"il‘ﬁ‘ s3I LiSEY]
LN ST Y & N B e 2 A DRV B R 7 um.M,'L”\ \}\HM’U\ ACHAHAILA R B Al e
IR B SRR 0, TF A AL &% 75 'I[LJLI'/LHILA!.-HI(] N, Xl TEs, WH
z-%ify’lI‘rﬂ’r'JLl'lU&‘-&u'r,Ll"iu‘*"m fLJJ4Af] A%, HOREE R R RIS -uunw"i’l&'-j’;fi'?“!'i‘-'%'-i!”flité. ifij
HAE 20 AR TN AE TR, 2 H] GPU M1 FPGA &4 i, A fESc 4 Bk g iy
PHE(EE . NIREBAMEIE T, PR R i m

REEEAHML ( PR RGB-D HIHL, 7EA I"Il ST RGB-D iX S FK ) S 2010 41 f 2442 i)

FARL, B R A S AT L i 2T Zh gk R R Time-of-Flight ( ToF ) JRH, {RBOGAL a6
FE, a3 8 R A SO ERnR R RO, illllln‘l".”f’//H'F'Jﬁl’r'L"7I'HJI'I"J”-E"'3‘" EIFAMEACH AP
FEE A RO e, i P PRI B, B LA B T AU E ARAILRT 5 K A TR
(i 2-6 s ). HfgH HIAY RGB-D #HPL{245 Kinect/Kinect V2, Xtion Pro Live. RealSense %,
{E—SeFHL EANTRHE RPN . A, MAEZE RGB-D HHPLAAF(EM A= | s A,
PUEZN . B2 HOG T AN Gt i R I i 2 n] @, (€ SLAM Jrii, EEMTFEN, F5H
BEME

B 2-6 RGB-D ##: REMNTUAENENERGERMES, ATKE=Z4£E5H

FAM1HE TR WLASAEPL, AHfEE L AR, IRC X e 1T EWAY g, BT,
HRAILIESA S TiE fJJ (kA2 , FeATH3 8] ROLESERIER® . Wit SLAM iy HAR, Jid
SEXRE)—Se (g, S S M A A X R A A S R IR A R AN R AR

O FH 4 )L=AH KN C 24 Re8 B IR e b T Be B T SEF IS i 2 K290 58 HLAOPL s A AP 2% ik
@fra] LLH J‘HLA\ /N "!hkuk



£ 23 R SLAM 19

SUBEFR AT AN, T LATE SR AN bt L AU S B . SLAM 35 B — 4 58 BT IAHER,,
MiZE i e & TR Ss 1 04, FRATE AR T — & HEHEE A HERE

22 ZUPLHE SLAM HEZR

T B2 MATH S SLAM HEZL ( {niE 2-7 Frzs ), IRATDE 75 SLAM 57 38 th Wk JL/~ 4

B Wb
1 Ik 88 GIET - JEu ClEZk
5 B WU LR BE) it A

EEZNR Ej}

B 2-7 %MK SLAM HEZE

A SLAM i B4R LA T AR
I, RSB RIEEL. (ol SLAM v 1SN AHPLIEG S B O piab 8. i SR TEpLAS
Nrh, BT REAT L . AL IR B AR AN ] 2
BIim40 58 B2t ( Visual Odometry, VO ). #W3E HLFE T FAYAE 55 S A5 55 AH 2B FEHE [ AHHIL 1Y)
s, VAR PE fFE . VO R A ( Front End ).
3. faim (dEZM ) fR4E (Optimization ). Ji it %7 A [7] A 220 005 FELRSE 1000 4 AR RRATLA 28, 1
K eI B, e riife, 584 R—2puE e . & TR vo 25,
YRR R v ( Back End )
4. MEIER#EM ( Loop Closure Detection ). [FIFAKGIN A MrHLAS AR RLEL AT ¥ .
AUl N B N e (RN E R Ay S T R S L8
5. BB (Mapping ). THAEMTAOF0E, 7 S5 BRI R 4 E
R A BE SLAM HESU L J: T LA MRt iR . 3 HEZRAS B S A & i ik LU AR
R, I B0 2 SR EFRLES AT R rp Bt Gk segink, FRATREOS I — AL
W SLAM FR4¢, 2 AE IEF (0 AR St 7 S P, PR, FRATHC, anSRIE TAEIARRRE
RS, R, XBEUFPER. EEAATHRAGER, IF2XFIZ5 T 1 SLAM HERT 2841
AT
B T REAS VAT B b iR LR e S, R iR TR A 21 S B R 0 55 . U,
WA PR L P DR e R R R RIA AT b v gt H e R A
BRI — A B . PR B BT

o
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2.2.1  RBEHLRE

s RO OB SR EMR Z M A Liz 5, ﬁmmm#RMW%Mmm%zmmgmi%h
n, HAEFIE 2-8 iF, FRATE A IR A7 PN 2 P 10 A Twﬁ*m% YL (FERL
PGl R 2 F AR ). FRATANIR S . A REZ wﬁ [ Ze feRs H$%%%?A*¢
B RS MITINEE Pl N [ A S AR I DATS mxufmumw&anmﬁﬁmm RN
Pl 2-8 i, A2 FARMIA .y, XA S IRATIT AR 5, D AbERE AR . AR
RNy, WA B IRAT] L_LJHIJ}IELL(kf%Hh’fH 11747 e A A= DU RS 1 PRl e ik 284
FEAT VUL 22 1 A2 e

AR R BIE R 77 5]

A 2-8 AALAAARE o 5 AR R B3R B O 1

W20 GBI IER: 1 208, V8 72/ R0k RO THURMESS h— - VI 1 5%
7o B FRA TR B e X S BAR A B O AU (H2, FETFEALr,  SCOAZ0DRS i bl i X Bz
AfF . FrAIRATE N BN E i B G H E BV REsh R R ?
Fr g, TR, A RAE FOE FE K T AR FAs fﬁ%mm,mM%
%ﬂw EURAETH AL PR —ANBUE R . X MR LR GAE THA RS, THEPLZ TS (
FEIRAERL &2 S B R A ()R ). 1T AE AL5E SLAM H, &ﬂﬂméﬂ~¢¢@% mLtﬂ
kM\MHmeMM%TmLHWMQk,mu N T E AT AIRLZ B, U T R
m5iESMRH%$
%WmLﬁmMif&mJWFWMi%ﬁm.%Eﬁm-%ﬁ%mw.&?ufﬂmm
T, Ak HURR TR AR 2R ] 1 LA T LS 8, R S s [ S50 Frel
7 SRR E AR R A, RO B I Z0 a2 3l i A B 4E B A K ﬁﬁa
AEL R AR RAR A BT RO R CASEE o] AASBR - miit, & nf DL 22—t f]
fan 5~10 i ).,

OFEAR L K BB FIHLAR Y ST BOAE S5 b, HFOLAS SR . FEAE JL AR TR % T W FIB). R 11 B RL/E A HR A 4
CLAT AT



%F 23 408 SLAM 21

A, BoEIRNCA T— s R, M5 rskEIRE RAELZE . B4, —Fm, B
USRI ZI iz sl 57 Rk, SUHIRL THLER ARIZ shBal, s 1 ERIn i, % — T,
FRATAR Y A B 20 A FHALOE B, T3 AR X R 923 [a) A5 A 07 8, s 1 Bl X 4Bk,
A TR, AR T SLAM [l g7

G AT 90 SLAM (1 OCHE, FRATIL &L KRS IR 42 . SR, (G Mo 5L
BETARARTHGE, B ATk P RFER ( Accumulating Drift ), 33X & i T A0 B 7 i
] LIS T S TEPT S R 0] (002 sh i sy . FRATTEGE , Bl —EmiR2E, mih T
BRI TAE 5, et 2R 22 L@ B F —i %, S8 —Bita 2z )5, it a%u
FEASTHAERR Qi 2-9 Frzs ). i, PLEs ASEmZess 90°, BHmAisE 000, i Fis2s, AT
— > 90° filiitaL T 89°. MPFRA IS h &I, A5 Z IS HLAS ABOA 07 B I35 1o 31 J5
HHERERY S, BIMEZ SR TEE e, S ESEME, A BiX —1° AR,

i
Ll -
"‘Mm’(‘ T e
9 S e
-

o) WEE
A4 R IE

29 EHiEE G EFAN K ELE R0

XA T AR (Drift). B4 P EIRNTICEE L — B . RS A BLFA H Y E
AR TR, AR 90° Y B AN PR 90°— X AR R AHELLZZ I N T iR RiE
P, FENTET LML A BIRAAC BRI , BRI 07 TTHE P A W3 bR 7 5
RS R ok, i s A AR SE A5 S, AR LB ATAR .

222 Jnviafife

TG, SR BB SLAM S P YRR AR AL, BORTRAT TR A ST AT R B 0
AR, (AREEISER, PRI AR G A — e AR RS RHR SRR, B

O BIPERR NI . T EEER R TE, SRR wmIL e
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AT REZs /N2 IR 52 e . REERISER . FrLA, BR 1 < nfa] EHRAS TF
ALz EN", FATE LA 2 KA, XS A M T — B 2L )~ 1)
ZI0, AT Y RTA AT 2 K0 G SRR IR A ), e ] DA I e £y W
HOEHE P AT R RAERPRE, PLSGXAN RSB A IR A 2 K——X W5 b e K R A,
11 ( Maximum-a-Posteriori, MAP ). iX B EPIRABEAFEHLER A A B AL, o 5 iblA.

AR HE, o AR o A R A “HiNR” . 7E SLAM AHEZEH, fidmgs o s T Ot
Bl , LLEGX SR TR (e, )5 s T ST SRR A DA B, B A A e i HA 8l A e
XUCEHE B R A AT Af8 gy . AL SLAM &, BimflitEA AR RS EAMEX, ki
ERAHTERNESTESE, ERNFEFERRESELERLEE,

DR, AR TR A S im0 oy, AEARAS — B o) N 48 ol “SLAM
98" . Y SLAM [AlUE— SRS 8—— E 2 R an AL B iy . fERC R SLAM
1—RINGESCH, MBI ATIFRE A 2 PRSI MER4GTT" ( Spatial Uncertainty ) 11 i
SRATSLMg I, (HALER S st T SLAM [ AS T . IS 2h (K B 570 8 B3RS = 8 A i E
HIfEit. 8 T SLAM [A)E, FRA T LR TS, 08 AR EN A e MR R ok, 9.
Ja R IENE AFEARR HEOLAE, ATPIRASMIIEAMAT M (2 ) RS S ALt iy B
RN AEES 6 UF, 55 9 YFFISE 10 PFAral . iEFRATRTIN ki & i ISR I, dREETE T A4

2.2.3  [RIEAESIN

PRGN, SCPRPPARIN , 3= S f (s BAL T BE RS BIRRS AU (). 6 AR emg s (RS S brts
DL T HLas A zad — BEif 1] iz s i B8 750, (E2 i TIRRS . B B Ak T HE A0 A Inl 51 )5
R (BN MRARATB, TEALER AR “[I3) 77 X R, sl s U
K, FATEHAEALEAETHE “H” ik, WU LAHBRIERS 1 ORI IR A% el RS

BRI A" R CHET A RUIROCHR, FOL b, RO, MR
REOSCRIENL ARG A SR b )y . O 17 SEBL RGN, FeAT7 S EHLAES A HATIRBI RIS 15
=IEEN . ERSCHTBOAMREZ . BIAEHETE LA IREE, RO EIFEALER AR il —Mnsd
(Un—sKk —ZEE R ). ERERR XA, SUNHE A C WS 75 ZbrE e b —Fh
AT AL AR . X I PR T R (7 —ANRENS ARSI 207 ), FRNTH A5 2 HL & ARE L
A A —— W R A B, SRSERGX—AE55 . BN, w1 b B R 1) B AR {Bh 1A S g ]
PRGN, 3k — AR ALY . AT 175 B P sk LY I8 b i, A S HENEAT DA A W) — 4~y
SR ] RGN BT, U PT LA 3 /N R AR R 2 o BT LA L A TR A TSI I R (R A
AR L T RS B R a5 IR A [T R A e AL RIS T A

ERMBIAZ )G, FATRE “A 5 B R2F—D " ZEEMES SRRk, 5,
Jer v AR K ST A 5 B, ST A P A B AF 5 I AR S R BORE - X RE, ASIRATA )
A7 ELIE A 9 T ERAGI AT DL B AR 2E . 13804 n— B9 Bl A ]
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2.2.4 WA

A R AE M e P A R P CanE 2-10 FFR ) JEXTIABERSNE, (X A A R E
EM), B SLAM fy R Tl iE

2D Hi4g it 2D Rt

3D A=EitE 3D Mg E
B 2-10 FHHttthi @i ( LEHE)

o AR 8§ A Fh 3= EAEARE - if] Bz sh I PLEs AR, RFE— 1 4ef0fE, Fric
W AT L R, TR AR, SRS T —E RN SAL T . ML S, Ef 6 HHER
izaf), FMIBDOFTE K =HERHE ., A, FRATEE -DERNERER, MUR—HZEMEE,
T AR SO < i L AN, BT XA OHE MR, RFEEHIE “A A% B AnlE,
i B 5E] C ST XEEME. B2, ARATEPE, o] D A AR HE, Fin,
1790 ) AT 18 T DAAS 3 2 28 Tl 114 224 b s P

X %fﬁké%ﬁ&ﬁmioW% FEEFRTTE S AT JRvmitieAmE
W, REDFHEE — 1 EEIEAME Y, —dEBEES TR AE, — MR 3D
FERI R, —AhRic G . R BRI . AR E R A L b AT 2CRE SLAM )
W amig . K EPE, aTLisrh B E S5 3R M it B #Fp
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FE EcHiPE] ( Metric Map )

5 b PRI s JRDRE A st 2 s M Pl v R R 6 B OC R, R IR ( Sparse ) 5% ( Dense ) Xf
Mo, WM E T 7 —E B, AT ERBTA AR, B, RATEE 0 H
AREBE AR, PR igAn ( Landmark ), JB-2— 558 B B 2 p BEAR LRG3, 1A
S BEBR R4 AT LA 220 o AT R, AR b G BT ERET A B B AR VG o A A R i s b
BISLRHE 1o W T ST, AR S ] (50 A B AR 2 [ 3 8 4007 ). B
i L e B R A P A /NN, T AR B E AR R BRI Z A ME T (Grid ),
T = 24 B b ) v AR AR 22 /N Bk (Voxel ). dlH, —AV/IMREAH 3. . K5 =Fh
RE, URIBIZEH RS, YAz B g8k, shrEgeusss iz e & 2 a5 nl LG Y
AR BXEER L AT LU TR AR, W Ax | DO PR AR E TN, (ERTRAW
BE, — 4, X T A AR, SFES R A ], i H 2SO
IV 2R T . S — T, RO e s A e 2 B — Skl B, RN — A
w2z, WTRESREINE FrEHBES, AR

¥hhHiPE ( Topological Map )

FH HE T B P AR RS A , - e P SR 80 PRI T 38 2 ) A DG R i & — &1 ( Graph ),
A SRR A, R &Y s, Bl HOGE A, B RUREER, TIAZ BTN A 55
Flik B mo B 7RO E T R, S TR R ATy, e Rl Ok B Ak L
PRI, PP AERFRIARA RS . dnfrxs B T2, e i 5, anfiy
(i PR M A T A S AR, (3R TR I R

2.3 SLAM MBI EEE Rk

WA EY, B2E BOZAT SLAM H & AR AL 22T REA 1 EDWAY 1, {E4Y
5 EDENZIF AR BIIRA 1S ] LUETTRVRR Y o FRATE0E LT Rk, Bl s
BRI SLAM RS AR . AT 1SR —sear g A, (HiFERERG, BE SR TSR0
HIERE

R/ NE N IESSH S A R AR AL Bz gl , B4 HBCAE S iR e 1,
F T ARAI LA 3 A AE e 2SR AR A, T LATRAN T DKo 3k S s} 20 {07 P A BB PR il — B
HELEETH] ()18 AR AL T RS EON 2 ¢ = 1, -+ K YR AR . fEx et ), e £ hE M
BHALE . TRAMZIMACERICH ©, -, 2w, N TN NAORE ., HE 7w, A1
e V2 BEARLALIN , AT 2, AL /%R 2t 39— 2 b, 1980 E AT 1ot i

@https://en.wikipedia.org/wiki/A*_search_algorithm
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. ANwriscHbR s —A N A, Wy, yn FREN.

X BGED, /NS METFEERESERSTIEsh", it PF gL .

1. ft2a2iEsh? BATLEHM b — 123 k2], NS MAOACE o BT Ren .

2. fE2RMM? i/ ME k F2ITF op BB TR g, RATEEZE M

Bl SRR O

SekRBIZ. WE, PLISASEER DG QSIS a R, GRS . X
AR AT LA AT SCIE S A, (AR — 8 EER R B2 22, IR VTRESE IR RE | A SRS
B AR/ NS NERIES, i “HTE 1R AR 90°7, widE “WhIIEREIE” A4
G I RARPESL, FRATARREMH— IR . g B BA AR S I 58

xp = f(Tr—1, Uk, W) - (2.1

XL, g SIS A RS R E A, wi AR IMA RS R, BITH—1—
PR f AR XA R, WA £ RARAE R . XA~ sR 0T LS UE R iEsh i
IR B —ASER R, WALRGE TR (R . RAHEER ST TR,

W 7 ) A A (AR AR A B, T LB AL S gidiift, BMERRATT L “Ait 1 K" W,
WARE/NSE b ERRTHE T 1K, WERITA 182 MR, el BT T FELk, IS
b AT RERR HURITE T 0.9 2K, J5—KnidE 1 1.1 K, H—KATREh THRAGHTH, THREARE. T
I, FUGEE PR RN . WRIRITA BSR4 RRYETE SRR E
ATRE S PR B A2 TN T B

Sz g BARR L, A RS, VIR, M ME o B EFERIR
DALy, B, PR TN B 2. RIRE, F—A MG R B b SRR R

zk,; = h (Y, Tk, vk,j) - (2.2)

KL, v EIKUOULI A AT A R E U 2, X B A IR 2 Bt
W75 fE h WAVFZ AR B

PR, AT REL £, b, RUFIFBA BRI sh AU L (8 A E $7 - [H],
KR xy.z R H5 1, RS R Sash ARSI, FAEEGTIHSH
£ (Parameterization ) J5=U, fHamZ8fbme? 266kiE, BENE MEFETiEs), B4, EN
(i WAL B A D ARANIR , B @p = [0, 20, 0], FEH 21, 20 P EROOLETT 0 2
Weff . TRIRE, A G4 S A e i) [ B 067 B R £ R AL wy, = Az, Az, AB], TR, I

OATSERF N iz 3 (G AR BOSI A LZ ORI J5 B, (FRAE S APk PR 2 AR — FR 19
@A, FAILL (" KRR “GU]” Ik “EE".
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iz sh AR a] LURAARAL

Iy I ASB]
To| = |@a + |Azy| + wg. (2.3)
0 0 Ab

k k—1 k

XERRRLRMX R, A, HARITA AT EEO AR e, fan il 5
A CEHFET AR E SRR R, TS AR e n s s R, AR
fITAT fEws ZEEA T3 J1 293 HT o

KT T, LUNE N E B —A ZHEBOB B A El. B AT HOE AL s i —
A~ 2D FEARAART, BRUSM BRI BEARS S/ E MAERZ M BIEE » AR 0. ICHER A N
Y = [y, palj, BEER xp = [z1, z2]f, WIEIEN 255 = [re . de ] IR RS Ky

Tk,j _
bk
F BN SLAM B, (2 A AP, AR T Al Xk br Sdnin . S8R 1%
7 AR, XM EESHYUER R, S 5 PR TR, X L Hg i

AT, ERXTARRIRE RS, XA AFRGSEAIE R USRI, e
BUSGE S IE R, T84 SLAM it B ] s A4 e .

Y2,ij — T2k 2.4)

Y15 — L1k

arctan

\/(yl,j —z16) + (Y25 — T24)°
+v

= —1 ) ) kz]—saK
{mk [ (@p—1, W, wk) . 2.5)

zk,jzh(yj’a;kavk,j)v (k"7.7) €O

Hi O B—MES, iCwmEEWAZIMEE 2] TR GE S AR AR 7R 25 b
A B —IRATFE A0 2R AT B LA B —/NFE A ) o X PN TR R T B JEAR G SLAM [in) i
YR B0 A R w, LA RAGIRAR AR 2 i, AR (A (3 ) A )
(flidt y )7 iXBF, FRATHHE SLAM [AIERAE AL T — P ARZS AtV iE0 B . oy 3 o4 A7 T 7 A 6
W, TR . BROEE AR AR R

WM RE R A, SRR EAAIE R, LUR RS R A S A G, e Wz sh Al
MRS LN, B BRI AT/, M/ AER N ET/AEERR R4, Hh
LMW RS (Linear Gaussian, LG 48 ) B F M, ERLMA R AT KRS g
#r ( Kalman Filter, KF) %3t . M7ER 2R AR £ 48 ( Non-Linear Non-Gaussian, NLNG
24t) h, RATSMEHUY BE/REENS ( Extended Kalman Filter, EKF ) FIHEZE L4k M K
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Korik ok, BZE 21 2R, LLEKF N ERIENE RS ik SLAM g 1 =S Hbfz . 31
e TAESAME R thfb, I LA — 8 P AL BRI TR AR ( WUEE 10 U ). fcti Ay S ot
SLAM Z4uskJt it T EKFR A m. Bfi)a, A 7 ek EKF 9GRS (Flinge il 22 g & i
SRR ), AT UG HRE T8 2% ( Particle Filter ) 5 HA s 28, Ty 24 AL ALy 7
2. WEAH, ERAGE SLAM i LLEE AL ( Graph Optimization ) A fCRMMALH R ETIRA
L AT IE AR C 2 WAL FuE s afHoR , BBy, @ w #b i m T A
ek CULES 10 PEFISE 11 3F ).

MG & D20 SLAM WBCARIRIA T KRB T %, SRRV s —2ems, &g, &
BEHLAS AGLE = 24 IRATEAR BB R . WirEE e, £ Fihizshiy
/NEE AT AT A A A i — e f e 208 B S8k . & B8 m XS A L o, /NS MNE
MR A e R AHLER A IR, FRATHE =4 RAiE s 3 At e, TN
MNRE B 3 N EAERS . DARSEE 3 MRIBBER R R, — 3 6 AN A R AL, IR IR
LBt —~ RO rp e e b e TR AT A E IR AR AR R, X 6 [ AL
KUY, ke, Wik e, MW E - ERRRAA, XRES 3 US4 YR EEANE. B
i, FRATTE B ZE LSS SLAM h, SRR AT 24k . Hemgidiish, 25 (8] - i pshn a2 el 450
P BR AL T B R AT LAY AR Y FROTPKEAESS 5 BE 4. Ba, MR T X SEfE R,
EAKMB ERFR? X T EAMRILR HR, 228 6 VFRINE.

KB YA B 1A BRCERRR . AEXTEN TR Z G, RAOTIUERF 48 HE o B
L RS TR AR T WTLAE R, AV AR N ER T AR R R B
£ TR Gr R b RTAOES, Ak A R E— . T mSR T IR A A e

2.4 R gaFRLal

2.4.1 IS Linux #4{E &%

TR T4 NDSATRYSEBRIATT I R R AT TWR? A T e A B SC IR Ty, FRATw %
et — . AT LA DA G WL, SRR AR, FEOATRATT T B A L1 e i
VERGEIF T 5255

FeM IR F L Linux B C++ FF 0 . R, RITSHEHRREBRTE. KB
e % Linux $E0E 78 0F 0 32 4%, mi7e Windows b AU B IMAEXS (A2 ) BRwi. ik, RATA
HAMECE R 22 B Linux AYEARNR (S0 | YHOZST ), wiGM AL, Tk
(R 2 . 8K AR T IR AE Linux FIFE C+ ¥, SXIE R T EETEAhRE .

TeAr 1 e et AR AT LML, Eh—ARmmpAE 4, RAEH Ubuntu RGN

OFATLAGFRE MO (Pose ), LASHEEUEATIX A, FATHEANIE, 617 THER (Rotation ) FIF-F% ( Translation ).
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FFRIFEE, 7E Linux FI45 K AT, Ubuntu M AT AR RROA — 15 A 0h# T H D Achf i 96 2% .
Ubuntu 22— MFEEERSGE, EM RGP AZEE M5 (http://cn.ubuntu. com ) #7%
T#k, JFEARME TIRan e R [RIEE, AR PR E N SRR T Ubuntu 11
Ui, (R &+ o g,

ABAYH 1 hUEH Ubuntu 14.04 1E BRI R IREE . fEARA T, FRAPIFERIARRAS 08T 2 4508
) Ubuntu 18.04 ( 4Nl 2-11 frs ), PAERFTE &M, R AR R0 xHs , J84 Ubuntu Kylin,
Debian, Deepin fl Linux Mint & AFTIIEERE . & RIERH Fr 4 {CS7E Ubuntu 18.04 F 284t 1
BRI, (EA ARSI AR AT, & L B S B PnE, (Rn] BT 24 9% —sLmf
[kl (AT AR ET YRR H CMbLE ). KIASKUL, Ubuntu X4 2 A SRR ¢
R, AT RARE Fa . IR TABRER BARE HERP Linux AT, (EAEDHET, RIS
L Ubuntu 18.04 A%, H ¥ 2] Ubuntu a4 (N apt-get ), FrLIAELANIASE) Ubuntu
FTHAZSAWRAXG ., M T, FFE Linux BIEEASIEF B 0 RREE Windows
8 OS X Tl AR R, WFHEA —EMBHZEE .

M 2-11 —AMz 474 E WAL+ Ubuntu 18.04

BAE, WRAKAEH C IO 234 Ubuntu 18.04. ¢ T Ubuntu fY42%<, ATLATER] [-48 5] K
AR, HZMSEIAT, thabnkid. Fefa f i gy AU AL (i 2-11 fros ), (B2 5 A
RENAF (RITZLEE 4GB LUL) #1 CPU A REMRFRAM: IRULATELEE AL, RHHET T
BEER—LE, HFR 2 A8 U AR s, 350, ERHLEAERS S RE Y SR EA S
b, AR RN CPRA AT (UH | Kinect 55 ), S IXURSE .

KT LIRS

© LR RGHEWOITAEE, OF EARSEREE b N AR, XA I] LA R 4
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M. ATUTERG LR e e FIH . Wk SSD ik, X ANt Fe RHEHIET 15 24
o ERSERUE, TS R B B RO IR S R L, LIRS AR R AR . B
i, SE A AR A R URAE FRE LAERD 1OMB 118 R 2 R
BAE, B E 2N %44 Ubuntu, JGIS2 M HEINLA ARG Tl R RIE AR
& Ubuntu, WA PRI E 8 F0E, R E i R 5 R®, At EHLARERNR, F7i
P A . ANEAE Ubuntu B9 P #uii EAESRRZAFE] ! Linux 1752 0] GETR 2R ] a3t 1, 4%
A RE R B SRS/ NAR R . — ik, L2 2 3R — sk BELCAE P AN At a] . HURECE, R
JH Linux & TAERY . 459REA D, VREH Linux 23] SLAM 4, Fir LAERURHE ] fE e 2
>J SLAM I-.
FAERE—A-H %, BCEA T SLAM FEFF A8, flan, ar L CASEEIE H 5% (/home )
] “slambook2” F. LA, FATPEHEXAHERRN “REBRER". FEF, qTRUBMERE—1~H
s, AEAER Git {CRSE R F A, s at it iR, AR B AR R S Ry, B,
AP 7E slambook2/ch2 T, &5 3 PEAGFCHS M AE slambook2/ch3 F . FFLA, BUETH L F UEA
slambook2/ch2 ' ( RV 1% 238 SO e I i A% 9 TR ),

2.4.2 Hello SLAM

FATMIIEAMERIT IR . SIFZ TR B —FE, RATKBE —1> Hello SLAM #JF.
A R 22, FRATSE R A4

€ Linux ', f/F 2 — P RAHRITEERM . BT IR — A, tun] U —A~ ik 3¢
H, AR EEN)G%2 (AR Windows HEFETT 2482 il.exe 3CHF ). AT HEY ed. 1s
S, SN T/bin Ha FRaT ST . it AT B el $ATRE . R A al P
B, CYIRATE 2o AR F AT, et aiEl T FEMH C++ gifEnt, JATERSE —A et

[& slambook2/ch2/helloSLAM.cpp

» | using namespace std;

#include <iostream>

int main(int argc, char **argv) {
cout << "Hello SLAM!" << endl;

return 0;

SRIGH— 1 gRiFESF R, JEX A SCA SO IR T ST R Y. AR, R — AR A
PAVFEY . RELZREE AR AR Y, ArLOX A SR —UUR RS LA XA, 1R

@IS TUNA [d) 2100 44
QOREZHNFE—KFEF Ubuntu RLABHEAGIR A
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Hekb] CH AN, X AFER R — AR R B e RE Bme . 7R nT PLH] SCAS S 4
gedit (8 Vim, WRARAE E—PFE2T 7 Vim) B A XSS, JEORAETE Eifndl it s e o BAE,
AV IR gt+ (gt 22— CH Hiikar ) B HIFR— T HAT 3. A

(B i,

g++ helloSLAM.cpp

USR], A 4x S fp 2 Wiz A R . AL P “command not found” 95T
PRMEE, W PHR AT GBS A %46 g++, iU ar S 4% .

(B “&sdr .

sudo apt-get install g++

IS SRS , TR A A LY 2 5 A T

RIS 2644 7% 35 441 helloSLAML.cpp SCA SCPE4R IR T — A AT FREIE . 36 THo#8 4 1
S, AKRME T A aout SO, M EEHAMATIR (L mgita Rl ). T A fa.out BIT]
IEATIRRITY

[ #ams

> | Hello SLAM!

% ./a.out

INFRATTAR, XAFEFHTE “Hello SLAM!”, 45iFFRAMTELE IEMISTT,

A BT AT 2 AT s . e AN b, AT A4 A T helloSLAM.cpp ALY,
SRIGIEF g++ Gk Xt e T 4aie, 5] 7 Al HAT 3. g+ BRIAEIE OIS A a.out iX 4%
TR (BARAG S PE, (R LHEZ A ). SRR ATER, tonl LUE & X M e Sk 2 (f
fE 8 ), BE— IR R, IRITMERTXENKASE, LFEBTHREFRESE.
MR TEE — ARSI S (RARIRATREREA R3] ). FHFRAT2 A cmake F4iFiX T

2.4.3 {$H cmake

g b, AEE A CH BIFHEAT LU g++ R Saif. (FYFEFHIBLEORBOCR,, — 4~ TR AT
REA VP2 AN SO Je RIS SCPF, i AR S i 2 F BOR BRI . Sls, — >/ C++ T H il g
AT, SREIBA G2 OCR . Hop— 3 it nl nl P T 3, 55— 4
PERE SCIF . TR g++ a4, TITE 26 A KRR MRS 2, B8 g ieid B2 0 A5 S i ot il
Hit, XF Cc++mH, i TR TS 0L b, TRITTE ] makefile

ORFHT KM% AR, ARGEX M BATIEE.
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AT A Eh& e, 1RSSR cmake LWEEMAE . I H cmake 76 LF2 L) Z 6 H, RATSF
e B 3 1 K 2R cmake B ERIEACHS .

£/~ cmake T, FRAT12H] emake fir2 4 i —> makefile 304, K)o, J] make 7R
X 4> makefile SCIFI N A 4a 08 TR . 5 AT RER A HIE makefile A, AdBER, &
12z )12~ . AR LA 1T ) helloSLAM.cpp M, SXWRIRATAS R B30 g++., &
cmake K HVE—1 T, RE4IFE. 7 slambook2/ch2/"H# &#—/> CMakeLists.txt X, W%
wr.

slambook2/ch2/CMakeLists.txt

# 7 ¥ & K 6 cmake S AR IR A
cmake_minimum_required( VERSION 2.8 )

# /9] — 4 cmake T 42
project( HelloSLAM )

# iAo — AT AT A
# i&ik: add_executable( F£A4 & RAKEL A )
add_executable( helloSLAM helloSLAM.cpp )

CMakeLists.txt L F451F cmake BEXXA™ H 5% T B9 SO A% . CMakeLists. txt ({4
(19N 755 S8 5F emake (915 ERXAAB, ROTEAR THEREANTE.: HEe—1TEREM—
AOTHATRRY . MRYEERE, A NIRRT T A

MAE, E4ATHT (slambook2/ch2/), ¥ cmake XTi% THE#HAT cmake 4%

S

cmake .

cmake 23 it —SE 4 105 8, PRIG 7 200 H T A2 i — 2 i) s, Horb 8 3 22 A4 56 2 Make-
File?. T MakeFile /& [ /B iy, TATAMENRE . BE, H make My X TS 74715«

B 3

% make

Scanning dependencies of target helloSLAM

[100%] Building CXX object CMakeFiles/helloSLAM.dir/helloSLAM.cpp.o
Linking CXX executable helloSLAM

[100%] Built target helloSLAM

O A a7 — 0, IEAEEID, XFRTEXYATH R T 1T cmake
@MakeFile J&—/~ A L4 IRAOMIAS , (524 BUAE AT LUK © B — 29 [ B E AR IR S, CHTMS A%
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Fe g iR R b 2t — R . WRITRE AT, FRATTHEAT LAS BI7E CMakeLists.txt 175
MBS AT HATREFF helloSLAM ., $UfT7E -

[B 2.

% ./helloSLAM
Hello SLAM!

R A DA SRS, T LA B S5 A2 B R o T AR R i A
BT g+ i X ) kIR AT IS 1 5eA T cmake PR T make B9M0%, AT cmake A9t
FRALFR T TAE SO Al C &R, MidHAT make S FESEPRIE | g+ RiFfEF . BIAAX e
% T M cmake Ml make LR, (HFRADOIR H AT B TAE, WBN—B g &<, BTART
HEPEFA LB E A CMakeLists.txt 3, SOK U] W FEICAES RS TREAMERE . fldn, ansfqt
B — Al PTcfE, B E CMakeLists.txt A II—4T “add_executable” #y4-EIA], fij 5 £LM)
A REAZER . cmake 2R ITRACHIIBIIOC R, KAERA— KB g+ 4.

AR A S Rt e ME— LR IR ATTANIE A0 2, emake A2 %8 ] SCHb BEFEFRATT AR SCfrp . Y
AT RIS, B ADEAAR s rpa] SO —[m A 2 X IR TR # SR E T
MRS, o ANGE b e A A A i 2 e ] SRR ) Hosferh, fES R R, R
A a] H SEERED AT . BrLL, SR LIS cmake TREAUIMOE T

2SN

mkdir build
cd build
cmake ..

make

AT T— A S fEde “build”, SRIGHEA build I, il emake .. A4 X )23
e, WRRACRS BT FE M S IE AT 4 e . SR, omake 7 A B PP ] SR 2 A5 AE build SCPFe
W, SRR IE. A AIRCHSET, FUEHE build SCERIRMBERIRT . i AT IR R X
*f ch2 R ISIE T4, SRS IR AR B T A TR CTICARE b2 A 8 e ] SO ).

2.4.4 R

FE—A~ C+ LR, IR TR A ER S 4 nlrT AT 3. AT main BB SCIEA
S AT AT R o T — e, BRI R AR TN HTEMR AR, (EHARRR PR X AR
PYRYLERE ( Library ),

—APEEE R 2 BIP AR, RITSEZR M) b BT 2. #lln, OpenCV
PERRAI T 2N MAE DGR BE, 1 Eigen FEBLAL THEMEAREB 5. Ik, FRATE =2
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anfel F cmake AR, JF HAEHE RS, MERMNERNMEHCHRSE —1E, B5WF
libHelloSLAM.cpp -

[® slambook2/ch2/libHelloSLAM.cpp

/73K — A~ B A
#include <iostream>

using namespace std;

void printHello() {
cout << "Hello SLAM" << endl;
}

XA FEEAE T —> printHello pREL, AL pRECE i — 2% 5 8. (R EBA main A%, X
BERE XA PR A AT SCF . FRATTHE CMakeLists.txt HUI @ F A%

[# slambook2/ch2/CMakeLists.txt

add_library( hello libHelloSLAM.cpp )

X R4 5 UF omake, FRATAEIX DSOS IRRL— T UAE “hello” MUE. SRIG, FILETRi—FE,
{diH] cmake 4w i8S T2

[B #s54 A

| make

cd build

cmake ..

X, 7E build SCAFIE b4 B libhello.a SC2F, 3% st BT 14530 )4

{E Linux 1, X0 NERASEE R Z AT . FAELLaENGHR G, HLEELLso 452
AT R I SR B TR A G, 2500 TR ESRIE A RS £ — 1 BlA&, MEAZEN
RE—AEIZE, a0 DRI A RS, JF LB RN,

[® slambook2/ch2/CMakeLists.txt

add_library( hello_shared SHARED 1libHelloSLAM.cpp )

WM HRF 75 ) ) SCAF 5k 2 libhelloshared.so.,
JFE SO —A TR0, A gt i il el sR 8., anSR{UA .a olso E U, IBAFRNTIFA
A B i Y R BRI R4, BB OGR4, B TiERA (SE A D) XA E,

O BRI T, EIFAMIESISE.
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TATT AR — k30, XS E R A 4 tk, XHFTFEREHE, RESRI T
HFE M, FFTLUAAXANE. Fifiga®s libhello 193k

[& slambook2/ch2/libHelloSLAM.h

#ifndef LIBHELLOSLAM_H_
#define LIBHELLOSLAM_H_
/] LaE R LR AT Bk AR XAk LM 5] AL e SR

// FT¥ — S Hello®) & %
void printHello();

#endif

KRR, MR AN ST ANFRA TR A S 03 2 B 2 3, 6 P LA printHello sR% 1 fiele , J&
{15 — A AT PRA TR R 18 FH A 8 B R

[A slambook2/ch2/useHello.cpp

#include "libHelloSLAM.h"

// 1% A 1ibHelloSLAM.h'F #9printHello () & 4k
int main(int argc, char **xargv) {
printHello();

return 0;

SR, 1E CMakeLists.txt PR II— T S TR 94 A 2, SRR AL % I -

@ slambook2/ch2/CMakelLists.txt

add_executable( useHello useHello.cpp )

target_link_libraries( useHello hello_shared )

WX FITTIE 4], useHello F2 /¥ SLAENIAI{EE ] hello_shared FEHH LAY 13X A/l
T AE BT R — A . TR, XTSRRI , JATnT F R RE A9 5 2 SN A T
A H BT,

PR 7O 2E/RA9NRE, emake A VF ZIRIEFIES, X HA——F2%. JFR L, emake 1R
—MEWRREET, AR, ROERIES, FTLMRE AT LR 2 G —FE2% 2] cmake, )
AL 728 cmake BB EEMRE, BOGERMEER T HATENEE, BUAE, (A7 SR [l BUFRATT 22 i e o e
B,

1 FRFFA GRS Sk SCPF R SO AL

2. AT main PRBURIRSCPFR IR AT ATRRY , AR SR e SCAF
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3. QAR AT TR AL R SO R R, WIEFR E S8 R e B Sk SCi, LA ELR
s (AR, AT AT P e R S
RKIUASLPRNOZIE W P RERY , (L SEBrtRtf PR TT RE 2B 3 —Le el R filhn, AR IS
H T PR REL, (S THER P RERE R L, SRAMAWE? L CMakeLists.txt iR 2
A, BARSKEA AN, VREER N cmake 12 & AT B2

2.4.5 {IiH] IDE

sl . FRATARIR W] {fi FH 42 i % ¥445% ( Integrated Development Environment, IDE ). Fif[fil
IR 58 4 0] LA — 7 S0 00 SCAR A a8 e SR, IRTT BERG EAE 45 Xz ke, #rifi
SEAS R BN e O RISE B, Y SO 2R, IXASRIRASTEE . IDE T & H 4t T Bkee . #has . Wil
ISR Z I EmThEE, Ak, IROTEWGEE EHE—1 IDE #17HF K.

Linux Y IDE fGRZFP. HSRYE Windows R Visual Studio it A —#6 258 | Aid L4 C++
JF R WA - JLFR, 940 Eclipse. Qt Creator, Code::Blocks, Clion, Visual Studio Code, %%,
flRE, FRA AR G AR 1) IDE, i X Es thaRATA I . FRATIMs A & KDevelop F11
Clion ( [ 2-12 Fl& 2-15 {5 ) ©. KDevelop Je—@ 984k 44, 1 T Ubuntu RGO
W, R VR LA apt-get 365 1M Clion WA 4k, (BREA 224 MRA T LA G2 9% 4 FH—
B R AR CH+ TRARIRET, (LR8I E .

1. 3Z5F cmake T &

2. X C++ FREhF (ALEE 11 R Z S ibrdE ). A 58 BkFE  #b2%5ThiE, 68 A ShHERR Y.

3. B Rl A 3045 SCPF A H SR

4. f7—HE . WIS DIRE.

SR, N EA AT IDE (IE# DR EK , FrLLSEE A2 —F . IR0 1R (e
— R IR/ 41 KDevelop fil Clion.

KDevelop 1 H]

KDevelop 5/t %2 4F emake TF¢. HARMMILE, 7E24 448, CMakeLists.txt 7, F KDevelop
Friy TR = STH/ARA TR TH CMakeLists.txt. SKAFSHIRPRILA &, Jf-BRIAE T —4
build LR, HEORIHFHNIA (4 cmake Fil make fip4> . HEH T HREERE F8, X LL&Rn] LI H Zh5¢hl.
P&l 2-12 v B i) B i o it s 7 g E R

FRATHEIE N IDE BT 55 28 4513508 1 R E . WARVRE I Windows b Ry, Z3uis e
YLif Y5 Visual C++ =X Visual Studio #EAH{ML. i H] KDevelop 1THRIA ) TR G i r4ei, BH
vh bt AafG B AE RS IEAT A T 7 {8

®Visual Studio Code H #5237, ARG Lk, fEHEFHEP LG, A YL
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B ZRB. & AR O bBecte = Debug (J LR WV o | $LFS 7 @ |~ | printHello() % ?
w; In  GMaketiststxt % (ibHellosiamh % librellostamicp X usertello.cop % f5:79: % g
"“"0 ® % W VIR~ Bt B
vl ch2 master inelude <iostream> }“
% % hello . i
< » & heslosLAR sing namespace std; s

"' » @ hello_shared 2
@ * 9 userello void printHello() E
» : v *

:mm‘w cout<<"Hello SLAM"«endl;' =
+* libHelloSLAM.cpp j
4 libHellosSLAM.h %

E

-
-
& £F yseHello.cpp
X
=

l&dtds-qnm‘ & - EMN YO -2QQ°
&8 e ;,!,&, = g - - Build files haye been written o /home/xiang/siambook/ch2/bulld
B chz ch2 - 125%j | 50%] Bullt target hello

Buillt target helioSLAM
[75%] Buik target halla_shared
Scanming dependencies of target usetello | ‘
[1009] Buliding TXX abject CMakeFiles/useHello.disuseelio.cpp.o 14
Linking X executable usaHello
[100%) Built target usakello

B v g e

=

& &

I;,hl | Oam @ RRMES

A 2-12 KDevelop #

AT H S YA e IDE s BT 78 Windows 4 A [~ 222 2347 £ Visual Studio W
S 207 . AL AE Linux H, BRIAAIEL T gdb MUARE T SOARR R, b PR A K5 (il
£ 4 IDE #2447 W7 ST RE (IRIEJSIH R gdb ), KDevelop gt & Hirfi 2z — . Z{li ] KDevelop
AT SN RE, IR EESE LT LR

£ CMakeLists.txt 4 T2 44 Debug Huiftizl, [Alaf ALl L bt ( BRAAEEH)
1 KDevelop MRABEFTHIENFEIY . WSRA S%0, IR E S ER TEH 3%

3. HEAWSIRI ST LA s T, A E A B

B2, 7F CMakeLists.txt HONIA T Y 62 26 15 B A 1R A

[# slambook2/ch2/CMakeLists.txt

set ( CMAKE_BUILD_TYPE "Debug" )

cmake [ — S04 A0 ) NERAR B, B A TAT LA Rl AR UEA T RS AN i . X SRk
RY Sl H AT TR Debug #5805 KA Y Release 85X, 1F Debug B, FRIFiEfrRcME, H
Al LAHEA T A5 1fif Release RaXiia 17 i SE At , (R0 AL B FRATIEREF 1 B % Debug
B, BURERCE WIS 7o Pk, 5UF KDevelop fRAUS SIME R
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EH, AT B T - BRI, REHREZEME “Add New— MHRBRIF . fEX—F
i, ARSI 45F KDevelop A 25 shF— DR . Gl 2-13 s, BEWTLA%E$E—> cmake
1 TR HbR (st ZFRATH add_executable 5 2M A AT A TART ), AT LA ELHER 0] — > ik
il SCfE . AU A R, ARIEIRATA LS, MM REE b,

o Add New..w = Remove Selected | Editing fZfj#F: Wil ELAN/F BaiE
W em AT e o
18 ch2 | IREH: @ | ®ch/usedello

i ﬁﬁﬂ“ B TRITRE : © ,lhume/xial;g!ﬂembookizﬁzgr

5
.

IfeER: 3/
ol default

1 GRS aBEEIN © &

]

=1

- ]

;

K213 Ba#RERE

TES AL, Al DL E RS T B8O LR H k. AT RA SIS, efaEl
main PRI S ECRAE A INSEBA W AT LB Zs, 6T LA EH s ant, il S mims, fdr
“OK” F&HfRAFBCE 45 3

WA LR ATECE ¥ — A HBEF G shmm, X Fa—Aashm, AT E “Exe-
cute” FEHL FAER BT, Wl LIt “Debug” F&HIG B EATH SR 363 0T LA s
“Execute” 4, frAHH LR, B, R TILGXANEY, $id printHello ARFTAYZEM], 0
AW ARG “Debug” FiREH, FRivais R EWT AR, W 2-14 FRAR.

JART, KDevelop 2V BRI, F skl — a8k, fEWsLt, TR ETT
(F10 %), fUEIRYE (F11 8, BBk (F12 8F) ShEEs R aYEiT. RIe, of LRI A=)
(F 0, A A A (A . S il ek Fedl, A5, R4S, KDevelop 23 [0l )
IEH W TF & B

BAE, TR IZGE T8N ISR . Sh, MRERFBITIBAAMR, SBEF
AT, st nT AR S R R AR OO0 B, ARSI EUBIE® .

O S LR TR R M) 5 24 B3 50 A
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& Wid. W

8

®
m ¥
&

v mEs
arge 1
» argv  Ox7Fffffffesos

[ X

s

'awa | o &G

MBE SLAM + M. MIBEBISCEE (5 2 hR)

© Execute o~ Debug € 2@ Q) Bite » | 000F

== thguns_b-tx ibHellosLAm.h %
Hanx\uSU\M "

* - main(;rrgt‘;hd'“l

 UibtelloSLAMcpp X useriello.cpp %

24 ﬂc‘um
Cint maim( int arge, charss argv )

| printhellol);

return

IR AR A

"
AR § € arwws sy
sEEeH WOOB OEA

e ? ®us »

F:sH:1 o)

X

Clion H9fEH

Clion 5 KDevelop
Clion 1,
PUL

YRIEIFERT LLFT HF—A~ CMakeLists. txt,
BB TR A 2-15 Fios .

M 2-14 ARARE
MHLLE N 7EH, (HR BT R ERK S, R

TG E

Hog. Clion 25755

File Edit View Navigate Code Refactor Run Tools VCS Window Help
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1 Finclude ciostream>
using namespace st;

»  int main( int argc, char*x argv )
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return 8;

<endl;
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[AFEHL, fE4TJF Clion Z )5, ol PAFE SHmiAy LA Ab e P atia ol i i 2, e in
S EhBROM T H b, BAdiZR /N st m] AR shib s AR Clion B4 147 2 5 (H 13
e, Bl Ashlae . ek s . A S EID RS, i —a 2l —ik.

B 7, WERARC PR T IDE (A, IBAANTE N EMEI L. REFELRBEE
AUEEWF T, TLAFES IR SR, RIS EAS/E 2488 build XY, A cmake fl
make 14 K AIEREIT . SEAMIE A NOZEE T E a8, R, hTARBREIN K
LR T PEHE emake TR, RS AWIEGERIX St 2.

SH
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sl 7
3. g+ AL S R BN SH0T DL SUE AR IF 4 7
4. i build TR AR cmake T7E, $RJ57E KDevelop Hifid .
S. ZIEAEACHS A In— S EEAR, BREMITFSERMA AHMNER. REEHETE g+ YRR
{5 End?
6. WG MUERHES T HATRF b, i isind? At Areaas?
7.% 1% (cmake SEER ), 1 cmake IR
8." 5% Hello SLAM /NI, M EML A/ IRITE, ZRBIAMER T, R, g —1
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3.1 ERERE
3.1 AL A bR R
&ma%¢&m ST, B IRATA K S T S e R s h . =SSl 3 1l

@m FIt LA— mﬁmu§7u$3¢$ﬁ BiE. ANid, FROTMAEESBMRIE, EAGAN

ﬁﬁﬁ%%ﬁ* FALL AT LA B = e 25 (Rl A R0, FRA = AR AHAILAE 223 (8] Hh B MR-~ 1
Tﬁﬁ%%ﬁmmm%m)%%@* BATOTLAGE, “HHHLIELLT23[E] (0,0,0) sikb, @] E ]
T OXFERRE . (HAEX R A ARTE S IR, BATE SR HECAE SRR E

BATNESEARKNFIEE . SMmE. St mrh iAo, A KE, AR, i
PN SRR, WA i i i) T AR RO L A ] g — s — T e o T AR R A Y
%,%Tﬁﬁmg%LM£hLﬁAmAﬁ% — AN R AT A S P —RE R, i e, X
() @ HEANTF BRI TR . HA IR 148 a2 X > =425 M A S AR BRI, A AT Lk
I RS AR PR R T AR, LR B0 A SR X A ]

FASAERE R PO, =425 [P A3 S AR T LA RS Redifiid . B AR L
WX AR N, FRATIRE] T M —4E (e, e0,e3), W4, EEME a EiX4H
A AR

a;

02[61,62,63} ay | = a1€e1 + azez + azes. (3.1)

a3

XH (a1,a9,a3)T FRH a FEBLIE T BIARRD . ALBRIGHARELE, — &R A B A, MR
%(%)Mﬂmﬁi bR ZE 3 A IEAS I A AREZ AR A T AT AR ESSHY, (HSEPR
ARAIL ), B, MLAE o My Ghet, z 8kl LUl A F (AT ) BUH o x g @ Xk, )
/Ty xﬁiMTM.%ﬁ%l%ﬂ&%%ﬁﬁ%%cE%%%%3A%%b¥%ﬁmMF_im
53 3D BRIP4 F & (U OpenGL , 3D Max % ), WA #4342 F & (11 Unity | Direct3D
%

IRIEFEA BRI RBURR, FRATAT LRI i S ke, AR ) B S8 s 3, il o
ik ek, R AN BORFIEIEAS A YA N A, AT S AR . fln, P
] AN AR E 145 [ AR, WEkIRER, % XHEAFRE. NIMIRE K
LR REAT SR A, XA ENIMEE . T a,be R, @% &L FOMANRNT LIS

@UABT A ic, HESUR X A28 [ —2HERPE I G i, A7 Sb B R ER R
@A P et A b, KRR B AL
QN AR ALATEIN, (HAAS B e LA N AR,
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3
a-b=a"b= Z a;b; = |al|b|cos (a,b) . (3.2)

i=1

H (@, b) 51014 @, b B9 A . BT DUR i M B0 R R . AR T

€ €y e3 a2b3 = 0362 0 —as ag
def
axb=|a, ay azl|= |aghy —aibz| = | a3 0 —a|b = a’b. (3.3)
b1 bg b3 a162 == (Lgb]_ —a aj 0

SN AE RS — A dE, B R T X A i, KR |al bl sin (@, b), &R
SRR PUATE AT AL, X TAMBLETE, FATSIA N F55, 48 @ B4R, $F9 BR—
RIIFREERE ( Skew-symmetric Matrix ) ©, fRA] LAY N JCH— P ROSFRAF S . XAERHE M a x b
T TR R TS o/, B TR XM SRR XA E IR, T,
I AT 50— A —— W), REOR (2 o] 0 1 2 o — B — D BOW R R, RCZAR9R -

0 —as a2
= as 0 —ay | - (3.4)
—ag ay 0

()i, o BRI A A2, i AR . MR, BMETEARRIS TR ARt ] A
i, EARARTEAT Aebrmes , T LRI ) et o i R R ik, (R BIAEA FE E A TR AR A7,
UL AT AT o R R 3 R I LA ) B A ARG SR A AR A R A U JC G Y

3.2 Asbr R IRK (G

T 1280 A PR g AR SR AR R . TEALBE AP, RS — DEFF T E
CENMAPR AR 76 3D FEERY, i XEa— MR, B LR R WR%IEE5)
PBLER A, B2 WL BB R E — MR AR AR R (ERE MR AR R ), AT A B A
S, B 3-1 PH) 2w, yw, 2w EXHIRIR R RN, ARPLERDLAE A2 — DR b AR, flin
zeyes 2 SE SRR R . BEHF ATRES M) AHMLAREF AN p, EAEARPLARER R T RIARAR Y
pe, MMHESRARBR R T, EHABRARA py, B4, KPR Z AR AT AR AIE? XA, BT
LA ENZ A XL AR R A AR ARE, FHREDLES A (ST RAB I AR R h . TR E—
Fpfler TBOR A X MESRCHR, MRINSER, aTLUH—ER T kA E .

P~ A b 2R 2Z [ 118 B Pl — D TEFE AN b — PR, X Rz shFk hRIfEESh . bz sk

DR ABEIE AT = —A
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R—THIEzE . NikEshd i, [F— AR AR R T A K R fa#f A& kA ik
HRREFAI R 2 b, EEEERZ O, RaliEa 2 [ B MEENARR, e H ik
& . BTN SERA S AR FIGFAS BRI — 2 L, —2 )Lk,
HEEE, FRATTBETHLAER R B AR Z 0], 25 T— P BEREEFE#R ( Euclidean Transform ),

- “\o'p

31 B4k TR0 p, BEY RS TR p, FEBHLLRE T L4 p.
RFEIM. SR R bR RS B T Kt

K S o s BT RS LR . FRATT 3 6% IR . A IE 3 (e, en, e5) 230 — Wi
FEAHL T (€], €5, eh)o WA, TRtk a G A B A bR R BT A A2 3 ),
TAEFIA AR R T IAATH [ar, az, as]T Al o), ah ah|Te DA REA S FFLUARAE AL b i 2
X, A

/

a a)
[e1,e2,e3] [ay| = [€], €3, €3] |ab] - ' (3.5)
as aj
el
A TR bR Z B FR, FRATX FARSEX A A A PRI 25 | el |, IBAZEN AR
ej
RO R 7 SRR, BTLA -
ai ele] ele, eley| |a)
az| = |ele ele, eley| |d) “ Ra'. (3.6)
as ele) ele, eley| |a}

A HCH BBk, & SOR— 00 R, XA HFE R PI4LEEZ [)f BRE A, Zim T s

DI A EAT IR
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G R — A T A AR AR AR G B . HE e ARy, BN —FEM . RTRAGE, 4R R 4§
RTHEFAE ., Hit, FRATEFESERE (Rotation Matrix ). [AI}, 280 ME 4570 B2 SR b R RERY
WAL i FAEm A EE N 1, FrRASERR E A B it e M A a2 i, i A AN MR iy 7 e 5
5258 P% ( Direction Cosine Matrix ). {15 ST —FRE e 50 % -

TERE /R AT — e e . 38 b, BRI | IERHMY?, RZ, 751K
1 B EACHE ML — e . UL, ATLLKE n GERERE MG LT -

SO(n) = {R € R"*"|RR" = I, det(R) = 1}. (3.7)

SO(n) /E4FHIEZ 8 ( Special Orthogonal Group ) YRR . FRATIE “BE” mMINZEHI T —iF.
XMERH n A2 M TEFE MR, FEAIHL, SO(3) #iiRHs —4E2s Ml U less . 01 e s wiRg:
FRATTOT LA B E5E A b 2 2 (Bl (R, 545, i A FHFEAZE TR IRRAE

AT e G M IE A -, B ( RIFE &) $5AR 17— AR e o #c08 i i Ok,
A

a =R 'a=R'a. (3.8)

WAk, RY 2l T R
(ERRIC e, B THER A T8, 2B R R i o, 28 —UOiERs (R 5
W) MR S, BRI T o, IR IR AR, A

a = Ra+t. (3.9)

Hop, ¢ o R . ML Tlieh:, @@%ﬁﬁﬂ%?ﬁ?gﬁﬂﬁﬂﬂﬂﬁ%z}ﬁE(Jélé'ﬁj:, kR Ay
gt B, ROTH— e R Fl—1FA2 n it ¢ Se B AIA 17— >R G 23 (] (1) AL Bl 4
Ko Fo FBRMh, BRATEE CAERRR 1. BhR R 2, IBAmE a fERN LR TR A ay, as,
TN ZIE] YOG FR V% -

a; = Ryza; + tg3. (3.10)

BCHLAY Ryp ReAf “HEASH R 2 000 RSB SERR 17 . o T R MR 13, &0
FARRMEEBIZEN. U A IS . ARSI, HE A2 A B IR
MFSLF . AR, WSRTATEERL M1 B 2 OOREFAERET Y, BSIR Roy. W LU
i, DR AT BRI SRR, A0 IERAE B TR, A S AT bR,

KFHR by, EIFRMBIRAARR | IR A R 2 AR R, ZEAARTR 1 TFREY

O 1F SRR RIS S BB . RS R R A ISP AT LA B eh s Al
@F 3= 1R AE R, Sebs B RESRERATIIC 1, B0 —1 BFCNIBIER: . BI—UBESE N — W R 4 .
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AR, FrUEEEDGEHICEC!E "1 B 2 e o RS oy, B 2 4510 1 1)
RELIRR 2 FTHRER, AIFAET —to, MEMPDRITEFEA R, FFLL, M¥1F & n
CTAYAARAERE L SRR A RIRRE , AT T A M U X A AR S ﬁi“&%£ﬁ”*ﬁ$
o S ARAR 245 1) F AR BR R IR )i, e SR A bR R T IR IR A bR . X I 5 82 1
W% twe E. B, BEUAR —tew-

3.1.3  AEHUERE S SRR AL b

A (3.9) sl R T RIS MIAHER, 588, AL fEfE —/Nnlit: X ARG R A
PR CR . BRI T TSR Ry, ¢ fl Rty

b=R1CL+t1, C=R2b+t2.

W4, M a 3| c R
c=Ry(Ria+t;)+ts.

XFHERIE AR AW Z 52 BAHRPIR . R, A5 IASFRAR bR AR, 550 (3.9):

a’ R t| |af 4, |@
=T . (3.11)
1 of 1] i1 1

X AE—EEERT . FATE— —4Em AR BRI 1, BHASR 7 adEm i, PRI
FRo X PR UZER &, FROTAT AEBERE FIER S I — R, (A O RAR Rk e A
A, HEFE T OV EHREERE ( Transform Matrix ) -

RATERH @ Fon a BFFRANR . IBAMEEFFR AR PR AV B, WU e 1 28 sk vl LA
AREFTE

b=Ta, ¢=Tb = é=TTa. (3.12)

{ER X 73 FFRAEEFF IR AL BR R A5 2 FRATERE BRMT, PR e Ak HUR A ) R RSN 1 o0 2wt
19, FreA, FEARGIRESCMFBR T, LUGTRITR AT SN b = Ta WHT, BT 1
FER AR AR

KT WA T, A BRI 72 b NBERERF:, AR, 2Rk

ORE RIS , NSRRI MCHR, (HXM A m AR EDTF AR 8. IRBERT AR R 202
QHFFUALFRI A I Tk, FRATIEH 7 UL S A4
@UERL, AHEATTFURMARFARITT , X 1 AL (e R R AR [ REAS IS Y -
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O llhd, 47 NN 1. KR PR FRFRIRICHE ( Special Euclidean Group ):

R t
smw—{T—!T }eR“ﬂRE&MﬂtEW}. (3.13)
o -3

5 80(3) —#F, KEFIZHFM A% 2R — 4 B A9 Ak -

., |R" —-R"t
71 — , (3.14)
o’ 1

FIRE, FRN1H Too iXFER G Em N 2 3 1 (9768, JEH., B TR S IFE, 7545
B AL R, UG ASZI DO SR Ak b 558 AR PR A, BUAE MR S EEEN AR
—Fh. filn, 4EAS Ta i, FHGEFRAE (AREEXRITHE ). S Ra B, fFHRIE
FER AR RS AE AT, AR T UK AR B E AR AR U B 22T 1 —— IR 5
AR BR AR FF R AR bR Z ] 9 e i i 5 BARR A S, TE CH BIF PR IMEH S B RES L
WX A DIEE, PRIEAERE T E B IE FE S

. o, FRO1M 7 mEEILARRRR-R, AR TRENZEE; R5, BFRRZIER
i Sl R AR ik, RS RS N . eSS nT LA e R REFF SO(3) ik, PR Bt —
A R3 A . fn, SRR R B — R, BRTE R T AR R SE(3).

3.2 zk: Eigen

AVERY SR P . AT HEE LT Eigen FRMERERm R, )5, 71H EHEHE
P S s s s . AT SRS/ slambook2/ch3/useEigen H .,

Eigen® /-4~ C++ IR PEACEU. . B Rt 1 PREE A SCHE PR R MU BLE T, {45 7
FRSRE. 2 LR E L Eigen M THFFIER, 1245 g20. Sophus 5. MERAERY
HEAr ., FRATE2] Eigen W4 Fe .

PRATHLIR b AT BB %A 2% Eigen. i A LL F a2 bt .

LS

sudo apt-get install libeigen3-dev

FR Ay # HIAEARC 7E Ubuntu AR PRI PR fE . AR, AW/ Ubuntu B4R
B A Ot Gl apt 5, FRATREMS J7 2% Eigen. [IWEE 2 PRAORTH, FRATHIE—

@OF /L http://eigen.tuxfamily.org/index.php?title=Main_Page.
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AN Sk SO FNEE SCIFA Y . Bigen Sk SUIFROERIAN BAE “/ust/include/eigen3/” . WIHRAHIE
IIERYE PN N i

[B Zsdm .

sudo updatedb

locate eigen3

SHAWZFEMLL, Eigen BFFRZANTE T, BER—MAHSOUHERERME GXAERF AT )
X REME R LB B E 093k 30, A 2 so o.a () —dEmI SO, FEMART, HFE5|A Eigen
() K SCAFRIT AT SRR SCF (PR EIATPE SO ). IS —BRES K 92PR4R 2] Eigen 11
i -

[A slambook2/ch3/useEigen/eigenMatrix.cpp

#include <iostream>

using namespace std;

#include <ctime>

// Eigen#i s 34

#include <Eigen/Core>

/[ AEEEGRBGEN (#, HEMEF)
#include <Eigen/Dense>

using namespace Eigen;
#define MATRIX_SIZE 50

T T empp———
* KA/ TEigen A KA XA o5& M

o4 ok o ok ok ok ok ok skok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok /

int main(int argc, char **xargv) {
// Eigen'P Fit # (&) W #u 4E M5 #f X Eigen: :Matrix, EA — AR E. CWAT AR ARBEER . 7.
2!
// F Y —A2x38 float4E
Matrix<float, 2, 3> matrix_23;

// B8, Eigenifiiitypedef## 4t 7% $ M A £ A, KRid K &) LEigen::Matrix
// #l4n, Vector3d % /i L ZEigen::Matrix<double, 3, 1>, P =4 & &
Vector3dd v_3d;

/1 E A -

Matrix<float, 3, 1> vd_3d;

// Matrix3d% /& L #Eigen::Matrix<double, 3, 3>




iK%

39

40

59

60

6l

69

70

£ 3 =Z4=ENEIESh

Matrix3d matrix_33 = Matrix3d::Zero(); //#¥4LAH K
/) R ERREAEER D, TAERHER PG ER
Matrix<double, Dynamic, Dynamic> matrix_dynamic;

VRS & F 30

MatrixXd matrix_x;

[/ EAEMERR S, KAR——F] 5

// T & 3t EigenH o $&1F

/] WNHE (s 4L)
matrix_23 << 1, 2, 3, 4, 5, 6;
//

cout << "matrix 2x3 from 1 to 6: \n" << matrix_23 << endl;

AR N AU E ALkl R 5

cout << "print matrix 2x3: " << endl;

for (int i = 0; i < 2; i++) {
for (int j = 0; j < 3; j++) cout << matrix_23(i, j) << "\t";
cout << endl;

/] G FAE (FFREDAEREFIER)
v_3d << 3, 2, 1;
vd_3d << 4, 5, 6;

/] A25E EEigen T AR Rk & @AY R R K A 6 4B M, Ak A R Y

// Matrix<double, 2, 1> result_wrong_type = matrix_23 * v_3d;
[/ ik R K Ak

Matrix<double, 2, 1> result = matrix_23.cast<double>() * v_3d;
cout << "[1,2,3;4,5,6]%[3,2,1]=" << result.transpose() << endl;

Matrix<float, 2, 1> result2 = matrix_23 * vd_3d;
cout << "[1,2,3;4,5,61*[4,5,6]: " << result2.transpose() << endl;

/7 FVAE L AR R AR AR B AR R 0Y 2 L
/7 KA BGK T @y iz, A AEigend A 24

// Eigen::Matrix<double, 2, 3> result_wrong_dimension = matrix_23.cast<double>() * v_3d;

/] — g ks i

// ERGER R RERT, AAER4-x/Bp T

matrix_33 = Matrix3d::Random(); /7 W BUA KB S

cout << "random matrix: \n" << matrix_33 << endl;

cout << "transpose: \n" << matrix_33.transpose() << endl; // # #
cout << "sum: " << matrix_33.sum() << endl; /! & FE A

49




73

74

75

76

77

8

79

80

X1

8

R4

85

86

87

K8

89

90

91

97

98

99

101

102

103

104

105

106

107

108

109

1o

1

12

13

14
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cout << "trace: " << matrix_33.trace() << endl; // iE
cout << "times 10: \n" << 10 * matrix_33 << endl; // FE
cout << "inverse: \n" << matrix_33.inverse() << endl; // i
cout << "det: " << matrix_33.determinant() << endl; // A7 K
/! #FiEfd

/1 T A ARAE BT AR GE A R AL R
SelfAdjointEigenSolver<Matrix3d> eigen_solver (matrix_33.transpose() * matrix_33);
cout << "Eigen values = \n" << eigen_solver.eigenvalues() << endl;

cout << "Eigen vectors = \n" << eigen_solver.eigenvectors() << endl;

/! A

// HEAKME matrix_ NN * x = v_Nd # 42

/7 N&S KON ERT 0 R 2 E L, © i KA A
[l ABRXEARTRALY, REZEHFX

Matrix<double, MATRIX_SIZE, MATRIX_SIZE> matrix_NN

= MatrixXd::Random(MATRIX_SIZE, MATRIX_SIZE);
matrix_NN = matrix_NN * matrix_NN.transpose(); // fRiE¥ EE
Matrix<double, MATRIX_SIZE, 1> v_Nd = MatrixXd::Random(MATRIX_SIZE, 1);

clock_t time_stt = clock(); // it#f
// HiEKE
Matrix<double, MATRIX_SIZE, 1> x = matrix_NN.inverse() * v_Nd;
cout << "time of normal inverse is "
<< 1000 * (clock() - time_stt) / (double) CLOCKS_PER_SEC << "ms" << endl;

cout << "x = " << x.transpose() << endl;

// BEREESBERKM, HloqRe M, EEAHRRS
time_stt = clock();

x = matrix_NN.colPivHouseholderQr().solve(v_Nd);
cout << "time of Qr decomposition is "
<< 1000 * (clock() - time_stt) / (double) CLOCKS_PER_SEC << "ms" << endl;

cout << "x = " << x.transpose() << endl;

// AT ERAEM, &AM cholesky 5 i & it 7 42
time_stt = clock();
X = matrix_NN.1dlt().solve(v_Nd);
cout << "time of 1dlt decomposition is "
<< 1000 * (clock() - time_stt) / (double) CLOCKS_PER_SEC << "ms" << endl;

cout << "x = " << x.transpose() << endl;

return 0;
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' J

AL R T Eigen HFFAYREARM HIE R, BHIFE, W2 CMakeLists.txt LI 5E
Eigen [193% 3CF H 5%

slambook2/ch3/useEigen/CMakeLists.txt

# s Ak A

include_directories( "/usr/include/eigen3" )

i —ihi, PA Bigen B AT X, FTLAATTZEFH target_link _libraries 15 R 6 6545
PIE b ASid, 3 HACER M, KRG LTRSS . X A ek A WA R s
(1, PHOAIAD A TRESE Eigen 236 AE 1 ARG E, IR ABEAMFaE ik X E . EZIEI T
fiErh, FeA12 (R find_package i 28R, AEARPFHERMIREIIERRET . SiIFFTS
BFTE, LA B A5 R A i A R

[B Zsgim.

% build/eigenMatrix

matrix 2x3 from 1 to 6:

123

4586

print matrix 2x3:
i 2 3

4 5 6

[1,2,3;4,5,6]1%[3,2,1]=10 28
[1,2,3;4,5,6]%[4,5,6]: 32 77
random matrix:

0.680375 0.59688 -0.329554
-0.211234 0.823295 0.536459
0.566198 -0.604897 -0.444451
transpose:

0.680375 -0.211234 0.566198
0.59688 0.823295 -0.604897
-0.329554 0.536459 -0.444451
sum: 1.61307

trace: 1.05922

times 10:

6.80375 5.9688 -3.29554
-2.11234 8.23295 5.36459
5.66198 -6.04897 -4.44451
inverse:

-0.198521 2.22739 2.8357
1.00605 -0.555135 -1.41603
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3.59308  3.28973

% |det: 0.208598

AR R as il T PRNATERE, (I — R TIE R T AR, BATHLE
JUAL T B 77 s W] (16 1 552 e 8 et RS 1K 1 AU ).

L.
2

B R R A AR (AR ). B RgRE TR

Kdevelop FIfig A4t/ CH plbia® . i LN a S AR, ANOEES T e
JRFEIR . Clion W2 5¢ 8 M2 it

Eigen $& 41955 1 MATLAB ARAAML, JLF AT A 98 A Y ERME R b B, (B2, AT
IREI T S AR, (6 Eigen 'V SR A HEFE R R/ INRIISHY 6T 6 S 1P B 550 R0 1 AN
MIFERE, AbBRERE S A BRI MR st [k, % FRERG MR . AR W, oF
AT FESR PRI 2 AT A R/ N AR 2 A

Eigen NEBIHFESC LA 2%, XA 41, FRATAH R4 4d ] float. double %5 N
AL ] Eigen MRERE . SXNZOEAF A LT TR 210

Eigen 8 A ST FI SRR TH, XA C++ YN ER B A SR 5 5 fF C++ T2
tr, FRATTAT A — float KidiE A1 double Biis#Hhn . HIE, HRiFBFSBHIIDEIBERIE
BARABHIIF, MifE Eigen b, THERER %18, 2500 8B 3K Hb G A R SR T do
TSR T 3 REM, ) Eigen 23 ( ASKACRAME ) 4573451 “YOU MIXED DIFFERENT
NUMERIC TYPES ..." P45 FRT L2 4k 215 2 8 B A R 4R 18 R~
oo IREERE B KK SR 3 — A SO B R

AR, 73 AR bt 75 O o A B (e, 75 00 23 B YOU MIXED MATRICES
OF DIFFERENT SIZES” §i5% . 1§ AN AR f s i m X, &1 O+ BibiocHfe, bk
PR AT AR5 B 22 RSB 7. UG, A &M Bigen RS, URATRLAIET
EAREGWH ST, HEWHE 20,

FABIRE RN T EAR R 5. /R0 LAB) % Eigen T M #(#2: http://eigen.
tuxfamily.org/dox-devel/modules.html ¥ >] 2 Eigen FIH. A7 KR 1 fiefi
SRR, RER ORI A G TR O 28HENE P54 Eigen.

dJr— B P LA TR 55K QR JMFIIZ T T8GR, (AT LATE F C TR E LBCENT M
BATHE], PRI e AT W Y ) 25
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3.3 GERgIn KDL

3.3.1 gk

FRATHER [0 25 . A T I MR A IE , , A T2 —1 6 A HBER) =4t
Wifkizsh, EARCERE TWR? HERRTRXEDA LIPS

1. SO(3) WIEFHFFEA 9 15, H—Kiess RA 3 A M. B fphRE T XEITRM.

(3, SRR 16 RIS 1 6 H M, B4, BEAERENRRE?
2. R A BT AR EAUR IEEERE, BATHIECH 1. R R a4
Ao A — A S A M el A W AR ], X S A RS A5 SR 7 15 o R

B, A 1A 24 —fb )y AR R A e s AR . filin, FH—A> =4k ) it A TEs:
A7 e ) i k784, nlAT0g7 S950 1, (TS hefs &R ] LAR — A ne e s A0 — 4> ne sk /oK %
T, FRATAT UL A~ g, Hy ) S HEREA— 5, TR BESS FIERE M. X ) A8 e @)
B (S, Axis-Angle ), His—A> =4 m) st BI Al A BeR% o [RIAE, X FAS8BE s, JAE
F— Al o) i Al— >R ) BE R ] R0k — e e, X 7R BEAESE SF R N4 .

FIEHAH R FRAeER: . WA AT o) kiR, BRI — A RO K R i,
AR 6, IBAm i On Wal IR e . T, KATER], FpRETXZEAHAKR
g7 5 FHEF U OC R IFAKME . MUIERE 1) B B HER: M PR A e s P th B E BRI AN
( Rodrigues’s Formula ) &M, TSl E 4, SCEAMEGE, HA MR RY.

R = cosOI + (1 — cos@) nn" + sinfn”. (3.15)

e A i g B 3 RO R B B sy, WX (3.3). ez, TR AT AT N — N e A T 3
TEsE AR RO . X TR 0, BUMHAYIE®, A

tr(R) = cos@tr (I) + (1 — cos®) tr (nn") + sinf tr(n")

=3cosf + (1 —cosb) (3.16)
=1+ 2cosf
ESYI P
0 = arccos B ; > i (3.17)

ORESHRY E# 1% https: //en.wikipedia.org/wiki/Rodrigues)27_rotation_formula, 5L |15 4 PJF& MR
HUZmash— e
@Kl (trace ) R JERKAE MR A FREOTEZ AL
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KT Hehh n, HEREHN 00 ) AR eSS e AN R AU, R .
Rn =n. (3.18)

Hut, Fe5h n 2850 R AR 1 XRAFFIE R . SR, fH—fk, B3 ekt
o BEAEWATEIN “heze i e Z 5 A" BYJU M BERRRX A R IR — T, Y
PIAFAR A AEST 4 VHIHE B, PRERBUENTIER: SO(3) F2RES A xR X &

3.3.2 Bkhish

TR A B

TCIE R B A B R SR e 1) i, BT TR SRRBROAERS , (B AR RAR R A B . 3k
{16 30— e 2 5 R e ) i, ARMEAR G2 X B 78 S AT ARERY . el dnt, F81{7]
A FIE P A LE WA 7 1) 5 3h . mRCRL A TR AL T A& By ORI R e —— e
MT 3N BRER, B IR 3 LA TER: . N EAR 2R 5 BRF 28 sl ie i
e (B, TR AR, LIRS e S REZ AR, 5 TIRIEHE ik
filtn, Hese X i, LY ., FJoss Z ek, s T — XY Z St . B, o] LUE
X ZYZ. ZY X Fhieit i, e fs iy —2t, AT L X s 0028 B E S iEE 1Y, it 2t
LN Z RHIRIEE ), A AR E U,

XA E A B AT E M R TR Z PR Y R i R, 7S 2R 40y, R i i Ay
G SO REOFEMZS . BRI CORAR T OmAAR T XS] R G g
WM —FP, (R AT — 00 — 785" (yaw-pitch-roll ) 3 /i BE AR — N HERE . & 540 T
ZY X fhieRs, PUERLL ZY X . ek —ADRUARRET A 31 ) Sk X 4h, A
AY G, Bk Z G, W 3-2 fis. B84, ZY X FEFRRY TR S e sl R 3 A |
AIFE A

1. SR Z fhiele, SO yaw.

2. LR Z BN Y e, SR pitch.

3. LREERZIEW X HiliEs:, SRR roll.

MRt , TRMER] [, p, y)T XA = 4ERY ) AT R . BN Ay O, FRATTRT LA
MXAN [ i ARG s (A . A A KR A tho Sl e X Ao 5, JERERE A 21 3 i 1, 155
— A =HE i, SN S AU AR X AR rpy R HEESHE IR, LA TR
DHIRRHL RS A rpy IXFERE R T 550 AN T) A RACHE £ 2P0 BEOBE G il X Iy A BRIV (g 3]
an, rpy MBEEREINE R ZY X, [WkE, WA XY Z. ZY Z XREMIRRN f——(E R S i T Ay %
M2 1o (AL, KRS Sl AE At FH R 80 25 i AR A i) ARG L i > 408
As—E FIFEA T3k LR AR [R]
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Z
i3
0
'
Tt e 5 e (i) e (L) 5= Ui (Gexdh)
_ -
" ; O -~
T A B z y
//
| 2
X

BoBERE (SRZ8h) S WEREA90° (SRYRN) B =IRIERE AR NS — AR

32 KArfeymitrnEE, LA ZYX %A X, T4 A pitch=90° B, F =Rk 5% —
REEAMR, ERAZERT N EBE. DRUBERAEMT W4, U UEEH
KM, BEMRRLEHE

I £ B — A~ A A R R A A T i@ ( Gimbal Lock® ). 7EMfHI A £90° B,
UG 5 5 = Ui R — A, R RRERT 1A HE (3 WM 1 2K
ekt ). XN SERE, A AR P FEREAAAE . BE L RT AR, HEAMA
3 SEHOR RS = YERER, , ARSAS nTkE e Rl 2 AT SR I, TR R, BR A ANaE T
FEIEFEA, fEfE BT AN E . RATHRATE SLAM 5 EIEME B A RIAEER, [F
FEANSTERE I sl e i i KR ff b e (A ERAFFME ). Ad, S EKIEA R
IEEA R, PR A REE T R bR 7 MEAS SRR R IEf . TERELE KB 0 2D 28 &
(B anFpL ., a2 3k 425 ), FRAT AT ASERE o il =B, SRS —AS (ol an i
LA ) AR R s B

(https://en.wikipedia.org/wiki/Gimbal_lock.
@fiEke A AT e, RAEAER A 6 B 2m A R R
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3.4 P4k

3.4.1 POkt L

JRERE A L 9 A EEAtA 3 [ EROIER: , HATCAYE : R Fieds i) Bt Bkny, (HEA
A srE. $ L, ﬁm&Tﬂmﬁﬁﬁﬁm:ﬁnEﬁﬁﬁTWIEﬁ5%M$%W¢%%%ﬁ
HoERFRTH (ANZRBERNLRRE ), B fATE A Sk (L6 R £90° B2 JCiE L

[P LART 7 2] i AR RATTHIAE B C R &2 1f L) ) it fFEﬁ(F}’J%‘%)"J&zT‘EEF
ARG BN, e AR AN TR AN R ERE 900, S, fE IR 4SS )
ERER, WA MRl TEBNUICE: mEITH (Quaternion ). PUICEUE: Hamilton $83 1) —Fh - i
MEH. CEHRREEN, teEFRM. DR, PUICEARE D, Hoz R Jus

FEPUCE S B T LAKE B R o PR PR DO C R B, A TR s A v 6 i R
0 FE, WA A L, e BORM AR bR RN R, T A RE I, HEl
FHERPE AR

¢ = cos@ +isind. (3.19)

RIESE— AL RSB FTLL, 72 “HBNOL T, e n UL AL EBORAR . Fel, 4]
SARP), HERE vT L B 60 T RO 4

— AN UoCEL g WA IS A ABIEISE S R (WA 0S5 S 1 G ),
18 X

q = qo+ qi+ qoj + qsk, (3.20)
Hrp, i, 5, k HPUoTE = A HERR . X N R UL R

ri2 :jl :kZZ _

j=kji=—-k

< ! ! (3.21)
k=i,kj =~

kil = J, ik = —j

QUSRI 4, §, k B R, AT A CiARTE MR R, AR Z ] (TS R M
AE, ATt A4 ) o ek PUCEL:

q=[SaU]T‘ s=qo € R, v:[Q17Q‘z,C13]T€R3~

B s BROMPUICE S, W o B E R R AT 0, MIFR R SC T
RZ, HERISER 0, W N EMTE
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A] DA B AL U JT 2R 42 i) P AT B — AN, AN ad i fh 2 ik U 80 B il i A
[, eS80, bl i R IE: 90°. RO EEWAE oo, 7 i 50228 Sl 9007 kA,
i =k BEEWE, Joled filifk 900, L8 5 Gl 900, SEET4E Kk BihEE 9007 1EE AT LIIR— T
PLELRI— F——SR G R & RS O F AR X RER . IEMBYTEIERGZ IR, FeLL i X0 5 iR 180°,
XFEARRIRIIE i) = k BYPERT. 1 2 = —1, REORFFLE e 360° S92 — MR AT, X4
21 PG B PR A2 e TR R A

XA LW T, SERR BT B A KRS HIMOARTT, BATERAH— FRERA. 2
B FRATRUE A VO OC RS KR A M ER: . IR A DU e RO B A et At R, ENTEAZ
[i7] AT LGB S T miFRATTSE % 80U A A At Bk )

3.4.2 ks’

VUoCECRE B A SRR, aTRLE T RAIRER . WILRA NS e, SRk, Kok
%o FHSA.
AP VUICEL o, qp, ENTRIIERR N [s0,va]", [se, ve) ", B0E R IICEER R N

Qo = Sa + Tal + Ya) + 2K,  qp = Sp + Xpi + Yoj + Zpk.
B2, HasFrn &k
1. AwikAei ik

Ga £ qb =[50 £ 55,00 T3] (3.22)

2. Fik
ek qa WG —I0Y q, BIBTUHTE, BJatan, Biseaia 3.21) #fr. M4

qaqdb = SaSb — Talhb — Yalb — ZaZb

=t (Sa.’L'b + TaSh + Ya2b — Zayb) i

(3.23)
i (Sayb — Zq2p + YaSb + Zn,mb)j
+ ($a2b + Talp — Yaly + ZaSe) k.
IR, (B EREFAF. RGO HNMLER, xRk

SN

T
quqy = [sasb — vlvb, SqUb + $pVa + Vo X vb] : (3.24)
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fEIZHEE T, PITSEPTBRBL RS, XSRBE—BEY. A, FIESS,
H TR —MRBAEAE . TOTEORTRE B = A e i), BRIE ve Hl v, 75 R3 3k,
i P AT N

. K

PUOCEAIR I E SCA

Igall = /82 + 22 + 32 + 22. (3.25)

AT LAROE, PSP C R BB AR AR . X AR AL PU TR 475 2 B U TR

lgagsl = llgallllgsll- (3.26)
. 24
PO R Y e 24 R R R AH i B
Q. = 8q — Tai — Yaj — Zak = [5a, —Va]". (3.27)

PR SHA G AR, 258 — D2k, HSBIE 7 .

q°'q=qq" =[s2+v'v,0]". (3.28)

— N YTTE R
a'=q"/|ql* (3.29)
FebE X, TUCEOR [ O A SR AR R SEPY T 1.

qq  =q q=1. (3.30)

Gk q AL PUTCEL, HO AR ] — e (R, SRR EA R R A LA P o -

-1_-1

(qagy) " =q; 7" (3.31)

&3

Al AL, POICEOT LS B e

kq = [ks, kv]" . (3.32)
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3.4.3 W CBAoRiess

FRATET LA e BB X — A e, . BURAE — AR S p = [z,y,2] € R?, LUK
— AP ICHL g TR MR, . —HE p St iR Z R AR p o WNRERERRE, R
p' = Rp. AR R A TER: , B AT & R S el &k Wg.?
B, B R ] A DGOk A -

= [0,z,y,2]" = [0,v]".
FH Y AR DT EY 3 A E as [a] b Y 3 AN R . R4, RS 5 R A5, p! AT 7R Rk e e R
P =qpq . (3.33)

XA e R, A5 R R OCE, AR pf BB, BRI 2 5 S R AR
IH, ATPAGUE (BRI, HEEas sl 0, HChaiR e,

3.4.4  DOCEBAbERS 2R

(ERE O P CRA R 17— AHEs | et T P AR M U % () i A . BRAER A0
BOSBERE 1) i | R P Z M AR OC R . TEIZ AT, FRATTEEBE, POoCEoRE:A AT LAS B — R
Mrrggik. i q = [s,v]", MBA, &XWMTFHFS T S AR

—aE -,
=" | e=" 7| (3.34)
v sI+v" v sI—o"
X FANF A PO OC RS S —A 4x4 BB . TP eEaer: LIS SO I
, o _—
gte=|" 5 i - L S T (3.35)
v, 1T+ |vs 81V2 + Sov1 + V] vy

lﬂﬂl!/fﬁﬁlu]
4192 =q; g2 = g5 q. (3.36)

RIS I RO 25 (] s AEA T HERE R IR A, AR PR HT T ei, A

pP=qpqg ' =q'ptq

_1&@
=qtq ' p.

|
(3.37)
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AP NS IR AR, 75

g g )" =

s —oT S v' 1 0
— . (3.38)
v sI+v"| |-v sI+o" 07 vl + 2T + 2sv” + (v1)?

H R p' 1l p R EIUICE, AT RLFSE BRI A T AR T M ST B hE ¥ 56 B i) 2 4
KF:
R=vv" + $°T + 250" + (v’\)2. (3.39)

AT AR R s i B AR A S, X BRI ICRE, 5

tr(R) = tr(vv" + 357 + 25 -0 + tr((v")?)

5 ;
=22 +v2 4+ v2 + 352 — 2002 + 02 + )

(3.40)
= (1-5%)+3s® —2(1 — 5%
=4s? - 1.
X=X (3.17) 1%
@ = arccos ot
2 (3.41)
= arccos(2s® — 1).
)]
cosf = 252 — 1 = 2cos? g =1, (3.42)
Tl .
6 = 2 arccos s. (3.43)

Z T, wRAER 3.38) W q MEEAE p, B g B9 IR ) B AR RER: i A D)
By, BIMRCiEEs. T2 AEH TR e, B, Bl z, WooEE e, it
KT

{6 = 2arccos qo (3.44)

)
[Ny iy, 2]" = [q1, 42, g3]" /sin =

Z T U] A )y U ek, RS Lok D BREDR A BIRINT . fESCPrgiteh, BRI
VIR 2 A A L I 2 ) A e . TEIR R TCR . BEFEREE A0, ENTAR AT LU
KA — A BERE . A IROZAE IR PO R, AL I TRAREE R A, e
JR SRR ST Bk, FATT 2R K A Ry S [a] e e, DUINTREA AUEN R .
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3.5 ML, Ditd. ShgAsH

B 1B, 3D 25 AR AR LA 2, AN R AR e A . e
SR ELET A G, PUONTEZ S UFR Al RE2 323, BrRUR B o . BRI G 1 ) dak i
KEFIS A, AT RAHE A RUA B AT TR ahaliess, AR e | S rreF. i
LRI 2 BUR ERANE . BRI AR R

1. Aafh 4
HPE S R R 2 T — D H B, BRI T2 4000, HEMERR R

sR t
Ts = 3 (3.45)
o' 1

R, D2 T AT s, FoRBATEN MBI Z)5, WTUTE z,y, 2 =M
bR E AT SIARI . T A, ARV PR R EDE R A S . AR0T AR —
AN 1 STy A AR VS S, AR RGHC R 10 B9RE T (EABSRES ik ). —4E
AR A 5 e AR P ZE SR BE , ICE Sim(3).

2. A EM
B S EpElCB i

(3.46)

SRR AR A R, (S LR A P aliiE R, A SRR . (A
s EAR Y . iSRRI, SETRESAERIT T, RS HAA R P AT
PUhIE .

3. Y ER
SRR R — AR, BRI

At
Tp = [ } : (3.47)

a’ v

ERZEE LR A, £ EAER ¢, ZE T RONEE oo TR T RIRAAR, Y
v # OmF, FEATATRAXTEE A HFEER LL o 18— AT M 1R SUEE4A MR o
AURERE. [RIt, 2D RS —Ity 8 S A MBE, 3D WA 15 A M. S
AL AR, AR — ) ISR BRI F 0728 46 o] LA i — 545
At AT LR DNEATTIE Mot , TR A R AR T B, BEARRD
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B, MTERT/NIER, EEEAZFATINIE, M — A 6 e
2 3-1 45 T BRTHFRIR LRSI A AR b, A EBRITFRA A AR
M. filtn, BRICARHeR: TARARY, WHRARPAT, FSCFET.

F3-1 HLERHEB B R

THRER | EERX | BAE FEER
Bk LA [:} j 6 K. def. (R
LI B h’f ﬂ 7 AR
Bt st {3 ﬂ 12 TAFHE . R

S [AT ﬂ 15 | BEROT A S RTRTY)

M ZfaaiFs], MRS A FAHPLI R (g — A5 . WUERAPLAY SRR b X095
T, ARAKA ARG APIH R . AL, EFA VR PUSR Z b, AT RS E 1A KB ED
FRAr,

3.6 SEEk: Eigen JLAkith

3.6.1 Eigen JUEHb B

BUAE, BATIR S PR a3 25 e Rk 0 50 FRATHETE Eigen PN ck . BRfE
FAMBER RS, BN ENZEEAES T3 FAE 24—l SERERs, #5 Bl PRAg X JL A
EX P

[A slambook2/ch3/useGeometry/useGeometry.cpp

#include <iostream>
#include <cmath>

using namespace std;

#include <Eigen/Core>
#include <Eigen/Geometry>

using namespace Eigen;
// AAZFE T TEigen U TH 3 094k B 7 i
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a8

49

50

51

%3 ZHZERIEKIEE

int main(int argc, char **xargv) {

// Eigen/Geometryht 3 #¥ 4 T & #F 4t #5 Ao -F 45 64 £ %

// 3Di% 4% 4E % A 4% {k MMatrix3d X Matrix3f

Matrix3d rotation_matrix = Matrix3d::Identity();

[/ # ke ¥4 A AngleAxis, TR E R A4 A Matrix, REF TUASEEE (BAHETHTENLF)
AngleAxisd rotation_vector(M_PI / 4, Vector3d(0, 0, 1)); // 5 Z45h 3% 44 45°
cout.precision(3);

cout << "rotation matrix =\n" << rotation_vector.matrix() << endl; //Mmatrix() 43k 4B
// AL VA B AR AR

rotation_matrix = rotation_vector.toRotationMatrix();

// JAAngleAxis T vA#E AT £ 47 & #&

Vector3d v(i, 0, 0);

Vector3d v_rotated = rotation_vector * v;

cout << "(1,0,0) after rotation (by angle axis) = " << v_rotated.transpose() << endl;
[l R AN

v_rotated = rotation_matrix * v;

cout << "(1,0,0) after rotation (by matrix) = " << v_rotated.transpose() << endl;

[/ BRAE A o T VAR A AR AR I A AE R R RRAE A

Vector3d euler_angles = rotation_matrix.eulerAngles(2, 1, 0); // ZYXIi A, Pfroll pitch
yaw/ii 5

cout << "yaw pitch roll = " << euler_angles.transpose() << endl;

// BRK K & 4E 4 4£ A Eigen: : Isometry

Isometry3d T = Isometry3d::Identity(); // RRARA3D, TR EREA*AERE
T.rotate(rotation_vector); // #: B rotation_vectorit {7 % %
T.pretranslate(Vector3d(1, 3, 4)); /1 ReF e EIRR(,3,4)

cout << "Transform matrix = \n" << T.matrix() << endl;

/] A E BB IT AT R
Vector3d v_transformed = T * v; // #8 % FRxv+t

cout << "v tranformed = " << v_transformed.transpose() << endl;
/] A TS E Ao 4 ¥ K 4k, 4k M Eigen: :Affine3d#vEigen: :Projective3d® T, w

[/ v LE

// TV B e AngleAxis AL 2 v L4, R Z 7 K

Quaterniond q = Quaterniond(rotation_vector);

cout << "quaternion from rotation vector = " << q.coeffs().transpose()
<< endl; // iKiE Ecoeffst AR (x,y,2z,w), wh EH, W =4 h &

[/ AT VAJE A% 4R SR K 4 S

q = Quaterniond(rotation_matrix);

63
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cout << "quaternion from rotation matrix = " << g.coeffs().transpose() << endl;
/R A, A ERG RET

v_rotated = q * v; // i &EHF LAquqg{-1}

cout << "(1,0,0) after rotation = " << v_rotated.transpose() << endl;

I AFREGERERT, WitH4T

cout << "should be equal to " << (q * Quaterniond(0, 1, 0, 0) * g.inverse()).coeffs().
transpose() << endl;

return O;

Eigen "PXM ML FRIA TSN o 5T B FP IS RUER A SRS B2 FBURS W A B 25
B, W EAZAT—HE, AGEH 9 IFES H Shie. N m LUK EE R, fRa] DUEESS Y d SOl £, B
4 3] BURS B2 (19 BB 454

* A (3 x 3): Eigen::Matrix3d.

« JiEfm it (3 x 1): Eigen::AngleAxisd.

« BRPIFA (3 x 1): Eigen:Vector3d.

« P9CHC (4 x 1): Eigen::Quaterniond.

o BRICAEHUERF (4 x 4): Eigen::Isometry3d.
« {517 (4 x 4): Eigen::Affine3d.
« B2 (4 x 4): Eigen::Projective3d.

22 RS Xf N 9 CMakeLists B AT 4aif by . 23X NEF b, s 7 Wil {di ] Eigen )
TREREFE B Tt ) i | D A A DU T FRAT T T LR s e — A ) it v, RBRGS SL L —FF Y
(AN—FEFEZ L T ). [[EF, Wi 7 el 7 fe e rh e dtax JLAp ek I, Ak 17 ## Eigen
BB )25 T L2 % (http://eigen.tuxfamily.org/dox/group__TutorialGeometry.
html ).

HIZETEE, BEFRBEENMEERTE—LMMAMOERN. fil, @ibafrrds, ook
=4 & o] DUE R, (BRI S e ) fe 5 iU Do sk, AR DY c Eoke v it
TP, [RIRER SO0 il F T8 3l Mgl — 4 m A Ol . SRS, B2 L EE
XERTE

3.6.2  SEBRAYALbRASHR -

T ETFATTAE AN A R AR B RS
BlF EHEEIDEF—FhIF P FETHEREARAY, EHRLERZA W, T M6 247
AR ARy, ¥ F—F8h1ik Ak qp =[0.35,0.2,0.3,0.1]", ¢, = [0.3,0.1,0.1]T. ¥ F =5
1A qo = [-0.5,0.4,—0.1,0.2]" ¢, = [-0.1,0.5,0.3]T, X 2a) qAet £KX6Z Th, w, k=12,
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£ 3 Z4zTEAEEE

AR LA ML RO ERRX R, AL, PE P —FTAAEANLEBGHLFATR

ﬁﬁpm:m500w'iﬁm%&¢¥bz%iﬁ%T%£ﬁu

PR ER R, B AR T AR Prig S IR 2N T EAE R — LA AR A

iRy, sE ARPLAS AZ S AL bR, P HiFRf s —B IF’??HEH\‘L MR

[# slambook2/ch3/examples/coordinateTransform.cpp

#include <iostream>
#include <vector>
#include <algorithm>
#include <Eigen/Core>
#include <Eigen/Geometry>

using namespace std;

using namespace Eigen;

int main(int argc, char** argv) {
Quaterniond q1(0.35, 0.2, 0.3, 0.1), g2(-0.5, 0.4, -0.1, 0.2);
ql.normalize();
q2.normalize() ;
Vector3d t1(0.3, 0.1, 0.1), t2(-0.1, 0.5, 0.3);
Vector3d p1(0.5, 0, 0.2);

Isometry3d Tiw(ql), T2w(q2);
Tiw.pretranslate(tl);
T2w.pretranslate(t2);

Vector3d p2 = T2w * Tiw.inverse() * pl;
cout << endl << p2.transpose() << endl;

return 0;

Pyt A 4 28 2 [—0.0309731, 0.73499,0.296108] 7, 5k f th 42 faj 8,
Pr, = Tr, wIw,R, PR,

TR G o = L T G 3 i T A E B
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3.7 ks

3.7.1  oisdiiuk

QRS S — UK F A e PR ik U, TRES W BN TR RN ., NoyHeT
g Rh Rk Ty R AT LA Hl y s AR, M A b LUBEIC . AR AR | AR PR
AR AT REASGS UL, (HLFRATTrT LIRS B AL e A T 7 7 11 1

AFNTRA NE AR WA nT AR B B, iR A Gl T LR A Bz s
i, SEAHEEmE— w0 h, BORBUESCHEGE T trajectory.txt, BE—4THI A% A7 -

timev t:z:a tya tz, s Qys 4z G

Her, time $§Z 0 B OGICRE ], ¢ AV, g MEEFEIUICE, PPELUE R AR R BIHLEE N AebR
Ridsk, FEIRMIMN P BOX SR, SR8 — 6 g, JE) L, it USRI “PLay
NEIEEE", IBANRAT LMl Tiwg 388 Trw, FH965 R EATHHE2Z N0, S muE Hop
— AR AT AR A HAS 3 5] — A~ . WNFARKEATAEMEE ARG, B2 n] LUAF 6 BT B 20 T
WH Trw, XIFEAT KK 225,

FE LR A sHEE, FRATAT LIS Bk i pg— 250 AU 4, X IR TG by Bk
Rl Mgk, XSRS A () LRENESEHFLIRRRHLER. 5 IENLEG
NAEFR RIS Or, BB Ow B S 7 A A AR 2R T A A4«

OW =] TWROR = tWR~ (348)

X Twr RS, B, ATLL Twg tH EHER BB ZERIAL , Xt 2 TR AT Twe B0 L
WA . I, FERTRAERR Y B, Ol S 1 Twe 1NTASIE Trw

g, WAVTE L5 3D ZLEMEIT . AT 2 EHECE 3D 22K, iR EAEN
MATLAB, Python ] Matplotlib , OpenGL %:. 7£ Linux 1, — /% WA J& 3L T OpenGL (19 Pangolin
PEY, EAE 3R OpenGL (22 EIFRVERL 2 iR 128 GUI iyiiE. A b, AT Git
i) submodule T AEAE BRAFAKI A — 7 . B3e# nl LAREA 3rdparty SC{FJe B 4L T ls (19 7
Git ffiIE 12 & FIRE R A & —30

[A slambook2/ch3/examples/plotTrajectory.cpp

#include <pangolin/pangolin.h>
#include <Eigen/Core>
#include <unistd.h>

@®https://github.com/stevenlovegrove/Pangolin
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using namespace std;

using namespace Eigen;

// path to trajectory file
string trajectory_file = "./examples/trajectory.txt";

void DrawTrajectory(vector<Isometry3d, Eigen::aligned_allocator<Isometry3d>>);

int main(int argc, char *xargv) {
vector<Isometry3d, Eigen::aligned_allocator<Isometry3d>> poses;
ifstream fin(trajectory_file);
if (!fin) {
cout << "cannot find trajectory file at " << trajectory_file << endl;

return 1;

while (!fin.eof()) {
double time, tx, ty, tz, qx, qy, 9z, qWw;
fin >> time >> tx >> ty >> tz >> gx >> qy >> gz >> qu;
Isometry3d Twr(Quaterniond(qw, gx, qy, qz));
Twr.pretranslate(Vector3d(tx, ty, tz));
poses.push_back(Twr) ;

}

cout << "read total " << poses.size() << " pose entries" << endl;

// draw trajectory in pangolin
DrawTrajectory(poses);

return 0;

void DrawTrajectory(vector<Isometry3d, Eigen::aligned_allocator<Isometry3d>> poses) {
// create pangolin window and plot the trajectory
pangolin::CreateWindowAndBind ("Trajectory Viewer", 1024, 768);
glEnable (GL_DEPTH_TEST) ;
glEnable (GL_BLEND) ;
glBlendFunc (GL_SRC_ALPHA, GL_ONE_MINUS_SRC_ALPHA);

pangolin: :0OpenGlRenderState s_cam(

pangolin::ProjectionMatrix (1024, 768, 500, 500, 512, 389, 0.1, 1000),
pangolin: :ModelViewLookAt (0, -0.1, -1.8, 0, 0, 0, 0.0, -1.0, 0.0)

)3
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pangolin::View &d_cam
.SetBounds (0.0, 1.0, 0.0, 1.0, -1024.0f / 768.0f)
.SetHandler (new pangolin::Handler3D(s_cam));

M5 SLAM +Mif: MIBIEBISLER (5 2 hit)

= pangolin: :CreateDisplay()

while (pangolin::ShouldQuit() == false) {
glClear (GL_COLOR_BUFFER_BIT | GL_DEPTH_BUFFER_BIT);
d_cam.Activate(s_cam);
glClearColor(1.0f, 1.0f, 1.0f, 1.0f);

glLineWidth(2) ;

for (size_t i = 0; i < poses.size(); i++) {

/) &AL A = A AT S

Vector3d Ow
Vector3d Xw
Vector3d Yw
Vector3d Zw

poses[i] .translation();

poses[i] * (0.1 * Vector3d(1i, 0, 0));
poses[i] * (0.1 * Vector3d(0, 1, 0));
poses[i] * (0.1 * Vector3d(0, 0, 1));

glBegin(GL_LINES) ;

glColor3£f (1.0, 0.0, 0.0);
glVertex3d(0Ow[0], Ow[1], Ow[2]);
glVertex3d(Xw[0], Xw[1], Xw([2]);
glColor3£(0.0, 1.0, 0.0);
glVertex3d(Ow[0], Ow[1], Ow([2]);
glVertex3d(Yw([0], Yw[1], Yw([2]);
glColor3£(0.0, 0.0, 1.0);
glVertex3d(Ow([0], Ow[1], Ow[2]);
glVertex3d(Zw[0], Zw[1l, Zw[2]);

glEnd () ;
}
/] @ ik

for (size_t i =

0; i < poses.size(); i++) {
glColor3£(0.0, 0.0, 0.0);

glBegin (GL_LINES) ;

auto pl = poses[i], p2 = poses[i + 1];

glVertex3d(pl.translation() [0], pl.translation() [1], pil.translation()[2]);
glVertex3d(p2.translation() [0], p2.tramslation()[1], p2.translation() [2]);

glEnd () ;
}

pangolin::FinishFrame();

usleep(5000);

// sleep 5 ms

IZFEIFIE /R [ ANl 7E Panglin P il 3D AOAZ4E . FRATHIZE, &% =R fm &AL Ry
=AAeARh (PR BN A AR bR T AR ), SRS HITR R BUTE R K . LT
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L4 Ban & 3-3 fifs

Bl 3-3 friaifbensd & ( LEHE)

3.7.2 o AHBLT %

i 7ok, AT AT A R 3D B FUTP ALY 28, fF slambook2/ch3/visualizeGeometry
e, A TEAT AR I S A HRAILO 28 1Y 28 A TR D CAniEl 3-4 Bz ). 48 F BRARARAEAR DL
ff, ANy HE B2 S s A PILO 2 X N AT R I . P8 . MRB A NPk, RWT LAFE 5K
Pt e Ay . MRAEFRATAVZREE, BR TR, FREGZE AR EN WA & o RS TR 5
g S l'f_ﬂ AEW, (e f'lLﬂC.lL s AR TFASHME . 1% F {8 1] Pangolin FEE A 3D
R, HZS % Readme.txt KA IEIZ LT

=(0.71,-0.41,0.58], (0.00,6.82,0 58], (-0.71,-0.41,0.58]
[3,3.3]

=10.463648, -0 420534.,0 aam-nl

=[-0.279648, 0. 364705, 0. 115917 .0 Bm47ﬁl:

B 3-4 GesgsEE, FH, BArfA, Woose TR F
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&

1. BOAIERERE A MR RS R

2. FIRBE BT A KA S BRI LA

3. IR PUTCEOIEE A SR, SRR DRI (RO E ), TR B> A
ZE g, K (3.33).

4. R SEEVERLARE . SR . KRR . OOnBU RO R .

5. BiRA— 1KY Bigen SR, MBI EAIZ EFMA 3 x 3 AUEREUH R, SRIGWRIEN Txs. Wit
FRLH,

6. — MM R Ax = b AHPJLAMEL? RAEFE Eigen H3Cang?
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& H IR AW

FZB#R

1. MRS ZUBAOME S, %48 SO(3). SE(3) S 2B s =,
2. i BCH ITLAYE .

3. P tE AR R BB

4. ffiH{ Sophus X} (¥ TIZH .

F3UF, WA T et B RUAZ sh iR =, EIEIEREAERE . Befb s, KRbif .
POCE AT RO RATESNF THEFEMFRR, BR7E SLAM 1, BT HER, KAITEEST
ENET A e, AR SLAM W 3R ARMA, MR EMIIEn “ARREEAL
ERFEHBMNEIE" SFEAE. —FRi )y U EME R —MEfL 8, KRR
R.t, {Hf3iRERAME.

WRGHTT , WEFEHIE A J WA AR A (ERRBATHIR N 1), BAWENEILAE R, &5 A
FAMOLR, (UG WM. sl 2RI e R, A& BB B AT UEZ
s, R . % IE R T RER A 2R S U FEA TR, TR T L
AR AR YRR
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>
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4.1 FRESECEIERN

$5 3 Uk, TRAINGR TR VBRI E o 2, FRATTUE A NEHE S B A T K
IEZEF SO(3), M FFFI L 5 BREREREE SE(3). BN SRR

SO(3) = {R € R**3|RR" = I,det(R) = 1}, .1
R t

%B)—{Tz i }eR“ﬂReSW&JGR}. 4.2)
0" 1

ik, YEFRAERTEANIR BB & L. MOMIEFE N ZESTED, e EM G, e
Py, EMXTIGERAE AN 400G, ST EERANEHEN Ry, Ry, M MIMENE
L, AR — TR R .

Ry + R, ¢ S0(3), T+ T, ¢ SE(3). (4.3)

AR T L 8 A R A -0 AT R G SCRANT:, ol o R Ik X X N R A AN B . R b,
ETHA — M rhsH . Ferk. SO(3) Ml SE(3) & Tk 2 EHAY:

RiR, €S0(3), TiT; € SE(3). (4.4)

UK, BT AR FEAT— e s (TETRMEMORE L ) SRk, Fofl VA, Fekxtii o
BEFE SRS B PR REMRITR AR T PIYHER o X TR FUA— 4 (RLEF ) SETA9
Setr, Rfl B2 MR

4.1.1 Bf

2 MR, ROTEMGE e AR TR, BF AR RITeER S8 %
aMF, ARSCPR BBR CBCE . MR RMIEIS, KA R A AE AR 2T O AN S fask T AR
AT AFRAT 1 ek i — S REAC A R

f (Group ) R—MES M E—FzE ML, RIHOEGICMHE A, BHICHE -, AR
ATLGCHE G = (A, ). BEESREXAN ST R LT LA A

1. M. Vaj,ax € A, a;-ay € A.

2. #5564 Vaj,az,a3 € A, (a1-ag) a3 =a; - (a2 -a3).

3. Z/U: dag€ A, st. VYa€ A, ap-a=a-ay=na.

4, #: VYac A, JalecA st a-a!'=ay
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P ATLLEHGCME “BES L7 O, R WHE, BEFE RS IR MR A R, AR, A
JORE P R B SR T A BT (LG A BB R BT 1 R et o A A 0 i R ) At DL A AL 46
BRI (Z,+), K30 JFMA BRI (Z70Rh 1) (Q\0,-), %, MM WLAEEA .

o —fREAERE GL(n) 18 nox n BYRDEERE, EATTXHAE R TR R

« HIRERAE SO(n)  WAELRATIBAIIEREERERE, Hrh SO(2) Fl SO(3) A ..

« SFPREOKAE SE(n) LR ATTEEIAY n 4ERKECARHL, 41 SE(2) #1 SE(3).

HESSHORAIE T 7ERE LRz B R RAFAPER, BRENEB SRR &R a5 A s 2e . %
PRSI EH T US BT B — AT R . EBRIEEAESE (6 ) HRaHE. R
REERE Z IRFE S B A ST, FRLAASRZERE, 10 SO(n) Ml SE(n) 78308 A (0] | 2% &k
), A TRENS B AR S — R BENEE SE b AE 25 (] Pz sh, FrLLEI#EZERE. T SO(3) A
SE(3) X TAHMLE AL EZE, FrARRN T EEHEX 2 RE . SR 10, M8 HiHiE “1ELE” )
" XS TERAS T AN ERR, HRIIAREES, BIUARN A EER, 5
SLAM EHEAHRBIAIE . ANREE RHZERFAT e BUBGHR, 163 30K [21].

A PR R EOR N AR SR, —F R ERES AR, REEIFEE T2
FEXTNLE — DB BB S EE, HXAEE, 2 SR SRR & — KRS
ANHIEEA 2935 o FTLL, EE WS REMAE— B WS R F S | B 2=, KT %
SCHK [22] WMk . FRATEMER TR B RY SO(3) FFERTTiE, 51t SO(3) bzt E s0(3).

4.1.2 FE5 1
HIBAT B R, TR T .
RR'=1. (4.5)
WA, FAT0E, R ZEFENMHOILRER: , &Mt s Ak, BIAREA s R(t). HTE

e ERE R,
RHR()" =1I.

FERF U T I R T, 35

RHR®)™ + RHR()T = 0.

RORM) = — (R(t)R(t)T>T. (4.6)
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WLAH, R)RE)" 2— T RIAFERE. FC—TF, EANER 3.3) AN, 5IAT 7
S WA R T RO AREE R . R, X TERRARER, A dAEHR B ME— 5 Z X AL
. X IERHATS Y TR

0 —as as
@ =A=|g - OWZgls A =a (4.7)
—das ay 0

TR, T R)R()T B—DRXFRER, BATAT AR — =4k & ¢(t) € R 5ZXIh:
R(tR(t)" = o(t)".

SERMNATE R(E), T R ANEXH, A

0 —¢3 ¢
R(t)=¢(t)"R(t)= | ¢5 0 —¢1| R(?). (4.8)
—d2  P1 0

LR R, XSRS, R AT ¢ (t) EFEBIAT . 18 ¢ = 0 B, 1t
BIREEHERE R R(0) = I, HMFHCE L, AILME R(t) 76 t = 0 fRESEAT— =8It

R(t) = R (to) + R (to) (t — to)

4.9)
= I+ ¢(t0)" (1)

HATES @ KT RS EMER, S EAE SO3) FE A ML IEYZ 8] ( Tangent Space )
b IRIBAE to BEE, % @ IREFAEE S(to) = do- AR 4.8), H

R(t) = ¢(to)"R(t) = ¢5 R(t)-
FRE-AXT RO TRE, THARIHRE RO) =1, #F
R(t) = exp (¢)t) . (4.10)

B AT AR E b A BRI R R AR . X HAAE ¢ = 0 BHIE, BefeREfEnT LAk
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exp (@pt) T KT, BAVER, IEFEHEME R 5% — R oft i f88OCR R4 Tk
o (BRI BUEATR? 3 HEIRA AT M4 n] T 2 -
HBERZIP) R, AR —1 ¢, B T RAERKPHFECRE. 5 RXM ¢
BHAEXWE? FAi15E, ¢ FEREXVFE SOB3) AR s0(3);
2. HWK, HERAmHE ¢ I, HFFEE exp(”) W5 ez, % RO, BRI
AEEFRITY @7 HAE b, RS AR 48 B R B
T, FRATR A DK A )

4.1.3 FCEE X

AR SRR R CR. AREHAR TR REA S TR, e b, o7 TRt
HIEY) A [a] . — M 2= R LT -

ZREE—NES V. — DB F —A4 —ociE 5 [ ) 4l W e e LUF LA, W
PR (V,F,[,]) I— 208, 01k g.

1. #WHE VXY eV, [X,Y]eV.

2. REM VX, Y, ZeV,a,beF, 4

[aX +bY,Z]) =a[X,Z]+b]Y,Z], [Z,aX +bY]=d|Z,X]+b[Z,Y].

3. BAHM® VX eV, [X,X]=

4. ®THFH VX,Y,ZeV,[X,[Y,Z]+[Z,[X,Y]]|+]Y,[Z2,X]]=0.
Hop ZJtsREmoNZERS . Wil A, PRI EaERGE 2209 AL TR ik
R It s, HESRE TR 2R EATDRES A, MERCEM A MRS
ZIRAFRIMERT, fERET, —dimit R L A SR x 2 —Fh g8, Hik g = (R%, R, x)
PR T — - AEL 1*%11 K SO PE A CA LT PO 2R PR T

4.1.4 QU8 s0(3)

ZHIHERIN o, L ER—FZECE. SO3) XN ZECEUEE XAE RS Fivma, ilid
1E o MRUEHTE AT, A @ #BAT LA B> R AR -

0 —¢3 ¢
S=0¢"=|¢s 0 —¢|€R¥ (4.11)
—92 P 0

Ot FATEBAT I exp RAMTR AT, Fef1 b2 #1E 05 ORI bR
QHRIERIEAC S [ CIBET T
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EME ST, AN A b1, D2 (RSeS|
(1, 2] = (B1Dy — Dr®y)" . (4.12)

e AT ARG UEIZE SC T W25 2 i 2 B2 ve. th T i ¢ 5 BOs PR 2 ——
RPRIEY, FEAG RSB, W0 so(3) MICER R 4 ) i ol — 2 SO FRAERE , A5

50(3) = {¢ e R®, & = ¢" € R¥*?}. (4.13)

H e AL @ RERIFF S FR AR, 8 SRR, Fi, RIT TR T so(3) MIMZ,
EfRE A EHEARARMES . BA RN R AT R, LU T £k S
B B4 SO(3) M XCF s B 44

R = exp(¢™). (4.14)

W SRR N, A TOENA T s0(3), TAVITH S HKF SE(3) XTI AIZREL .

4.1.5 PACKL se(3)

¥ SE(3), EWMA XL AZECEL se(3). AT ERE, XHEBEANHUMMGIHE se(3) 7. 5
so(3) L, se(3) i T RS =5[],

A
se(3) = €= p eR% peR3 ¢ cs0(3)," = ¢ p ERAREY (4.15)
¢ o' 0

A se(3) TTRICHE €, BRANEME, G =408 (OF CGERERE TR
AW, ST, iCfE ps A =HENIER:, iCfE ¢, SR LR so(3) JUEKY. [FF, RAFAET
NFERE S A se(3) b, [FIREREHT A A5, KRR AR U AR R, (R AR
7N RO FR :

&
o' 0

¢ p} e R4, (4.16)

FRATAE A R Y FF 54540 i BT A MERE R R R, LUMRERM so(3) &
A2k, EAMKIEE ——XRLAY . 1328 0T LA LA se(3) BEAFEAL “H— - F& N E—1> s0(3)
JCER A" SRR p B L RS ). [RE, ZRURKL se(3) LA BT s0(3) HIZE

O B AT S P AR BT, PREBOUG R, ETATY. ERRE VR NEETRS , e IAIERR AR,
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e,
€1, &2] = (€760 — €5€7)" . (4.17)

BEE A AKHIFE A A R0 E L (EEE), Zik, FRATE 28 Wi wiFp & 2 124t
1 s0(3) Fl se(3) T -

4.2 FRECSREIG

4.2.1 SO(3) A4 Kt

PR B AR nfait 3 exp(o”)? WARER—MHEFERIEEL RO,
PRAFEET ( Exponential Map ). [AlfF, FAT2SEiHE s0(3) BUTEEBRES, L se(3) HITIE.

TR M AU RO AT LU R — DR ERTT, (B2 RA RSSOl T A A4, HER
P R—E R

exp(A) = i ;Ll—!A". (4.18)

IR, *F s0(3) FHERICE ¢, AR HM A =0 B RFE B -
exp(¢ ini ™M™, (4.19)
(B E CRIEEHAT R, PRI R JCI5 R I FR T4 5 —Ff i 48 ok

SHEE L. BT o B=4kmiE, RATTLUIE TR AW, 259iclE 0 fila, TEA
¢ =0a, XH aR—TKEN1MFMIE, B |a|| =1, Bk, T a”, HLUFMREGR.

—a% = a% ajag ajas
JAYRAN i )
aa” = | aaa —a?—-a2 agaz | =aa —1I, (4.20)
aijas aoas —a% = (L%
AR
a"a"a” = a*(aa" — I) = —a". 4.21)

XA TR T AR o W T . FRATAT LB R 5 i

exp (¢") = exp (fa’) = ) —(0 M

n-O
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1 1 1
= I + 0a” + —0%a a" + —0%a’a"a" + =0 (a™)* +- -

2! 3! 4!
1 1 1

_ T A, A ANy 22 A AN a3 N L pdr o ANZ
=aa —a"a” +fa +2!6aa »3!0 4!9 (™) +

1 1 1 1
T 3 . Yos N A_(1_2p2toa_ N An
=aa +(6—§0 +5!9 )a (1 2!0 +4!6 )aa

5;11,9 cc:er
=a"a" + I +sinfa” — cosfa"a”"
= (1 —cos@)a"a” + I +sinfa”
=cosOI + (1 — cosf)aa’ + sinfa’.
feh, AU AR AT
exp(fa’) = cos OI + (1 — cosf)aa’ + sinfa”. (4.22)

[MARSS 3 PRI EE, BB HEEEIARX, B 3.15) it —i. XERH, so(3) Fbr LR
i TS B R e B2 A A (0], IS AR BN 2 AR A L B BT, RO s0(3) PEE
— A R E] T M T SO(3) e . R, WA SO, tREHE SO(3) thiy
JLEXF N F) s0(3) e 3
Vv > =] i n
¢=I(R) = (Z %L)T(R—I) “) . (4.23)

n=>0
AR — B FRATISC L BRI BT S Bt . 7658 3 Vb, AT S W TR 4
HER R R SR L AR, B (3.17), M P R 2 S SR AR Fr R B, SRR A7
KEAH,

BAE, FAINA TR RO L. EE TR, SRR TR R TE
By R #REIREl M1 @7 RE&, B HE— ST, IR . XEREE
SO(3) T Z, AT LAFRE]—1> s0(3) TR HZX N ; (HRZATREFFIEZ N s0(3) HEYICEK, XL
Fla) > SO(3). X FHERE M 0, RATHIEZF, 360° AT R —FE—ERAG R,
(R, WRICAHEIER R ETE £ Z (0], IR AZERFAIZERBOTER R —— X R .

SO(3) 4 so(3) MASIBALT-AEFA TR TR Z o B RTRATRT A B i -5 e e R AR AR
oL, T A B 8 e AR S a2 R R P ) S T LA RS e AR RE L 48 S W R BERE R
W P A TR 2T B
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4.2.2 SE(3) Liyfsamest

T4 se(3) ERIEEBRSS . O 7T ERE, RAITAFHR so(3) IRETEARHE T4 Bowe it
se(3) AR EHE T

[ oo oo

—(d>A (@")"p
exp (") = ,;J go "“)' (4.24)
o' 1
R J
a Pl _p. (4.25)
_M 1

HER — i, AT so(3) LAYMEEHES, HE exp HEATREBIFMHE M. £ ¢ =0a.
HH a AL,

Z(n+1 —I+—9a +3'92( a")’ +493( M +5'94( ML

L (" S SR WV (- B SN WAL
== (2!() 4!0 + )(a' )+0 (3'9 50 + (™) +1 _—
:%(1—cos€)(a“)+0_51n9 (aa” —I)+1I

_sm6 sin 6 T 1—0059 A def

MER B, € B EME RERATHAFIN SO3) HItH, 5 se(3) PAIIEH
gr & XN, WA B T b A

o = _51391 (1 = _5130) aa’ + - —;:ost?a,\_ (4.27)

A S D AR A LML, BAE . RITED, PR ESRBW G,
KA T —WREL J A RBOERERR e . A A R T, BohfE s A,

[FIREH, BSRFRATULAT LA HEHERT X RO, A ARYE AR B T 5K so0(3) b it xe i ] dk A
AEBRFN I WAL EME RITE I i, it LAY ¢ e

t=dn (4.28)

BT J LI ¢ 153, FrLLX R p ta] ettt B fifdS . BifE, RO KRG T8,



F4it FHEFRY

81

FREE S E RO R, B 4-1 Fos, GECRBEEAWEAWE, W LABREF R

NRHER
= Al
TR
S0E) exp(0a") = cosOI +(1-cosf) aa'+sinfa"  FREmLST
Rc RS =
RR' =1 AT @ = arccos tr(R)—l Ra=a
det (R)=1
= Hpr
AS
FHE o (g"): exp(¢ﬂ) Jp
SE(3) P 0" 1
P _sind sind) ; l-cosf
TER = 9 I (1— P Jaa 9 f‘éﬁﬂ*%
s | Rt -
Lot R)-1 g
S e Hzmmmn(;_ Ra=a t=Jp
i 4-1 SO(3),SE(3),50(3),se(3) # 2t i X £

4.3 PR S Silgh

4.3.1

BCH A 5B

filf AR — R U AL, e B vh S RO AR LB E R (FRITE7ES 6

VR4 ). B D IE— ]

BARRNICZIER T SO(3) fil SE(3) EZ=RE52CECE

Z, B, M47E SO(3) o M ERER L, R s0(3) LR THHABUEWE? BTk,

M s0(3) FAMPEEAARE IR, SO(3) L2t & PR R R I mor, MY T

exp (¢7) exp (¢3) = exp ((¢1 + ¢2)")?

2R by, o ki, M2 RIRIZAML ; (HAEFATHR R A R AR ROk, THRPR LAY
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el MEZ, BAENI TR0
In(exp(A)exp(B))=A+ B?

R, R R AN . AR B S e f i 2 8 E5X, H Baker-Campbell-
Hausdorff 2438 ( BCH A) O . i THEEIEABE S, F0T 245 I L .
In (exp (A) exp (B)) = A+ B + 3 [4,B] + 5[4, (4, B] - SBIABI+ - (429
ot [ ] WARE S . BOH AR IRRAT, AR AR TN, B 12— 2 o
HUBAIAT, FE, #1E SO(3) FAZE In (exp () exp (¢5))" ) 24 ¢y B o J/MERT, /)
WU FRITER AT LARE 20, i, BCH A 4R M ur bl £k

-1 N4 5] \};
In (exp (¢7') exp (¢9))V ~ Ji(¢2) _l¢1 + @2 Mg /N, (4.30)
Jr (1) P2+ Mpo Fy/INigE,

DA —ANERUA B, A IRTRATT, M3 — A ER R Ry (ZARECR ¢ ) Zede—AMMUINVIE
FEAERE Ry (ZAR80Hh ¢y ) I, TTLLERUBEE, 1A 2B oo BN E 730 Ji(¢2) ' ¢1e
[IHE, 5 AR T AT —Ma/MIBS RS, TR, Z80807E BCHIERI T, /MR T AR
SRR TR FOA AT | 7 (P B AT D A0 2 0 D 2 A TR R i 2 A TR

ABALTE R, AT BCH TMMEAT L J, $692 et (4.27) fINE

. sinf _ sinf r 1l—cosf ,
Jl_J_—H I+(1 wE )aa + 7 a’. (4.31)
BRI g g . ]
-1_ v v e v T U A
J = 5 c0t2I+ (1 5 cot2> aa 20. L (4.32)
11T A A ] LA BT AR RS R AT
J (@) = Ji(—9). (4.33)

XEE, AT AT LURISZE R 5 UBUIMAR G R T,
T R AR, FATTERAGA BCH ERIME L. BOEXSHEAIER R, XU

®Z Whttps://en.wikipedia.org/wiki/Baker-Campbell-Hausdorff_formula,
@%f BCH AR A AT IR E I RS, ABARENE, 62 % 30 [6].
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6. RAV BT MHUNIER: , 2fE AR, XIMRIZIECH Ag. W4, TE2RE L, HEINL:R
WL AR-R. TifERACE, R BCHIEM, % I ($)Ad+ b, AIHEK, TURBHER.

exp (Ap") exp (¢") = exp ((6+ ;' () 29)") . (4.34)

Rz, WERIA TR RE T, ik—4> ¢ Mk Ag, RATT LRI ZERE Lafi A2 45 HE
] FE R e

exp (¢ + Ag)") = exp ((J1Ap)") exp (¢") = exp (") exp ((J,A9)") . (4.35)
B2 G AR MR T ISR, M, 3T SE(3), A 2{eliY BCH iU

exp (AE") exp (€") ~ exp (T A6 +6)") (4.36)
exp (&0 exp (AE") ~ exp ((J;lAg + 5)") : (4.37)

X g, IR 7%, ER—1 6 x 6 B, 8 TLAZ% 30 (6] H=X (7.82) A1 (7.83)
BN B TIRIETR A HELZRE T e, HoX Eeg 2T sEPrig.,

432 SO(3) Fny2CEekS:

TfRHE— A ERE A RE, AR T2 RBOR SR8, 2% In) A TR ) PR
St. 76 SLAM ., FRATEAG T MEPLA O B AR, A2 H SO(3) L ABER M ak SE(3)
b BB AE PR Y . AR ZINE NNIE R T. EWEER] T — Mt AR T p 1Y
A T A 2 B84, BARERAEE R A

z=Tp+ w. (4.38)

How FEEHLME . T ERTFE, z EIEARTTRERSMLHR z = Tp XK. FTLL, L@
2T AR L 5 S PR S AR 1R 25 «

e=z—Tp. (4.39)

{Bise—IAT N A XPERE AR A, FREA N AL IBA, M/ ST %Ak,
T3 T, 58 kRER/IME:

N
mlin JIT) = ; |z: — Tp,-||§ . (4.40)
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SRAGUEIALE, T EARREL J TR T ) S8 FROTHE BTk B 21 i
ko REHELL, RINBESHEBSMERFXROAY, AFTHEZRYXTRENSE, A
BEUBMMEITHE. RN, SO(3),SE(3) FIFRAT RafE Uiz, TR, MR T
I3 R SR AL RO AL, AR RN AZ SR i A RS, ol T2 QB ) B4
. BA RUFRIMEIZR, R, ol FI 2 QRS ke R 5 L ) R s by A

Lo BB EE, SRRSO ERER S

2. MR AEFRNGRM/NMIS, KEXZMEKRS, FONPESIHA DL,

CORS S b Wi eI e (RN S | EITINTT me peeW L DO S B e [ S D TR RS R LR SRS
18 S ]

433 FCECckS:
BoE, BIESO3) FRUNSHL. BERFRN I —A sl p HE4T TR, 13307 Rp, BUfE, %
FHEHERE 22 J5 S A BRI T e 00 S8, TRATIETE i
0(Rp)
oR
BT SO(3) WA I, FTLLI% SO E 1 I8 S8 5 LA 1% R X208l . Tk
T,

0 (exp (¢") P)
o
1 ISR RE S, A

d(exp(9")p) _ . e ((¢+39)")p—exp(¢")p
¢ 50 Yo
_ i 2 ((J99)") exp (¢") p — exp (@) p
" S¢—0 0
_ iy I F(169)") exp(6") p —exp (") p
N d¢p—0 (5(1)
— iy (J109) exp(¢")p
5¢p—0 dp
== A A
= lim R PIPVIOP (),

O B HOFASRBF I R AT 8, X R — MY

@R, TERERERT T, FURRRA T 1) it 6 T8 fo) ik )5 880, RSl R — AR (AR S5 A i e of 41 ) ek ) 5
BEF AT LA Xt 2y 7 AT W, PR R A R TR . AR T . NSRRI AT AR B AT T
— NGBS . EXME T, WTEUAK d(Az)/de = A,
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55 2 TR BCH £, 58 3 AT AR BRI & L RBrUs RIS el ( i FHC S RER, o]
DIEES ), 4728 ST SEER, KRZEES. TR, RIMET 1T

e 8 AR T2 R 3 2
0(Rp)

0¢p
A, i TR S AL EE IR J,, RAOIAKRGEHREE. T iU Pish s
WA 7 S B RO R

= (—Rp)"J.. (4.41)

4.3.4 P Chisfe)

BH—fsk G2 R T s AR, BEERAX T s AR, X ARSI AT AT
EA AT LIFfE A, IGEEREH SO 2ESR, BATLIARS ). A AR X
R IZERECh . R, % RS, Bl

O(Rp) _ . exp(p”)exp(¢”)p —exp(¢")p 4.42)
O 0 @ ' '
1% IR T o L o S R
O(Rp) _ . cxp(¢")exp(¢")p—exp(¢”)p
O $—0 ®
_ oy L e exp (@) p —exp(¢h) p
p—0 (%2}
= lim e By = lim ____ﬂ_—(Rp)’\p = —(Rp)"
=0 w—0 %] '

AW, T EENEBOR S, AL T AR 0 BHTR. XERIER RS .
LA O PR L AR R BY, XA Sl T A EE K E L

4.3.5 SE(3) Rk S

ha, Flilghil SE(3) LRy ahiRy | i EEZE R B AR A AR 1. RIRHEAS R
p Gt T (XHZERECh €), 188 Tp®. B, 4 T AF—1hsh AT = exp (6¢"),
A I RARECH 66 = [0p,60]", M4
o(Tp) _ . exp (06" ) exp (€")p —exp(§")p

00E  sé0 o€

OIFTER R T EFeERL, p LAUEHIFFOAAR.
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= lim
JE—»O

= lim
6€—0

56—0

= lim
66—0

ARG ISR UR— 1 HAF ©©,
o DR T B e A R RE R R S 7 U, B a, b, @, y #RA25 1) 6

BIET, AWM .

A SLAM +Mi: MEBIEBISERE (5 2 )

(I +0&")exp (") p—exp(&™)p
0§
6" exp (") p
o€
[ 5p" 5p} [Rp + t}
o' 0 1
I .
(56" (Rp +t) + 6p
I o' I
3, 60T o

] T

d® da db1"
o] lda b |  |de de
R " |da db
d|® dH dy dy
kd Yy

—(Rp+1t)"

BRI

OT

S [a) AR N — 4~ 4 x 6 9%
A2 TERR AT 5

da
de  dy
db db
dz @

(4.43)

Zit, RMNCENR TR ST EMMER. ZJFrT R, JRATHRE s R i

RELPRIAE, KT SRR R | EHCA TR, AN R Y

4.4 SCEk: Sophus

4.4.1 Sophus FEAYE )57k

AN TFBEATTVRIR, B8 1 SRR I 250 F I B2 s i i 1

ATEH .

SANES

VHE UM ERR PP R EZEAUR. 7658 3 b, FRATTE B Eigen $2405 7 LTI, (HIA SAEZ 1AL

B HF, —
F1 SE(3),

OEH LR ",
@2 2B 2 Sophus Lie,

B— A FfE I LAY

i "ﬁ?JﬁUﬁEH’Jé’ TFAaT .

— PRI ZE B A Strasdat 4E47 (1 Sophus FE® . Sophus FE 7 A8 T8 1:HE 1) SO(3)
Ak, B EH 423 SO(2), SE(2) KAHMIAE# Sim(3) MM Z . © & HA%AE Eigen At
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B EIFR A, TR B AR . HE T BLETHE GitHub |4 Sophus, {EA45 156
fCFS H 5% slambook/3rdparty Tt #2{H 1 Sophus HAUHS. 1T/, Sophus HARIA H 4R {1
TAUKEBE A ARBCK . TS IUAS M5 R T BB MR 1) Sophus * AT LA T AR RS HE Y
SRR, RN T TR . feA i, RN Sophus . A 1511y 3rdparty
R Sophus RARHRAIA . EROLENR T A BTN BT L85 T T, Sophus A5
A cmake TR, RLSIRE 2 T U4 cmake TH T, KHEAFHE. Sophus 7
SRR, A
Fifii K3 7% Sophus TR SO(3) il SE(3) 55 -

[® slambook/ch4/useSophus.cpp

#include <iostream>
#include <cmath>

#include <Eigen/Core>
#include <Eigen/Geometry>
#include "sophus/se3.hpp"

using namespace std;

using namespace Eigen;

/// A#2 A% Tsophusy A K A &
int main(int argc, char **argv) {
/] 24 H 90 FE & Ak 4% 4E 4
Matrix3d R = AngleAxisd(M_PI / 2, Vector3d(0, 0, 1)).toRotationMatrix();
/7 3 AW
Quaterniond q(R);
Sophus: :S03d SO03_R(R); // Sophus::S03d 7T vA I 4% M 4t 4% 46 5 4 3%
Sophus: :503d S03_q(q); // AT VA8 it w9 Tr A )
/l =HAFHH
cout << "S0(3) from matrix:\n" << SO03_R.matrix() << endl;
cout << "S0(3) from quaternion:\n" << S03_q.matrix() << endl;
cout << "they are equal" << endl;

/7 AR R atdu 4R AT E 0 B

Vector3d so3 = S03_R.log();

cout << "so3 = " << so3.transpose() << endl;

// hat % w1 % 5 Rt Ak 4R

cout << "so3 hat=\n" << Sophus::S03d::hat(so3) << endl;

// A3y, vee A R AR B & &

cout << "so3 hat vee= " << Sophus::S03d::vee(Sophus::S03d::hat(s03)).transpose() << endl;

[}

W & kS R
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Vector3d update_so3(le-4, 0, 0); //RiXEH T AHX XL $
Sophus::S03d S03_updated = Sophus::S03d::exp(update_so3) * SO03_R;
cout << "S03 updated = \n" << S03_updated.matrix() << endl;

cout << kskokokokaokokokok KoKk Rk kKRR OOk T << end];

// FFSE(3) 44 X Fl ¢

Vector3d t(1, 0, 0); // EXHh-FA31
Sophus::SE3d SE3_Rt(R, t); // MR,t##ESE(3)
Sophus: :SE3d SE3_qt(q, t); // Mq,t#iESE(3)

cout << "SE3 from R,t= \n" << SE3_Rt.matrix() << endl;
cout << "SE3 from q,t= \n" << SE3_qgt.matrix() << endl;

/! FEXHseB)E—AxYmE, FI12A N Ltypedef— T
typedef Eigen::Matrix<double, 6, 1> Vector6d;

Vector6d se3 = SE3_Rt.log();

cout << "se3 = " << se3.transpose() << endl;

[/l A E, 2K MWAESophusP, se(B) W FHEFN, HHELES.
// B ¥, HAhatfoveed A H I

cout << "se3 hat = \n" << Sophus::SE3d::hat(se3) << endl;

cout << "se3 hat vee = " << Sophus::SE3d::vee(Sophus::SE3d::hat(se3)).transpose() << endl

3

/! &G, BT R

Vector6d update_se3; // L #f &

update_se3.setZero();

update_se3(0, 0) = le-4d;

Sophus: :SE3d SE3_updated = Sophus::SE3d::exp(update_se3) * SE3_Rt;
cout << "SE3 updated = " << endl << SE3_updated.matrix() << endl;

return 0;

TR FEE A RISy . RERR 4 SO(3) FayHEfE, Ja BBl SE(3)

GnfiTAl s SO(3), SE(3) X¥ 4, X EATHATIER . PR, LIRS RE St QllfﬂHT+P‘hL

FATHR . RS E VISR AN, I A BRI N 1% A 21
FE, IH1E CMakeLists.txt HEANLL T JLAT{CHS .

[A slambook/ch4/useSophus/CMakeLists.txt

# 41t M sophus, % %14 flfind_package® 4 X 3| €
find_package( Sophus REQUIRED )
include_directories( ${Sophus_INCLUDE_DIRS} )

add_executable( useSophus useSophus.cpp )
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find_package v % /& cmake 2 A FIRAEAFEAY K SO S SO 9FE 2. W2R cmake BESS
REVE, SO SO SO ERY H S5 R 78 &, 78 Sophus iX M+, 5t/ Sophus_
INCLUDE_DIRS. K& THH2[1 Sophus 1 Eigen —FF, 20 &k SCmi e A S bny . AR E
i1, Ff1HLHERF Sophus PESIA H L HY cmake T #2. iFiEH AT FIAFNHEHER, €53k
i1 i) 4fE S — 30

442 BT VEARLENY IR A

FES bR T AR, FRAT T2 % T BTN — A T L A A TP 5 L S PI0G 0 22 R VR S IO RS
FBE . FLCRLE T AR i o B 0T SR R R GRS, WAk T W R R AT AR B .
55 3 UHRA TR 17 anfo] i s AEAE e SCOF O RE ARl , AT IR AT IR A T 1 3 P AR i iR 25
HIE— RN Togs s MECEHGE Ty, Hrbi=1,--- | N, IBATRATATLAGE X —2L iR 22547
AR EATZ B 22 5.

RZEAEbR T AR ZFP, W WA B333FIRZE ( Absolute Trajectory Error, ATE ), JEHI:

N
1
ATEEI" = \J N Z II log Tg( 11'229" i ll%‘ (4'44)

IXPR SRR BRI IRIZZ ( Root-Mean-Squared Error, RMSE ). X P iR 22 0] A %]
I ] 2RI P T R RS R 25 . I, AT Y SOk S 1R IR 25123, M AT LASE 48 %t F iR

# ( Average Translational Error ):

ATEWS=J Zﬂtrans T i) I3, (4.45)

ot trans ZRBUE 5 WA REFETR . OB RBGE E&, Teft iR %S, BRI
AEAETFS bt 2 R 25, BT LA A b e 92 PR AR

PRILZ AN, n] LASE SCHIXTRIR2E . BN, %58 i3] i + At BRIz s, 52X %
%% ( Relative Pose Error, RPE) 1] 7E Xk

N-At \%
1 B =
RPEauz\j i 2 log((Tgt;Tgt.M)) (75 T Mt)) 12, (446)
Ci=1

[lREH, dal BICERE 5T
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N-At

1 . -1 . .

RPEuus = | 77— D ||trans((Tgt,}Tgl,i+m)) (Tesﬁfi:l;m,iw))llé.
=1

(4.47)

FIH Sophus 2, RS A ER M HEE . T mFR A1 AR 4 X Bl iR 22 0. el
t, FKATA groundtruth.txt Fl estimated.txt B 2RHE, I AU CEDRE SEOX B R, THREIR2E,
SRIGB/RE 3D I, AFEIEN, A8 T EHER RS, S 3 UEP IR 28 fud 2l

AR

[A slambook/ch4/example/trajectoryError.cpp ( # 74 )

#include <iostream>

#include <fstream>

#include <unistd.h>

#include <pangolin/pangolin.h>
#include <sophus/se3.hpp>

using namespace Sophus;

using namespace std;

string groundtruth_file = "./example/groundtruth.txt";

string estimated_file = "./example/estimated.txt";

typedef vector<Sophus::SE3d, Eigen::aligned_allocator<Sophus::SE3d>> TrajectoryType;

void DrawTrajectory(const TrajectoryType &gt, const TrajectoryType &esti);

TrajectoryType ReadTrajectory(const string &path);

int main(int argc, char *¥argv) {
TrajectoryType groundtruth = ReadTrajectory(groundtruth_file);
TrajectoryType estimated = ReadTrajectory(estimated_file);
assert (!groundtruth.empty() && !estimated.empty());
assert(groundtruth.size() == estimated.size());

// compute rmse

double rmse = 0;

for (size_t i = 0; i < estimated.size(); i++) {
Sophus::8E3d pl = estimated[i], p2 = groundtruthl[il;
double error = (p2.inverse() * p1l).log().norm();

rmse += error * error,;

}
rmse = rmse / double(estimated.size());
rmse = sqrt(rmse);
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cout << "RMSE = " << rmse << endl;

DrawTrajectory(groundtruth, estimated);

return 0;

TrajectoryType ReadTrajectory(const string &path) {
ifstream fin(path);
TrajectoryType trajectory;
if (!fin) {
cerr << "trajectory " << path << " not found." << endl;

return trajectory;

while (!'fin.eof()) {
double time, tx, ty, tz, qx, qy, qz, qQw;
fin >> time >> tx >> ty >> tz >> gx >> qy >> qz >> qv;
Sophus::SE3d pl(Eigen::Quaterniond(qx, qy, qz, qw), Eigen::Vector3d(tx, ty, tz));
trajectory.push_back(pl);
}

return trajectory;

91

AT IR 2.207, BEHRUNIE 4-2 FR. LT LA iR BeRe R s 54, (UTR
FREFR AR ZE . B A TORYE, A1 L EAWBNREM T — LB LS, AEPER

IHEXF 5 . SRS TG, XN FEIAER A R, RATRAERUE 82T HiRkie .

M 4-2 HEAAITHEE S E L 6] 8k =
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4.5 * MEERTE 528

o, WATESR— T 765 B s vl FH A AR IR Sim(3), LA R 2L sim(3).
AR AXTWEH SLAM 8 RGB-D SLAM B%Hk, a] LBkt 435 .

EMELigd s B REASENE, SRR H SLAM F{fi ] SE(3) Fmnfi, Mah T
RIEARHE S RNEER, %1~ SLAM B RE S &AMk, XTE SE(3) "PARREARBLH k.
Eitk, e HAEN FIRAT MRS BB R E H FRA k. FBCEES R, X2 mny
M op, NIRRT EL— R R, R AR .

g sR t
p = p=sRp+t. (4.48)
o' 1

FEARMIZES P, RABERE s kK T . EFREERLE p 93 MebrZ b, X p il 7—K48
o 5 S0(3). SE(3) AHMA, ARMUAEHR s X AE FE AL IRE, FRMAHIUZEIRAF Sim(3) :

) sR t
Sim(3) ={ S = e R*4 3 (4.49)
o' 1

[EIREH, Sim(3) WA XN A ZEACR . FRBOGT | X AS . ZERH sim(3) JIGRE—A 74
I C. EHRT 6 485 se(3) MR, RIGZ T —Wio.

p
I A
sm@) =4 cic= o] erTer= [TTTP Pl craxal (4.50)
o’ 0
ag

Bt se(3) 2T —I o, FHK Sim(3) Fl sim(3) AU Fom SRR B s . 5 Kkme st

e’ exp (@) J;
exp(¢") = e N (4.51)
o' 1
Hep, J, ik
Jsze —1I+ae sinf+ (1 —e 0059)00/\
o o2 + 62
i e”—1 (e?cosf—1)o+ (e sinb)f a al.
o o2 + 62
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LR BT, RN TR BB SR CR . M TR, EEFRARN RN
s=¢7, R=exp(o"), t =J,p. (4.52)

TERE B4 F1 SO(3) & —Ey . “FREAEr, 7E se(3) il Eofe — M HERT LL T, WiAR{BIAE 8 Y HE
AR A T REER T, TR BIERE A s BV EECH o iRk k.

Sim(3) iy BCH {6l 5 SE(3) 2. FATAILUTE—4 i p LML Sp I, AR
T S HFHC R, AAEROM R RSB RN 5, MR R . FRAT A kIS
R, RS ISR AR BT Sp e —A/IMEED exp(Ch), JFK Sp XM THLENN G
. R Sp J 4 4ER SR, ¢ g 7 dEmdE, FTLUZ SPRONIZAR: 4 < 7T IRERT L. JrfEE I,
ic. Sp (AT 3 4EZHpIo) i q, BB4:

A I _ayl\
@ = ol 2 (4.53)
¢ o' o' o

KT Sim(3), FATEAFRX ., EIEANR T Sim(3) MR, BEIGEE S WK [24].

4.6 I

APFSIA T 28 SO(3) M SE(3), PARENIXBIAEICEL s0(3) Ml se(3). I THILHE
EA B R F IR A, ARG BCH MIZREirl, skol PAXH A S Tiiaifk T, XA2Z5
PRI AIIEALST B 7 BSIERE, PONTRA T 2288 X — A R B T HE TS, e X
AIER2EN N, AT E TR R Al R S A TR AR R 2 I, FRAT 1A REAkEE T — N % .

AYHR N RE LB R EE, B AT AL IR W A R N E R R . Sk
SRR ECAERN B, TR OGO N E, FrUAEad R RS ORE , S R oAl
St AUFN AR RS SV ) SR IERE , T E S PR, PR RGBT

{fA5—4a e, B raCE, [RIRE T AP CE . BRPE M % Em e, HORn2inak
PSR — 2 AESEBRIN A, LRI LU SO(3) i EERS I Aok ARER SE(3), Ml [l — 1k
T Her I3

>) i
1. B SO(3). SE(3) 1 Sim(3) 3 T Herk it
2. BiF (R3, R, x) ¥ A=Ak
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5 SLAM +Mif: MIBIRBISLRE (5 2 k)

. BRUE s0(3) Fil se(3) W A 2R U R AP o
. BGUFHER (4.20) 1 (4.21),
. EM .

Rp"R'" = (Rp)".

. UEMA:

Rexp(p")R" = exp((Rp)").

ZF AR SO(3) LAYEHBEMT. ke, 78 SE(3) bt fipitE .

T exp(€")T~" = exp ((Ad(T)€)") .

R t'R
o R|

Ad(T) =

. AR SHES:, #ES SO(3) Al SE(3) fEA TS F iS50,
. 8% cmake [ find_package 84 ZUTZ1ER . EAWLEAENSE? H 1 il cmake $£

BISEAE, e WL e 2k

(4.54)

(4.55)



EH i

FHAL S5 R

FEBH

1. FRARETFLAIMLAGRTR | NS SR M S5
2. PR ] s R A AT B B AP F 1R
3. %4% OpenCV MG A7fif5 ik akl.

4. “ELFAMBAL KR E ik

RO UE, AT T “PLas N 2oR H SA0E" fmi, F7Hf# R T SLAM 28 g
R AR B () & SUREE SRR . ARG HE LA A e L AR L, th R O
Ar. IAELAHEL A8 SLAM b, U 5= 22 25 AR AR 4R )i 72 .

KA EMELAEFPRERR KRNI . fETENb, — KB RBE2MERAM, §MEE
o TR aSE N R e A i — AR U B DR, FEiAEYLGL S, BUETE
FIPLAY IR T b ARPLAYBOE SR HERIEDER S, FeARE, AR TMRE, B T’
FURYR R L XA R AR A PR IR DR IR R AR B e e ALY, R R K &R Bk
farfifiak, HILRINZ R4, [, @R 00HE R85 RGB-D HIHLAJERE, SRiG, 20 4k
MR AREMIEAERNE . Ba, RIBNAASEE L, ER— s ER.,
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5.1 FHHLESRY

FHAILHE =4t SR i A AR A C QAR ) B3 kPR Pt ( B & E ) W FERERE
— LT TR A . SRR 2R, o R R AR O ST LR RS EHFLATR R AR F A
HARMOER, SR T Ol dfL2 )5, EEHLF IS R C R . EABPRITH
AT LA ETFLAH LR G X R 56 ZR VBT EE . (Al i TARMLEE Sk b AS B fEfe, (#i15
KB P RO B b A . Rk, FRATE FHEFFL AN E AN EDR A B N 5
i

AT e AROLA EH LTS, P i B M AR RS RS TR . 3 B Y REAE S AT Y — 4
SIBEERARPLN TR ST, A RARHLAY B4 (Intrinsics ).

5.1.1  EHLAPLERY

TER) P BERAE b, FRATT AT HEAR WLit — TR B RE S0 8 . 5 — A~ WA AR 7 O — SC AR Y
Sl SERRAYCE L R A — S INMLBGEAERS R 00 R i b, IFAEX A T MRS
MR RR R . fEX AR D, LB REREHE — 2 i 5 b A B B 3 — A — el P mi . A1,
FEATAT AT A fi] SRR A BEAR LAY e fRad 2, anl&l 5-1 o,

LR AR

x'

" R R O-x—y—A 7 FEL= feE
M 5-1 4EPER

PRAE R 3 AT B A LA R AT LTS . I O — 2 — y — 2z WHINLARKR R, ST EFRATIE 2
WG AIOLAT L o Sl gy, y Sl CHPEIRA IS E A ME AW ). O HEARPLEY K, th
FHLER P A EH L. SRS P, /ML O B2, IETEPHRUR T O — 2’ -y
b, USSR P P RRKRR (XY, Z)T, PR (XY, 2T, O BB ST w2 N LAY
el f CHERR ). 84, W =MEHRCER, f
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z_ X _ Y (5.1)
D
Horh i 5 RS AR 1, A, SEBRAHPLS R0 BRI ARG (B TARPLA 2k 5
ATiE ). R TIEEERE RS PR, AT LA M A GOF i s s B AL S, A=
5] 5 — i BT BEAR LA bR R A [R]—f), 4] 5-2 Fras . X AR AT AR 2 s a1 5 Jodwt, (i~
20 IORGE B F T

o N o N

; |
l »
G| -4 = »
g—"10 7 QLo ' 27 g
—~F I =f . S -1 +1
B AROT X AR B 5T ot A RS A5F- 1f
W52 HEELRE&F@T, seymg-Fm, 3—1h k& FmeErR
8 X7 Y7 S A, PR
i X
X :f?
v (5.3)

A TR, TR AT AT (B MR RO R e i PR AR
FHHAE R T, JFEL, JC BB Y PG E A SR U —— L 1 S0P T A
BRI R, FRLARATTSRRE B0 R IE AR, AR X BRI IR T L i, FFLL, JAE A
R AINUBARR IR EIG , (E T IRA TR PG T B B, 7L AR A ) BT L
BRI ARA . T, 2ERTHEEE TSI . TR A PR A RS —FhAs
L

3 (5.3) R T 5 P RIE IR I Z B A SR S T K, e
R 02K, X R 014K, Fid, AR, RIMRAIEIRE N IEE, KEHTEERLT
T b XHEIEAT RAE R O TR R B B A R PR Z AL R, TR0 1R
BURAS T FBE S MRE T 0 —u—v. ROVEGETEGE T P IMRELHR: [u, 0]

BEPIRROEH 0T LR N o G FEMGEIE A, w RIS « WA, o
TGy MTAT. REARRR SR E N, 2% T — RN — A AR T R %
FRAE w B EZR0 T o %, 6 o B EGRRCT B TR, BLACFRET (oo )T IRA, P HIBERS

O [H QAR AR, W52 95,
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BEARE [u,v]" FIRFRA

u=aX +cg
) (5.4)
v=P_8Y"+¢,

AR (5.3) IHE af BIFK [\ 8 Bf B £y, 13
U= fz% tCa

(5.5)
Y
v = ny 3= Cy

b, f Rk, B MR RIREOK, B £y, £, F cayc, BIBAOYRE ., %A
MR 2 2 S IR, A e B PR VAR AR A DU A Uk A

u far 0 Cx X
1 def 1
v | = 7 0 fy ¢ Y| = EKP (5.6)
1 0 0 1 VA
AT e Z SR 2] -
U fr 0 e X
Zlvl=10 £ o||¥|EKP (5.7)
1 0 0 1 VA

i, FRATTHE A ] i) 20 RO A AR B AL S48 ( Camera Intrinsics ) %5F% K. lH AR,
VLN STEN) Z e 2EER, AaEl AP RAEZ . ArHEIA ™ a5 R
INZ, A RTEERA CHEHILA NS, WEFMBMNIRE. $ Tl o s (i
Z 0 H AL AR SR E A bR R ), XBEEMANAT .

ANZ, ARBAHXTINE, 75K G.6) , AMEHKE P EAHPUARER R T asts, H
Sebr Bl FARPLERZ B, FTLL P AAPLARBRAGZ 2 E IR AR ER (2R Py ) ARAEAHVLAY i
LR EAHLAGR R T SR . ML B e L R APPRS I i ¢ okdiik. afy

u
1
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RGPS 7 UG R AR R FF OO bR (IRRER Hioknd? ) @ iR T P Y
S AR ER E AbR B C R, b, ML % R, ¢ PR N ABHLEISMS L ( Camera Extrin-
sics ) @, ML T AN, SIS LHEMPLZEEhE EMAE, R SLAM P RE T HAR, {t#
HHLA NAVELE

FIRRE T UM — AR . X (5.8) I, FRATATLUE— N S AR & e e i 2 M
PBLARKPR R, FIBRPEE fda — A BUE ( BIZ A i B AP AR i O TR ), MY T e — 4
PEITIR— AR, 1335 P AEMPLE—Fm Ese .

(RP, +t)=[X,Y,Z2)" = [X/2,Y)Z,1]". (5.9)
HBLA b

R — L RARAT T ARDLAT 7Oz = 1 AR Fi— e, XA 2 = 1P WAy A — @, H
— LR AR N SR B TR AE, BT LATRATTAT UAEAR R AAR [u, o] " B O 0 — 4k F 1)
AT RACII R AR . IXAMRERS i dL T DU, R XA AILAR bR ) e e LA REAE 4 %5, I
—ACAARER I — R, XU R B R ETER AR ER T, LR F PG RE S FIR R A
TR BE(H .

5.1.2  WASRRR

J T ARTFAF A SR, FRATTAEAIDLAG R A 1B B BE0YINA 2 0 Rt B a2k i 1%
& A SE M . — A H B BRI AR 5Em s I RAENUR AL R R, BB R
VA ATRESE 2 AT, X ol s 28 il il S 430 3 A% i bt 0 06 8 R A AR

ARG ERETE ( Distortion, MK ) FONZREEFE. TEFHLERD, —KHZ%E
SRR R T L — AR AR . nE, fEPRTRA I Ao, SRR HLA S B S EL S
M — 2% ELERAE I Al 1 26 . BREEIT IR gk, XA . M FaEbahn THIfERY
B G ARCORTRRIY , Xl 75 AN R0 Fr 5 2230 5 A ) X B - BT 2 MRS R
M, WE 5-3 iR

e W 72 LR TBOR 8 Bt A 5 G =2 [] R P g 8 g i/ )~ ITAI T R 2 U A i A B . X S Ah
WA, 2Rt EEG L R 5 5B EEZRA RE PR EF TR AN

B 7 #E S AIEAR S0 AR, T AEATDLA LU o 7 o A BE (33 B AR A 1l P45 F- 17

ORI, 75 TP PR R, 5L AR FF kbR, 155 K FIE

%mﬁfn%ﬁ}\z}z a2 50 2 5rp  AhBAT Ui B AT LA b 2R SIH LA AAAR AR AR 2R 22 ] 72848, A AL 2 78 4 b
i

@, PR Z B hIE, AT Z donl RL ks 4 aC T —A6 S i b — A, (BRI A
SAAB AR 1T T i 5E ).

@JEM, EAFFE T, MR AR, RIS s A A I BR AR AL
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25| AVIRRGEE, WE 54 ik,

IEW IR LR LRIz
H5-3 FrmEemspis

T |

AR Sk 2
M54 MmeEkEFEA

N T M PR A 1 WS A e W, FRATT AR AR (B TR A R T A . B IRR—
WEm R p, ERREER [z, y]", a5 AARIIER [r, 0], H r BoRA p 528
bRAREEZ IR ES, 0 Fon 5K . 2 m s a] LA AR bR i S KIE T M 24 T 728
fb, sk R B R R BE R R TR b Y BAE AT LU R AR bR s e B I 1) A A T ARk,
R R T8, 8 B e As R 2 I &R, B

Taistorted = T(1 + k172 + kar® + k3r®)

. (5.10)
Ydistorted = y(l i kl"'2 oR k27'4 + k37'6)

HA [Zdistorteds Yaistored| T A= SR — L &EFR, S350, X TUIEBEEE, o LM R A2
ﬁplipz J&'T??LUE

Tdistorted = T + 2p1TY + P2(7”2 = 2332) (5.11)
Ydistorted = Y + P1(r% + 24°) + 2pozy
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R, BAR (5.10) MR (5.11), M FHPAARR T — 8 P, RATEROSE L 5 W7E R AL
RBXA SRR F1H R e

1. B =4 a) S8 B — e ERE . RE R — AR (2, y]" .

2. WA T A 5 AR ) WA RO ) ) B R

Tgistorted = T(1 + k17% + kor? + k3r®) + 2p1 2y + pa(r? + 222) 512
Yaistorted = Y(1 + k172 + kar? + k3r®) + p1(r? + 2y?) + 2poxy
3. PR S Y S NS BUE RERCE BUR R -, A5 AR YR B e R
— JxLdistorte == “
U= foaistoned 6 (5.13)
v= fyydistorted + ¢y

75 T B2 TE AR B e, FRATIER 17 5 AWAR TG, SERRR Y, AT LR BE PR (E RO
Fetn R by, p1, po iX 3 T,
FEAT o, FRATRH ML 1% R Al FR BT LR A T T A, X DR Ay AR ) by 22 A1)
[EIEAE AT TR . SCPRBIER R Gerh, A iR TR HARABIRY, L anREAILI O AR Al
BB, [FIEAFER 2 AR I AE . 5 I MBE SLAM rb— BBl FH At 2 e #4%k
FEFLASEARY Ko 128 (i) W A8 AIE) (o] AR ARRY L 28 2 00, PRLIRG, FRATTAS Pk AR RS AR A i i
B8 420 2, TEZEMRDLEMIARLbH ( Undistort, BUARIGASKEIE ) M. FoATn] LAk dext
ok ERHAT IR, R AR R ER, SRIGTHE LA LR s asa s . Boi, el
MEFAS SR RS s &, RIS TR, e RS RS A 8 . ZF AT T, At
AIEFEALSE SLAM H ISP 5 WL Frbh, 4 — AR REAEZ 5, FRATE AT LA e T ET fLA R
SRR, TARZEMAE, R, 125 Ciitied, AT B EE EHRC 2T 1 Lm
ARRbF
e, WATELSH B AL BRI
. HARBREATA - EERS P, AV Py,
2. HTHHEZS), BEEIM R, t sUSEUERE T € SE(3) fiid. P ARHLARIR N P, =
RP,/ 4%,

3. XEHY P (AR X, Y, Z, ETHEERIA LR Z = 1 1, /5] P #H— b
P, =[X/2,Y/Z1]™®,

4. HEARE, WRIEWESEOTE P A4S AR
P WA r 2l NS e, MIEIERRRYLR: Py, = KP,.

OFER: Z TRE/ANT 1, SIIZ A TIPS, B0 REA ALY LR, b B Ak
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gf LRI, RATT—HaRk B TR AebR . HER AR, ARBLASER . 0 — AR A B R A s . T
FHIEEENTRRR, BRI 7B BREE R,

5.1.3  AUH AHBLERY

FHLAHMUB R A T P FHPLAY RS AL . SR, {URIE— MR 2, IRATCHE# X 4~48 1]
SRR E . ORFER, MWAPLDECEIH— b FlEL LRYRTA &, & AR Eizfi E b
A P RS ERD (et A H 5% RGB-D AL ), 38471 A GEBR 11 H 50308 & i 23 (] {7 8,
e 5-5 s

AP BEB T A, UL AT LA

[EE L FS

fbLA bR 2
RE GP TRERI(L

Ll

z

y LA b %
K55 BEATHRGFLENME

iR R (SR A RERN, L AR AT IR ZE A IR B S 22 5 (50
PREEZE ) FIWr A SIATRRE RS . DAL 2 antt . @i R AP R A ARDLAV S, it
FERML2E , LMEAG IR MR AR BE . T i i B4 49 00 H AR HLA % S 28 ( GnfA 5-6 i
R ).

Elf[%f%:‘%i/:/ \\HEE%@%’

— —

5%
FERRARAL AR

M 5-6 WHMPNKRRRE, OL,Op AEELBEFNS, FHEAKRGTFE, f AHAEE u Fug &
AECFE AR, HAERE, HBETEFEN, ug MEARAK, TUETRENERA

—UR

JUfe F5EY




104 M5 SLAM + M. AIBIEBISER: (% 2 )

XU H AHHL— 8 2 IR AR DL ANAT HRARBLAG A KT B B ARALALRL . 98t aT DSOS b B 4
H®, ANFi1nse Fms &Rk A G0 A S EAAENL, FR07T0T LB P AHBL
FEAEE LAY EATRACEHCER, FEWE P HPLDCRE PO ER O T o Rl b 2 ] i
BACO X EH YL CIefEb), BN EMHPLINEESE

BAE, HE—A =Sl P, BRIV IRV 1R, IC1E P, Pro HFHIPLEEZR
HIAETE, XA RSO B AR, BENM T, hFAGHNURE « fh A0, BTl P
Bt RAE o Gl CERLEMRE w i) EA2ER . iCEM AR u, AIAEERA ur, JURGER
W& 5-6 R, HIE APP Py Ml APO Or WHIRIEE, 4

z—f b—uL+ug
z b ’

(5.14)

R, 15 ,
g ﬁ def

7 d = up — ug. (5.15)
Hr d 2 SChAERBERRE AR bRZ 25, FRONE . RIEN2E, FRAT0T LAE T F— MR R SAHPLZ H Y
PR, LS. sk, MEsin®, Fet, T h—NMRE, FRUH
(IR BEAFAE— S LR, M fo . RATES], LRI, TUHE BR3P 555k
Mo ; [z, /NURH S D AE AR A . A, FROIAIRTE G RS P iAns (i
AR CHL ), 85 A REHERRHIWT & P
BRMM 2T F R A ARG, H2E d ARSPTHEA LB RIME . FRATTH 0 b b
2o HR U B9 HEAME R BB A IR R M — O B (IR E R ), XARWE T A%
Sy AL M 4TS5 . IR TR H R A AR E OVTRBERT , JLT T3 b SR BE RO 8 In) it
i B R A 7 R SR A £ & i A RE 22 i TP I s, SCH TR EEAS Ty 7 2l
H GPU 5 FPGA SEBFiT4 . RORAER 13 dFrh A4,

5.1.4 RGB-D FIHLEY

AT E A LE 0 25 R () 72, RGB-D AHHLAME S “ £3)7, & hENE = shi &
BAMERURE . HRETHY RGB-D ML AT 23 PR (W& 5-7 Bias ):
1. EITLT PSRN ( Structured Light ) JFFRIM SR Z M 5. 674 Kinect 1 1. Project Tango
1 1. Intel RealSense %,
2. i3 T®4TRFIE ( Time-of-Flight, ToF ) JRUHH stf& &S . il F4 Kinect 2 fCR1—LE 84
) ToF &I,

OIBRERIIEIMR AT B 254
@iEH AT LA [ AR IR
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LT AN R T K ] R

; ) . \‘4
LSl DI, & A LG Tk b e 28 Tk e S e g

LT ANEER S K Bt 28
RGB# {4 3k
ST AR SRR 3

v

/["‘ ]
\\%

=

\

—

r

K 5-7 RGB-D #HALEE =& E

T MR, RGB-D AHHLER TS Z il B AR & 9 — kg GEERLIME ). TELTSMS
P, AHPURIER M SAEE S, HRIRS A S ZEFIEES . T7E ToF [F3H, HHAL
] HbRA SRk, SRR A% 3R W2z (6] i e s CATI ), BREiks A SR . ToF HY
ISR FIROCAZ G TR, B O SRR S Y, 17 ToF AHBLIN AT LASRAS %
NEURIVERIREE, X 1E & RGB-D #HALEYR s . ITLL, WK —A RGB-D AHBLIF T, 8
SRR T ARGk, B0 R — RS

TEMIE VR 2 )5, RGB-D AL # 4% M8 A = AR B, A 58 iR S R A
{§F 2 A BECRT, it —— X AR P RR . AT AFE R — A RO, IR RAE
BAPERE A, RSN 3D MPLAYR, 4 = (Point Cloud ), BERT LA7EEIR)Z X RGB-D
B AT R, T fE S = 2 AR . AP ALK RGB-D MM S =i a2

RGB-D HHHLAES S oI R AR R S AR S . (U, TR & S — B0l &ty
2, HAAE A E LR ZBR . FHLL AN TR EE IR A RGB-D MIHL, %% 32 5 B el {7/
iR GTIL AN E TR, PICARETE R AMEH . 7ESA RGNS T, R HZ 4 RGB-D #4l
AR E . XS B, ORISR S, Bl X e s p 8 . it
4b, RGB-D MIMLEERGAS . THREH 1T, #RAG —LLdy$h
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5.2 K%

AU LBk, 8 =4 P b B (5 S el 1 — sk i R AU iR, Bl A A e T 3L
Hr, PERG LA IR BAEAIR . e, BURAT AR — MR SE ; et il efnb
Yo—BOELSL R BN 723 ], al LA 8RR . 3XbE—ok, BFsiA2 X5 e By
IR, R PR SR T .

AT, FAPRE AR AALERAE B — S RARAE . RN, 8id OpenCV H PR B AY 4k
L, PRSI A B PR AR WAPIR, RS SR AT T kA AT R AR RS —— K P
g, fE—KKER T, BAMEENE (o, y) SR ADKEER T, FrLA, KRR w. SRR
h S, Ber EalLid h—A R4

I(z,y) :R* » R.

Hf, (z,y) RIBREBIR. KT, THRPUFARERIA SR ], FrPATRATH % T An A %k
B RN TR, I, @,y @R 0 FFURAY RS, 7E% WA IRBERI T, JH 0~255 1Y
L (M1—> unsigned char, 1 MF15 ) RRIBERIKBEE B4, —IKIEEEN 640 1R . &
BE 480 1R F 7 BEARAY K BE ] AR AR A -

(B — 4 # 4 &% ER%

unsigned char image [480] [640];

FAt a3k B AR 50 2 480x 640 W7 ORAERRTF b, MR L) BB et s —
A TAREARBE AT, W5 A FARULES . ERUG D, B A TEO R R I B, 0B
17 PR B BEE

THEBEEXWEMRNE . EIRHRERIGREARN . M E—MERe, 2R E
RhEgAedR, UnPE 5-8 Frs . AL W TIEGR E AR R E X, QR AR R T
BWAE B, X BimA, Y i (st R aTE e ny u, v A845R ). WEREIEA S = 4 Z
B, IWAMIEA TN, Z SRR AT . soRhE O U S AL bR R — Sl . TR
R A S8 FE BN, XA X Gl iR TR R, WX R E R Y .

MR FE R, WRBNHE—MET o,y MR E, BAEHERT PO 0
%A

[B 7 E Rk &

unsigned char pixel = imagel[y][x];

EX R KA (2, y) B EEEXEN « fy BIIUF. BRIATAPRILBbTE A
ﬁ%%ﬁ%,@%%ﬁWTﬁmﬁMﬁﬁ.%A%%¥Tﬂﬁﬂﬂ*%ﬁmﬂ%.Eﬁﬁa%%
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PRI Z — . QRS RIT R AR 1 2, y AR, SRS IR IMEME R, WIRAT
AER B FURFE a1 T h i — BRI E .

ik O X (3% ﬁ'ﬁ“ RFERE
At IKEEPE: 0~255 864K
TRIER . 0~65535 16/ 784K
¥ prrmsssTme TN «Ej (x.y)

FOE: Zilib
(BGR. RGB. RGBA%)

3| R

[B]c

Y!ﬁh T, mE) — ik ER
K58 HKAHFETER

—MEENKEET LA 8 (7 BG0 %, Wil & —1 0~255 B, SN ICHNIME BB LT,
—’u\%*ﬁ CASEANSE 1, B, 75 RGB-D MIHLAEEE S, id® T & MRE SHYLZ EAEE .
XA B IE B LA KON B, 1 RGB-D AHML B AR E W AE T LR A A, it T 255, xXBF, A
fr12k M 16 (78854 ( C++ 1Y unsigned short ) RicEHFEERMGE R, HWBREALT 0~65535 MIfE-
PSR g, KT AR 65 K, % RGB-D AHHLEEH T .

0 R FR M T 25 (channel ) &S ZETHEHLE, RATHL G, ﬁ@ﬂmﬁéﬁz
B ARG RRAMEE —MEaE. TR TE—MEE, SEidR®H R, G. B =1,
AR EEFR Oy — M. BN, S WA ARG =N, S EEE suﬁﬁﬁ%m
ERXFRE T, —AMRE G4 24 fi5s1a],

i RO FE AR T LA i E XA, 7E OpenCV I ER T, @i EAITE & B
G. Ro Wi, SIAGE) 1 24 (i ARERT, 7T 8 R/ ORME, i) 8 M it s,
efa 8 LT ERUE. [FIBE, el R, G, B MIFER—PMEARE., WA FRERER
EVIE, AR, G, B, A U/~

5.3 Sk: WEHHPEISR

5.3.1 OpenCV MPJEAREH Tk

i — AR AR H# . AE OpenCV ARG R AN A7 B, FoATT S anfariila) Horp A%
1.
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%3 OpenCV

OpenCVOHEHE T KA IR IER B, RIS o HIRR T ) B R B P . A5
{#H] OpenCV LA FIGAL L, FEMEFIZAT, #BGEHIER “MBEMRIS LR Mraleske.
£ Ubuntu 4L, A MIERIDRIRM R L3 BT HFM R ] DL+
1. WIS S, 45 M OpenCV ¥4 T # T4 A9 OpenCV IR1CHY, JFAENLER Fa9miTac%,
MBS b2l IR MO LLECE &, 1 HAER BIIRACHS, Al st —2Ls
R[]

2. HRESCHE, 45T Ubuntu %236 i Ubuntu #EIX A 51 EL 2841007 10 SCPF, X FEaR
TCZ T 21— 3B

FRFAME S MUA ) OpenCV, BT LALZIERE MIRICHS 3 1) i N e, —k, Tl
PR — SRR, VCRECARERIAEE (N, T AT EE GPU INE% ); M3, Al RAMdE A —2e8shay
IhRE. OpenCV HEIHEY | = FE[RA, 434 OpenCV 2.4 541, OpenCV 3 £ 41 H1 OpenCV 4
A5, AHfEH OpenCV 3 751,

HF OpenCV T R4 K, WiAMAEA AR 3rdparty HsE F 1. 151%# M http://opencv.
org/downloads.html F#%, ##f OpenCV for Linux MiAEPA] . #R£&3K43—1~% opencv-3.1.0.zip
XFERESE. KEMEIMERERT, FI1&ZM OpenCV /& —4> cmake TF#.

FEGRIFZAT, k%% OpenCV AHH I .

LS PN

sudo apt-get install build-essential libgtk2.0-dev libvtkb-dev libjpeg-dev libtiff4-dev
libjasper-dev libopenexr-dev libtbb-dev

HEL L, OpenCV MHHITRL , B RLG IR 200 E R DI6E (A IRATEAZH]
FIFTATIGE ). OpenCV 27E cmake Ffy B A kiU & %%, JFR%E A MThEE. WIRIRE
R A GPU I HZ24e T AKX, OpenCV 44 GPU 4T . AdxdFA45, g
SRR 2K T o

Bifi 5 %) 40 198 2 25 AN 1Y) cmake TR —FF, i 7€ make 22 )5 , ¥ sudo make install 4 OpenCV
FERBRIPLE £ (AR MUNGFE ). MOLEACE, X MR BR S E s —
/NBFANGE . WARARAYG CPU HeGR, ATLAEH “make -j4" XFEMIMS, BAZALBRETHRIE (4
JE S EGE R R BREE ). L35, OpenCV ERIAEfi#TE/ust/local H T . KA LLFHE
OpenCV Sk XSRS MZLHALE , BRENEEME, Hoh, WRZATE L3 T OpenCV
2 29, MBAEBURIE OpenCV 3 225 5 1) M 7 ( ARAEL B 2l 4524 ).

@F HEV: http://opency.org
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121 OpenCV Pl{%
Rk, il — MR AR OpenCV X IS AIEAE .

[# slambook/ch5/imageBasics/imageBasics.cpp

109

#include <iostream>

#include <chromo>
using namespace std;

#include <opencv2/core/core.hpp>

#include <opencv2/highgui/highgui.hpp>

int main(int argc, char *xargv) {
// ERargv[1]45 T & 8%
cv::Mat image;

image = cv::imread(argv[1]); //cv::imread & 4Lt B4 £ % 2 F 64 AR

/7 )b B AR A 2 T R Ak R
if (image.data == nullptr) { //# KRG E, THRZ 4R HE
cerr << "X " << argv[1] << "FAHFAE." << endl;

return 0;

[/ ARMA I, B i — B ARS8
cout << "HEIE A" << image.cols << ",FH A" << image.rows
<< ",ifl il L A" << image.channels() << endl;

cv::imshow("image", image); // Mcv::imshow 2+ B 1%
cv::waitKey(0); /1 FERE,FH—- BN

// F| ¥ imagefy £ A

if (image.type() != CV_8UC1 && image.type() !'= CV_8UC3) {
// BIRERRFLSER
cout << "IFMIA—KHEBHNAHEE." << endl;

return 0;

// @ B, HiEE AT @A F XA T4k 8 T AL 519

// 1% M std::chrono# i ikt &t

chrono: :steady_clock: :time_point tl = chrono::steady_clock::now();

for (size_t y = 0; y < image.rows; y++) {
// Mcv::Mat::ptrik iF B 5 6 47 45 4+
unsigned char *row_ptr = image.ptr<unsigned char>(y); // row_ptrsZ % yi7 64k 454+
for (size_t x = 0; x < image.cols; x++) {
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// i AAE T,y i E&
unsigned char *data_ptr = &row_ptr[x * image.channels()]; // data_ptrid & 57 9 &)

&S &
/R E R ENEANARE e REREAKAR A B
for (int ¢ = 0; ¢ != image.channels(); c++) {

unsigned char data = data_ptrlcl; // dataI(x,y) % c/vidiid 651a

k

chrono: :steady_clock::time_point t2 = chrono::steady_clock::now();

chrono: :duration<double> time_used = chrono::duration_cast < chrono::duration < double >>
(t2 - t1);

cout << "k A EAAE M K. " << time_used.count() << " #, " << endl;

// % Tcv::MattgH 0

[/ EAERAL R N BB

cv::Mat image_another = image;

// 1 # image_another % ¥ # image X 4 X 1L

image_another(cv::Rect(0, 0, 100, 100)).setTo(0); // Ff £ L % 100%100%93k & §
cv::imshow("image", image);

cv::waitKey(0);

// 1% A clone & & 3 W 4 4%

cv::Mat image_clone = image.clone();
image_clone(cv::Rect(0, 0, 100, 100)).setTo(255);
cv::imshow("image", image);
cv::imshow("image_clone", image_clone);

cv::waitKey (0);

/S TEBEERIRE ARG, i, 4. S F, RTHEAR——/N4 7T, # %5 A0penCV
FHF XAENEANS DGR R F &
cv::destroyAllWindows () ;

return 0;

FEZBIRES, BATER TR JLARAE: BGaE, Wox. BEED . &l A% 5
SATERRE SRS, wBFZRFHT, RTELE CMakeLists.txt 17l OpenCV i3k 304, 4R
Ja OB RERE RN S . [RIE, P T C++ 11 ARUE (40 nullptr £ chrono ), 75 215 ¥ 4
PR

[A slambook/ch5/imageBasics/CMakeLists.txt

# R AnCH++ 114 X B
set ( CMAKE_CXX_FLAGS "-std=c++11" )



9 |add_executable( imageBasics imageBasics.cpp )
# 4% 1:0penCV /A
target_link_libraries( imageBasics ${OpenCV_LIBS} )

10
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# - 4%0penCV &

find_package( OpenCV REQUIRED )

o | # Ak LA

include_directories( ${0OpenCV_INCLUDE_DIRS} )

KT, AL LA

1.

By AN argv(1], WAUEAAITIE DB IERERALE . AT SR 7K
% (ubuntu.png, —5K Ubuntu IYBELR, AR E00) EIELAER] . B, %idZ)s, i
QA R R

LS T PN

build/imageBasics ubuntu.png

QR AE IDE Rl IR, WE S i AT 28R 45 e . X v KATE R sh b il & .
TEFEIF Y 10~18 17, fH ] cviimread PREGEIENE, IR AEEAG B SR k.

3. TEFEIFAY 35~47 fr, by AT RIRTAIRE, JHTR TEAIEIREUHREE, EEE

G Z 00k D3 77 3O AS S fE—, i ELBIRRZE Y 7 sCBAS R 4 3y . OpenCV $244E T
EACES . VAT LLGE L kA AR D R IR R . 33, cvi:Mat:data $243E 148 o] SR T
S E, PRAT LR AR E AT R A R, ARG E LRI E . )
FERT I Jr = 1 (8 13 3 B R I 4544

EEH AL b CHERIPL) . W DI X sk E R IR K 2y 12,74 28, fRef LS A LR -
R EEXT L. ANk, FRATE AL cmake BRIAMY debug X, ANSR[H H] release AU 23R
Rz

OpenCV #4it 7 FZ X BRI F T EVEM R B, IRATTEICLA ——512¢, BA #2728 Y
OpenCV $#E F M. GIFRES M8 WA TER . BontetE, PARER HI R nT ke A

5 [5e) bR RO I (4 SCRY LA T A AT 8 IR S A HT =

NEiZAR, OpenCV JFAEME—RIEISRE, & HRFZEIRERMAREEE Z—1. &
i, RS PRI R R RN . AT 1T i## 1 OpenCV MR FE RS, fE
g PR LA e R A K, NIRRT SRS U RERS A AP, 380, 1T eviMat (LR
Wee, B 7 AonER, FRATd T LN ERAFAE O LSR8 . — Bk, Eigen X1 [#5E K/
£ R (R A2 B 1y
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53.2 PRI

TEFEH A BAING T AR AN B, R R R — > L BRI AR . OpenCV e fit 1" My

AR PRI cv::Undistort(), HASHIFRATM A A TR WAL H 5 19 ER A

[A slambook/ch5/imageBasics/undistortimage.cpp

#include <opencv2/opencv.hpp>

#include <string>

using namespace std;

string image_file = "./distorted.png"; // ik k%12 EH

int main(int argc, char **argv) {
/l AREERFFERSGAE, RFRANTYLH AOpenCViy 28 %, 2 T EM—BA B THBF
VA &&=
double k1 = -0.28340811, k2 = 0.07395907, pl = 0.00019359, p2 = 1.76187114e-05;
/I AAE
double fx = 458.654, fy = 457.296, cx = 367.215, cy = 248.375;

cv::Mat image = cv::imread(image_file, 0); // B & JEHE, CV_8UC1
int rows = image.rows, cols = image.cols;
cv::Mat image_undistort = cv::Mat(rows, cols, CV_8UCL); // x% XG0 HE

/A REEREERREG AR
for (int v = 0; v < rows; v++) {
for (int u = 0; u < cols; u++) {
/] BEBAKX, EE ,v) s 5B e B4R b6 &4 (u_distorted, v_distorted)
double x = (u - cx) / fx, y = (v - cy) / fy;
double r = sqrt(x * x + y * y);
double x_distorted

x* (1 +kl*r*r+k2*r *r*r*xr)+2*pl*xxx*y+
P2 * (r *r + 2 * x * x);
double y_distorted =y * (1 + kl * r *# r + kK2 * r * r * r * 1) + pl * (r *xr + 2
Xy xy) +2 % p2 x X *y;
double u_distorted
double v_distorted

fx * x_distorted + cx;

fy * y_distorted + cy;

/1 WAL (GRIEARHE{E)
if (u_distorted >= 0 && v_distorted >= 0 && u_distorted < cols && v_distorted <
rows) {
image_undistort.at<uchar>(v, u) = image.at<uchar>((int) v_distorted, (int)
u_distorted);
} else {

image_undistort.at<uchar>(v, u)

[}
o
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// & ek S B

cv::imshow("distorted", image);
cv::imshow("undistorted", image_undistort);
cv::waitKey () ;

return O;

113

5.4 Scik: 3D PLOE

5.4.1 ANHMHE

FoAT1EL A T A E ARG R R . PR B BERY Ze A PR R L , THRE LR
R, RIEH AR EEAILALAR R T, EASHMAR. €58 5 YU E R
stereo SCIFSErf, FoATER T W E BRERGEG, W 59 R, R AR B TR E A

ﬁiii%ﬁé}:

slambook/ch5/stereoVision/stereoVision.cpp ( # 7+ )

int main(int argc, char **argv) {
/] M A
double fx = 718.856, fy = 718.856, cx = 607.1928, cy = 185.2157;
/1 R
double b = 0.573;

/7 ik RE R
cv::Mat left = cv::imread(left_file, 0);
cv::Mat right = cv::imread(right_file, 0);
cv::Ptr<cv::StereoSGBM> sgbm = cv::StereoSGBM: : create(
0, 96, 9, 8 x 9 * 9, 32 % 9 %9, 1, 63, 10, 100, 32); /7 AP e AR
cv::Mat disparity_sgbm, disparity;
sgbm->compute(left, right, disparity_sgbm);
disparity_sgbm.convertTo(disparity, CV_32F, 1.0 / 16.0f);

/] Em A A

vector<Vector4d, Eigen::aligned_allocator<Vector4d>> pointcloud;

/) e BARBALE R, 4G @ H v ur s BUR v=2, ut=2
v

for (int v = 0; < left.rows; v++)
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for (int u = 0; u < left.cols; u++) {
if (disparity.at<float>(v, u) <= 10.0 || disparity.at<float>(v, u) >= 96.0)

continue;
Vector4d point(0, 0, 0, left.at<uchar>(v, u) / 255.0); //W =4 Hxyz, f va 2 4 il &

[/ ARAE A B A A i Hpointah (2 K

double x = (u - cx) / fx;

double y = (v - cy) / fy;

double depth = fx * b / (disparity.at<float>(v, u));
point [0] = x * depth;

point[1] y * depth;

depth;

point [2]

pointcloud.push_back(point);

cv::imshow("disparity", disparity / 96.0);
cv::waitKey(0);

/& s R

showPointCloud (pointcloud) ;

return 0;

K59 WEMRMNEATF, AL: #RER/R, #L: ARERL, #0H: SGBMHAZHE, T7: &
~H, A&, BALMMENEES T o6 MANEA A2 6 AR, Frola b ey iz
Z
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XA AT A T OpenCV S SGBM ( Semi-Global Batch Matching ) 20 81 5%
FeAT SRS, SR 8 X H ALY T LT B4 & AR e B A LAY 3D =S[alrf . SGBM i 1%
FI 25 i 2o BRI, FRATT 5 ZMAE TR R M/ MIL2E . I BARZE S ARPLI N & . kel 1D

RER A 25 7E —HE=s AL . A T A R, FRATERE 1 8BRS RS .

APBARERERIFNGEHMILG M 2T E R, BB EE T REMXH S
SCHR [27, 28] BR 17 OpenCV SZERISH 5, A 18 2 HAB I L 1 TS B s RO I 221158
B NRE 4 USRI,

5.4.2 RGB-D it

el , FRA1E7R—4 RGB-D 3 AI 1. RGB-D AHHLEY 2 4b7E T R Py 3 ik 4115
(RAEREEE . RO AL NS, F-ATEERT LU AT — MR R et A bR R R O &
MITTEEN, — K s o M P FRAEFRAT TS e s

el 1 5 A%, {7 T slambook/ch5/rgbd C{4FJe ., 7E color/ N4 1.png #) 5.png 1t 5 5K
RGB &, 1MifE depth/ T 47 5 sk XN (UTRFER] . [FII, pose.txt SCHFEAH T 5 sk RUR BYFHHLAN S0
2 (LA Ty B0, (EBIL SR IERZ /T —FE, A A8 n] SIEss PO e -

[ Y52, G5 Qys G5 Guols
Hopb, g RWOCER IS, plin, B3R .
[—0.228993, 0.00645704, 0.0287837, —0.0004327, —0.113131, —0.0326832, 0.993042].

T[ﬁ]ﬂcfl H—BRT, SRR
) HRIENZE X RGB-D EHE XV ) 25 =
) MR TR E AL 2 (WRaiEshE ), A sk, HApiE.

[# slambook/ch5/rgbd/jointMap.cpp ( 4% )

int main(int argc, char **argv) {
vector<cv::Mat> colorImgs, depthlmgs; // HERAREER
TrajectoryType poses; // AL &

ifstream fin("./pose.txt");

if (!fin) {
cerr << "if {L fipose.txt#y B K FiZ/TsL A2 A" << endl;
return 1;
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for (int i = 0; i < 5; i++) {
boost::format fmt("./%s/%d.%s"); //BE & L4 X

colorImgs.push_back(cv::imread((fmt % "color" % (i + 1) % "png").str()));

depthImgs.push_back(cv::imread((fmt % "depth" % (i + 1) % "pgm").str(), -1)); // {&£ A

-13E R 46 B R

double datal[7] = {0};
for (auto &d:data) fin >> d;

Sophus: :SE3d pose(Eigen::Quaterniond(data[6], data[3], data[4], data[5]),

Eigen::Vector3d(data[0], data[1], data[2]));
poses.push_back(pose);

/1 I E = G5B

VAR L AL S

double cx = 325.5;

double cy = 253.5;

double fx 518.0;

double fy = 519.0;

double depthScale = 1000.0;

vector<Vector6d, Eigen::aligned_allocator<Vector6d>> pointcloud;

pointcloud.reserve (1000000) ;

for (int i = 0; i < 5; i++) {
cout << "ARMEEIEF: " << i + 1 << endl;
cv::Mat color = colorImgs([il;
cv::Mat depth = depthImgs[il;
Sophus::SE3d T = poses[il;
for (int v = 0; v < color.rows; v++)

for (int u = 0; u < color.cols; u++) {

unsigned int d = depth.ptr<unsigned short>(v)[ul; // KA

if (d == 0) continue; // #H0% Tk A A & 3|
Eigen::Vector3d point;

point[2] = double(d) / depthScale;
point[0] = (u - cx) * point[2] / fx;
point[1] = (v - cy) * point[2] / fy;

Eigen::Vector3d pointWorld = T * point;

Vector6d p;
p-head<3>() = pointWorld;

pl5] = color.datal[v * color.step + u * color.channels()]; // blue
pl4] = color.datalv * color.step + u * color.channels() + 1]; // green
p[3] = color.datalv * color.step + u * color.channels() + 2]; // red
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pointcloud.push_back(p);

cout << "H AEAH" << pointcloud.size() << "/ 5 ." << endl;
showPointCloud(pointcloud) ;

return O;

A TREY I BV AE Pangolin & FTP A SIHES LS 2 & CankE 5-10 Bras ). fRnl LA sh B
A

A s5-10 et az=#HE ( LEHE)

WX E -, FRATE S O SEALA S S LAY B H L AH AL . A
iDL SRR PR ], RSSAHPLIN AN S | IS S X
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>

L* SR (R FHLECEICAREECLENT ) , bR BN S, Rl RE2 HElR e
B, B# HCATE—3KbraE FH A HLEAK

2. BURAHLNSE P S, AR — AR 509378 R J5Of i) 19 5% i LAt bt Ay AN, S
AERRASH 2L

3. WERRMYL (AIRSAFARNL ) bRE ik B S 8 A LBRAT fal AS [ 7

4. TR (global shutter ) AHHLAIZET PRI (rolling shutter ) AHHLAY 5 [F. E114E
SLAM A faf Lk 17

5. RGB-D AHHLIZE WA AE B2 LA Kinect A, 75 EhRE ML 2407 ( M https://github.
com/code-iai/iai_kinect2)

6. B T BRI s i3 T R A s, URiEREZS th Wbt I PEIR ) Jride?

* BE OpenCV B HERE, FEMEANL.



) i

{EZevEi AL

FEBH

1. FRFSR /N Ik ) & SORAR 3 5 5K

2. PR S A (Gauss-Newton’s method ), 1| SU{FIHE— 5% /R 4% )7 i (Levenburg-Marquadt’s
method ) 7 %S0,

3. 2#2] Ceres PEMI g20 FEAYREA FH )ik

TERTIALUE, FATA 40 T 2880 SLAM AU 1)z 20y AU 5 /. BIZEFRN e 2l ,
T DL R R B R A, SRS FHEACBGHE T LA . R 7 2 e ARG L 25 1y, Horp
B EBHARDLIE S 0, AP SMEMPLAAIE . TR, RITCAFE T4 SLAM BRI EI Y
ORI BRI

BRI, T MRS RAEAE, iz 2l R AU 5 B A =X A SRR i SO 1Y . A AL AT LLE
AT ALY, (SRR, FRATIAS B Bl 8 RS2 A R I S S Y, BMEIR AT
K REROARNIL, da 2y R AUy Al R BRI . BT, S HBRSEIR LT A R, A
P Ve ] A IR e A T R RS AR T

R RAR S AR T ) R B — PR BE M e AR TS SRR A 2 AR B A AR L Ab 7
i, BRI g20 Ml Ceres RO K.
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6.1 AR A

6.1.1 fitaRAME i Sl KRSl
EAETEILUFRNZ, FRATMIEE 2 e 48 SLAM B8 &l — 1z sh F R A—>

WLy R R AL, s (2.5) Bk

{mk = f(Tr-1,ur) + Wi (6.1)

2k, = h(Yj, ®r) + Uiy

W 4 UFRRLR, TR0 T RREIX A 2y JYRARLAORIE, AU SE(3) kiR, ETFW
WL, 45 S UFC B, ENEHFLAIBLEOR . S TR BT RIS, RATARGITE I
SURBBLTA. 1%, Bkt o, WTELH Ti € SE3) %k, 0K, 378 SH AR
A, (HIEMSE SLAM ths G H ikt ( FRSaEmpLeE A . EMEN —RE) . BRI EAR.
LI 7 B0 LR G . BAAE @y, ABAT BT o AT T — OB, XIS R 1 R 2 1
zg . BB, WMy RE AT LAY

52k, = K(Rkyj +tr). (6.2)

Horh K NN Z:, s BIQFE SR, 12 (Rey) + te) FSE =40t Gn2R0H RS [ Ty
RG2S, IR 2BEAR AL y; DL FF R AR bR At A, T3 58 S B W AE SRR Ak bR . WNARARIE
APGRIX AR, R 5 U

WAE, B2 S 52w o 2 AR 28U, fEig sh A b, FRATiE E B P
PRI wy,, v R AR A, ARG

Wi NN(O,Rk) , Vg NN(O, Qk’j). (6.3)

Hoh N ol i, 0 ZoREHME, Re, Qr; NP 2550 . 1 SeMg s fgsem , (142
i g W RS 2 B HEWTO R e R y (DA EROBER D ), XL T — RS
[] R

Kb X AR T SR J i KB R . o F7E SLAM ad 2y, i3 SR R B 8] &
WEDky . BrLL, AIROZEAT A4 niet 2 ao A HRE, SRE R EdR T E. XK
PRGN (incremental ) (977, s MR ES. 76008 FARK—Btal g, BFgE & 1l
NENERS . JCHIEY R R R S Uk gy S AT A skt e, B—Rhoa, W EGE ) Rk —
JRAbsR, X R RO #EE (bateh ) 5%, BN, FRATATEAIE 0 2 & B 20074 Y4 AFTIIE
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PEERRCAE—RE, ], TEXFEAUH AR T, afarflii 4 0 2 k B 20 A 00 5 Hb P e 7

PRI AR 05 TIRZ AERA T B, KOS, W& 0000 Harm i
R g, WX ZATHPRAS A Z %58 M, i vk ol DIAEE K RISE B s 2 il #
IR FAE5 B A3, i M AT SLAM 1Y 3 A . ol ™, Fe0 1T LA EHLES A
50 AW Frfe i 2 85, P [l P bt g — b B, 3t 1E R SIM ( Structure from Motion )
B RO . AR, R G O AR EAN SRR, AR SLAM iz g . v AAE SLAM
W, SR G R R SR B AN, FRATTIE E — ey s s, SO i 21 Y —
SRR AT R, OIS PRI B s E O itk

g b, fEETIEEES A W, PR R R S B 0 ik PrDL, AR
TERAITE SN G VARSI AL ER U2, RS8N 88 X HE R A M RIA R B4 )G
U BT TS . B TTHERRREE ik, FIEM 1 B N BraRZ], B M AR
Ro 8 SCHTA I Z) AL A 2RISR s AR bR A

z={x1,....,z~n}, y={y1,...,ym}

[FFEH, FAH FARAY w FR T A B 215, =z R BT A B 20 i &b . I8 23645, %L
a JORE AT, BRI AORE , SR C A AREE « AR = &, SRIRE
@,y BRI

P(z,y|z,u). (6.4)

FESIM, STRATRATI IR A S —IKIRA TR, B FL AL R OB, A
UFAH P, ylz) KRFHER , HCITRIGHRY SO, ED AT AT P0G o o 2= A
291,

KT HRAA R A 505, FIRIBLOEREN, A7

Pz ulz,y) P(z,y)

P(:l:, y}z,u) S P(z,u)

x P(z,ulz,y) P(z.y). (6.5)
S R
{178 bt
DL Bk W 2 MFR R RS8R, 4l P(z|z) FRASR (Likehood ), 7—ilsr P(x) MhELR

(Prior ). HERERSHEEREL, ERRK—IRERMMEIT, E/REZRSTERBREXN,
YU AT AT

(T, y)" yap = argmax P (x, y|z, u) = argmax P(z, u|z,y)P(z,y). (6.6)

TR DL U i B A SRR THIRTS @,y OO, TR AT A2 . DLk A R 3R ATT
RN RRREN T RAMCATMERMTER. R, RIALATLIE, AR, RAREL
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a7 S ol PR KMEAE At )y, BERTRRTEA T k8. B4, "TLUKRMR AR ( Maximize
Likelihood Estimation, MLE ):

(¢, y)" v = argmax P(z, u|x, y). 6.7)

EWHE, SRR “TEMERAE T, ATREFS A /BRI EE" . TR0 W %
P, PRV LR AN T AT ABEA# AL . “ T ABRRET, ST E AN R A", X
SR AR I B0 X
6.1.2 I/ M5B

W2, tofasR A R AUSRA e Y FRATUE, e A BasE T, BORUSRRENEA 5 1A HLri P
oo PRI AY X T — U .

zr; = h(yj, k) + Ok j,
TR MRS v ~ N (0, Qxj), FITLAULIN B i A AFHE 2y

P(zjk|lzk, y;) = N (h(yj, k), Qk.j) -

EARIRIE A w5 IO (B A RUSRAE T, AT LA &/ ME SR BkesR — A~ @i o
A ) e ALK

FRA TR0 o5 e 7 A 7E UGB P AR R IE L. BB EE R R 2 ~ N (1, X)), E
R 55 1 PR BUR T IE U R

P(e) = ————emp (~5(@- w5 @ 1)) . (63)
(2m)" det(Z)
K HCH GO R, AR Ry
-4mp@nzém@mﬂmmzﬂ+%m—uf24@—uy (6.9)

DR A X 5 pR BSOS PR 3 A, BT AR LR BOR i AR H 24 X o Bek /M . fE /M EXRY
e, H—I05 e X, ATgE. T, REH/MEAI —BIm, sas 7 APRER KR
USRI, fRA SLAM [ XLIARERY, A4 76K -

(zk,y;)" = argmax N (h(y;, xx), Q)

2 (6.10)
= argmin ((zi; — h (@, 45)) @i} (215 — b (1,47)))
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BAVEI, Z M Fa MM (BPEE2E ) (1A~ kR LliuﬂﬂﬁqP#%w
6% (Mahalanobis distance ), YWD REER. Wl LIF MM Q) ) MACZ IS HRRECHE ( =
W), X QL IFEfERAERE, I A b )y 2 2 1

BRAEFRAT 125 sttt iod 220 (et . 3 (AL A5 I 22 14 i A RO S B A ST Y, 3 R A £
ANEAZ[EJRRSE0, AT 2 [ 207 7, F ELAR A RO e S b7 i IR AT ] LAXT I
B ot H i -

P(z,ulz,y) = H P (up|Tr—1, @) H P (zk ;|TK, y5), (6.11)
k k,j

LB A TAT LA A7 3 Arb R A 20 3 S RO 5 SCAS D A FIDRII el 5 A5 2 [l g 5 2 «

euk =Tk — [ (Tp_1,ur) 6.12)

€zjk = 2kj — h(Tk,Y;),

R4, Fe/MERTA IS 2 T HE S SOz [l 5 GRS, AR TR KRG, S Bofeis
FATHEFARL KA

min J(z,y) = Zeu,\R euk+ZZezk]Q“esz (6.13)

XFERRARE] T— B/ i8I ( Least Square Problem ), & AU SN TAR S M F RWRAE . 1
W EFR, BHTWRAWAE, YIRAN AT S5 ECA SLAM fiz gl I 7 f ik, ]
HASTERMIEST . XITEZIE? FRATAPRS R HEE TR0, EA SR AR5 25 T sk
LR, XN TRERARE, &€ Baslk M RME. Xaft - mag SRR e (it 2
FAEEK (6.13), AT SLAM ity /s — 3 n] 1 HAT — A5 2 A 4544 «
< B, AR BPRREGRIT 2 RER OB ) R . R AR IRIR S
WAETAR G, (R R 2L T B, (S gﬁAﬂﬂﬁﬁﬁﬁ i, isahiRE A
5 g, e, AR, WIIREH Y oy, y; A6 XFOCRSIEAMEA —MHBBRE A,
A VAN A5 5 (09 751 b A )
« HOK, GSREEFHZECEEE R, NGB T A SR e/ el (SR e A
MR/ AR AR, 25 | ABERE AR [ B 29, BTG ZEMEPImA st RTR =
ITH det(R) = 1 iIXFEA AL RIRAF. @MYL LR 1 S ARIME. X ARBE 172248
B
« fefa, RNV 7 ROBBE R 25, VRS ISR R ) A A (e e A o)
&7 1DV B (Bt I |7 Wy =5 1 1 el N1 (=95 %3 E1 5 = NN 1 R B+ S he
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PR SAEHEA SR S AR IRCE . A2 B B e A e 2L, {H2 T
Aitig
WA, B RAFEX A /N S A, X SR AL B AR EIR . R,
FATTE X R — il B JCZY AR LR f /D — R IR, R B IR A . fEJR 2R ILiR T,
Ffl 12 KA ARSI, TRAHEEAE SLAM Hirdii . Jmdia 1 H -

6.1.3 1 ftEARANTE
M e PRAE K L — A AT (91 - TR — s 4 g — AN b T B 3 B 1) 2R

T = Br—1 + Uk + Wi, wy ~ N (0, Q) 6.14)

Zr = T} + Ny, ni ~ N (0, Ry)

] AR o ST el R A B AKNEHITRE, w MHIA, w, HRA; 5
ARFONMIN R,z AR E R BOE E=1,...,3, BABERECAN v,y
TPIREMTE. RERRE o A T RAE SRRSO IR .

B, AHEREERN @ = (20, @1, 22, @3]", SHEIN 2 = [21, 20, 23], EFRFEHK
X w = [y, ug, ug]' o FEISCHTAUNE S, FRATTIE R R RRAL T

m;;ap = arg max P(x|u, z) = argmax P(u, z|z)
3 3 (6.15)
= H P(uk]mk_l.mk) H P(zklwk)7
k=1 k=1

P BARR R —T0, tbinissh R, FRA1H6E
P(uk’xk—lamk) = N(mk — Tp—1, Qk)a (616)

PURLWIE SRR TR LR
P(zklmk) :N(:Bk,Rk). (6.17)

WG ik, AT RRE Scbr bk i SRS AG T RVEL, ARYE Z ATAGR, T AR R

Cuk = Tk — Th—1 — Uk; €z k = Tk — Tk, (6.18)
Tt ey HbreRECH

3 3
min) el Qi 'eur+ Y el Ri'e. . (6.19)
k=1 k=1
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ok, XPRGERAERG, AT LIRE S MR E5 i Es0. E i y = [u, 2]",
IRART LS AR H, 1%

y— Hzx=e~N(0,X). (6.20)
B4 -
1 -1 0 0
O 1 -1 0
0 0 1 -1
H = (6.21)
0 1 0 0
0 0 1 0
0 0 0 1]

E = diag(Ql, Qz, Q3, Rl, RQ, R;}) o %/l\'[ﬂ%”“rlgﬁk
a:;mp = arg min e’ le, (6.22)
ZIERATEER, XA M)A ME— 1 .

The = (H'S'H)'H'S 'y (6.23)

6.2 Rt e
o ST N LT YN A
min F(z) = o (2)]3 (624)
Hop, AR 2 e R, fRAEEFRAERERE f(x) : R" —» R, EEXEHRE § 2LXE

B, AR AR RE A SGRN AT, EASREMZ S IEE. T fihe R i
XA, AR, IR fORABCHE AR AR, AT AT LA BT T 2k

K. % BErRE RECHE, RIERE z MRILE, SALK TR BAIHRE—FF .
dF

e, BARE T RO FA M. ENTTREERK . b bmE, REENIRE
IR PREAE A/ NRIRT . (B, XA RS AL RAEE? XU T f SR 2R £ R
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PR PR, IS 3 i) R IR 1 PR A2 i/ N — eI, (R AT 26 S iR BT BRI U 2, (8
FHZITRE T REANEE S oK i . SRk AN Dy Bds ARV AE G T Hbr ek By £ B4R, 1@ X 2 A
RATRER . Xb T A7 (i LR i ) fe /D 3, FRATAT LLABE R T2, M—DRIiR i &
AW RIS i, B eR B PR, BB 55 F .

LB REABIET 2.
ﬁfmkmLﬁ,%&-¢ﬁﬁAm,ﬁ%wﬂm+Amm@¢ﬂmmﬁc
¥ Aay, SEHE/AN, T

&, 4 Tyl = T + Ain R M2 4,

& R

RKIR I FREABNE LR T — DA FETREEE Ax, FRE, RAITHEAR], b T
K f EATEAEAL, AT R AR L. YRR T R BRI AR R RO, B I
S, HbReRBORE] 1R ME AEXA R, RETE T AR B 0ok g i, i i
=N, FRATHFGEZRL fAAERICEAL & Rt B AR SRt . X BT AR AL
BILRS 7 > S5 U AR HT 2

ok, FATBZE MM FHX I Azy o AR RIS AR TRAEALR G, FHIRE
— B8 M AR

6.2.1 P BB
IAEH I & UGEAY, BHRIRATE o &b, AE IR Az, PR T2 B
WRALE @), B IET T2 R

1
F(xy + Axy) = F(xy) + J ()" Azi + éAle(azk)Aa:k. (6.26)

Horp J(@p) 1 F(e) X T« (9—Fr 380 (B . #ERTEE (Jacobian ) ifE ) @, H W&
S8 (B (Hessian) FE ), ENIERTE o) AU, B8 NOXAE RFEAR Z 0B iR 27
i FRATTRT LA R (R B A A — B el BRI, IR Kb N7 AR A i TR S — B B By
BRI, WO BB RE, IR AW ik S AR EE,  RIVAT ORUE el 80T B

Az = —J(xy). (6.27)

MR Ui 1], Gl IRAE A E K N BT DRSS i R AR, LERL
) P —Be R I PE R Y ik, IRNTAEIF IR, X ES R N RE TREE . B EWE
CARH R, VBRI S ) BB Ly ) Hiite, 7E—Bi (4t ) B9IEUF, FbReRBudE 2 TR,

QAT J () SRS, ErTLIA Az ST, 55— MRkt
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&ﬁ.ULH%%%Eﬁkﬁ%ﬁwﬁﬁ%.#ﬁﬁﬁﬁMMEﬁ%Ea%uﬁfﬁkﬁ%.
SRS FhR b, JEA KR B — U UAB
SIAN, Tl TRl peReR B BB R, LR R R

1
Az* = argmin (F (=) +J (:z:)T Ax + EAmTHAa:) . (6.28)

L E A A BIEY . OO IR SRAMERET Az FISFEOFSTEAEY, 55
J+HAx=0= HAx = —J. (6.29)

SRR, A3 TH L 2007 R SR %

FATER, —Br A BB EEEAR - r 0, RESE e B e E AEMET I T R B, I
FUB R/ MERI AT . S b, AT —A>— RS i RO L TR ek, SRS PR R
S/ MBS U R BB M . RS F AR R BUR B AR R kB, O A
SRS XIS IIE ). AN, PR ZWAFAEEA T F S, Fol Rt T30,
B o MR R BRER, SRR T AR AR T B E AR R ) H RARE 3o o)
AU AR RIME,  FA o i) Tk H a3, XbF— ey ml i, —Sepl -4k o] LA
FUBLEFIOSS R, M0 T fie/b IR, IS4 LRI U ik BRTF R P AR —3ER
A

6.2.2 U

A R R LA A T R T PR ik 2 — . EREEUENE f(x) AT B A A e T
TR AR BARSRE F () i f(x), & WISE Ak 7.

fx+Az) ~ f(x)+ J (z) Az. (6.30)

X T ()" R f() KT @ TR, Fn x LI BRUEETHEARESS , AT H AR R
it Az, {73 ||f (z + Az)|® BEHEN. B TR Az, RAIFEA— LR el 5,

Azx* =argr‘rﬁlimn%Hf(a:)+J(a:)T A:I:HQ. (6.31)

RIS ZRIA T AA—FEE? BRI, B LR HARR BT Ax SRS, 455
AL G, SEIRIT F bR R BT 56

OXPREFER B AR M 6 F S H Mk B
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i@+ I @ e = 3(r @) + 7@ Az) (@) + T @) Ax)

(1f @)1 +27 (@) I (@) Az + Az T ()T (z)TAxx)

L
2
1
2
R EAKT Az 78, JFSHNZE.

J(x)f (x) + J(x)J" (x) Az = 0.

Al AR RN B R

J(x)J" (2) Az = —J(z)f (z). (6.32)
S | SRR
H(x) g(z)

AL T Ax MEMERREA, RIFREMEERE, Wil SirE@HaE

( Gauss-Newton equation ) 5 & IEM A2 ( Normal equation ). FRAHELENMNREE X H, il
Wk g, MR LA K

HAx =g. (6.33)

A CAE H AT 8 0 X He Akl UL, @b i F O JT 464 44 % o Z By Hessian

SEREREML, e CiFR H A i KRREEA RN MBI ORE. WERFA]
REBENITRI i 12 R, IR 2 S0 At ) B0 20 R ol LA

-

L SERIAT 0.
2. A kUGS, Rl R T HAEHE T (i) R S (@)

3. SRffpsE TR HAzy, = g.

4. % Az /N, MEIR. W, £ @iy = op + Azg, REISH 2 5,

MBS IRP T AR 2, B9y BROR R I8 AT e, IR TTREAS IR £ 1 38 B, R
RELRIIE H b5 R BCRENS 1 0 3t T B

J R R R, AT EORME H Y, XA H ORERMERT 6, (HSCRREORE T AR B Y
JIT R E . MR, e ST, nTREH B JJT kA A s A
(ill-condition ) FYTHDL, BURTHEGEAVESEMER2ZE, SECREANE., EWHUBE, JFREEX
[ J AU AR —A IR R, AR, sERARAEOR H B3 S Rapms, IR I 1R G
KK Az KK, W2SBARNTRHAREEIT M (6.30) AEAER, XH—RFA T3 2 ok Mk
HEE RO, WRRE L H bR RS AR AT T REM .

JOAE e A i A X SOl (H AR SR SR AR LR LAk i — i ] A R s, (EASRAT]
o) FEARERMEAL U, HY 2R B AR T LARES WA vk AR A X SRR AR B T
WA () AR FLdE 2t 11 O e i el o fijan, —SZR38FFAE ( Line Search Method )
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MAT AR a, THET Ax FE—LART) o 15 || f(x + adz)|® BB, AR
Wea=1,

G SCAARE— S % R I A e — R PABIE T el — Bk A b i 30 4 i o o fid
A, (EE ASCSIGH AT RE L R A o, wEROR BERR &% ( Damped Newton Method )

623 BISCIWs—IL 25 R4 Dyid:

e S AT PP OR FH AU AL B 2 B R T HLREAE e TT A0 BT A B S B T AR, B AFRAT AR 1
SRR BN IZ LS Az BSIN— 0], FOMEEEIE ( Trust Region ). iXAMERIE S 1 FEAH AN
T ZEE AT A, X TE WA EBR ST 7E ( Trust Region Method ). 7E {5 #i XL, 3%
TR AL s T IXASXER, S ela] g2 i )it

AR, Anfal S 3k A DX SR R e 7 — A P 1) 2 SR AR FRAT T 0 (RIS RS2 o oA
R AR ZE AR RE . AARZES /D, BT URCR A, FeN T R RIE s ez, WRER K,
AR /DT AIVE R . FefTTE L AME45 p K 2T L) dF AR -

[+ Ax) — f(z)
J(z) Az '

= (6.34)
p 53 T2 LR R BT BEIOE, B R IT AR FRRE. Qi p #5011, WU,
Fe p KN, BEBASEBRYE/ N (I8 T IR MR, AR I AL 2, T S/ NI 2
Z, ISR p LR, WIUERSZER T REY He B0 A B, FRATTAT USRI

TR, RO R AEL I AEESE , HESE 2 e W A A B A (1 8CR

. SEVIERTE xo. LAMATTRIEAE AR 1
2. XFH kUGER, TR A WA R SRR o E AR, SR

1 e .
min 5Hf (@2) + J (k)" Az } st | DAz|? < (6.35)

Axy

o, p BAEBIXEEEE, D N RBOEME, BAE5 SCUL.
X (6.34) HH p.

#p> 3, MEEE p=2u.

Hip< i, WHRE p=05u.

IR p KTHBE, WAKIERAT T, 2 zhp = zk + Az
PRI RIS ASCSONR 1575 2 20, RIE5u.

e (L

X TG KRR BIE R R 2 00 ff, T AR i 8 i, 1E2K (6.35) . FRATHE
HEREBRAE T— 800 p B9ERT, IO RTERXAD RN A R . W E D Z)a, XKL
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W ER . TEPISCARs SRR DL ey, 48 D BORPRALRE T, ST EHESE Axy, Z0RTE—
AEkh, Bl SE /KRR D BUSEE O A R ——SEBRaE w O JTT XS TR 7
M, (SRR NI AR 24 SR R S — 2

Tigtnfr, eSS — DS /R Eruer, FRATRE 26X (6.35) IPRE— ATk Ak B
JE L XA TN AN AL R A PE AR, FRMTAIHEAR B H e TR 29 domtic 3 FAreR b, #y
AR BT H PR

L(Az, \) = %Hf () + J (k)" Aa:knz " % (IDAz > - n). (6.36)

N RS T 80T e ik b i, BRI H R BOC T Ax M SECEE,
ERRC R R I R -

(H +A\D"D) Azy, = g. (6.37)

A LUE S, M T A, W R 2 T 0 ADTD. WRFIE TR LA, B
D =1, WA TR
(H+ M)Az, =g.

FAVER], — i, HSEN LBUhE, H 5 BB, X UG SR A R A
LB, 9 AR — DS R A G T R R k. B—J5m, 4 N HECREE, AL &
i F ML, H) SRS — S5 RS i R T—BrAR TR (R FRE ), X i W i)
UL B SRS — S R IEBR AR O SX, ATAE—E R bRk S T R Y AR AL
HFER AR A e A A R, SRR | EHER A A,

fESERRh , SAAEEVF 2 HAbIY 7 2ORR Ak, 180 Dog-Legl®" 55751k . A 1763X LB /i £44
(1, SRR WL B SEAR R ik, R SE SLAM TSR ik . SEPRim) g, FRATiE W
VA 0T A B ) SCAAAR — B 45 AR AR i v B — R A R R SRNG . S (R RRYE i st

FTAE L R TS, WS S — S IR s
e

T A AP AR — AT A B A BT, BT LUK B R B 51 1 e W UL i | 2
Ak 5 8 —— i i A SRS — S S Rk . TRATTRET T S8t i Eadihie. it

OF LA AT REA T AL RUR . (5 HUEU (o] R A 29 AR AFBR T PR B H R BUR & A%, KKT & ik 247 —2L5] [y
A X >0, HA(||DAZ||? — p) = 0. {HEAE L-M 0T, FRATATHEE A RAERIE R H bRk E L, LA ARG
(9FESIT ( Argumented Lagrangian ). {EfF— 00, &R BUGHUSAAE AL . o BARsRES ., sk A 19RGE
R 2 AR R . FTLL, e LR L-M A AR e, (HSEPreh JA T - OGO B R &I T4E



132 5 SLAM +MUifk: MIBEEISERE (5 2 hR)

BEE XA, T LARE— 2D B & 1 1 4P e i B (X2 — R K igkaE ) B, PA
o BT A W RN SCAFRS — T AR s AR R Ak O, TEAR Z PR DAL e rh BB L 28 50 30
FEHRBEA HI P, AT EAE P A T8 . s Ak A BV 22 S PR n) A S A T H, A EAER
B SLAM i EZOAER, E20 TR ) S5 HAL &, Bk g S 0 iz — (IR
FEF SRR RAR A, LA—B ik hE ). IROABiSEEGESRYE A 3680, L i d 2t
Bk,

WIFREB T, Joit At i it 28 SR — 55 R A i, TR ibiTsnd, &85
B R ANPIGI. RUIFSN, XA ERE GRS IR E? YRR, Lhs L, IR E
BT A AR A 58, BT S PRI AN AR WIER . T BhrsR R E 2, S8R =S
LT R 0 L I S W e 2B N S T R (E R o e o5 @ N [ [ R W X2 S S o & LTV o | 5
EACRIEG . KEELESE S WA ST ME. ik, JCS bR RlAm 8, FRf T dtpba
FON A RLEAKIE, HIInLSE SLAM [l FRAT 14/ ICP., PP Z 8 SR IE UL (L wI bR (i
B, — RPN e f ) SR # e )

WAFEEE A2 i B A d A=A e . fa] R 2l e it FRa gy JRATT k] 1 hg
RO R, (FUE e R AR RS A B TR AT MR 1
YA SLAM B L, 289 3] Ax W4ERE KBIFLE e H LT, i SRR O AT AY P — 4k
W, MO RILGX YT LIRSk 8L T 2 m e g, B84 KA R A 7oK
ERZHAN IS IO A, RIAFAE G VF 2B R v B O BEDR e vk . A ARIR] Y STl Ay
AR s =X, AELT-UAT — Ry 2R FLHR R B R 1, FRATT 2 R P B A 1 ke fi
LR, B0 QR Cholesky %4 ik . 148 Jy il B e B S SR bl AR S, 3RA]
A,

FizfE, MAE SLAM HUXAMEREEEA YR i, X b it sRAg o (k) g it 1
ATfiEtE . AV o Ubhira e i, AW EIER T, e, o b TR i
i, SiRMAOBCRRKIES . R ZIFRAILIE L, 48850 — 7 28 e — M09+l k-
AT AT JURDEE 28 R pY st a] Ry wloR i b e . HERL PRI S 1 S e g e 1T . i SLAM
WL TERENS SCR e, 2y 7 RBUERE M sy, W ERE R, B i e
SLAM HiksiA Sl B 12 kah 10234,

6.3 Scitk: HhZhaild

6.3.1 THRliik

Rk, AT AT B AR 51 he U0 W A o i de /s — SRl Al A7 gl -5 g B0 4
ik, SRJG A G el S R AR PSR A Il X T[] — Nl ik s 505 205 B RO 4528
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FRAEN TR OB R,
F 18— 2R A LU R £ -
y = exp(az® + bz + ¢) + w,

Hrr, a,b, e HIMERIZE, w @A, R w ~ (0,0%), IRATEBCEESE 1iXFE— A HELAE
B, fEREAE TR R BUE, RRIRNA N KT 2,y BOIEE &, ARG S HEE

MR IR BB IB4, TTLICKR T e el LG ik S50
N
ZHyt—exp (az? + bz; + o)|°. (6.38)

R, fEXA g, SRR a, b, ¢, AR z. RAOTAFRIT B AR HE R 8 A4 Bl

o,y MEA, SRIEE B mEir o igngrs . Bl , R A i Wi i B 5 2
ROy, s SGRZE R

ei = y; — exp (ax? + bx; +c) , (6.39)

W2, ATRASK AR 2E T AR AR ) 4

% = —a7 exp (ax? + bx; + c)

Ha

% = —z; exp (az} + bz; + c) (6.40)
aei

5. = ~CXP (az? + bx; +¢)

< T —e = », = >
TR T =[G, S Bl g R

100 p 100
(Z Ji(e®) LT, ) Az = Z —J;(c?) e, (6.41)
i=1 =1

AR, FRATA T DI FRERT A B9 J; HE—3, BT RERGERER, AdErE 5K
AR 2. Fimf U R X R T T Y

[® slambook2/ch6/gaussNewton.cpp

| | #include <iostream>
2 | #include <opencv2/opencv.hpp>
1 |#include <Eigen/Core>

+ |#include <Eigen/Dense>
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using namespace std;

using namespace Eigen;

int main(int argc, char **xargv) {

double ar = 1.0, br = 2.0, cr = 1.0; /7 FFE AR

double ae = 2.0, be = -1.0, ce = 5.0; // AE A A

int N = 100; /] E g B

double w_sigma = 1.0; // %% 7 Sigmafl
double inv_sigma = 1.0 / w_sigma;

cv::RNG rng; // OpenCVIi ALt = % %
vector<double> x_data, y_data; VI €7

for (int i = 0; i < N; i++) {
double x = i / 100.0;
x_data.push_back(x);

y_data.push_back(exp(ar * x * x + br * x + cr) + rng.gaussian(w_sigma * w_sigma));

// 7t 4% Gauss-Newtoni% /X,
int iterations = 100; /7 AR R E
double cost = 0, lastCost = 0; // AKi&EKcostH £ — kXK 1 cost

chrono::steady_clock::time_point t1 = chrono::steady_clock::now();

for (int iter = 0; iter < iterations; iter++) {

Matrix3d H = Matrix3d::Zero(); // Hessian = J°T W {-1} J in Gauss-Newton
Vector3d b = Vector3d::Zero(); // bias
cost = 0;

for (int i = 0; i < N; i++) {
double xi = x_datalil, yi = y_datalil; // #iA4iE L
double error = yi - exp(ae * xi * xi + be * xi + ce);
Vector3d J; // e+ H4E %

JI0] = -xi * xi * exp(ae * xi * xi + be * xi + ce); // de/da
J[1] = -xi * exp(ae * xi * xi + be * xi + ce); // de/db
J[2] = -exp(ae * xi * xi + be * xi + ce); // de/dc

H += inv_sigma * inv_sigma * J * J.transpose();

b += -inv_sigma * inv_sigma * error * J;

cost += error * error;
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75
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%6 IFZMEAK

[/ RB&MH4E Hx=b

Vector3d dx = H.1dlt().solve(b);

if (isnan(dx[0])) {
cout << "result is nan!" << endl;
break;

if (iter > 0 &% cost >= lastCost) {
cout << "cost: " << cost << ">= last cost: " << lastCost << ", break." << endl;
break;

ae += dx[0];
be += dx[1];
ce += dx[2];

lastCost = cost;
cout << "total cost: " << cost << ", \t\tupdate: " << dx.transpose() <<

"\t\testimated params: " << ae << "," << be << "," << ce << endl;

chrono: :steady_clock::time_point t2 = chrono::steady_clock::now();

chrono: :duration<double> time_used = chrono::duration_cast<chrono::duration<double>>(t2

t1);

cout << "solve time cost = " << time_used.count() << " seconds. " << endl;
cout << "estimated abc = " << ae << ", " << be << ", " << ce << endl;
return 0;

135

FERX A7 rb, AT S 1 Anfapxd — AN S g LG B T A AL . @i H 2 TR R

i, RESAEFEEENARRFE . %R P 5 — LR B AR BE AR i, anE .

[B) 2% 3 i i -

/home/xiang/Code/slambook2/ch6/cmake-build-debug/gaussNewton

total cost: 3.19575e+06, update: 0.0455771 0.078164 -0.985329 estimated params
2.04558,-0.921836,4.01467

total cost: 376785, update: 0.065762 0.224972 -0.962521 estimated params:
2.11134,-0.696864,3.05215

total cost: 35673.6, update: -0.0670241 0.617616 -0.907497 estimated params

2.04432,-0.0792484,2.14465
total cost: 2195.01, update: -0.522767 1.19192 -0.756452 estimated params:

.
H
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1.521565,1.11267,1.3882

total cost: 174.853, update: -0.537502 0.909933 -0.386395 estimated params:
0.984045,2.0226,1.00181

total cost: 102.78, update: -0.0919666 0.147331 -0.0573675 estimated params:
0.892079,2.16994,0.944438

total cost: 101.937, update: -0.00117081 0.00196749 -0.00081055 estimated params:
0.890908,2.1719,0.943628

total cost: 101.937, update: 3.4312e-06 -4.28555e-06 1.08348e-06 estimated

params: 0.890912,2.1719,0.943629

total cost: 101.937, update: -2.01204e-08 2.68928e-08 -7.86602e-09 estimated

params: 0.890912,2.1719,0.943629

cost: 101.937>= last cost: 101.937, break.
solve time cost = 0.000212903 seconds.
estimated abc = 0.890912, 2.1719, 0.943629

5 UL AN ] 4 H bR sR B AC 9 I B ies, S A T AT S S 4
T, BREEMRIE 6-1 Fir. EEHFTENLE (EEIFENA CPU & i7-8700 ), {EfbHintZy
0.2 ZFb, TR 122l A 20 58 iR RE AT 55

-
o | *
R

» i

30

20

10|

=02 0.0 02 0.4 0.6 0.8 10 12
X

H6-1 RFo=1HEHEMEER. ALHEAMGEIHEA T L

6.3.2 {Iifl] Ceres BEfFIZRIA

AW RES G C++ BIPIE: K A AR Ceres P BB TG g20 BT, [H]
A H] g20 il S A 23— AL R A G AT, FTLAFRAT ek 40 Ceres, SR 40— 2L fk 1k
B, RIGEH g2o. RO RAEZ SR "W A" Al e Ao B, P
B HUEREARENE S, MRERFNA.
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Ceres Wi

Ceres J&&— " Z I 0 fic /N — TR MR A 1% . 7E Ceres P, AN, HATHEIR—%E
WBRE SRR AARAGIRI R, SRS AC RN T3 . Ceres SR i1 f5c/N —Ffe i e — S IE XA~
(fy 10 51 % o Bt /N — 3 ):

.1
min =3 pi (15 G-+ i)l

st l; € ¢; < uy.

(6.42)

fERX AP, 2y, 2, APLIEER, RS EIR (Parameter blocks ), f; FRARMEEE
( Cost function ), tFxAsE2EH ( Residual blocks ), 7E SLAM htu ] B IR 2200 . 1; Al u; A
55 7 MR R FRRFN R, RS T . U = —oo,uj; = oo ( AFREILALAE R YL
B et HERRERIFZ T H I — R p(-) ZJFRMAR® . R, LA p S
AL, 2 HAReRERN AV Z I F R, FeATeiAS 3 T LR i e/ h S mIE, FSehir4in
b1 g s i

A T ik Ceres TIRATTR AR A IS, FAVH BT LS

1. € RS EE. S8BGE T L mE, (BE7E SLAM HAun] PUE O ocH . %
RBOX PR RI S . IS i, IR AN THZ N A S IS — 1 double B4k
FEAE7E BRI

2. GE SRR EHAGTE 0, RGO TSR, ME T T2 B e LR,
SRIGIR 5% 22 . Ceres XV EA RF-Ir M2, 1F R His sk B9 {E .

3. BRI TR SCHERT L3 )53, £ Ceres th, RATEMEFHEIRHLM “HzhK
T OiRe, Wl LLFshaE T e . iR AR, IBAKERGE
R SR RS . R2ETHR BRIV 2R — R S A . X I T
UL Sl

4. JUFTA S EIRBEZEHMA Ceres 52 LI Problem X4, A Solve sRECK BN W] .
KAz, ATTLMEA —SERCE(E R, Bl R, ZIE&M%, WarLEHEOA
A BC 1

N, FRATH S PR AT Ceres =R il M2 40l &) 8, PRARILAL A0 FR .

i Ceres

A T {HH Ceres, FAT77 2T & A T4i1F 4 %% . Ceres Y GitHub Hihl ' https://github. com/
ceres-solver/ceres-solver, {Rtln] LA T{%fli A Srdparty H o HLH Ceres, XFEIRKE

O pRACH TR R LA 9 DF
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FIFRAE FH ¢ 4= —FERI AR
S 2Z Rt R A FE—FE, Ceres J&—1 cmake T F#., JoAZe% & MG, 7 Ubuntu &4 1]
VA apt-get %26, FEEAF K [ Ol iy —2 J ARG T A

LES T PN

sudo apt-get install liblapack-dev libsuitesparse-dev libcxsparse3 libgflags-dev libgoogle-
glog-dev libgtest-dev

RJG, MEA Ceres TEH T, i cmake 4k If 3, kP dBRRNCLMudBEHE 1,
WAPA PSR 22585, 1E /ust/local/include/ceres F4% %! Ceres i3k 4, F7F /usr/local/lib/
TR E|% A libeeres.a MIZESCIF. A T ax e 0 fF, skl LA FH Ceres #EATALITEL T

{8 Ceres {5k
T rACRS R T Al fili ] Ceres SR fif [RIRE A4 ) 1

[® slambook/ch6/ceresCurveFitting.cpp

#include <iostream>

#include <opencv2/core/core.hpp>
#include <ceres/ceres.h>
#include <chromno>

using namespace std;

/7 R F i AR
struct CURVE_FITTING_COST {
CURVE_FITTING_COST(double x, double y) : _x(x), _y(y) {}

/] AN
template<typename T>
bool operator () (
const T *const abc, // A4 K4, A34
T *residual) comst {
// y-exp(ax~2+bx+c)
residual[0] = T(_y) - ceres::exp(abc[0] * T(_x) * T(_x) + abc[1] * T(_x) + abc[2]);

return true;

const double _x, _y; /1 x,y3
};

int main(int argc, char **argv) {
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double ar = 1.0, br = 2.0, cr = 1.0; /1 B FE KB

double ae = 2.0, be = -1.0, ce = 5.0; /] 15 AL

int N = 100; /] B

double w_sigma = 1.0; // % #Sigmaffl
double inv_sigma = 1.0 / w_sigma;

cv::RNG rng; // OpenCVEAAL#K * 4+ 5
vector<double> x_data, y_data; /] A

for (int i = 0; i < N; i++) {
double x = i / 100.0;
x_data.push_back(x);
y_data.push_back(exp(ar * x *% x + br * x + cr) + rng.gaussian(w_sigma * w_sigma));

double abc[3] = {ae, be, cel};

VAR CE: 3 = S0P ]
ceres::Problem problem;
for (int i = 0; i < N; i++) {
problem.AddResidualBlock( // )08 PR AR £ R
/R AHEREF, ERAM. FEER WBLEE BARE, fHEZLHWWEstruct? — X
new ceres::AutoDiffCostFunction<CURVE_FITTING_COST, 1, 3>(
new CURVE_FITTING_COST(x_datal[il, y_datalil)

)5
nullptr, /l BmEE, TERER, AT
abc /] EAEIE AR
)3
¥
/ REXRE
ceres::Solver::0Options options; /] X RAHIR S EERTLH

options.linear_solver_type = ceres::DENSE_NORMAL_CHOLESKY; // ¥ # B4 fTK#H

options.minimizer_progress_to_stdout = true; // % % cout

ceres::Solver::Summary summary; /1 ALz &

chrono: :steady_clock::time_point t1 = chrono::steady_clock: :now();

ceres::Solve(options, &problem, &summary); // F#4L4L

chrono::steady_clock::time_point t2 = chrono::steady_clock: :now();

chrono: :duration<double> time_used = chrono::duration_cast<chrono::duration<double>>(t2 -
= B

cout << "solve time cost = " << time_used.count() << " seconds. " << endl;

/] R
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cout << summary.BriefReport() << endl;
cout << "estimated a,b,c = "

for (auto a:abc) cout << a << " "

cout << endl;

return 0;

R E R AR e R, aTLIES], IR OpenCV (M A il g8 4E m 17 100

Aty e SR B BdE . RS A Ceres HEATHG . IX BTN Ceres FHEAT U0 F LI .

1 EXFRERPE, NEERE —128 (S8R ), JFEShE CHBERZSEN () 25
£, XFEZE A T — MRS ( Functor ) @, X FfiE S Udi415 Ceres 1T LIGIH H bR
B, MHZERHANE (Heliia) W a<double>() k. L, Ceres 24UHENT [L
M FEAVE BRI S B AR B, MM SE 80 3R T 1996k -

2. F&JF 1Y double abe[3] BP S 4k, ifixf Fak2edl, ARG EdE#E CURVE FIT-
TING _COST %4, #RJ5¥# 1 AddResidualBlock $fi% 227 s Hbrek . i Fiiik
TAEBERE, TATAA TRERE: (1) @i Ceres BY H RS ( Auto Diff); (2) fli AU
KT (Numeric Diff) ®; (3) HATHESMITAFEOE R, U4 Ceres. 2R A K F1E
il LR EOF R, TRROIEH A K S.

3. HIKSWEREIREMARAE RO . X BARE AR, 4N 1 R
a,b,c =i, HEE R 3. TR, 7F A3K 538 AutoDiffCostFunction AR 28 b ik %
WA R 1. 3.

4. BOELFREE, W Solve rRELIATR . VRV LITE options AL (AEHTEANNY ) L1k
VeI, filhn, AR Line Search if /2 Trust Region. i£{CcE. i, %% . &
Al LA Options AE L, BAEA ML L riknlig, REBOAMBCE C 2] TR 2
Y [a] 8 T,

fea, WAPDRBEBLLLE R . A build/ceresCurveFitting A FHLILA5 R :

ite

T cost cost_change |gradient]| Istepl tr_ratio tr_radius 1ls_iter

iter_time total_time

0 1.597873e+06 0.00e+00 3.52e+06  0.00e+00 0.00e+00 1.00e+04
7.92e-05

1 1.884440e+05 1.41e+06 4.86e+05 9.88e-01 8.82e-01 1.81e+04
1.05e-03

2 1.784821e+04 1.71e+05 6.78e+04 9.89e-01 9.06e-01 3.87et+04
1.09e-03

OC+H Rifi, WA SBIAT I AL SRR, s h R — 1 pR
Q@ H R Sl T BE PRI, (il T RSS2 AT,

0 2.10e-05

1 5.60e-05

1 2.00e-05




3 1.099631e+03 1.67e+04 8.58e+03 1.10e+00 9.41e-01 1.16e+05 1 6.70e-05
1.16e-03

4 8.784938e+01 1.01e+03 6.53e+02 1.51e+00 9.67e-01 3.48e+05 1 1.88e-05
1.19e-03

5 5.141230e+01 3.64e+01 2.72e+01 1.13e+00 9.90e-01 1.05e+06 1 1.81e-05
1.22e-03

6 5.096862e+01 4.44e-01 4.27e-01 1.8%e-01 9.98e-01 3.14e+06 1 1.79e-05
1.25e-03

» |7 5.096851e+01 1.10e-04 9.53e-04 2.84e-03 9.99e-01 9.41e+06 1 1.81e-05

1.28e-03

solve time cost = 0.00130755 seconds.

Ceres Solver Report: Iterations: 8, Initial cost: 1.597873e+06, Final cost: 5.096851e+01,

Termination: CONVERGENCE

estimated a,b,c = 0.890908 2.1719 0.943628
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TR 1 A g0 as RAEAAAN] , (HIZFTHEE [ Ceres ZAAXI 18—, 1E%
EHNTELLE Ceres ZUHH 17 1.3 280, XILTS ik 174754,

i R 3 L X TR SR 8] X Ceres AU HINIEA — KRBT i, ERIEAUESRME T A s
R TH, A LT RARBRBTHE AT LERE . Ceres Y F 8K Sl b BEROCSCELAY , 71
PRI IS AT L5 i 1 SR 5 A, AR R B S 8. A AR AR A I T3 8R 2 4 24 HE AT He R G
(A, PR O R o) B e ) R A R Yy, i LA A b AN B, SR, Ceres HUALALIE 2
Ao WREE, IS AR Zahh R mIE, (5% SLAM 2Z S0 )25 Fha) it

6.3.3 i g20 B TiINEAU

ACPFIH 2 DB 41 ) A (E4E7E SLAM @ ) | Rl - AL - 220 ( General
Graphic Optimization, G20 ). Bk RN, FILLRE AR I S Ee s &
RS, I EM ez, RAOTE— R AE e,

PAEAEER R

FRATC 24 7 AL — e nysK g . BN PR MR 2 IREZ M4 . i, H
PreR B R TR A 2 AU, (HIRMTRAT R ENZRIA KB i, KAk
ity fAE T2 ATy JRATRECRIEXT E MR B XA t—4, FA143Re
FERUA R St AV RAA S-S o 7 = R R Rt 2 Il S g o

R7 A (k7 i A T =L LR L W 5. e 1] 1 Pl oy <A o 5] P 2 S S
T ( Vertex ) . VASGEFEATIXMETUAAIA ( Edge ) A1aL. #kil, ABlaXr RHETE, Hik
RIRET, T2, AMEE A BRI M e o, FATaT LA S 22 X ) — 4B
FRAT AT AT S P e o B ] DUFIAREA PR LAY 5 SC, PRz g DU R St B e R
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Fl 6-2 Z—A S AL H] 7. RO =M MHLEIE T s, B RRikbrd, &
TR T EORACR T s[RI, SEERFRRAPLINIZ A RS, 2 m WA RY , i TR R 1 PR
Herit e Mok, FAREEAS R EC A T 2K (6.13) IRRE, ELELAEFRATT AT A SO0 7 21 ) 23t
M7, WRAE, WiTERIGI R SRR EaERS ( SREBRHRE, EHEX)
RITRL A X AR B Bt . (H R B AS 1Y P AR A PRI R A ik — AR MR i/ N e iy Ak ) 3L i
FRATTET LA P VR 1 L6 P SO 4 B A

O st 5

> frgstis
..... R P
R

2 s
B 6-2 FE ey F
g20 B—EHMENALE. B EWRE R LIE g20 HORAHT T REWS &m b BRIy
/N IR, WARAAE RN G R R A R R X AN R
g2o0 MGgIFE SR

TEM A —ANEZRT, A THEXTE TIP3 VIR LR 0 R 2 UGt 1,
EATEEAKE/NFET g20, 34 Al LA GitHub F#E :https://github. com/RainerKuemmerle/
g20, BOAARFERAER S = RESPE iR 15 . th T g20 B AEAREE HHT , BT LAE & dEISUUR {4 3rdparty
T g20, DMRIERMA S ZEH AHE .

g20 /&1 cmake T2, FRAIJeH L & R (KN Ceres TH ):

R 3m RN .

sudo apt-get install qt5-gqmake qtb-default libqglviewer-dev-qt5 libsuitesparse-dev

libcxsparse3 libcholmod3

SRIF , $5 M cmake Y 5N g20 FEATHR PR LRI AT, 3k LIS FS R0 i PR IR . LR SE U
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220 M3k SCIFR# T/ust/local/g2o ', FE SCH4-3 F/usr/local/lib/ . BRAE, AT TH % 1& Ceres il
b RIS 05, 7E g20 L ikl .

{1 g20 AN
N TAER] @20, BRSNS ISR GRAE L. X, REcfETwRAnasE
B, ARETUNAT . fhZAPl G 38 1 P AR R mT DL & 6-3 B .

() et EsR T
RECHEFI T 32

(L

Me63 HAEMAMMYEMRMKE (KL HLPHABREDHFF

TEMZA G g, A H A T MBS HE a,b,c; &7 A 1YL
Yook, AR T — AR ZET, R EIUE . (HEX B A SRAT R R A R —FE, B
Jt—7tif (Unary Edge ), H) A#EE—ATE HoAEAE RA s rLAER 6-3 1, 3K
fTHAEE e AR F CER A SR, H32 L, B —hnl IR —4 . WA E4 T
M, XEERBEMRESZONMUEERA G, TEMALE X EET, RITLEMERR
( Hyper Edge ), #/~[<n{f#E ( Hyper Graph) ©.

T TR 5, e P ORERAE g20 PESTIZBRLAITIRAL. 1B R g20 BURHF, AT
L GIE R S D VR &

L. SCTOLS RN 2 7Y,

2. A,

3. PR

4. HH g20 #EATHREAL, IRMIZER.

XA Ceres EARH LI, YRBRFEDS Lo AR, FEERERT.

ORIREHIFAREWRAH LM Lk, EHERTARELH.
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[A slambook/ch6/g20CurveFitting.cpp

#include <iostream>

#include <g2o/core/g2o_core_api.h>

#include <g2o/core/base_vertex.h>

#include <g2o/core/base_unary_edge.h>

#include <g2o/core/block_solver.h>

#include <g2o/core/optimization_algorithm_levenberg.h>
#include <g2o/core/optimization_algorithm_gauss_newton.h>
#include <g2o/core/optimization_algorithm_dogleg.h>
#include <g2o/solvers/dense/linear_solver_dense.h>
#include <Eigen/Core>

#include <opencv2/core/core.hpp>

#include <cmath>

#include <chrono>

using namespace std;

/) HERBR R E, BB AM: KT THT MR ER
class CurveFittingVertex : public g2o::BaseVertex<3, Eigen::Vector3d> {
public:

EIGEN_MAKE_ALIGNED_OPERATOR_NEW

/I ER

virtual void setToOriginImpl() override {
_estimate << 0, 0, O;

// E3
virtual void oplusImpl(const double #*update) override {

_estimate += Eigen::VectorBd(update);

// GHAEE. BF
virtual bool read(istream &in) {}
virtual bool write(ostream &out) comnst {}

i

/1 FEBRR BERAL WAEEE, R, SHEME LD
class CurveFittingEdge : public g2o::BaseUnaryEdge<1, double, CurveFittingVertex> {
public:

EIGEN_MAKE_ALIGNED_OPERATOR_NEW

CurveFittingEdge (double x) : BaseUnaryEdge(), _x(x) {}
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A R 38T

virtual void computeError() override {
const CurveFittingVertex *v = static_cast<const CurveFittingVertex *> (_vertices[0]);
const Eigen::Vector3d abc = v->estimate();
_error(0, 0) = _measurement - std::exp(abc(0, 0) * _x * _x + abc(1, 0) * _x + abc(2,

0));

/7 A AR T e R

virtual void linearizeOplus() override {
const CurveFittingVertex *v = static_cast<const CurveFittingVertex *> (_vertices[0]);
const Eigen::Vector3d abc = v->estimate();

double y = exp(abc[0] * _x * _x + abc[1] * _x + abc[2]);

_jacobianOplusXi[0] = -_x * _x * y;
_jacobianOplusXi[1] = -_x * y;
_jacobianOplusXi[2] = -y;

virtual bool read(istream &in) {}

virtual bool write(ostream &out) comst {}
public:

double _x; // xfi, y{i# _measurement
¥;

int main(int argc, char *xargv) {
/1 H BV A AR 5K A
// M EEAR, ik Eg2o
typedef g2o0::BlockSolver<g2o::BlockSolverTraits<3, 1>> BlockSolverType; // #FANi% £k
O F A3, R EMUGE D
typedef g2o0::LinearSolverDense<BlockSolverType::PoseMatrixType> LinearSolverType; // & &
K s £

// ¥JETF Mk, TVAMGN. LM, DogLeg'¥ ik
auto solver = new g2o::0OptimizationAlgorithmGaussNewton(

g20: :make_unique<BlockSolverType>(g2o0::make_unique<LinearSolverType>()));

g2o::SparseOptimizer optimizer; /] EAER
optimizer.setAlgorithm(solver); // X & K%
optimizer.setVerbose(true); // FT TR

/1 AR G A TS
CurveFittingVertex *v = new CurveFittingVertex();

v->setEstimate(Eigen::Vector3d(ae, be, ce));



146 M5 SLAM +M0i: MIBICBISERE (5 2 ki)

83 v->setId(0);

84 optimizer.addVertex(v);

85

86 /BB YAk

87 for kint i =0; i < N; i++) {

88 CurveFittingEdge *edge = new CurveFittingEdge(x_datalil);

89 edge->setId(i);

90 edge->setVertex (0, v); // X E HEAEN TR A

91 edge->setMeasurement (y_datal[i]); /7 WL E AL

92 edge->setInformation(Eigen: :Matrix<double, 1, 1>::Identity() * 1 / (w_sigma * w_sigma
i /) BRES. WA EEGZE

93 optimizer.addEdge (edge) ;

94 }

96 /7 PATHRAL

97 cout << '"start optimization" << endl;

98 chrono::steady_clock::time_point tl = chrono::steady_clock::now();
99 optimizer.initializeOptimization();

100 optimizer.optimize (10);

101 chrono::steady_clock::time_point t2 chrono::steady_clock::now();

102 chrono: :duration<double> time_used = chrono::duration_cast<chrono::duration<double>>(t2 -
t1);

103 cout << "solve time cost = " << time_used.count() << " seconds. " << endl;

104

105 // AR AA

106 Eigen::Vector3d abc_estimate = v->estimate();

107 cout << "estimated model: " << abc_estimate.transpose() << endl;

108

109 return 0;

o |}

TEXMEIF A, FROT g20 IRZAEH T HF 24500 AR T 5 Rl . CurveFitting Vertex il
CurveFittingEdge, XS5 4R 1 g2o Ml H . XA~ 253 0 R 4k | BaseVertex #il BaseU-
naryEdge%‘li FEIRAEZE T, RATES 1 H S R

TS B B PR oplusImpl, FRATALE UL B i 2L ARG 5 Ax 9THHY, 1T PR L
KU_‘IEE‘JE Ty = @y + Az 1T FE
B WA XA R AES — RS, FPEAUEAS R SRk mics, ot 4 g2o
ARERATE e &Gt , b TR (S50 AS i TFmE Ee]ﬁlq‘,
ii/l\ﬁﬁﬁﬁﬁﬁ]':‘L'ﬁ'jﬂﬁa"gfﬁﬂgﬂﬂ%—4 (B, S ATE M Eas Mrh ey, Fln o &
B, EARBA—EAINEEH, KB, S gi%ﬁiXiEiﬂﬂﬁﬂﬂiﬂﬂ.ﬁﬁ’\]fﬁﬂ'i
MIATHR T FEIRES 4 UFRfeRs . FRATATRE M FH A e sy ol A e s, i AN 2 ELAZERy vk
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o
=
Tt
=
=
mg
EE\
o
w
LD
z
o
(=1
5}
5]
5
=

,,,,, B FLE, FeArEAh T HE B R AT
R ZET L PREL: computeError. % pRAECHT ZECH 320 T 422 00 TS S A T HEL, AR I
MBI, 5 e I A A T G . 3 AR N 3R [ S e g 58 2 AR — 30
4. WAHERT HETHSY PR linearizeOplus.. iX 4~ PR AT 1 43 2 A T I APHERT
5. AFREANEREPREL: read. write, M TFIRADEARIEITIEL / B, AR .
E ST T iz )5, FATT7E main sRECE S ] T — N IREAY SR 5 He IR A U e s Bl , 18
IR h A N T s Fnid , f S AL IR B T . g20 B4R HIRILRYZE R .

CESE TF

start optimization

iteration= 0 chi2= 376785.128234 time= 3.3299e-05 cumTime= 3.3299e-05 edges=
100 schur= 0

iteration= 1 chi2= 35673.566018 time= 1.3789e-05 cumTime= 4.7088e-05 edges= 100
schur= 0

iteration= 2 chi2= 2195.012304 time= 1.2323e-05 cumTime= 5.9411e-05 edges= 100
schur= 0

iteration= 3 chi2= 174.853126 time= 1.3302e-05 cumTime= 7.2713e-05 edges= 100
schur= 0

iteration= 4 chi2= 102.779695 time= 1.2424e-05 cumTime= 8.5137e-05 edges= 100
schur= 0

iteration= 5 chi2= 101.937194 time= 1.2523e-05 cumTime= 9.766e-05 edges= 100
schur= 0

iteration= 6 chi2= 101.937020 time= 1.2268e-05 cumTime= 0.000109928 edges= 100
schur= 0

iteration= 7 chi2= 101.937020 time= 1.2612e-05 cumTime= 0.00012254 edges= 100
schur= 0

iteration= 8 chi2= 101.937020 time= 1.2159e-05 cumTime= 0.000134699 edges= 100
schur= 0

iteration= 9 chi2= 101.937020 time= 1.2688e-05 cumTime= 0.000147387 edges= 100
schur= 0

solve time cost = 0.000919301 seconds.

estimated model: 0.890912 2.1719 0.943629

FEA D o B — AU LA TR R, kAN T 9 S HBILILES R, 15 Ceres FITH
WA BREAZE L. B TR, RAERASIERFERT g20, 1M g20 tRT Ceres. XJ2E
RIS B p 2, Sl YR L R BRI I . (HRATIR D Ceres (/T FI 8)
KRG, HRMARACE 5 IuE A2 —8, LA RRE L.
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6.4 ek

AN T SLAM 285 6l B 1) — FhAE LM 8. i 2 AR 225008 Jr FIEH A /)
TRl FAING T E M CRSRAE, JF Hihe 7 ek SR NRE S ik fs|
SAARS—S S /R¥E ik, AESCEIR T, Al 7S SRk . Ceres Fl g20 MR IEIE
KR — LA, ZEEN 4 M AR AR .

H T %A TEA R Bundle Adjustment, F A THE S 248 1 240l 5 X FE— A~ ] R {E AT
FTHEMBIF, LUER — R AEL s ek oL, Filie, WA g20 A PlGihek, 24k

. MIELZ T, Ceres & IR ZEWUR MR ALG SN (4R TIRZ, O EASRME A% 9K
i, 76 SLAM i L mIBHE, —ANHAVEZ AL 2 FNiT 22025 ] s A D0 Ak [ 5 o o] oK fi
T, SARPLO R LA RBEORIT, 1R 250G AN 28 ) 25 an el i3, B2 —HE TR
PHERS ., ROPEEIG SN AR AL, g2o0 #4441t 7 AE Ry T0L e AL, AR FE T AHAILO 2341t
[, TFE Ceres 1, FRATATEA A LB AE—> Cost Function, 47—SE il

TESLEAR T P PSR rh, FRATTEAT 25T PRI AR G T S8 80, mibeAH ik
PEREER T, XA RS MG ER S {1 . Ceres FESEL 1AL AR ICHY I ahR S FZFTIRY
BUER T, 1 g20 HARME IS THHERER S —Fhor s, (R, SR 8m, WRAEasE 5
HEHE AT AR R AR TR SO TS URIAE I, 550 nT A kE S BUER rb (91 22 () R

e, A EBIEEA ARSI Ceres Fll g2o iXSE Al FHAR i B 09 ol hir—HFh &F 12k
AR (R Ceres I E AR NG 12 AT, LAK g20 MR AOICHS ), (R
Ja, e R =0 AR, MEES Y E. RATEAE SLAM J5sm— b 4k 2215 ie 6 i
PE . BeRE. A ) E

]

. EAZE R Az = b S FEUL A BUERT, I/ Tf i = (ATA) 1 ATh.

2. JAMHECE FREL . Ak . S S SR — S AR A S A At B
T IRATZE) Ceres PEFN g20 2, A WRELH HIMOMEALIE? (RATRE 24k 52 MATLAB
M%)

3. AT A e Ak A 1 R R BUE R AT REA IRy A B A tH AL L i atE
RGO T AR E 17

4. DogLeg JeAt27 &5 @AWk Mg SCAAS— S & IR R LAy 57 48 R AR C A+
B,

@, http://waw.numerical.rl.ac.uk/people/nimg/course/lectures/raphael/lectures/lec7slides.pdf
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5. [)i% Ceres BYZ“##1 ¥} (http://ceres-solver.org/tutorial.html ) LA S 4fh%Eds H

fili:
6. Bt g20 FIAP SR, {RAGFHHREND? INEERTESER T, AR 10 VERISS 1
2 I AT

7.5 5 Mt R LA e T A 2R AR, G Ceres 1 g20 EATHRAL 288 . Filhn, wf LA
EAINE- 2 € =B L i



"’
S



& i

P R 1

FEB#R

1. P PR AR SR8 S, JF SR 1F B PG b BRI A5 Ke 22 W PR rh DC AR 504
7o

2. PRI LATE R, AR LT 240, 0k R 2 RIS PLE = 485350 .

3. HE PNP (W8, LA KR E 0 = dEgh # 5 PG A3 1 D6 R IS =4z 30

4. it ICP (AL, LA KA 5 25 DT I G F R i AR AL =4k 3,

5. PR Al ok = A AR ARAE T AR MG T XTI S R AR SEH

AATHT A0 T IS s 7 BRI T PR BAATE R, FF O T LIRS A R S R AT 12
MAPEIT U, FRAT IG5 AR TR A AR T A0 AR RIS 2 DRROBTRY , 03 23 e AR
Jr st . I PG A PR 4 R APERUE — 3 2 M2 LR T B TR T
B FRIESGEADETI . AP, JRAT A 202 AE R Al S RORIDC RO Al i, A ey
AR EC R R E s AG THARDLIZ 3).
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7.1 FFRAEALE

(55 2 b, AL, 4> SLAM REE5 ARiamFG s, Hebpimd s s At
L0 R AR A AR SR EHR i BAG T RS I ARNLZE B, 485 SR A i th (. P AR
AL R MRS SHERGEFEREE . I TRESE AT, KALCE ( HEIMAE) 8
RS AR R k. BERARE, MOUR ., shEYIRABURGILE, & BTt E A
MR TS AEATED, FRATHERE SR AT, 22 g4, PERCEMQAFIE L, ARGl
Witz [ i A BILIZ sh g skl DA SE 30— M) 058 B AR . X R REAT R R R A L
fa] ( Two-view geometry ).

7.1.1  FEAEM,

A LR A A O ) B AT AR IR B R A 1T AB LB B . AR, PMRA B — s e
Rl IR ] (1B E R S B PR T S e L o W e | S D T O R 2 0L € i <
o, MEHR P LR R RN & . S S ERPL AR R D B E SRR, TR
REAE A T EUR IR BRI A . SRS, 7EX e i LRt b, THSMpLEIEAE TR, DABGX S
HERL @, fE2e i SLAM BRI JRATTRRIX 2L SO BEFR . TAEALE SLAM o, B4R EE &
(@45 1E ( Feature ).

WA TR E X, EURAHIEE — A SRR S HEMER, HHRAE S Ik T BARE L
BT, i 5 Z, HERBRREENS —MEFRIARN . —AIFNREXT SR E1E % LR
T A OCHE L, T LLZARRMIE A AL D T KBRS X REE A TIIFY o B S AE T LA
MK BEQAAE R 2 XA E66, BT AT Sy, S EUSIR E R—Fh “FRAE” . (B2, ZEE AR,
KNG EHERERNZEZ EREFRE, MKEEZER ., EE . WEM B w ™ E, EN
IR AR AR R K, AgfasE . BRSO, YR AHPL A & D B SUER, Bk hE
M PEIG T 2 i Ty 2 R — A~ . A, AUEIKRBERASRY, FRATTT L0 BUR SR A

YRR P A AR . RATE RS b eE H, MR G P Bl TR e B
1 i PG L BRI — R U R (R X — 2, PRORI Gl 2kt it PSR AR LAY s fa i A
P PG et B ] X R fr PR A . FRATT A BR, PRMR b At o A L TR X 5
SRR, EAEIEMRZ M BEREE S GE . AL, —Fh A SEBURRIE B A R AE A R
BRIEHEA L, HETTTRXNE AR FEX AL T, M T e, MR RE A
2%, il Harris ff 5038 | FAST #8039 . GFTT 5400, 445 S TR 2000 4E ARG H
{TKER7S

SR, (ERZEOHI, Ppaif i SRR REN LRI TR Z K. fln, MiEdbE FEE
Fr ROy, AL Z )G, TRERE AR R NS T B, MR ARDLES , ARSI R
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A, FATREAE S BN R — sl 1o il S RHLILSE SR BT T AT £ AR
Wit TP ENASRE B R B EUSARHIE, g 44 1y SIFTI | SURFI# ORBI®, 4545 A

1. ST M (Repeatability ): AH R (94FAE ] LIZEA R & 4k 5]

TR A ( Distinctiveness ): AN ] AFAEA A [a] () 221k

s (Efficiency ): [Al—E&H, FRAESABCR N 2E /N TR AR .
At (Locality ): FFAEALS —/y 7 BR IXS80AH G

SR

B/ 7-1 FUMER EERAEN e AE. 1%, Kt

AE S X8 A (Key-point ) FIHEIRF ( Descriptor ) W42l fan, 3AT6E “7E—ik
FULAP IS SIFT HFAEA” I, J248 “$RHC SIFT JCR A, JFIHH SIFT ik 17 MifFFis. Gl
AR ZAFE s AE R AL, A SR E SR A I . K/ANVEEE. R T s 2 — i,
F A B, A TIZOCEE G RIBHR R MG E . fid T2 “SM AR BB E R
ZEACRER T GENE R R, FEPAREIE R ) s () L AR AR
ST LA A DR RIAE A RRE AT

sk b, WA A 2 EURERIE . EATA SefRRE o, ZEARBLIYE S RDGIAE L T3 H
AR, (HAN AR, Hop, SIFT ( RUEAZERFIEAL e, Scale-Invariant Feature
Transform ) 4@ & N2 M) —Rh . T %8 T 7E RS A B2 b b B R IR . RUBE | ek 55758
b, {HEEZ Mk AR R B R T SLAM 72 H ERGEE A FR IS DL R U6 2
AT —A, #RE 2016 4F, EEIHFALN CPU BTk Sem it 5 SIFT #5-4F, TR &
’l, ArAAE SLAM AR IR AMa R Al B4 1 MR AFAIE .

Iy —BEARAE , U1 R RPN B A et DRI RE . N, FAST JCB w1t
AR — B E S (R, X “OREES” MR, W EBCA AT ), 1 ORB ( Oriented
FAST and Rotated BRIEF ) H#fiE M2 H A A5 FAT R IER S FEHSAFE . Bt T FAST 42
TR A AT Dy il PR Rl R, R FH e W e i) —dE il #4347~ BRIEF ( Binary Robust Independent
Elementary Feature ) M4 (i AN EUR RIS AT RN . ARYEAE# TR SO h il 1
[7i)— B PR b R R 1000 AMFRAE ST L T . ORB £94E 2% 15.3 24P, SURF #4£9% 217.3
ZFP, SIFT 244638 5228.7 ZF0. AT LA, ORB 7E{R-FF I REOEFHATHER: . NUEAEPER
(RIS, FE R Jy T 8, S s P SR AR 35 i SLAM K& — MR AF B PEE
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SR FFE S A B AT, T LA GPU S5 sk iH45 . 280 GPU Jni#ifis 1
SIFT, o] LA 2 St pg sk, (B2, 5] A GPU ¥4 SLAM AR, sk
HYTERESE THE & 2 DA EAT I AR A, RGBT A RBP4 % &t

WK RN U A F AE KR AR E S RS, IATASTTREZE B h—— 43 7E HiifAY SLAM
Jigr, ORB &ttt SPEREZ Mg iydrd, FEit, AT ORB MG HEBURIE 128 4~ it

PR XTI PRI VC FL 59 R , PR A TR AT ISR BE 323X J 1l AR O 1348 [45).

7.1.2  ORB ¥¥4i:

ORB F#{il: t1 < 8 s FIHEIR F P o 4. BRI CHESIFRA “Oriented FAST” | J&—Fpeitilt
i) FAST fiiai, X T4 FAST s AT E T XN . EWRFF8 BRIEF, FEit, #H
ORB FFESr MU AL 35 .
I. FAST fisifdific: fbEERh i “Maa” . HEFEMA FAST, ORB i3 T HFHIE A
F 51, AR ZER) BRIEF $ik 8 T el AZE et
2. BRIEF iR F: XA BB RRAE 00 i i MR X 3474k . ORB X BRIEF #4717
—SepE ) R ETE BRIEF H il TOERTFE R mEA.,
1450443 FAST il BRIEF.

FAST Yt

FAST J&—Fffi di, FZAIR TR E K AL B A 7, DABRBEREFR. BB
W MR R GG R 2K (st g ), IRATEE AT RERAA s, A8 H T I A S I
Bk, FAST HFFWBARE SRR A/, T, e BaT (4 7-2 B ):
TERIB PR IR R p, BIREWNSEE N I,.
BE N T (Hen, 1, B9 20% ).
LIS Z p Jrbots, BEBCERRR 3 A9 /Y 16 MRFE
UG A A LN N D EMRERT L, + TSNF L, — T, IBABRE p AT LUK
IR ERRIE S (VSR H 12, B) FAST-12, HAHE A N BRER 9 F 11, EA17518
A FAST-9 f1 FAST-11 ).

5. MEALA L, SR — MR EPETAHE RERAE

fE FAST-12 53krh, S T @k, ol AN — T e, LAY i HERR 4 K Z 8O 2 A
A% BARERE R, MFEMRE, AR LR 1,5, 9, B MREMRE. BRA
X 4 MEZE A 3 AR KT I, + T 8/ I, — T, SRR EAR R A, &
IO 1% LR . ORE R TN VE AR 1 AR A . eAh, JRARAY FAST fimigei il “4L
HE™ G LA iR 2 f T B AR KM ] ( Non-maximal suppression ), fE—
0 I 3R P AL £ 0 7 A AL 1 a8, i B A s S TP B )

S O S
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[ 7-2 FAST $H4E 5139

FAST $EAE s B3RO LR R MISE R 225, FrbAs R, (e g mE AR
DAY ER S . BAh, FAST i AHA mfs . Fef, mTFeRaElekEsEd 3 i, ﬁ
FER LR A F M, )G A T RESEA M8 T . FHXF FAST A RA L
W PERUR BERY5S 2., ORB BN 1 IR R RG (o dliadk . ROBEAEME i A R & 75, JHEST
g — 2 LRI A SRS TR RS 2 KB 0% ( Intensity Centroid ) SEHAY

R R AR B —Fhab B v, AR 7-3 TR & FIEIRIE R R EIE .
BE LR, B EURI T EERTR AT, IR TA AR IR EIR . B/
BAT AR SR IEAN R SR 07 5. ERFNEDCRCSE L, FRATAT AVEECASTA] 2 B PR, M S8t
REBEARZR M, Blan, WMBEMHPEGIE, ARV IZGESAE E— R 4T EEMF—14-
BEFHEN T Z P F| L.

[ ] \

/ =

“**
; oy LU
CI T %2

W73 FHAFETURREFREREETHEEG

TERERE T, FATTT AR OE xS BRI A PO BE o o BT A BT J2 6 L PESBROR B R A
ALy o JLHAARA D R RO
L FE— /BRI B, 5 USSR

O FHE AR T AR R R, AR 3 R
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Mpg = Z 2Py’ (z.y), p,q={0,1}.

z,yEB

2. R AT LR EN G T -
(mm"m)
C=|——].
Moo Moo

3. FEHEEUQHE LA O 5L C) B8 A OC, TRARE & i 77 ol LA
i SN

f = arctan(mg; /mig).

it L e, FAST Ml BAy 7 R EE SHess iR, Wi K KAR T 1 HAEAS ] 1% 2z 1a] & odk
MEErE. FTLA{E ORB W, X FPeltilE )5 Y FAST #K4 Oriented FAST .,
BRIEF ik -

T Oriented FAST X5, FRATX RS SR HAN A 1. ORB fili ki #9 BRIEF $¥1ik
fiiik . FRATe A A4 BRIEF.

BRIEF J&—Ffh =g dl i 1, HARm ki r 24 0 f1 1 4iak, X LAY 0 Fl 1 ety 17 oGS
B P BEAIAR (et p filg) MIR/NER: W p b g K, TUER 1, Lzt 0, Gndgefiii
U128 ANXFERY p, g MRS T35 128 4 0. 1 4y 544 . BRIEF {#i ] 1 BHLIE AR HL 4,
AR, w0 Eh TR T Rk, ARk o, & TR R EUR TR . JRs

PRI BE R T OGRS Hr iy, FrRART AR i B, THSRERL 22 5 14 “Steer BRIEF” 4FAIE(H
ORB (141 HAT #4101

1T R TR M4, ORB e T8 | el F4 il ()B4 F5AT RAFi &M R, FAST
I BREIF (41 AR m4k, {1153 ORB FFAEAE L SLAM ol 2l . FRAT/EE 7-4 thEoR
[ —3KH] OpenCV $EH ORB FFAE 3 (455, A28 W A6 AN [0) ) PR 2 ) 2E 4 T4RAE DT

[ 7-4 OpenCV 4£ it #) ORB 451 & 4 M| 45 &



158 5 SLAM +Mmif: MIBiLBISKEE (55 2 AR )

7.1.3  FFAFPCAL

FEOEVCHC (Anf 7-5 Frs ) LS8 SLAM il Ry R — 20, ez i, BREVC ik |
SLAM i s Sl ] T ( data association ), BV s M Al & 20 A0 B b5 55 22 i 4 20 1 B8 s 22 il 44 %)
WEOCHR o X RS PG el % JLI‘I7IHJ AR I THERGUC L, FR 10T LN S22 %A
ftit . OISR R AR R . SR, ol T RS 0 04 Jo B i';évt‘rqul"uh’u‘zt ZAEALE, T
HACHALUK — B A3 B3R, Bt C 2 aE SLAM shil 20k e 00— fo s
TR R P E AR R SO, (R ERGAIE R L. AERE ST L (R
FENE AR DR UR DT L 3 R AY

| 7-5 i B 1% 8] B 4R 4E T A

LEFRATT AR AR ARV AL AL | S8 S50 IS TR VT IC () R 5 1A~ 201 P14 G re

EI&R I, PERIREFHIES 2t ,m =1,2,... ] M, IR I s l[i}‘HJ B 2l g,m=1,2,...,] N,
ey F-FR X A A TR R R O R W7 fie A B R AE DE B 7 sk S R A EER ( Brute-Force
Matcher ) . BIXHG—ANRHIESL o SACA 0 o, WA ol e, SR5HEY, By —4
fERVERL . IR PR B RN TP ANRRIEZ B ABILFR B, ANadd 78 S Brcizs FH rhads m ASROAS l"JllJl

EE R XTI AR AR, (MR ICRE B A T B R BRI A T H

4n BRIEF X #£1 ), FRATA 1 fdi FHI AR 2 ( Hamming distance ) {4 B - ——H .J_'di']v{';
ST A3 S O S P s 7 N v 9 R =
SRINT, “HFFHESUBCRAR I, 28 DR RCk s Sl AR P AR, R A 2 D A I
i M PR B IR . 3X A ?~ THAAE SLAM P92 ER R . e, BREERIL4E ( FLANN )
L NGE G T PCAL S )ﬁﬂlly I EAL J‘fﬁ'rBL rh J‘L_”‘LIJL,I"iL’?%‘-?L'Wi’l;\L','i"”hk TR E 5/l R A S5
7| OpenCV, Frllix st A HA A ERIEORANT 1. BOGERYEE Al LIZ % BT SCHK [47)
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7.2 9k FEAEREHURIPLAL

OpenCV UM 1 2 8CE MM EURARHE, FRATAT AR B A s . 3R A A o8 il
NG S sesGrh, FRATEE AV OpenCV #H1T ORB MY4FAFVTAD ; 55 AN Scier, Fofi
ijtallfﬁlﬂdﬂwllrll MM EEE, T A F¥AY ORB FHF., it T5 A FE, (] LLE N &
RS ORB (I3 R, JEHES AR |2

7.2.1 OpenCV (1) ORB §¥iF

B4, FRATIH] OpenCV JHEIUHIICEL ORB. E# ML IR HER TSk ES, 20T
slambook2/ch7/ F () 1.png fl 2.png, I 7-6 fif7R. B Ed HATFERER Mgk E g, #
IR SAIHLAE T RUNIZES) . AT EOR Al HE 0 ORB AFAE I #E 7 ICAL, 78 7.2.2 Yo, 3%
{14 i s o] FHPC BC 25 SR Ak T AEBILIZ B

K7-6 LHEHGHEKER
TS T ORB Wl 7k

[# slambook2/ch7/orb_cv.cpp

#include <iostream>

#include <opencv2/core/core.hpp>

#include <opencv2/features2d/features2d.hpp>
#include <opencv2/highgui/highgui.hpp>

#include <chrono>

using namespace std;

using namespace cv;

int main(int argc, char **argv) {
if (arge !'= 3) {

cout << "usage: feature_extraction imgl img2" << endl;
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return 1;
}
//-- AR
Mat img_1 = imread(argv[1], CV_LOAD_IMAGE_COLOR);
Mat img_2 = imread(argv[2], CV_LOAD_IMAGE_COLOR);
assert(img_1.data != nullptr && img_2.data != nullptr);

/= #ndsie

std::vector<KeyPoint> keypoints_1, keypoints_2;

Mat descriptors_1, descriptors_2;
Ptr<FeatureDetector> detector = ORB::create();
Ptr<DescriptorExtractor> descriptor = ORB::create();

Ptr<DescriptorMatcher> matcher = DescriptorMatcher::create("BruteForce-Hamming");

//-- % — 3 :#2 M 0Oriented FASTA S {2 &
chrono::steady_clock::time_point t1 = chrono::steady_clock::now();
detector->detect(img_1, keypoints_1);
detector->detect(img_2, keypoints_2);

//-- % = AR EAL R it JBRIEFH i& F

descriptor->compute(img_1, keypoints_1, descriptors_1);

descriptor->compute(img_2, keypoints_2, descriptors_2);

chrono::steady_clock::time_point t2 = chrono::steady_clock: :now();
chrono::duration<double> time_used = chrono::duration_cast<chrono::duration<double>>(t2 -
t1)3

cout << "extract ORB cost = " << time_used.count() << " seconds. " << endl;

Mat outimgl;
drawKeypoints(img_1, keypoints_1, outimgl, Scalar::all(-1), DrawMatchesFlags::DEFAULT);

imshow("ORB features", outimgi);

//-= % =% : 2+ %k B A% ¥ ¢YBRIEF 4 id F 8 47 = B2, & )l Hamming B %
vector<DMatch> matches;

tl = chrono::steady_clock: :now();

matcher->match(descriptors_1, descriptors_2, matches);

t2 = chrono::steady_clock: :now();

time_used = chrono::duration_cast<chrono::duration<double>>(t2 - t1);

cout << "match ORB cost = " << time_used.count() << " seconds. " << endl;

//-- Fva oIk E s AT ik
/7 3 k) 3R B A0k K SR
auto min_max = minmax_element(matches.begin(), matches.end(),
[1(const DMatch &m1, const DMatch &m2) { return mi.distance < m2.distance; });
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double min_dist = min_max.first->distance;

double max_dist = min_max.second->distance;

i

printf("-- Max dist : %f \n", max_dist);
printf("-- Min dist : %f \n", min_dist);

ERETZAGERERTHGEGRESN, PAIERAR, RARIEELEF I, AL
RE—ANZBEA301EH TR
std::vector<DMatch> good_matches;
for (int i = 0; i < descriptors_1l.rows; i++) {
if (matches[i] .distance <= max(2 * min_dist, 30.0)) {
good_matches.push_back(matches[i]);

VAR BN A DY R

Mat img_match;

Mat img_goodmatch;

drawMatches(img_1, keypoints_1, img_2, keypoints_2, matches, img_match);
drawMatches(img_1, keypoints_1, img_2, keypoints_2, good_matches, img_goodmatch);
imshow("all matches", img_match);

imshow("good matches", img_goodmatch) ;

waitKey (0);

return 0;

TR (HEMAPNEURGIE ), a4

[A # 3w

% build/orb_cv 1.png 2.png

extract ORB cost = 0.0229183 seconds.
match ORB cost = 0.000751868 seconds.
-- Max dist : 95.000000

-- Min dist : 4.000000

P 7-7 s 7 EIRER S T4 R . FRATTA BRI A4 DL A i A7 i B iR IE AL . 285 — Ui ik
Ze, VeRCECR A TR 2, (HRZEDCECAR L IERG ) . X HL, TRt 4 2 T AR BE B /N F i/
BEEABE, X -F IR EMRRIE, A EA SR, A, SR BIEIR D RE T
PEHERAVCES, (BIRA MDA REAIELE R A AR FUR P A3 IR DT ACHR R . I, 785
Wiz afliit b, SO B L BRRILRC AR . A Pl L, ORB BUED: 1 22.9 ZF ()
SR ), DERCAED T 0.75 2R, W WLRE /MR EAETE ARSI b
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ORB i ki

fii 328 Je A9 DL P

M 7-7 SRR G U ZF

7.2.2 5 ORB ¥HiIF
FHFA 155 F5 ORB FFFM ik, sCisMCIS L%, 5 1 PUR RELL I 1R

AR 122 AR A R

slambook2/ch7/orb_self.cpp ( h %)

Neerde
Cim3

typedef vector<uint32_t> DescType;

747 S

H ok B bk B o 4K B fo ] 3K X e

// compute the descriptor

void ComputeORB(const cv::Mat &img, vector<cv::KeyPoint> &keypoints, vector<DescType> &

descriptors) {

const int half_patch_size = 8;
const int half_boundary = 16;
int bad_points = 0;
for (auto &kp: keypoints) {
if (kp.pt.x < half_boundary || kp.pt.y < half_boundary ||
kp.pt.x >= img.cols - half_boundary || kp.pt.y >= img.rows - half_boundary) {
// outside
bad_points++;
descriptors.push_back({});

continue;

float mO1 = 0, ml10 = 0;
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for (int dx = -half_patch_size; dx < half_patch_size; ++dx) {
for (int dy = -half_patch_size; dy < half_patch_size; ++dy) {
uchar pixel = img.at<uchar>(kp.pt.y + dy, kp.pt.x + dx);
m01 += dx * pixel;

ml0 += dy * pixel;

// angle should be arc tan(m01/m10);

float m_sqrt = sqrt(m01 * mO1 + m10 * m10);
float sin_theta = m0l1 / m_sqrt;

float cos_theta = mi0 / m_sqrt;

// compute the angle of this point
DescType desc(8, 0);
for (int i = 0; i < 8; i++) {
uint32_t d = 0;
for (int k = 0; k < 32; k++) {
int idx_pq = i * 8 + k;
cv::Point2f p(ORB_pattern[idx_pq * 4], ORB_pattern[idx_pq * 4 + 11);
cv::Point2f q(ORB_pattern[idx_pq * 4 + 2], ORB_pattern[idx_pq * 4 + 3]);

// rotate with theta

cv::Point2f pp = cv::Point2f(cos_theta * p.x - sin_theta * p.y, sin_theta * p
.x + cos_theta * p.y) + kp.pt;

cv::Point2f qq = cv::Point2f (cos_theta * q.x - sin_theta * q.y, sin_theta * q
.X + cos_theta * q.y) + kp.pt;

if (img.at<uchar>(pp.y, pp.x) < img.at<uchar>(qq.y, qq.x)) {

d |= 1 << k;
}
b
desc[i] = d;
}
descriptors.push_back(desc);
}
cout << "bad/total: " << bad_points << "/" << keypoints.size() << endl;

// brute-force matching
void BfMatch(
const vector<DescType> &descl, const vector<DescType> &desc2, vector<cv::DMatch> &matches

) {
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const int d_max = 40;

for (size_t i1 = 0; il < descl.size(); ++i1) {

if (desci[il].empty()) continue;

cv::DMatch m{il, 0, 256};

for (size_t i2 = 0; i2 < desc2.size(); ++i2) {
if (desc2[i2] .empty()) continue;
int distance = 0;
for (int k = 0; k < 8; k++) {

distance += _mm_popcnt_u32(desci[il] [k] ~desc2[i2] [k]);

¥
if (distance < d_max &% distance < m.distance) {

m.distance = distance;

m.trainldx = i2;

}
if (m.distance < d_max) {

matches.push_back(m) ;

AR AT R 7R ORB Y HACHS FIDCECIURS . FEi T3, JRATTHT 256 f2f) —oEdlsiig, B
XﬂLJs‘L@J 8 /™ 32 3 1Y unsigned int 5415, H typedef & %5 i DescType.. #&J, FRATHIHE i /43

(BT FAST $RIE S B, PRl R Z A E TSR 1 st QR e ok — i ok 5 T 4 ] sk
T4 Z&K arctan J sin. cos 1135, M AN YRR . & BfMatch pRECD, FRATi0{HH T SSE
84 PRy mm_popcnt u32 PRECHE 1 unsigned int 28 EEA 1AL, DA IR BT R
FIRCR . 2B T4 R IR, DRACAS AR Qi 7-8 Jiri

H7-8 ICERgR
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Aot

> | bad/total: 8/595

s |matches: 51

bad/total: 43/638

extract ORB cost = 0.00390721 seconds.
match ORB cost = 0.000862984 seconds.

UL, ASERF T, ORB 4RI EE 3.9 £8P, DUAC AT 0.86 228b. JRATid it —Lbfa] 69
ALAEL, (4 ORB AYBRIBCHIE 17 5.8 1. TR, MFX R E/RM CPU S fF SSE
A (BRZBIMFN CPU BB £ 38T ). ARIRATREME XHHRIBUF I o 2k — - 11k
bR, DU AT LAAT NG 5 ]

7.2.3  USAHPLIES)
TRf1C 24 TVCECAFAY AT, H2 Tk, FRATEAR SOl HARDLAYE 3 . X B el AL et
R[], EMEA T ARk
1 CYFAMLS R H i, Fe HHE 2D MR Ak kR, DR )L ARE P A 2D mfhitiEsh. %
[vi] S50 FH X AR JLART i 2
2. YMHLAAH . RGB-D i}, sl R b M 28] 7R E R, AR SRR E A
3D Stz %R F ] ICP fifdk .
<30 WRE—41h 3D, —#K 2D, B, B 1F] T4 3D ST ITEAHPLI B B, Wi
T HIBLAGZ . P EGE T PP K%
i, R RJL A4 = RS2 R RtHdLzE shfiliit . Jo0 PR E B 1) 2D-2D f§iE i &
HE T AR, SRAF LR S 5 WP JRR o 114 [ R

7.3 2D-2D: XM LAf

7.3.1  AHRZR

AR, AT B K R A 3 T X A RHIE S, P 7-9 Bz . A xhix
FERYUT L &, v LA ok ok e — A PEMR R A 17 DG 57, PR A T [l AR LAY 23X B
CEEXET BARE A DX AT T XA T ESERAH P E R VR L S A AL

VA 7-9 yfiil, FRAT1A SR ORI AER 1, I, ZIRIE ), B —Wisss —mifzshy R, t.
B HIHLL 0 O, 000 BUAE, B I A —NFHIES p1, BAE L TR RFAER p2o T
10 E G 5 R A DT A 20 B . WURVCEGIERS, BN SRR — 1 S ERER AR
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FELENRY, KEBE—LRERMR IR R, B, E24 Oip, MEZ Oy
=S RPSMEE T A P XBF 01,00, P =A Sl LAfE — 4 F 1, # 94RFEE ( Epipolar
plane ) . 0,0, HL 5B 1, I, WA 0R €1, e00 €1, e0 FRONARA ( Epipoles ) . 0,0, #
FAEL. AT SP- MR 1, I, Z B 1, 1, H#RZ ( Epipolar line )

P

M 79 3t L4 %K

N F T, B2k Opy SR AT BE A 25 18 50 B ——[H i 1 1A
AR —MRE S N, GURAEGE P ORCE, 62 ST e IR A, 2k
&aps (MRS —IRER LR ) SE P alAE BRSO , ik B2 O1p) 165 — 4
ML . BIAE, TRl DA S VSRR T po BOIRE RIS, FFLARRUSHENT P (975 o]
8, UEMYLAZEs), SEREEANE, XS TERNSMERE. WA REICE, 0]
TR po FURZEMAMIMA G 8, IR, FRUAIENZE FIUR LTS EFAICE, X e
512 Y s

BIE, FRATTMABUR BER AT A LT R . (E— W ARRR R, i P 075

P=[XY, 2"
AR S YA BRI FLAEDUERY, FRATENEFMEE S pr, p2 FIRREN
s1ipr = KP, s;po=K(RP+1). (7.1)

XH K AHEILNSERE, Rt AWM EIRRMEDLZ 8. BARBE, XHEITRAZE Ry Ml
tor, BFMENTHESR —DRPRR T AR B DN ARR T o R IRATER, el D eEis
BERBOEA .

A, OTSHHFURAAFRERRFE S FEMEHFRASRR, —A 55T e H B LT
BEHAEZTHE XiBEHEHTRE-EXR, HlN, sipy flpy REE LR, EII7EFIR LR
RE SO REHER . FROTFRXFHE LR AREEX THE (equal up to a scale ), icff:
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sp ~ p. (7.2)
W2, FRMAEE X R N
pr~KP, p.~K(RP+t). (7.3)
l‘yl!rf{fn J;B(:
=K 'p), @ =K lp,. (7.4)

KR @y, @ BMRE S CFmE B bR, A ERK, 15
x> ~ Rz, +t. (7.5)
WA AT ¢ [T A R5E SC, BOHS F IRl 5 ¢ B
thzy ~ t"Ra;. (7.6)
BRI, IR Ao e &)
xyt "z ~ x3t" Ra;. (7.7)

WEESFATEM, ¢ ey B ¢ Al xy #IE ELAY M) B, EFRR oo N, 45155 0. hT
FALM A% AL, FRUMEEIRFR R A WAE, TRENTTLEE ~ BRGHE WSS, Fik,
FA TR T — AR AT

xit" Rx, = 0. (7.8)

FHCA p,p2. A
pIK "¢ RK~'p; =0, (7.9)

KA AT RAR, TIUEAR G &4 TRJUTE E O, PO, —#F 3. 3k
Aygrp R TR RS AR . FRATHE P O E AR . EREH% ( Fundamental Matrix )
F FIAJGHES ( Essential Matrix ) E, T2 0] DA — 25 faj b X #2490

E=t"R, F=K "EK™', z)Ex, =p)Fp, =0. (7.10)

X R 2 U RRT I s 0 RS DC I R ) 28 (7 DG AR o TR, ARBILOZ A IR REAE g DL A«
I RSB GRYR R BRI E 8 F
2. ¥ E S F Rl Rt
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HF E A F JH2E THILNZ, TiNSLE SLAM JuE s 22 mm®, Bl s b EfE i
EAXERRE E. AL E BB, Srdd i wi e an >R .

7.3.2 KR

WIEE X, AFENEE E=t"R. BE&—1 3 x30EMK, WA 9 MARME. B4, RARIT
B 3 x 3 WYHEFEER AT LIS AR R, N B R o B, AL P EAE A )y
o AJFEE RS A AOE Y. TR AR R AT AW, B E eI E Ak
TG, HRARKARHBRE . ROHEXAEFHERA B EARRE T EE0.
« M E =t"R, "JLALEWB, KK B a RS ER [0,0,0]" (IER. XFRAER
WP EMSER.
< BN, T FBAERSA 3 AHME, Mt R IEH 6 MM, (B TIRUESAME,
i E Sbr A S BB
E BA 5 A AMERSS, RURNMEDTLUH S AR B, B2, ENHEERR
— R AR, TEAG TSt kbR, L, el AR E TN RESME, i 8 XLkl
i+ B—Xat B2 i)\ &5% ( Eight-point-algorithm ) %49 ) diyk BRI 1T E B4 PErER
BRI AT DATERMEACRHE SR FoR M. T i FRAT 1R /A an el TAERY.
e —XFICEL A, ENTRH—1E b7 R 21 = [uy, vy, 17, @2 = [ug, ve, 1T ARMEXHLLGH, £

€1 €2 €3 Uy
(uQ,vg,l) e4 €5 €g v, | =0. (7.11)
€7 €g €9 1

ﬁmmﬁ@E%ﬁ,Eﬁmﬁwﬂﬁ:
e = [e1, ez, 3, €4, €5, €6, €7, €8, €9] |,
W2, MRARATUE Y e i AL
[uaty, ugvy, Ug, Votiy, Vavy, V2, Uy, vy, 1] - € = 0. (7.12)

[FEE, X FHAM AR ZROR . RAHEIA SRS — i, Bt &4l
(u', o' FORH i DRHIELL, HOEHE )

OFE STM FFE H AT Al HE R AR ELAT FrAb a9
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€2
€3
1.1 1.1 .1 1.1 1.1 1 .1 1
Uply UV Uy VU V¥ Uy up vy 1
. - €4
wdu? wdv? ui viud vl Wi W3 2 1
Al Ualh W WMy WU W W 4 0 (7.13)
i g € | — Y .
€6
1818 8B 8 4848 488 8 48 o8
usuy  UsV] U3  vyuy vyvy vy uy vy 1 .
7
€8

Y

iX 8 AR T — MR, ERNRBUEMEMFHE S LB, KA 8x9, efi T
R %23 [l b, R R BOE R R (RIRR 8), IBAEBMEEMY4ERCH 1, Wit ety
W2k, X5 e MR ESMPER 280y, WiR 8 XTPCEL S 4L rY RE RS Ak 8 14k, R4
E M50 sinl th ik FEgAT .

2T R0y a2 e AR B O 28 AR IR A A B B, WRE M APLZEE) R, ¢ XD R i
SR (SVD) 153, & ERSVD K

E=UxZVT, (7.14)

U,V e, B A8 R . 1 E /APt FA1HE 2 = diag(o, 0,0). 7£ SVD
oHEE, W T EE— B, FEMADTRER ¢, R 5EXN:

7T Tt
t =URz(3)SU", Ri=URL(Z)V"

T

(7.15)
2)z‘,UT, R; = URL(

T

t) =URz( 5 W,
Hoft Rz (%) Ry Z Jhies% 90° 1S BIBEF AL . WIS, T —E M E %4, FrRXHERE—1
t U, WRRRIFRFERER. Hik, N E @3 ¢, Ri, —IL77E 4 T RERfif

F 7-10 R R MR 1 oA TR METR I 4 M. RATE Rz M GEMNL (ERLk) Liy
52 (20taT), BEORMEAPLAZ ). TEARIFLL R ZERTEBL T, ATRAm S 4 R AT REAIH A0
A is i, RAS Rt PAEPI DL AR A IEREERE . Kk, REEERE—SIRA 4
b, RIZ RPN AIBL T AOTREE AT LA 2 WA R LE AR Y T .
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(1) €22

B7-10 2MAREEFEG IR ERFLVA (ZER) FTEHHRT, AIHEIEEF
M—3A A RTREFRL (LEE)

WMARFH E WNEER, B2t RE6 5 TMAmE. Bl a Lol 5 6 5k gLz
00 S SR FMMEE I U 4%, TR A A e, T FRhE s 2A L35 % FE Xy
VEFCAL, AN 8 XfulZ 5 Xf B SOFAHIE . A RRERI AL, FRATX gk LA AN k.

FlF B —A I . R RR LM E, TTHREAHE E NNTEEFR—F & R HA
—EN 0,0,0 WIER . B, IROTEZIEMIE S MR L mAFEF . 85 0ok, /Ul
ZoR1RH E #617 SVD, M5 R M X = diag(o1, 02, 03), AWk o > 00 > 03. B

oy +02 01+ 02
2 2
A TRIER DRSS T E IiEMRE L. 48R, SRS 8ek 244 4 5 (R

¥ diag(1,1,0), FX B HATRJEFEMME, ATLGX PR A,

7.3.3 Y hapg

B 1A R AIAS TR R, — DL LA b A7 7 o5 — i WA RERE : SR AE R ( Homography )
H, Efid TP Z E BB R, #5755 PR E & 7 —F i b CHinks . s
%), WA RAE i A AT S AT XA SLE T AP A R AR LS LAY Y TR
FHELR EE R L. i T2 AT SR B T, R A 4 — T

PPN S0 R AR AL T IE R 2 AR R R Z R P O AR . IR L R L 7

E = Udiag( L0V, (7.16)

—XFVERCEFAOAFIE S5 py M oo IXAMFAE SPETE 10 P L, 50X AN ihn i e e
n'P+d=0. (7.17)

EDIIE:<32 I

=1. (7.18)
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RIG, FEAY LR (7.1), 5

~ K (RP+t-(~n;P))

T
gK(R—QL)P

d

T
:K(R—?})K”m.

T, FRONEE 74 B ERA R AR py Bl po ZIEY7R38, JEH R ESE R H, TR
P2 >~ Hp,. (7.19)
BERE CHIER . RSOTS8O K. SEERIERE F 251, SN AR H thE—13x 3

HORERE SRR B BT 260, [FIRE AT ASEARSRCRC s HE H, SRJEH & 2l LA T SR A
R EREIF, &

Uy hy hy hz\ [w
vo | | ha hs hg vy | - (7.20)
I h? hg hg 1

TERE, X B S AR ~ AR 555, BTLA H SRR a] ATRLUME AR W 8. T
IAESEPRAE PR AT LA ho = 1 (TEEBUEFER ), SRAEHRIESE 317, ZXANETHF, TRA

2y = hiuy + hovy + hs
hruy + hgvy + hg

_ hquy + hsvi + he

N h7uq + hgvy + hg '

(p)
S

hiwy + hovy + hs — hyuiug — hgvius = ug

hawy + hsvy + hg — hruive — hgvive = vs.

TR — 2L WC FE 08 0 AT DAAS) I PRI R ( 52 A = AR, (RPN RERDE, T
A~ ), FHE A MR 8 BSRAEEFE T LAE L 4 XFUCECARAE S (AEIRRLATEOL T, Bt
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(’u% vi 1 0 0 0 —ulul —viul /hl\ /ué
0 0 0 ul v 1 —wulvy —vlvl ho vy
w? v2 1 0 0 0 —udud —viud hs us
0 0 0 w2 v 1 —wudv? —v?vd hy v3
= (7.21)
wi vy 1 0 0 0 —ufud —viud | | hs u3
0 0 0 u} v} 1 —wdvd —vivd he v3
uf v 1 0 0 0 —wjui —viuld hr uy

\0 0 0 uf v 1 —ujvi —vivi \hS) \v%)

XFPEGEAE H A 1, s e A BRI E i, PR R A
( Direct Linear Transform, DLT ). SAREEFEARL, 2K 800 56 MR DS 75 28 kA T i, A vl
DAF B AHRN B HEFAEE R FRERS i ¢ o3 i 3G EUE LD 33 S5kt SA R 4
80y O N 1 A [ = T WP B 2 ST 2 AT o [ [ Y D W e (W 71
S IO P 4 s e P SV T 90925 ) O SR 260 A ) b L R 4R AE (L ( BREARBILET 77 ), W)
AT UAHEBR P AR . S (ORI W 2L, it BE0E e o 2 09 e 30 (s Bt TR, SR, FRATATEA
i A R 037 ST T A ) R A R, W SOV S AP AT, IR AR e (9EHRE
A1,

FRNPETE SLAM o HAT BB S Y RAE 5 S i ol AL AR Al e B, SRR B 6 A il
BERRE, sk B T ArE AR L ( degenerate ). RS AR R 40 & —Bbl s | SO Q1 SR Ak il
R/ GROR AR IR AR B, JERNAR M 22 A ORI I (R 2 2 e bl . O 1 eSSkt S iR b
FIEWAEN, EFIRANTSFEA IRV F RPN H, w8 8RR s e/ My is A~
VE R e 32 s Al T HRE RS

7.4 Fek: MRLHCKEABLEE

T, ARG anfal @ A B MR R ARMLE B . 7.2 SR R AR TR DCAL
AT FATHEE A VCE A A0 SRR B, F F H, i E 55 Rt BB
OpenCV LA AR IEFTRAE . FRATHE 7.2 FTAURPAESR IR sl R B, DAL IS il . Ay B
I ZAG TR A (ARG

slambook2/ch7/pose_estimation 2d2d.cpp ( F /%)

void pose_estimation_2d2d(std::vector<KeyPoint> keypoints_1,
std::vector<KeyPoint> keypoints_2,

std::vector<DMatch> matches,



E7i WRERIT1 173
Mat &R, Mat &t) {
// #ALA A TUM Freiburg2
Mat K = (Mat_<double>(3, 3) << 520.9, 0, 325.1, 0, 521.0, 249.7, 0, 0, 1);
//-- eIt B & 54 A vector<Point2f> 4 X,
vector<Point2f> pointsl;
vector<Point2f> points2;
for (int i = 0; i < (int) matches.size(); i++) {
pointsl.push_back(keypoints_1[matches[i].queryIdx].pt);
points2.push_back(keypoints_2[matches[i].trainIdx].pt);
}
[/== 3t 3k sk e
Mat fundamental _matrix;
fundamental_matrix = findFundamentalMat(pointsl, points2, CV_FM_8POINT);
cout << "fundamental matrix is " << endl << fundamental_matrix << endl;
//-- R RFER
Point2d principal_point(325.1, 249.7); //AB#LE«s, TUM dataset#r & 4i
double focal_length = 521; //AAEJE, TUM dataset# & {4
Mat essential_matrix;
essential_matrix = findEssentialMat(pointsl, points2, focal_length, principal_point);
cout << "essential_matrix is " << endl << essential_matrix << endl;
/1-- it S R
/- e AR E R AAFm, PEEEELRK
Mat homography matrix;
homography_matrix = findHomography(pointsi, points2, RANSAC, 3);
cout << "homography_matrix is " << endl << homography matrix << endl;
[/-— KRR P ik Bk A Ae T A5 A4S B
recoverPose(essential_matrix, pointsl, points2, R, t, focal_length, principal_point);
cout << "R is " << endl << R << endl;
cout << "t is " << endl << t << endl;
¥
IZPREERAE T IWFFOE SR AN LIz shitie o, SR)E, FATE B E, SAETS B

[# slambook2/ch7/pose_estimation 2d2d.cpp ( f 2 )

int main( int argc, char**x argv ){
if (argec !'= 3) {
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cout << "usage: pose_estimation_2d2d imgl img2" << endl;
return 1;
}
/- ER AR

Mat img_1 = imread(argv[1], CV_LOAD_IMAGE_COLOR);
Mat img_2 = imread(argv[2], CV_LOAD_IMAGE_COLOR);
assert(img_1.data &% img_2.data &% "Can not load images!");

vector<KeyPoint> keypoints_1, keypoints_2;

vector<DMatch> matches;

find_feature_matches(img_1, img_2, keypoints_1, keypoints_2, matches);
cout << "— kK F] T << matches.size() << "ZAILHLE" << endl;

//-— &t Ak B AR 8 & )
Mat R, ‘t;
pose_estimation_2d2d(keypoints_1, keypoints_2, matches, R, t);

//-- 3 iEE=t"R*scale

Mat t_x =
(Mat_<double>(3, 3) << 0, -t.at<double>(2, 0), t.at<double>(i, 0),
t.at<double>(2, 0), 0, -t.at<double>(0, 0),
-t.at<double>(1, 0), t.at<double>(0, 0), 0);

cout << "t"R=" << endl << t_x * R << endl;

/- BiETRY R
Mat K = (Mat_<double>(3, 3) << 520.9, 0, 325.1, 0, 521.0, 249.7, 0, 0, 1);
for (DMatch m: matches) {
Point2d ptl = pixel2cam(keypoints_1[m.queryIdx].pt, K);
Mat y1 = (Mat_<double>(3, 1) << ptl.x, ptl.y, 1);
Point2d pt2 = pixel2cam(keypoints_2[m.trainIdx].pt, K);
Mat y2 = (Mat_<double>(3, 1) << pt2.x, pt2.y, 1);
Mat d = y2.t() * t_x * R * yl;
cout << "epipolar comstraint = " << d << emndl;
¥

return 0;

M ERBCPs T E, F M H B98E, SKE5E M RAFR G, It "R HI E {£

EFHOE FAEM S, BAE, ARy BT S A5 R

(B s

% build/pose_estimation_2d2d 1.png 2.png
-- Max dist : 95.000000
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-- Min dist : 4.000000

— &R TToM I AL b

fundamental_matrix is

[4.844484382466111e-06, 0.0001222601840188731, -0.01786737827487386;
-0.0001174326832719333, 2.122888800459598e-05, -0.01775877156212593;
0.01799658210895528, 0.008143605989020664, 1]

essential _matrix is

[-0.0203618550523477, -0.4007110038118445, -0.03324074249824097;
0.3939270778216369, -0.03506401846698079, 0.5857110303721015;
-0.006788487241438284, -0.5815434272915686, -0.01438258684486258]
homography_matrix is

[0.9497129583105288, -0.143556453147626, 31.20121878625771;
0.04154536627445031, 0.9715568969832015, 5.306887618807696;
-2.81813676978796e-05, 4.353702039810921e-05, 1]

R is

[0.9985961798781875, -0.05169917220143662, 0.01152671359827873;
0.05139607508976055, 0.9983603445075083, 0.02520051547522442;
-0.01281065954813571, -0.02457271064688495, 0.9996159607036126]

t is

[-0.8220841067933337;

-0.03269742706405412;

0.5684264241053522]

t R=

[0.02879601157010516, 0.5666909361828478, 0.04700950886436416;
-0.5570970160413605, 0.0495880104673049, -0.8283204827837456;
0.009600370724838804, 0.8224266019846683, 0.02034004937801349]
[0.002528128704106625]
[-0.001663727901710724]
[-0.0008009088410884102]

epipelar comstraint

epipolar constraint

epipolar comstraint

MR (i 25 R AT AR D, AR AR R 27 1073 4. MBI AThE, 2
HE0 Rt —IA 4 M ferE. Aid, OpenCV 2 FA TGN A TR B A IE, Wik
fff o i

it
BRI AE S, e E M F ZEAE TSR, BRAEITERIE EIFA
FOW, HATLARAIEE IR RCE R . N E, F A H AT LLMEREE), Al H 5 2RI A
(T b A TASR AR, XMEBRALR, FLIRINEZM E 2tias).
fEfF A2, T EASRAREFNE, ©omaaR ¢, R WA — 1 UESME. i
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R € S0(3) A B HAZM, LRIk ¢ B — 1 RE. 52, Eoatfid, 3¢ ®LUE
BT EH, Ao ny . ik, FROGEHE ¢ HrR—&, IFEHRKIEST 1.
ROEAEYE

Mt RERIH—fk, HiETS MR RERBEM. G, FE L0 ¢ 42y
A7 0.822. XA 0.822 FTESEE 0.822 Kif S 0.822 JH K, FRATEVELEME R . X ¢ FelIE i
Lol s BUR , XA AR SR I 7 1Y . 522, AESH SLAM I AL P ] ik 4 A T A
B, OSBRI EGRUERIE—FEM . XAES 2 Dbk e g a1

FERLEHMAE S, AT PR UL ¢ H—EAHTY FRET RE. BRI TAHEE &bk

e, ERIRILZin, AnT LA 3D-2D i AINLE sl 1. RG22 5 T i P () B Ao
DL RIR LIS TE B9 RUEE . PG, 5 H SLAM A7 — A AN alske G i A0 Ra 4L . B4R T 15 3K P (R 2 20
A —ERRBERFAS IS A B0 30 L P B LA AL 11 % Ry 0407

AT HIE T2 ¢S 1L, JERHE SR A — AT LA 3 SRR, i3 ee
BfE B ARsE .
PG Al ek i

M E 533 R, ¢ @l #b, WURARPUR AR AEER:, S3E0E 0%, R4, [HEIR E o
hZ%, X FEERNTENKRM R, A, BORFATAT LMRSE H RGeS, , B e, HAi

BRI, YMEF—EERENTR. WREA R, LRGN, F5d, DR
VIRIERERE A/, SRR 5 = MALGRAEE ,, BRI . AR, RS RIBL
AR MAR RGeS, S5 ik H SLAM #1dhatk. i, HZ5H SLAM fF5EAR, 1
B SLAM 150 F 28 e EAHLIES 42 A PR LUNUM M AT ) i f

2T 8 ARl

MG TN LT 8 X0t (fln, FIR4RE] 1 79 XFVCEL ), FRATATRIHR— /) — i
2 (7.13) tPERPEALI XA 290, FRATHE e R B IC N A
Ae = 0. (7.22)

/SR, AR/ 8 x 9, WL ERVLA S LT 8, W% BN — e e, B
A—ELE1E e i a0y Rk, Al R i/ ME— 4~ IR EDkGR .

min || Ae|> = mine' AT Ae. (7.23)
€ - e
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FRERH e/ T RE T E . Ak, YalREFE IR S e, FefiTo s
i i) -0 BEAL #HE— B0 ( Random Sample Concensus, RANSAC ) AR, A fi/h e,
RANSAC J&—Fpid A, GG TAR 2 S B i R o0,k LAA B A7 R D D e ) 5l -
7.5 SRl

Z T A M R L Al TARELIE s, WiHE TR O ik R BRI . fEfE]E Bl

KEAAHMEE RS, RN L =ANE ( Triangulation ) ( =1L ) 097 kAl
PSR EE . nPE 7-11 Bl

E7-11 B AMNEN T ERE A S GRE

IR AN X (] B AR AT OUEE DAL B f 7 L W b R
B A R e R AR R I R D B AR RSO MRS I AR A . il
AT LA AR R R R R A, e SRR S . 72 SLAM Hh, FfiTEEH =
FAAAAN T HR R SRS

FLE—152001, ZIEEIR [ M I, RIS, SR T FFLG0H O, Fil

Oq. 15 I PATRHAE & py, X T WA ERAE AL poo FRIE L, EER O1py 5 Ogpo fEM SR 2AHAC
Tt P, %0 BN ERE 5 BT N b PR 5 = A 3 S (. AR R TR A, X
S HLRAETERIEMAS . Hite, AT RLE e/ iR i
PR LT B 5E X, BE @y, @0 MPHEFIE S —feAbR, TRAENTHAE
soxs = s1Rxy + t. (7.24)
MAECH R, t, TRATAESKMPARE SR 51, 50 WL LA, TLAERER Opy 4R

3D A, (B R poo [RIEE, WWATLATE Oopy bAR, sRETEPIZREM AR . AN [ i s
AR, MR TR N i, AT 50, IBASeX LA —

A 7E
N xb, 18



178 M5 SLAM +M0i3: MIBISBISER (% 2 k)

Szmé\iﬂz =)= .91$§R$1 =+ wé\t (7.25)
ZAAMNZ, GOATE R so B—A R, aTLURIE & BRI so0 A 1 s2, sy WAERF
Gy T, WRATEAE R 7w & oY i, B e s M AsR . 2K, TS 1A

e, FAMEER R, t A—EXRi =X (7.25) BZE, FrLl o d WA i 2R i/ — e fif g AR f
ﬂ/‘]ﬁ@c
7.6 ik Al

7.6.1  —fRMEACRY

T, FATE R e RR R 2 R R U SR A RARPILOZ 2, et = ek B A
=i g . FRATIE A OpenCV #4IEM) triangulation pRELEF T —flifk.

[# slambook2/ch7/triangulation.cpp ( }i %)

void triangulation(

const vector<KeyPoint> &keypoint_1,

const vector<KeyPoint> &keypoint_2,

const std::vector<DMatch> &matches,

const Mat &R, const Mat &t,

vector<Point3d> &points) {

Mat Ti = (Mat_<float>(3, 4) <<
1,05 O, 0,
0, 1, 9, 0,
oy %0 X, *0);

Mat T2 = (Mat_<float>(3, 4) <<
R.at<double>(0, 0), R.at<double>(0, 1), R.at<double>(0, 2), t.at<double>(0, 0),
R.at<double>(1, 0), R.at<double>(1, 1), R.at<double>(1, 2), t.at<double>(1, 0),
R.at<double>(2, 0), R.at<double>(2, 1), R.at<double>(2, 2), t.at<double>(2, 0)

);

Mat K = (Mat_<double>(3, 3) << 520.9, 0, 325.1, 0, 521.0, 249.7, 0, 0, 1);

vector<Point2f> pts_1, pts_2;

for (DMatch m:matches) {
/7 FEARE AT A R AL A AR
pts_1.push_back(pixel2cam(keypoint_1[m.queryIdx].pt, K));
pts_2.push_back(pixel2cam(keypoint_2[m.trainIdx].pt, K));

Mat pts_4d;

cv::triangulatePoints(T1, T2, pts_1, pts_2, pts_4d);
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// $3 AR R A AR
for (int i = 0; i < pts_4d.cols; i++) {
Mat x = pts_4d.col(i);
x /= x.at<float>(3, 0); // 1a—4L
Point3d p(
x.at<float>(0, 0),
x.at<float>(1, 0),

x.at<float>(2, 0)
);
points.push_back(p);
}
}
[, 7F main pRECTOIIA = MRS, SRS I A SRR B S T AATi8 T

PR e,

7.6.2 Wi

KT =S, A — A Ry

SR EE AR, ATRA SANBIUT R =M, ARG E =M. Wi,
AR SR TCTE R = A G, PUNTE PR RN, X — BN, A, SLPRBREEEA
RERFETE. VRN T, RATEZEIo0 = MMEMARENE, X251H—T=/A0
BWFE.

W 7-12 fias, SRR/, (R ERATE YR S SRR REATIRENE . i,

fbo DIURSCRATLLES], Y ¢t BRI, 6d ¥ B RAR/N, X VPR BRI, 7EREERIARLIY B
TR, M SRS ER . RhZa R E B el UGEFHIE S E S 2

R, B e = MALRRE R, — Ry sUR 4R R R S A SR IBOR BE, o R 4 o P 18 00 B
F——{X 2 FHEER AR, B A . 55—y R AP RN R, B, XRTHER
(AN A A ] S 84, L INAR T IR SE e AR i (s ok, s PR AL, A5 9%
SRS (L 2o A RFAE SR S DR R IR e, B 2, HORFRE, WIRESELECRA: MRFR R
/N =S AR EA IS ——iX iR AR S . AT HERA MR “IE” (parallax ).

fESR AT, T H B REE R, TSR pOa s Ui ), T 2
PR, A AR AR BT RHIE A R TR BE (AL XA R O IR = A RS (R, IR
FIRLAA: 1 IR, SRR/, AL TR ) A FRAE S AR BE . X FP IS B AL A
Ba PEE W, RO TR — LS AR AR S . RO T, B E AT e
BEBERRI . REAEMSEN O
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0, 0,
t BN, AHEEKR

LK, ANWRETE /N

KH7-12 ZAMNENTRE

BIRATT DA T =M BRIEAG T, (B R R, WABRSIE B3 R Ak AL
BRATENE. FTLL, REREAFAE SRS T34, JF EL B € e W, 645 B E#I

BT, RIS A ERB/NZE RS G371 iR, R ERES
( Depth Filter ) . A, T eSS, RAEREIG @I EHTe. T, filihe
nffi sk 3D-2D AYVCEC S ASTHAHALIE S, LA 3D-3D Ak T ik

7.7 3D-2D: PnP

PnP ( Perspective-n-Point ) f&2Kfif 3D £ 2D si Xz sy ik, EHiA 1 9HIE n 4> 3D %3]
SCHAE A B, A A ARPLAO O . TR, 2D-2D X Lfal ik 8 ek 8 4L
R (RSN, HAFEERRL . Aiiefs MU Ry, SR, A mgk ER i
—RAFE S Y 3D PEE A, R AED AT 3 N ma (LR E DA ES SR R ) BnT LA
HARPLZESh . $AE 50 3D £ 8 o] LAt A fbal# RGB-D AHHLATAEL W . Rt, 7EXUH 5%
RGB-D ({05 AR, FA 10T LA B3 PP A1 HAEALIZ . e H oo A b, i
St AT RIERIk, A REMIH PP, 3D-2D Jik AT B XL, n] LIFEAR D I DE I 5 e kA
s st &R d R STk

PnP [n) A fRZRR A i, Bln, F 3 X s Al 8 my p3pbe | g8 (DLT ) |
EPnP ( Efficient PP ) 571 UPnPP®), 5545, 1eAh, iSREFHIELMEMRAL Y 7K, W) —Hen)iE
IR, Wik ET 2t d 2% (Bundle Adjustment, BA ). {15674 DLT,
Y BA,

771 FLiZZM AR

FM1E IRAXFE A . CU—4 3D s, UCENTTER AL OBEEAL B, oRix
FABLAOLES 33X A ) B AT LAH 2R A 45 5 S PR PR AR LIRS (BT, QiR 3D A8 A
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P AHILARAR Z P S BTE , T AT AR SR R PN AR BIL A X Bl (), AT DA TRT B A [ At

AN E P, ERFRAERN P = (X,Y,2,1)", 7ERE I, b, BEINHES 2, =
(ur,v1, 1) CLAH— P10 S5 R AR R Do BEET, AHNLIOAIE R, ¢ RAFE . 55N AERE R
AL, FRATE LI 5ERE [RIt]) —1 3 x 4 MERE, B TIEH: 5 ERERY. RITIEHREHA
EASNEWT -

X
uy tl t2 t3 t4
Y
Slvi | = |t s t7 tg 7 (7.26)
1 tg tio 11 ti2 1

G —1TH8 s 2, HRPALIR:

- ©WX + Y + 1372 + 14 i ts X +tgY +t72 + tg
T X +inY FinZ i - X +ig¥ Flus + by

-
BT R ER, EX T B Tm .
ty = (t1,ta, ta,t4)", t2 = (ts, t6, t7,18)", t3 = (to, 10, t11,t12)",
TRE
tIP—tIPu, =0,
Gl
tIP —tI Py =0.
S, ¢t Rk R, TUED, BMEESRAETRANET t MAREAR. Rix—3t
A N ADURAE S, ] LIS 2R R -
(PT 0 —wP])
0 P —uPf t
' : t; | =0. (7.27)
P, 0 —unPi|\ts

0 P}\; _'UNP}E/

OIFTERL, XM SE(3) TR T 2 A Y
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t —3tA 12 4k, FHILRAE T 6 XTUCHL & BVAT SCBUAERE T ROLRIHR A, X R iRkl DLT.
WPLHEE & KT 6 0T, AT LLH ] SVD %y il FesR fe/h — 9 fi

7E DLT Rfferh, FATEES THMER T 12 MR8, 28 T ez mBER. KOs
5 R € SO(3), A DLT RAIMBA—EW L IZAR, BE—I—BERK., Fimi Latrd,
ERTHESE. M FREEER R, FA104 % DLT {89 T £33 x 3 (95, F4—
A TR AR B X B AT IRl 33X AT LAY QR M SE i 5% o il LIS Rf ke it 06. 601,

R« (RRT)”%R. (7.28)

M S T4 5 AR R 2 ] B O 3 SE(3) WiIE I, 4 UiERs AT R 343

TR, RITXEM o FHTH PR, KW THSERE K HEh—IiX
ZFEANZ K 75 SLAM i@ E B AT F. BMERNSRA, WEEH PaP Ml K, Rt — M.
RMBTRIMENE, WREE—,

712 P3P

T EFR) P3P &5 —FiE PP B, AU 3 XTUCED &, AR SR, R B A
AR (XOHEFIEE TS5 3G [61] ),

P3P WEFHAER 3 DU R, B AEIE S 3 %F 3D-2D VUi s, id 3D &4
A,B,C, 2D 50 a,b, ¢, Ho/NGERRFRE SO0 KE FRACER A S AEA DL P i 4%
%, W 7-13 Fos. BEAh, P3P AFFEMH—XISEUES , LA AT EAOMR Pt b Ew A —1~ (28
AFXHARIUAETE ). iCBRUESXT R D —d, PGk O, HERE, RATEERE A, B, C fitt
RAFRRPHLER, A EERVIAIRRPRSIR, —H 3D s7EMLAER R TR bRiERE R,
FATHASE] T 3D-3D AN I s, 48 PnP [A) AN T ICP [A)/8,

B
B’ 7-13 P3P [ EE
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B, BASMIBZIRTFAER N KR :
AOab— AOAB, AObe — AOBC, AOac— AOAC. (7.29)
HF I Oab 1 OAB C K. FIRKER, A
OA? + OB*> —20A-0B - cos {a,b) = AB. (7.30)
X HALM A = fIB WA RMETR, TREA

OA? + 0OB* —20A - OB - cos (a,b) = AB?
OB? + 0C? —20B - OC - cos (b,c) = BC? (7.31)
OA% +0C? —20A-0OC -cos {a,c) = AC?.

XA E = &R 002, JFHid 2 = OA/OC,y = OB/OC, 1%

z? +y? — 2aycos (a,b) = AB%/OC?
y? + 12 — 2y cos (b, c) = BC?/OC? (7.32)
x? 412 — 2z cos (a,c) = AC?/0OC?.

idv=AB?/0C? uwv = BC?/0C? wv = AC?/OC?, &

x? +y* — 2zycos{a,b) —v =10
y? 4+ 12 — 2ycos (b, c) —uv =0 (7.33)

x? +12 — 2z cos {a, ¢) — wv = 0.

AT LIS — iy o BB, AR, &5

(1 —u)y* — ux? — cos (b, ¢) y + 2uzycos {a,b) + 1 =0 7.34)
(1 — w) 2% — wy® — cos (a, c) x + 2wzy cos (a,b) + 1 = 0. .

iy fh i E s AR AR . TR 2D s EIRALE, 3 ARIEA cos (a,b),
cos (b c), cos (a,c) FECHM. [FNF, uw= BC?/AB? w = AC?/AB? nLLiiit A, B, C fEft FARk
P& FRAARTE L, R B R T2, XM EIFABUE .. & o, y AR, B
GRS sh & &k, Bk, S BRAHEXT o,y — D0 R (AR ), RKix
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TR IR R — A E e B, B R S AR XNZ R R A, R
A TE S RS0k [S6]. LT E (TSN, % i 2 vl REAS 2 4 M, (HIRATAT LUHEIE
SRR AT BRI, 153 A, B, C fEAHLARAR AR B Y 3D Abbs. #RJS ., R4 3D-3D iy siRt, it
BHYVLIZEE) Rt XFEAE 7.9 T4

M P3P IR AT LA, R ToKA% PaP, RATRIH T = MIEARRIERL, SRS AL a,b, ¢ 11
FIHLAAR R T AY 3D AehR, e I i i — 1~ 3D 3| 3D MyRE Al TR, 65 SCrh A 3,
WA TE S B 3D-3D PERAER 2, TP fh BB 4w A 200 . e by i,
G EPnP, R XA, SR, P3P ULfFAER —LL[n] .

1. P3P HAIH 3 M EMEE . MAEMNBNSZ T 3 Ant, LA T ZMEER.

2. UM 3D sk 2D fAZME AN, s AR AEIRVCED, BEER AL

FFLA, ATAREZEAR T2 91773, W EPnP . UPnP %5, BRI E 20958, i B
A7 SO S T AL, DA AT REM I BRIE S B2 . AN, AHXE P3P K, B 1H)5
PR 2% T AFRAT T IS0 e R IR a8 3, sl i SOk B PP (B2 . #E SLAM b, i
W SGE R S P3P/EPnP 7 iA A THAHALO % , FF i/ N IR Ak () R LA i
( BP3#E4T Bundle Adjustment ). {EAHBLIZ B L84SR, AT UESEARMLAS shak 20z 50, FHAEN]
(HVE AR A T, £ 73k, FRITMARZRYEIL AL M BE 2k PP [R]iE.

7.7.3  /MEBRBGEIR LR PoP

B T FHEZRYE ik, FRATEvT LAHE PP [A) 80K A 0 — > OC T B4R E DR 22 A AR Lt die /s —3fe
(), OKE FHEIASARES 4 VERSE 5 JEROAE. BT i get: ik, SR RBIMaE, k=
B AAGLE, WAL EI TN TERE RO fE A &, e — I X —FhE 5 i oK
i, FATATLARE X PP 5% ICP 45 45 R TiRML. X —KIBEHMA =4 E— R #ITR
IMEFIREL, 4iF7 R Bundle Adjustment™

FeAi15e 2T LAZE PnP 1449 %E— Bundle Adjustment [a] U AHHLA LA TI0IL. an FAHAIL 2
HEa A (LK 28 SLAM i #2 ), o] LA EFEH BA SRIFEAIMLILE . RO AEA 245 T
(o) BAE A T REEATES, SRIGTESE 9 Ve B HIALR) BA [n]#,

e n N =4Ess) b P AHR p, BAOTASITEMIINE R t, ENERERRNT. B
WS SRR A P = (X, Y, Z)T, HBSEAEE R w; = [u, o] ARHIESE S IHNE, &
B RAAER R

OFERMAE, BA fEARFSGHR ., 1588 FIE U RS 8L FU-EH{ Ut R/ MEE R IRE MM EFOY BA, (i)
— e BA LT TEIZ , IMEX BA A O, sUmA T HABE I IL RS, WISl BA, EHTAE
EARTEIZ 50 BA S, FIrLALE L HUHEEY PP (O W ERCh BA



£ 7 MREET L 185

_Xi-
U;
Y;
si |v;| = KT . (7.35)
Z;
1
- 1 -
5 R A
Siu; = I{T'.P1

AR FFLE TR FFR AR RO Fede, ARG fepoR UL, HERERAXTH® .
AL, i T ALAL S AR RO i s, 2 A fE— R %E . Rt JAHEERERA, i
fe/N AR, SRS THRERAFARPLOLE, e R ME:

1
T = in — E
arg min 5

i=1

2
. (7.36)

U — éKTP,-

2

AR, S 3D sUBUEALE S A2, PRI N EREIRE . (TR
MARid, XADREA 34k, Ak, BT w BE—4ER 1, 2R RNRE—ENE, RIIRATES
Bpgfl FHAR P A bR, TR 2 48 1. Wnl&l 7-14 fo, 3RATEEAFHEPEACRLE 1 py A1
po A2 6 P Y, (RN EMNLA O . TERRE T, P AR po SR py Z
A —E R TR OLE, SRR A, BT TARTESIE
REZA R, PTLURJE BRI B AR UL 14/, AR md i DR 258 W AR SR N .

P

H7-14 ERFRETEN

TN ZFARACBC 2425 6 U4t 1o AR, AU RS UL m i, Ry
{3 ok e T A . B SCAAAR — S IR D R RS AT Rk . AN, A R A i
RSN SRS — S5 /R RE ik 2 0, FRANH 2B N RETOC T RAE R T8, halRgt

OTP; 45902 4 x 11, MMM K &3 x 389, BT LAHE TP, (R —4EM sk, A8 = 4EnydEFr ik debr. a7,
H RP + t JNJCAn]
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e(z + Az) ~ e(x) + JTAx. (7.37)

XA JT AR ESTHER, FEA LIRS, FRATRISR AT LA A A, A
GARAESBHE T AR HTIE S, MIOLEH BT 8. IUAE, M e MIGRZEAPRIRE (24), = HHIHL
hie (6 4E) I, JTRRE—12 x 6 B, RATEHES JT LR,

FIHZZERBII N ZE, BATA T Ul R SRR BB T8 158, 1CZE 5B
MARRAR P RYZS ] s AR A PP, O FLREHCHT 3 e ok

P'= (TP, = X" ¥, 2. (7.38)

W2, MHLESAERARN T P’

su=KP. (7.39)
JEIF
sU fe 0 exf | X'
sul = |0 fy cy| [Y']- (7.40)
S 0 0 1 Z'

RIS 3 F7iF % s (JChR LRRRZ P EOBSRE), 4
U= forgg t e V= fym o (7.41)

XS5 5 PRV AR — 3. qIROTRIRER, AT DHEK A v, v 5 EPRE I EE L

B, RE LT PHZERE, AT T LREshh 66, RFHIE e WBLE TR S
B FIREEEN, ARSI,

0e . e(66dE) —e(€) Oe OP

WE i Y = 5P DoE" (742)

XA @ XU B AT S . H—TURIRZE R TR T8, 7658 (7.41) thE 2241
TEARZEXR, 51

ou Ou Ou fx 0 — X'

de ox’ oy’ o0z VA AL
= b, A . (7.43)

oP’ ov dv v 0 fy _AHY

ox’ oYy’ o9z’ Z! zZ"?
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TSR ARG B Gk TR 8, RAE 4.3.5 WS, 18

d(TP) o_|I —P"
00€ (T'P)” = of o (7.44)
MigE P’ ARE SCrf, FRATTIGE TR 3 48, TR
oP’ .
558 =[I,-P". (7.45)
WX IR, SRS 3] T 2 x 6 AHERT LR R .
fe fo X [ X'Y’ X2 Y
E - V 0 - 772 e fe + 72 g (7.46)
85& 0 f_y_ _fy—yl _f B fyyrz fyX/YI fyXl
VA Az Y 712 Az VA

KA AT R A 1 B RO C TARDLAL S 2R — BB e & AR E T A I
05, A UR 221 th SURME R BB E Y R nT ARG, FFE R SO P E s
ME" BB, AR T, RERMATHR S BIRT, Hehh, 2R se(3) A5 L7 A RHER
TERT, FRAES, W RSN EMERRT 3 4155 3 FURHERPAT

BRI, BATEABUMAFFES S EAE, Hik, JEE e XTERS P T
B P A SRGER XD ULA 5 —2e . (A EEEN, A

Oe 0e 0P’

o e (7.47)
FH—UERMCHES, KT 0, #&IHEX
P’ = (TP);3 = RP +1t,
EATRE P X P RRIGKERET R, Th2:
Pe 2_ . _fgf
= 0 Lo LY R. (7.48)
zZ T zn

T, FRAHES S TR REOE THIBLA S SR M-SR, ENH9EE,
REREAE DA R b R AL R BB Ty ), 48 OB
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7.8 k. KR PnP

7.8.1 {EH EPnP RAFNIZ

T, FABE SR PaP M3 AR . 5, FAE R Wa{# 1 OpenCV 1 EPnP K PnP
W, SRS R YR . 5 1 B, AR, ROV FE AR
. BT PoP B 3D AL, b TR RIRET, FRATEH T RGB-D HIHLA RIRIE
Bl (1 depth.png ) {E RIS 3D A1 . 26, K OpenCV H2 i) PnP pREL:

[ slambook2/ch7/pose_estimation_3d2d.cpp ( ;i £ )

int main( int argc, char**x argv ) {
Mat r, t;
solvePnP(pts_3d, pts_2d, K, Mat(), r, t, false); // i JlOpenCV#)PoP K, T it #+EPNP, DLS%¥
Mat R;
cv::Rodrigues(r, R); // rAsk#k@ ¥4 X, MRodrigues/ X 4 ik A 48 [
cout << "R=" << endl << R << endl;

cout << "t=" << endl << t << endl;

TEBER T, EREXER S, ROTESE— BB E R SR ENTRWEE, IR 2R
=P WeES (Rl E K 3D A, LA T ANENR IR AL E Y 2D A5, JEH EPnP oKf# PoP [, Fe
FRIBanT -

[D Zsmin:

% build/pose_estimation_3d2d 1.png 2.png dl.png d2.png

-- Max dist : 95.000000

-- Min dist : 4.000000

— R3] T 7940 IE B &

3d-2d pairs: 76

R=

[0.9978662025826269, —-0.05167241613316376, 0.03991244360207524;
0.0505958915956335, 0.998339762771668, 0.02752769192381471;
-0.04126860182960625, -0.025449547736074, 0.998823919929363]
t=

[-0.1272259656955879;

-0.007507297652615337;

0.06138584177157709]

AT LU HSE AT 2D-2D 150 TRk R, t BAEAHARE, ATLUES, 4 3D L,
i RILVF-RARN, W ¢ 2188 L . R T5IA THINREREHTEL AL, BT Kinect
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KEMERERIA G 2A 2302, FrlX B 3D s AZRERB. fERKMER BA , 3R]

22 BHBAE AT —4EFFHE s Rl A

7.8.2 TFH{TEG

AR e AR AR B 77 SO AP . AT TS5 — R4tk 1 PoP,

JETH R WA g20 AR A

[# slambook2/ch7/pose_estimation_3d2d.cpp ( A )

void bundleAdjustmentGaussNewton(

const VecVector3d &points_3d,

const VecVector2d &points_2d,

const Mat &K,

Sophus: :SE3d &pose) {
typedef Eigen::Matrix<double, 6, 1> Vector6d;
const int iterations = 10;

double cost = 0, lastCost = 0;

double fx = K.at<double>(0, 0);
double fy = K.at<double>(1, 1);
double cx = K.at<double>(0, 2);
double cy = K.at<double>(1, 2);

for (int iter = 0; iter < iterations; iter++) {
Eigen::Matrix<double, 6, 6> H = Eigen::Matrix<double, 6, 6>::Zero();
Vector6d b = Vector6d::Zero();

cost = 0;

// compute cost

for (int i = 0; i < points_3d.size(); i++) {
Eigen::Vector3d pc = pose * points_3d[i];
double inv_z = 1.0 / pcl2];

double inv_z2 = inv_z * inv_z;

Eigen::Vector2d proj(fx * pcl[0] / pcl[2] + cx, fy * pcl1] / pcl2] + cy);

Eigen::Vector2d e = points_2d[i]l - proj;
cost += e.squaredNorm();
Eigen::Matrix<double, 2, 6> J;

J << -fx * inv_z,

0,

fx * pc[0] * inv_z2,

fx * pc[0] * pc[1] * inv_z2,

-fx - fx * pc[0] * pc[0] * inv_z2,

fx * pc[1] * inv_z,

0,
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-fy * inv_z,

fy * pc[1] * inv_z,

fy + fy * pc[1] = pc[1] * inv_z2,
-fy * pc[0] * pcl[1] * inv_z2,

-fy * pc[0] * inv_z;

H += J.transpose() * J;

b += -J.transpose() * e;

Vector6d dx;
dx = H.1d1t() .solve(b);

if (isnan(dx[0])) {
cout << "result is nan!" << endl;
break;

if (iter > 0 && cost >= lastCost) {
// cost increase, update is not good
cout << "cost: " << cost << ", last cost: " << lastCost << endl;
break;

// update your estimation
pose = Sophus::SE3d::exp(dx) * pose;

lastCost = cost;

cout << "iteration " << iter << " cost=" << cout.precision(12) << cost << endl;
if (dx.norm() < 1e-6) {

// converge

break;

cout << "pose by g-n: \n" << pose.matrix() << endl;

TERXA/NeRBR, FRATTHRAEAT 0 A B HE S, ST — ] SRR R R ARt . 2 )m, K&

fiT#5 b3 OpenCV ., FH LA g2o0 SE 2 [H] YRR 25
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7.8.3 ¥ g20 #47 BA Ak

EFE TR 25, FOTFERE T g2o0 SHIFRE MM (S5 L H Ceres i1
FERHAN ). g2o IHEATIVUES 6 Yh B 2N Gt (] 820 Z R, FATEAE A AR i —
EfLALmE, np 7-15 Fros.

P/ VertexPose

EdgeProjection

2, =H(TP)

T

VertexPose

B 7-15 PnP & BA # Bt % 7

EXA A, W S R .
L TR B HPLAEEY 5 T € SE(3).
2. i B 3D SAES TAINL RS, LU SRR .

zZj = h(]q,fy).

TS AR R E AT, TR AIEE SR RE, BEFLM5EE, &
&% I8 LI, BE, IR —4 3D S A ER T 2D 52, fhitse -4
HHPLIIALES . A LARATEEE — MHPLE B, RAARFEZIEE.

g20 $2HE TFL T BA BT S A4, 1N g2o/types/sba/types_six_dof expmap.h FhE2{t 2=
FEBCRE R . fEA T, BATA C LB VertexPose Tii & Al EdgeProjection #1, T :

[A slambook2/ch7/pose_estimation_3d2d.cpp ( /i £ )

I | /// vertex and edges used in g2o0 ba

» | class VertexPose : public g2o::BaseVertex<6, Sophus::SE3d> {
3 public:

4 EIGEN_MAKE_ALIGNED_OPERATOR_NEW;
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virtual void setToOriginImpl() override {

_estimate = Sophus::SE3d();

/// left multiplication on SE3

virtual void oplusImpl(const double *update) override {
Eigen::Matrix<double, 6, 1> update_eigen;
update_eigen << update[0], update[1], update[2], update[3], update[4], updatel[5];
_estimate = Sophus::SE3d::exp(update_eigen) * _estimate;

virtual bool read(istream &in) override {}

virtual bool write(ostream &out) const override {}

class EdgeProjection : public g2o::BaseUnaryEdge<2, Eigen::Vector2d, VertexPose> {

public:
EIGEN_MAKE_ALIGNED_OPERATOR_NEW;

EdgeProjection(const Eigen::Vector3d &pos, const Eigen::Matrix3d &K) : _pos3d(pos), _K(K)
{3

virtual void computeError() override {
const VertexPose *v = static_cast<VertexPose *> (_vertices[0]);
Sophus::SE3d T = v->estimate();
Eigen::Vector3d pos_pixel = _K * (T * _pos3d);
pos_pixel /= pos_pixell[2];
_error = _measurement - pos_pixel.head<2>();

virtual void linearizeOplus() override {
const VertexPose *v = static_cast<VertexPose *> (_vertices[0]);
Sophus::SE3d T = v->estimate();
Eigen::Vector3d pos_cam = T * _pos3d;

double fx = _K(0, 0);
double fy = _K(1, 1);
double cx = _K(0, 2);
double cy = _K(1, 2);
double X = pos_cam[0];
double Y = pos_cam[1];
double Z = pos_cam[2];
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double 72 = Z * Z;

_jacobianOplusXi

<< -fx / Z, 0, fx * X / 22, fx * X » Y / Z2, -fx - fx *» X * X / 22, fx * ¥ &2,

0, fy / Z, fy * Y / (Z * Z), fy + fy * Y * Y / Z2, ~fy * X * Y / 22, ~fy * X / Z;

virtual bool read(istream &in) override {}

virtual bool write(ostream &out) const override {}

private:

Eigen::Vector3d _pos3d;
Eigen::Matrix3d _K;

X LS T TS B SRR 22 T R e AT AU — A B A

slambook2/ch7/pose_estimation_3d2d.cpp ( /7 £ )

void bundleAdjustmentG20(
const VecVector3d &points_3d,
const VecVector2d &points_2d,
const Mat &K,

Sophus: :SE3d &pose) {

// M EBEAL, ik < g2o

typedef g2o::BlockSolver<g2o::BlockSolverTraits<6, 3>> BlockSolverType; // pose is 6,
landmark is 3

typedef g20::LinearSolverDense<BlockSolverType::PoseMatrixType> LinearSolverType; // &%
KgEin

// M TF Wk, TPYAMGN, LM, Dogleg't ik

auto solver = new g2o::OptimizationAlgorithmsGaussNewton(

g20::make,unique<B10ckSolverType>(g2o::make_unique<LinearSolverType>()));

g20: :SparseOptimizer optimizer; // BAEAR
optimizer.setAlgorithm(solver); /] KB EME
optimizer.setVerbose(true); [/ A1 IR e
// vertex

VertexPose *vertex_pose = new VertexPose(); // camera vertex_pose
vertex_pose->setId(0);
vertex_pose->setEstimate (Sophus::SE3d());

optimizer.addVertex(vertex_pose);

// K
Eigen::Matrix3d K_eigen;
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K_eigen <<

K.at<double>(0, 0), K.at<double>(0, 1), K.at<double>(0, 2),
K.at<double>(1, 0), K.at<double>(1, 1), K.at<double>(1, 2),
K.at<double>(2, 0), K.at<double>(2, 1), K.at<double>(2, 2);

// edges

int index = 1;

for (size_t i = 0; i < points_2d.size(); ++i) {
auto p2d = points_2d[i];
auto p3d = points_3d[il;
EdgeProjection *edge = new EdgeProjection(p3d, K_eigen);
edge->setId(index);
edge->setVertex (0, vertex_pose);
edge->setMeasurement (p2d) ;
edge->setInformation(Eigen: :Matrix2d::Identity());
optimizer.addEdge (edge) ;

index++;

chrono::steady_clock::time_point t1 = chrono::steady_clock::now();
optimizer.setVerbose(true);

optimizer.initializeOptimization();

optimizer.optimize(10);

chrono::steady_clock::time_point t2 = chrono::steady_clock::now();

chrono: :duration<double> time_used = chrono::duration_cast<chrono::duration<double>>(t2 -
t1);

cout << "optimization costs time: " << time_used.count() << " seconds." << endl;

cout << "pose estimated by g2o =\n" << vertex_pose->estimate() .matrix() << endl;

pose = vertex_pose->estimate();

FRIFARM L ANEE 6 PEAY g20 25l FRATE e W T g2o0 LIRS, JFECTE DL MR A & AL B L
TR, ARG, RIEATTRIRARES, BArE M b GO b, e, AR Bt TR
it BT AT

LS PN

./build/pose_estimation_3d2d 1.png 2.png 1_depth.png 2_depth.png
-- Max dist : 95.000000

-- Min dist : 4.000000

— £ &5 TTOMAE R &

3d-2d pairs: 76

solve pnp in opencv cost time: 0.000332991 seconds.

R=




30

F7iH ARERITL

[0.9978662025826269, -0.05167241613316376, 0.03991244360207524;
0.0505958915966335, 0.998339762771668, 0.02752769192381471;
-0.04126860182960625, -0.025449547736074, 0.998823919929363]

t=

[-0.1272259656955879;

-0.007507297652615337 ;

0.06138584177157709]

calling bundle adjustment by gauss newton

iteration 0 cost=645538.1857253

iteration 1 cost=12750.239874896

iteration 2 cost=12301.774589343

iteration 3 cost=12301.427574651

iteration 4 cost=12301.426806652

pose by g-n:

0.99786618832 -0.0516873580423 0.039893448423  -0.127218696289
0.0506143671126 0.998340854865  0.0274540224544 -0.00738695798083
-0.0412462852904 -0.0253762590968 0.998826706403 0.0617019263823
0 0 0 1

solve pnp by gauss newton cost time: 0.000159492 seconds.

calling bundle adjustment by g2o

iteration= 0 chi2= 413.390599 time= 2.7291e-05 cumTime= 2.7291e-05
schur= 0 lambda= 79.000412 levenberglter= 1

iteration= 1 chi2= 301.367030 time= 1.47e-05 cumTime= 4.1991e-05
schur= 0 lambda= 26.333471 levenberglter= 1

iteration= 2 chi2= 301.365779 time= 1.7794e-05 cumTime= 5.9785e-05
schur= 0 lambda= 17.555647  levenberglter= 1

iteration= 3 chi2= 301.365779 time= 1.4875e-05 cumTime= 7.466e-05
schur= 0 lambda= 11.703765 levenberglter= 1

iteration= 4 chi2= 301.365779 time= 1.3132e-05 cumTime= 8.7792e-05
schur= 0 lambda= 7.802510 levenberglter= 1

iteration= 5 chi2= 301.365779 time= 2.0379e-05 cumTime= 0.000108171
schur= 0 lambda= 41.613386 levenberglter= 3

iteration= 6 chi2= 301.365779 time= 3.4186e-05 cumTime= 0.000142357

schur= 0 lambda= 2859650082279.672363 levenberglter= 8
optimization costs time: 0.000763649 seconds.

pose estimated by g2o =

0.997866202583 -0.0516724161336  0.0399124436024  -0.127225965696
0.050595891596 0.998339762772  0.0275276919261 -0.00750729765631
-0.04126860183 -0.0254495477384 0.998823919929  0.0613858417711
0 0 0 1

solve pnp by g2o0 cost time: 0.000923095 seconds.

edges=

edges= 76

edges=

edges= 76

edges=

edges=

edges=

76

76

76

76

76
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HefesE—, HOKR OpenCV (1 PoP, ft)nf g2o0 MSCBL. SN, — &M HRTERLE | ZR0LLDY,
XU BT R I AFES R &L

BA J&—Fhil H A . © T AR TPl R . FRATT58 42 AT AR 22 IR ER DT BC 31 407 28
s ] S AT IR0, BE 2 ] LIRS SLAM s FE Ao . IRFP S ISR K, 3 B Jq vl
L FRATEAESR 10 VRAEUGE RS M8, FEaiom, FROTE H % 18R A HLAL L FIAFIE s /N8
BA [A), X e TS m K A fpi ik

7.9 3D-3D: ICP

e, AT 3D-3D WA &AL, BT 1A —4lE X ar (4 3D 85, (g i 1% g
& RGB-D P uEfT 1T PLHL ):

P:{plv"'vpn}a PIZ{PL,P;}»
PfE, AHER RS R, 1157
Vi, pi =Rp/i+t.

XA R A LA BT 24 ( Tterative Closest Point, ICP ) sRKff#. &V iZiEES 17, 3D-3D
PrEAE A P A B, dgb el (% IEMI4 3D pi ) fy it , FARPLIFIR
HXZ., FHiL, 70806 SLAM i aali 8] ICP, Akt FROCEIRFFEAS LS, HATIMHA
WA SEZ EGEERXR, HAENNE B HGT AP s A, FrLAX A iR o AU
VL, MZERSED, 4RAE S IR TRAF VTR E R, BrLUEA [ SRR R 7. 7
RGB-D SLAM 1, A YA Rh AR THARPLO 2. T SCIRATTHT 1CP $RACEL BC &F B M 41 i 6] (12
it

Al PP 2508, ICP Rt AmiRh . FIRSPEABI R (%02 SVD), LAKFIH
AR AR (ZF BA). N uliEf T4 .

7.9.1 SVD Jjik

HRAELL SVD ACEAREU . ARSERT AR ICP (A, FRA15E0E SCHS @ X i
T4 .

OX AT FIRT A I R SR AR R E DR A, IBAIE p; AR P& RdE, 18 pl B —1H1%
PR, BRI R, .
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RIG, RN T, SRR T AR/ MG R, ¢
min ZH — (Rpi’ +t)[3- (7.50)
TS AR . B, AL AR -
1 < I,
p==> () P'=-> (p) (7.51)
=1 =1
ER, Bl PR, RS, i b i ks
1 n
§lepi— (Rpi' +1)| QZsz Rp/ —t—p+Rp +p— Rp|’
= =1

= %E I(pi —p — R(p;/ — p')) + (p — Rp' — t)||”
= %Z";mpi ~p— R/ ~p)I' +lp - Rp' —t|"+
2pi~p— R(p/ —2))" (- Bpl ~1)).
HE S T (ps — p — R (pi! — ) TERRZIG W, BILHRAL HAReBCT AR AL

s _1 - s a2 _ r 412
tg{;lJ—zl;IIpt p—R(p/'-p)|"+|p-Rp —t|". (7.52)

fFANREE Ao A RITL, JRATT R BLA T HORUBEREERE R ARG, TiAAREA R dA ¢, (HEAR
A, RERIE T R, 2B 0O 5] ¢ T, ICP Al LU LA T = AP HRK i -

C OHEALE RO E p, o, RIE TR A R RO SRR
G=pi—p, q=0p;—

2. HREELUT AR R B e R -

* a 1 S 12
R —afgmflzn§§”qt'—qu” : (7.53)
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3. IR 2 £ RIS ¢

t*=p-Rp. (7.54)
FRATER, DR TR Z R, PR AR AL AR LRI COSE R
FITE . BT R AYIRZED, 13
1 n ) . 1 n
52 llai - Rq)|* =3 (ala: + ¢"R'Rq] — 2] Rq)). (7.55)
=1 9=,

BRI R XX, £-WhT RR=1I1, "5 REX. HI, bk 00tk ik
B

n

Z Rq z —tr Rq,q, = —tr (RZq,ql ) . (7.56)

i=1

Tk, RAINGA/ERE SVD il ik B iin) R, & FRIUTERRER & oy B 4, &
LB 2 T ) 13 7"/5% Hk [62,63]. NTHE R, Yo SR

W =) qq" (7.57)

W 22— 3 x 3 HERE, %F W (T SVD 20, 15
W =UxV" (7.58)

Hrp, B haREHRAXT AR, XTALTENKRE N, 1 U MV R Y
W ifkEf, R4
R=UV". (7.59)

15 R e, %30 (7.54) K ¢ Bla] . Gt R @977 200 5, MR — R AN iR fi.

7.9.2 ARERPEIRAE )i ik

SKA# ICP 14 55— Ry 2ORAE AR LA, LAEACH Iy 2R . 2% AR A T
WRHY PP AEF AL, LA RBERIA NS, HAx R &n] LA R

min = 5 Zn pi —exp (6") )3 (7.60)
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AN REIOC T B M SRR CHE S, (AR ShR R B T

3%‘2 = —(exp (") pi)°. (7.61)

T, fEARERME LA h LG AWNEA S, SEREFR B /IME. WiH., ATLLERIE!, ICP (W) SELE
ME— ol JC 557 ZRRING L. EME sl T, HERERAINUIMER, XMUNMERE BRI
E— A 2B E s i AR 4 R /S L . X R 1CP KA v] LME 1k E# hh e .
X CLVE AL i I RS 1CP iy — K Uf Ak

ity U FRATTIX B 1CP 248 Ot ERFIE S 8 1 VERC A 00 F UEA 505 38 A )
W FEVCHECC AT DL, 3X A /N3 ) RSB b HLAT g AT Lo4-68) | e I8 b B UEA 734X
Ak, ICP MY FE & LA B I L IE AL R HIAITE L. B4, R ABMTEAF 3Tk 1ICP
We? ARy, HEEGATF, W17 RGB-D SLAM W, — /MR R AEEEERETREA , Wl aEml
it ANF, rLAFRATAT ARG B PoP FIICP {4k XU EE B RIBYRFIE &, ST 1 1/0 3D-3D
D25 N FUREEARFIMERAE S, W 3D-2D (E IR, T, RTLLEFTA 15 2 i 7 Il
i 1110 S 3 - U S B e ) 1y

7.10 ek KR ICP

7.10.1 9:%: SVD Jjik

A WM SVD RARZAE A K 1ICP, AT IAE M RGB-D B, it FF
fEVEFCARHRPIAL 3D &, d5ga T ICP iHREN TR 22840 . i T OpenCV HATIEBA 115 M1
VEECARY ICP (i, i HEMFEHWIFAE 2, L3N] A SR ER—1 ICP.

[#® slambook2/ch7/pose_estimation_3d3d.cpp ( /7 %)

void pose_estimation_3d3d(
const vector<Point3f> &ptsi,
const vector<Point3f> &pts2,
Mat &R, Mat &t) {
Point3f pl, p2; // center of mass
int N = ptsil.size();
for (int i = 0; i < N; i++) {
pl += ptsi[i];
p2 += pts2[il;
}
pl = Point3f(Vec3f(pl) / N);
p2 = Point3f (Vec3f(p2) / N);
vector<Point3f> q1(N), q2(N); // remove the center
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for (int i = 0; i < N; i++) {
qi[i] = ptsi[i]l - pi;
q2[i] = pts2[i]l - p2;

// compute ql%*q2°T

Eigen::Matrix3d W = Eigen::Matrix3d::Zero();

for (int i = 0; i < N; i++) {
W += Eigen::Vector3d(qil[il.x, qilil.y, q1[il.z) * Eigen::Vector3d(q2[i].x, q2[i].y,
q2[i].z) .transpose();

}

cout << "W=" << W << endl;

// SVD on W

Eigen::JacobiSVD<Eigen::Matrix3d> svd(W, Eigen::ComputeFullU | Eigen::ComputeFullV);
Eigen::Matrix3d U = svd.matrixU();

Eigen::Matrix3d V = svd.matrixV();

cout << "U=" << U << endl;
cout << "VY=" << V << endl;

Eigen::Matrix3d R_ = U * (V.transpose());
if (R_.determinant() < 0) {
R_ = -R_;
}
Eigen::Vector3d t_ = Eigen::Vector3d(pl.x, pl.y, pl.z) - R_ * Eigen::Vector3d(p2.x, p2.y,

p2.2);

// convert to cv::Mat

R = (Mat_<double>(3, 3) <<
R_(0, 0), R_(0O, 1), R_(0, 2),
R_(15 0), Bo(ls 10, R_(1s 2%,
R_(2, 0), R_(2, 1), R_(2, 2)

&+ —
|

= (Mat_<double>(3, 1) << t_(0, 0), t_(1, 0), t_(2, 0));

ICP (32 B0 AR SO Y = —20 . FRN VA Eigen 47 SVD, RJGiHTHHE R, ¢ . 3%

g VSRR ISR, s, o TR S Rk p Rp,~+t1£‘ﬁ9"] R Rt
A RS — Ml A, S RTE PP ML fﬁuuﬂé?—?ﬁcﬁ‘ AT TED T @78 i .

[B i .

1 ‘./build/pose_estimation_Bde 1.png 2.png 1_depth.png 2_depth.png ‘
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-- Max dist : 95.000000

== Min dist : 4.000000

— K E| T 7940 IT AL &

3d-3d pairs: 74

W= 11.9404 -0.567258 1.64182

-1.79283  4.31299 -6.57615

3.12791 -6.55815 10.8576

U= 0.474144 -0.880373 -0.0114952

-0.460275 -0.258979 0.849163

0.7505566  0.397334  0.528006

V= 0.535211 -0.844064 -0.0332488

-0.434767 -0.309001 0.84587

0.724242  0.438263 0.532352

ICP via SVD results:

R = [0.9972395977366739, 0.05617039856770099, -0.04855997354553433;
-0.05598345194682017, 0.9984181427731508, 0.005202431117423125;
0.0487753812298326, -0.002469515369266572, 0.9988067198811421]
t = [0.1417248739257469;

-0.05551033302525193;

-0.03119093188273858]

R_inv = [0.9972395977366739, -0.05598345194682017, 0.0487753812298326;
0.05617039856770099, 0.9984181427731508, -0.002469515369266572;
-0.04855997354553433, 0.005202431117423125, 0.9988067198811421]
t_inv = [-0.1429199667309695;

0.04738475446275858;

0.03832465717628181]

B ATLAFAL ICP 5 PoP, AR L2 ahfliitas 2 mli2E5 . afLLAK, fEX i A v
M Mok EZMEE (RARE—F - TMERNERE—A P EORE ), Fik, e3R8
BRI , RS doks ok AR HERf . (B2, T Kinect AR EIAF7EME S |, 17 H A AT REFF
TERAE RO, BT R TTAA E 35— S R SR iR TE A X T BE RS ICP AT AN
WeAERR, JFH, WARAMESERSRE, sl FRHMES KD, ki rE sl

7002 ek TRERHEMRAL)5ik

T AR A ICP., FRATR SR AR ECR LA DL 2 . XAk 1%, RGB-D
FHAILEE VR AT AU 1) #bp o ) =48, NI r=A4:—~ 3D & . 34 1 —4~ 3258 iy
VertexPose, #RJ5%E X 3D-3D (1) —JCill

[ slambook2/ch7/pose_estimation_3d3d.cpp

/// g2o edge
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class EdgeProjectXYZRGBDPoseOnly : public g2o::BaseUnaryEdge<3, Eigen::Vector3d, VertexPose>

4

M5 SLAM +0id: MERIERISCREE (% 2 hR)

public:
EIGEN_MAKE_ALIGNED_OPERATOR_NEW;

EdgeProjectXYZRGBDPoseOnly(const Eigen::Vector3d &point) : _point(point) {}

virtual void computeError() override {
const VertexPose *pose = static_cast<const VertexPose *> ( _vertices[0] );

_error = _measurement - pose->estimate() * _point;

virtual void linearizeOplus() override {
VertexPose *pose = static_cast<VertexPose *>(_vertices([0]);
Sophus::SE3d T = pose->estimate();
Eigen::Vector3d xyz_trans = T * _point;
_jacobianOplusXi.block<3, 3>(0, 0) = -Eigen::Matrix3d::Identity();
_jacobianOplusXi.block<3, 3>(0, 3) = Sophus::S03d::hat(xyz_trans);

bool read(istream &in) {}

bool write(ostream &out) comst {}

protected:
Eigen::Vector3d _point;

X fE——J0i1, BiEEMIT AT 2 g20::EdgeSE3ProjectXYZ, Asid Wi i b\ 2 £k A5 1l

T34k, WEECAAAUEIE, JF H HOCHREN A5 5, T X HURE AT U R Bl
WG FATHT T B S — 2. HE T LEAERF AR 7O TABLO B 8. 22— 3 % 6 YRR

A g20 HEATULACHACRE RARLAG , A TBEE G PO A 3 s AL BIAT 53k A U i

AT, FRAFIL . e, KBEFMILRER

[B Zesmdh i

iteration= 0 chi2= 1.811539 time= 1.7046e-05 cumTime= 1.7046e-05 edges= 74
schur= 0

iteration= 1 chi2= 1.811061 time= 1.0422e-05 cumTime= 2.7468e-05 edges= 74
schur= 0

iteration= 2 chi2= 1.8110560 time= 9.589e-06 cumTime= 3.7057e-05 edges= 74
schur= 0

o
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iteration= 9 chi2= 1.811050 time= 9.113e-06 cumTime= 0.000100604 edges= 74
schur= 0

optimization costs time: 0.000559208 seconds.

T=

0.99724 0.0561704 -0.04856 0.141725
-0.0559834  0.998418 0.00520242 -0.0555103
0.0487754 -0.0024695 0.998807 -0.0311913
0 0 0 1

Fell 10, P YR BRSO SRR, B K2R E . M
(SRR AETATIAT H, E R SVD % A Rrsgs BILT B, X SVD B 441
TUACTIRERRTL. BTl ASRrAaT A SVD 4 5% RRARLRIE R

TEELIAG I | AEARBIAG 1CP b, BT T 2/ AT VR R R . AT 56 I
PSP R, Tl TRRAEFIS AT PP BBE R, S T k. R,
e ARG, 67 T A AR 1, R — PRl o, TR IR A, e
AR AR R 1, AR THER B RO AR IR I AL, s
B, (RITAELA R . I, oTLEANLIGE S, TS SR, S
AW, 7 BA B, 127 RIS, Y Z0MM Sk L8, (i
S R A 1A i

7.11 ek
AP0 TR TRAES A R P A LA A, A4 .
L. FEAE S 2 AT S O DT ALY
2. nfefigid 2D-2D BY4FAE S AN AIHLIZ Bl
3. 4nfar AN 2D-2D BYPEECAL A~ S A [l
4. 3D-2D [y PnP [}, HZLPEMELA BA fifik.
5. 3D-3D 1Y ICP [n)j@t, HELMEAELF BA ik

AN EE S Far, HESE N 1A LR SEARIE B8 4075 A PRIXE , T LG i
W RIERS I e, fe i A e s, DABRAR R A is sh il N A

s SRR, W ORUEAT S, FRATTA MG 7O O TR BRI DR IhiE . BN, GnlRqe
XA LR el B b 20 8 O E G T, 2R Aol X TE RN AERE H st 1 )7 e
SR ANOL? AE PP FIICP 4 e XA, N2 BT A7 SRERIERE A X
SERPERAINTOL, IR TR A ATREA T 527 RETR A IRNTTAY T ROARTE L, e EST
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FHERER, M EMMTHEEE & BB BARIE b, A9 Hbs 285512 /R R AL R
W, AT X R AT, TR, Xt DB, R IRSG X 28D WL 1
O, FTLABYE2 % SCHR [3] SFi8 30,

. BT A4 ORB 4HAE A, A AEFR B MPLLHRAE 5.7 1L SIFT 5k SURF (5, Jf
X HEATS ORB Z a4 .

2. IR OpenCV H i LA A AR S . GETHEHEE 1000 MFFIE S B TEPRAYHLAF L
Jt A e [

3.0 FATTK&B, OpenCV #2411 ORB 4F#ME sl FE R T A i ANEI L), R R REAE I B sl b
TR s A E R A ik

4. 7% FLANN Ao g ks AbBEPCEC)E, BR T FLANN, &4 BELen] DU Ve Bl iy F-B?

5. BEEURTEFHHA EPnP BUSCHA PoP ik, RS EN T AR R

6. 1€ PoP fifbrf, $55— S ADLA VLI % etk , PRI -BE Y Riaas R af

k.7
7. {EICP ¥, =S e i e 5% et ok, BN IMT-ES? BG4 RaH
AE4E?

8.* FEAFAE A VC LT R rpr, AT 3R G0 i 25 38 2 DR VCBC AR 00 . A SRR AT 452 VC A4 A £ PnP
G ICP 1, S RAEFEAIEIL? VRABRE S WLk G IR VT BL Y ) 7% 2

9.* ffiffl Sophus Y SE3 2, HC ¥t g20 MY A 51k, S8 PP A ICP B91L1L.

10.* 7£ Ceres 1523 PnP #1 ICP HI{L1L .
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8.1 HHEALMNSIH

sz, ERFREENTERINRBEZ DA LIT LR
Lo ORHEG RIS i T AT AR #ERT . SEBRHP, SIFT HAI{E CPU RS
(9, 1M ORB L7 3 20 ZEAPATITTRERHS . 4IREEA SLAM LA 30 2R/ iz T, B

2. (TSR, ZBE TBRFFES LSNP R . —RESRAE L+ AMEER, mEE A
HAILEA . R HFES E5 7K rTgE R ARIEHRE B

3. HPLA Sz sh B AERR R (1 oy, XS AR A B BAYaE B filan, ArfdR
frizmxf—IK ki, & S5 HNER. X R TRIESEESH B, i)
AR A B L GBI VCRC SR TR AL 3]

FRATTE BV FRFOE S 00 S A7 — 28, A1 I REAS o ARG Se Bl 5 e 7 FRATT4T LU JLFR
}34:]\%:

- PREAFIEST, (G PROCHES, AR . [FAE, fAKRZE (Optical Flow ) BRES
FROUESAiZE sl R nT RA R a3 R DL ol 7 R OB ], T YE T AR B 0 55 ) 2
74NN R 15 3 M1 LI LT

< HOPRORHEAL, ANHTRHA . [FIRS, [HIE#E ( Direct Method ) THEARHIE s AE R
ZIER A . X [ARE AT DAk R F A0 R, o 25 TORRAYTHR ]

S PO EASR AL AT, FUREICECR A FRHR T YERURES , A HARYLE shis 75l
Xth JUfa] . PoP 3 ICP 3535 o X HRAR 22 ZR AR IR Ay S B s HLA o] X 4, BPIRATTAT Z4E 30 A v .
IMAE LD, ARG RN B ERERE BRI A THVLZE shALE R, AEREEREIR
SULAUR A . el SOP RS, T R o] DUZBEFLAYIE &

il PR OE 2 A T HARALZ BhE, FRATIEREIE S A VE B e 7 =4z R A . iRBE e e
L g BEE O v, i i/ MEEIR IR Z ( Reprojection error ) (EAEHNLIZES . TE XN dFEd, T
11t B A e 20 3 45 8] 0 ZE P A AR ML P AR e R R L —— X U R R AT TR R AR 2 A T DL
s RERA IR L I, FRATd RS, 53, PCRCRHMER ST KRBT E &, M, £ EBL
b, FRATFAT EHE S S Z B AN E R, MBI R/ MEXEIRZE ( Photometric error ) 3
RAFERN]-

SeEAR BT ELAYIZ Sl , ATRLSE AR ROCH AR, T2, Bk rAFAER 5 m ],
WRESE TRFIE SR RN BL . R e S A e RG2S (T LURWAE , AE UR S IR B ),
P he T RIEEAMRR RO, BRI IRE . BERERE =, SHRHEQEREE
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Fsb b, B A B 0T B el ] R 0 R L (n SVOLes]
LSD-SLAMI® | DSOU% %5 ), EfLE#HE  FiidEs, SOy R b EEN—r.

8.2 2D Nik

BHHEERNOCTEE TN, ENEHEFHL, BAMERMEGZFM. it MR EEEB%
Rz s, T E LN AL SR b T U R, ROV

FE R — PR ARIR R FA ] 7E ER Z Bz sh B T2, s 8-1 Fros . Bifi & i [e) A dl, [m]—1>
BESERG iz, mMRMIABEEENEst i, i, PR s BB LR
AR ENRNTABER . MFfiERLL Lucas-Kanade Y7t A{CFE, FFalLIFE SLAM 1 H]
THREFAFAOE 63 A2 8 . B 6 LA Horn-Schunck YEiiil™ A& i, A FE 2 A4 Lucas-Kanade
JE, WA LK L.

o I, I,
A - L »
: Ll ; (el Y ”
T b — > :
SSTEN .
A 4 Y A 4
Affe] ¢
E
1, t t

TR FE A% l(xny“tl)=](xz’yz-’z)zl(xzs,\’ptz)
K81 LK AtEETREHR

Lucas-Kanade i

15 LK it , FofiTIA K £ AALA PR B A fy . PR AT LT AR 10 R T(2).
M2, —AE ti%], BT (2,y) AAIRE, EHKEER LS

I(z,y,t).

XA AR R AL T T8 SRR B PR, B A EBUR S R R K . BB IERA

BRER A, ETE ¢ RZRIRE RSN 2,y M THPLEEE), EREGAeRE R R B,

A Ak A 2 ] s A A 2 R P R AL . (B A THIR? X LG | AOERiE i AR
REREMRE: F—D=BGRFEIKEE, e8P ER R B EALR .
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Tt BZLTF (z,y) AOURE, FATE ¢ + dt HZIEEHF (@ + do,y + dy) &b BT KE
A, BliTA
I(z+dz,y+dy,t +dt) = I(z,y,t). (8.1

EEKEAE BB — MR A B, SEPRPRATREAROL. F9: E, i TR AR,
fRFE M AECMBIRE RSy AW, PSSR EEOL SR, (5RO s a e ng, X
IRBEAR BT A RO, ORISR A —E RS, KT, W —mkit, iRk
A —RE RS T TR . AREATH A BB, SEESOH M BEE . Bk, E3A1E
HAz s ilor, A& W RR R 50

M T RS, RE B, 18

oI oI

o1
I(x+de,y+dy,t+dt) =I(z,y,t)+ adm + %dy + Edt' (8.2)

PHOAFRATIBGE T IRIEATE, T T — B 2B IR BE S5 T Z AU IR BE, AT -

or oI or
de + 8—ydy + Edt =if. (83)

MR dt, 1%
oldz 0Idy  0OI

drdt "oyt ot

Hoop dae/dt WG ZAE o B 1 HOGEENEE , 1 dy/dt S g B BOBEEE , HUEATHEN u, 0. R,

I/ 0z WIEURAEZ AL « Jr I (R EE . Sy—TR S AE o Jr I IREIE , TN I, T, . $EPESORIE R
Al etk Eie h I, SHOERIE, &

(8.4)

= —1I;. (8.5)

TATEH R RRRANZS) u, v, HREZARTAWNERY KR, UEELEITRE R
u,vo HIE, G| ABSMYAFAEITT v, v, 78 LKOEHH, EIMNREFE—ATEOANGERSE
HEIRIES

EE—DRDA w xw B, E5AH o« BERER. ZE0ONERKXBARFERNZS, K
A w? IR

v

1. IJkriz_-Lh k=1...,u2 (8.6)

ic:
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b=, (8.7)

u
A = —b. (8.8)

RIE—DKT u,v WBELM IR, ERFEE RN M. Foh_RZHH .

FRENERN

{u] = —(ATA) AT (8.9)
v

KPR TRETEEUR B AE Sh B w, v, 2 ¢ BRI 20 A e Sert e, Fq7nT
DA RBUR R A TR P B0 & . i TREBEEERA R, Freln R —uas iR
Bh, WANSZEMAILREATIFE. 7E SLAM ™, LK G H AR f S iz s, FefT 1AW
HA R RS —T.

8.3 k. LK %i
8.3.1 M LK ik

TESCERTR Ay, FRATEEE LR FIEE, H OpenCV G RIBE: L il (OFFIE S . [WIEF, Tk
I FB S —4 LK B, PAABINRIEAABCR . A1 FHM KK [ Euroc £ 419 < 11
EHR, 7ESB—iKESPREMA A, ARG ADERESE BN RS sk ER b i & . w1k, RO
OpenCV H1iY) LK i :

[ slambook2/ch8/optical_flow.cpp ( K £t )

// use opencv's flow for validation
vector<Point2f> ptl, pt2;

for (auto &kp: kpl) pti.push_back(kp.pt);
vector<uchar> status;

vector<float> error;

cv::calcOpticalFlowPyrLK (imgl, img2, ptl, pt2, status, error);

OpenCV WEHAEM H E+rf 8, HFE A cvicalcOptical FlowPyrLK pREL, HRALHTS FI5K
% B BRI A, BIATS BB A, DA SRS . 1R, FRATATLIARYE status 75 &
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SR 1 R R R T B IE G B E . KRB — e RE A B, (R AR R TR
VU FHERA B 8. TN 7R A W S O AE | 1 H 25 SRS, et 2 AT AR P B 2 B
it T
8.3.2  JHEa Wi iy sc i
S

AL T LA AR SE R ME R BER A R R E s . FTLL, RRIT
RS T 4% T B2 it FRATB e 93— T i T A W B 637

[# slambook2/ch8/optical flow.cpp ( ;% )

class OpticalFlowTracker {
public:
OpticalFlowTracker(

const Mat &imgl_,
const Mat &img2_,
const vector<KeyPoint> &kpl_,
vector<KeyPoint> &kp2_,
vector<bool> &success_,
bool inverse_ = true, bool has_initial_ = false) :
imgl(imgl_), img2(img2_), kpl(kpi_), kp2(kp2_), success(success_), inverse(inverse_),

has_initial(has_initial_) {}

void calculateOpticalFlow(const Range &range);

private:
const Mat &imgl;
const Mat &img2;
const vector<KeyPoint> &kpl;
vector<KeyPoint> &kp2;
vector<bool> &success;
bool inverse = true;
bool has_initial = false;

]

void OpticalFlowSingleLevel(
const Mat &imgl,
const Mat &img2,
const vector<KeyPoint> &kpl,
vector<KeyPoint> &kp2,

vector<bool> &success,
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bool inverse, bool has_initial) {
kp2.resize(kpl.size());
success.resize(kpl.size());
OpticalFlowTracker tracker(imgl, img2, kpl, kp2, success, inverse, has_initial);
parallel_for_(Range(0, kpl.size()),
std::bind (&0pticalFlowTracker::calculateOpticalFlow, &tracker, placeholders::_1));

void OpticalFlowTracker::calculateOpticalFlow(const Range &range) {
// parameters
int half_patch_size = 4;
int iterations = 10;
for (size_t i = range.start; i < range.end; i++) {
auto kp = kpil[il;
double dx = 0, dy = 0; // dx,dy need to be estimated
if (has_initial) {
dx
dy

kp2[il.pt.x - kp.pt.x;
kp2[i].pt.y - kp.pt.y;

double cost = 0, lastCost = 0;

bool succ = true; // indicate if this point succeeded

// Gauss-Newton iterations
Eigen::Matrix2d H = Eigen::Matrix2d::Zero(); // hessian
Eigen::Vector2d b = Eigen::Vector2d::Zero(); // bias
Eigen::Vector2d J; // jacobian
for (int iter = 0; iter < iterations; iter++) {
if (inverse == false) {
H = Eigen::Matrix2d::Zero();
b = Eigen::Vector2d::Zero();
} else {
// only reset b
b = Eigen::Vector2d::Zero();

cost = 0;

// compute cost and jacobian
for (int x = -half_patch_size; x < half_patch_size; x++)
for (int y = -half_patch_size; y < half_patch_size; y++) {
double error = GetPixelValue(imgl, kp.pt.x + x, kp.pt.y + y) -
GetPixelValue(img2, kp.pt.x + x + dx, kp.pt.y + y + dy);; // Jacobian
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if (inverse == false) {
J = -1.0 * Eigen::Vector2d(
0.5 * (GetPixelValue(img2,
GetPixelValue(img2, kp
0.5 * (GetPixelValue(img2,
GetPixelValue(img2, kp

213

kp.pt.x + dx + x + 1, kp.pt.y + dy + y) -
.pt.x + dx + x - 1, kp.pt.y + dy + y)),
kp.pt.x + dx + x, kp.pt.y +dy + y + 1) -
.pt.x + dx + x, kp.pt.y +dy + y - 1))

)3
} else if (iter == 0) {
// in inverse mode, J keeps same for all iterations
// NOTE this J does not change when dx, dy is updated, so we can store it
and only compute error
J = -1.0 * Eigen::Vector2d(
0.5 * (GetPixelValue(imgl, kp.pt.x + x + 1, kp.pt.y + y) -
GetPixelValue(imgl, kp.pt.x + x - 1, kp.pt.y + y)),
0.5 * (GetPixelValue(imgl, kp.pt.x + x, kp.pt.y + y + 1) -
GetPixelValue(imgl, kp.pt.x + x, kp.pt.y + y - 1))
)i
}
// compute H, b and set cost;
b += -error * J;
cost += error * error;
if (inverse == false || iter == 0) {
// also update H

H += J * J.transpose();

// compute update
Eigen::Vector2d update = H.1ldlt().solve(b);

if (std::isnan(update[0])) {
// sometimes occurred when we have a black or white patch and H is
irreversible
cout << "update is nan" << endl;
succ = false;

break;

if (iter > 0 && cost > lastCost) {

break;

// update dx, dy
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dx += update[0];
dy += update[1];
lastCost = cost;

succ = true;

if (update.norm() < 1le-2) {
// converge

break;
¥
success[i] = succ;

// set kp2
kp2[il.pt = kp.pt + Point2f(dx, dy);

A T7E OpticalFlowSingleLevel PRECTSZEL 1R DGI R, HA R 1 eviparallel for Jf:
fTiH H OpticalFlowTracker::calculateOpticalFlow, %A H45 & L N EFIE S 6. X1 IF
17 for TEFFNTT 2 Intel tbb PESERLAY, i1 HTHAE LD, W eRBuA o Uk, SRIG Rk
1E4 std::function X R LE .

FE AR ECEEEL T (B caleulateOpticalFlow ), F&ATTR 3 AE— A4~ n) il .

: L 2
Jmin 1T (@.y) — I (2 + Aoy + Ay) 5. (8.10)

Bk, 5%22 0465 NEREGE S, X A9HERT HON S AN EURTE « + Az, y + Ay REESBREE . ),
MRS 3K [73], X HLAREEE UL AT DURIER — UK IR EE 1 (2, y) AU SRR B9 77 1R
AR E (Inverse ) Yalfiike FER DG, Ih(z,y) MHEERRFEAZER, FrLAFRA AT LAAESR—
UGS RBIF R SR, RSN M. Ml LAVERY, H HMAE, BT
Frakzs, XATLATAE —t .
EES Ay

FA HECIAR T B T AL, s B AR PR R e A, A RBAE— S FEEE [ IR
FLR S, WoRARLEShECR, PISKIEG2E B, B2 B2 FUROCE AE 5 ik B R i
W/ MEL IXRRRFBCAT LU 5 LA BSR4 7 2 ke sl .

BUR G TR AR Rl — A A T, RBIAF PR T RIS, WiE 8-2 B, ARG
BB A & FIEIRIZE, B L2, Sx R RIS T E R4, S8 7 — &7



FE 8 MEERIT2 215

I, AETHFOLHNT, S BURMFRIF T, IR LB, AT — BNy
WU th T R AOPGRTRPAELRE, FTLL T BB BB A ( Coarse-to-fine ) LT,
RS 8 36 B

IP. :}.
L ALY #ivy
FIERY win
MER PR
L0 ) " o
" ' : ' '
o B .
!f ' ’ <
<
)

/ N/ 7
BAE
ESEES %2

A2 HMELFEMLAMMERNITE

HOBL KT LFAETE T, HIRIR R AR Kz shERR), & FIETURMEIRE K, iahiiR
fE—-MUNERE AN, B, JSIRERORIELES) 120 MRE, RES il TREIENES S
T RAER IMEIE . (HEAE (BB AR 0.5 & 78, IBATE LRI, SFsah
HA SRR T, XIE5 Rt W 4 T B e I an g EAefk.

WAER S T 22000, BT .

[# slambook2/ch8/optical_flow.cpp ( A £ )

| | void OpticalFlowMultiLevel(

const Mat &imgl,

const Mat &img2,

4 const vector<KeyPoint> &kpil,
vector<KeyPoint> &kp2,
vector<bool> &success,

bool inverse) {

// parameters

10 int pyramids = 4;

1 double pyramid_scale = 0.5;

double scales[] = {1.0, 0.5, 0.25, 0.125};
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// create pyramids
vector<Mat> pyrl, pyr2; // image pyramids

for (int i = 0; i < pyramids; i++) {

if (i == 0) {
pyrl.push_back(imgl);
pyr2.push_back(img2);

} else {
Mat imgl_pyr, img2_pyr;
cv::resize(pyri[i - 1], imgl_pyr,
cv::Size(pyri[i - 1].cols * pyramid_scale, pyri[i - 1].rows * pyramid_scale));
cv::resize(pyr2[i - 1], img2_pyr,
cv::Size(pyr2[i - 1].cols * pyramid_scale, pyr2[i - 1].rows * pyramid_scale));
pyrl.push_back(imgl_pyr);
pyr2.push_back(img2_pyr) ;

// coarse-to-fine LK tracking in pyramids
vector<KeyPoint> kpl_pyr, kp2_pyr;
for (auto &kp:kpl) {
auto kp_top = kp;
kp_top.pt *= scales[pyramids - 1];
kpl_pyr.push_back(kp_top);
kp2_pyr.push_back (kp_top) ;

for (int level = pyramids - 1; level >= 0; level--) {
// from coarse to fine
success.clear();
OpticalFlowSingleLevel (pyri[levell, pyr2[levell, kpl_pyr, kp2_pyr, success, inverse,
true);

if (level > 0) {
for (auto &kp: kpl_pyr)
kp.pt /= pyramid_scale;
for (auto &kp: kp2_pyr)
kp.pt /= pyramid_scale;

for (auto &kp: kp2_pyr)
kp2.push_back (kp) ;
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XBAC M PR, 55N 05 e, JHRHRECRmRECEEH T LZE .
16 EpRE0 . FRAT DI IK ESIHEE T OpenCV DG . SR G EZE LM EM, 8T
ENRE T ] .

./build/optical_flow

build pyramid time: 0.000150349

track pyr 3 cost time: 0.000304633

track pyr 2 cost time: 0.000392889

track pyr 1 cost time: 0.000382347

track pyr O cost time: 0.,000375099
optical flow by gauss-newton: 0.00189268
optical flow by opencv: 0.00220134

Wazfrit ] &, 22 TAFER I OpenCV B KEA Y ., I TR IFfE B as T %
AR, e F e X e R A LR afAr ] MMMHmWMW83mmﬁMmiWJf.
22 OpenCV IRCRANY, 200 LW 8 T2 2600

EP i

OpenCV Y%t

H 8-3 AALAuhs Btk
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8.3.3 i/ el

TATER, LK OCHRERENS EES SIRFIE A A R . 304X G RS Sk 1y L
BE, FUR G0 G i L v A MR A e MR R T 2t JRATT AT LU DR AR ER AR AR,
PnP. ICP sg i B JLfr ke fitiit- ALz sh, s i de sy 7 b giad, X HAHRHE.

MAsfTifa] A, R S5 KA 230 PMFFHIELSL, OpenCV FIZJZGHHT 2 K4 2 2058
GEER (ZEHHI) CPU & Intel 17-8550U ), X PR L JEAR S HRay . W RIRATHG i {d FH FAST iX ¥
B OCHE T, IR AREASCRT T MR 5 280 A4, M FREPCEOR R R AR 1. Ad,
GO AR A AR RO AN, DR A B IR B A IR IR A S, O B R e i e
(ELZBRMLE, X7 AR TR B TR RS 1 PR

NP 2] 59| B S o R (N T S e = R O e n = I TR B S R PO o
{HERAMLZ ShE T ( mORAESREL & ).

8.4 L%k

R, ATHE SEA —EMUTER BETL . SHTE A AIEL, JA e 28 Bk 5
B, SRIG Sl Rk

8.4.1 HiZLHES

ER TR, RMEGOERR AU, B8 T2, REARETE S — A, JAREHT— AP 45 R0
B, ARICHHPLATE T 15°, IR 20GRAEARELLX A 15° iz shfE N pIaa (e B, %L
A RNE? B R RO R A SR B B SR

el 8-4 ffrzn, BRI P RIS 2B ARNL. P IR AR (X, Y, Z], e
L ERR, ICERFRBIRN p1,pa-

K84 HEHATEHA
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FRATHY H bR S — DL S — D AHDLAVAR XL S e, FATLUE — AL S8R, )
H AL ER RITRE N Rt (XNZERER T ). [N, PAIPLEI A SR, 128 K. ik
W, FRA1H TS SRR T R

u
1
- - _KP
D1 v 7 )
1
S F
u
_ly| = ~K(RP+t) = ~K(TP)
DP2= |v —Z2 —Z2 1:3 *
1],

Woht Zy 0 P IWIREE, Zo 2 P AESS Z/ARPLARAR R T ROBREE, a2 RP + t A% 3 1Ak
{f. th T T HEEMFFRALbRARSRE, B LAFRAT3R5E 2 )i ST 3 o0 . IXRIES 5 UFRY At —
)

MO0 E . (ALE B b, IR RREDCED, AT AEWE— pe 5 py MRLE R B
PR AR AT AR LA B AT 4R po AUGLE . (BT HIBLOE AL, po HIZMILAL py
LA RN, TR, R TRNXAZER, RO, KT py EAEPIW po. X
[k ] A3 o AR SE R, (R R MBI A R RO 25, MEXERE, it P
(K WAR 2 52 B 22

e=1I (p1) — L2 (p2). (8.11)

R, XHM e &—Nrrik. FFEHL, DL EFR RIZR2EM IR, B IRA B,
N
min J (T) = llell?. (8.12)

fEt o B LB, RIETIREARATMIZ . KA IEE— DS A ES MM T L
IKIERAEN . ATAFZA (i N AY) 2588 P, B4, A MHPLOLEAN TR EE Ay
N
“clriﬂJ(T) = ;63% ei = I (p1i) — I2 (p2,i) - (8.13)
TERE, X H A R AU T, i AECRIEE AL A AR S ig 8. A 1R iX
AMEAL S, FRATEOIREE e REMMIFEE HIPLO L T 2{fbfy, WLatrEflf sROCER. B,
SE LA ) AR
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q=TP,

"
Zg &

RIBH @l PAESE —AMPLAFR R T AOARSR, 1T w NERREEIR. B ¢ & T MR, w2
q WIRREL, MMt T B9k, IS FCRIN 2 ahERY, R —Br 28T, Aoy

e(T) =I,(p1) — I2(u), (8.14)

Fir LA ;
de 0l 0u Oq

0T  Ou 0Og 06€
H 6¢ b T WAsh. RATED, —Br-S8h TeELGEMS A T 3 T, X 3 WA &A%
NP
1. 0@/ 0u H w AbHIR EHEIE
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[A slambook2/ch8/direct method.cpp ( K £ )

/// class for accumulator jacobians in parallel
class JacobianAccumulator {
public:
JacobianAccumulator(
const cv::Mat &imgl_,
const cv::Mat &img2_,
const VecVector2d &px_ref_,
const vector<double> depth_ref_,
Sophus::SE3d &T21_) :
imgl(imgl_ ), img2(img2_), px_ref(px_ref_), depth_ref(depth_ref_), T21(T21_) {
projection = VecVector2d(px_ref.size(), Eigen::Vector2d(0, 0));

/// accumulate jacobians in a range

void accumulate_jacobian(const cv::Range &range);

/// get hessian matrix

Matrix6d hessian() const { return H; }

/// get bias
Vector6d bias() const { return b; }

/// get total cost
double cost_func() const { return cost; }

/// get projected points

VecVector2d projected_points() const { return projection; }

/// reset h, b, cost to zero

void reset() {

H = Matrix6d::Zero();
b = Vector6d::Zero();
cost = 0;
}
private:

const cv::Mat &imgil;
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void JacobianAccumulator::accumulate_jacobian(const cv::Range &range) {

const cv::Mat &img2;

const VecVector2d &px_ref;

const vector<double> depth_ref;
Sophus::SE3d &T21;

VecVector2d projection; // projected points

std::mutex hessian_mutex;
Matrix6d H = Matrix6d::Zero();
Vector6d b Vector6d: :Zero() ;
double cost = 0;

// parameters

const int half_patch_size = 1;

int cnt_good = 0;

Matrix6d hessian = Matrix6d::Zero();
Vector6d bias = Vector6d::Zero();
double cost_tmp = O0;

for (size_t i = range.start; i < range.end; i++) {
// compute the projection in the second image
Eigen::Vector3d point_ref =
depth_ref [i] * Eigen::Vector3d((px_ref[i][0] - cx) / fx, (px_ref[il[1] - cy) / £y, 1)
Eigen::VectorBd point_cur = T21 * point_ref;
if (point_cur[2] < 0) // depth invalid

continue;

float u = fx * point_cur[0] / point_cur[2] + cx, v = fy * point_cur[1] / point_cur[2]
+ cy;

if (u < half_patch_size || u > img2.cols - half_patch_size || v < half_patch_size I
v > img2.rows - half_patch_size)

continue;

projection[i] = Eigen::Vector2d(u, v);
double X = point_cur[0], Y = point_cur[il, Z = point_cur[2],
722 = Z % Z, Z_inv = 1.0 / Z, Z2_inv = Z_inv * Z_inv;

cnt_good++;

// and compute error and jacobian

for (int x = -half_patch_size; x <= half_patch_size; x++)
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for (int y = -half_patch_size; y <= half_patch_size; y++) {
double error = GetPixelValue(imgl, px_ref[i][0] + x, px_ref[i]l[1] + y) -
GetPixelValue(img2, u + x, v + y);
Matrix26d J_pixel_xi;
Eigen::Vector2d J_img_pixel;
J_pixel_xi(0, 0) = fx * Z_inv;
J_pixel_xi(0, 1) = 0;
J_pixel_xi(0, 2) = -fx * X * Z2_inv;
J_pixel_xi(0, 3) = -fx * X * Y * Z2_inv;
J_pixel _xi(0, 4) = fx + fx * X * X * Z2_inv;
J_pixel_xi(0, 5) = -fx * Y * Z_inv;
J_pixel_xi(1, 0) = 0;
J_pixel _xi(1, 1) = fy * Z_inv;
J_pixel_xi(1, 2) = -fy * Y * Z2_inv;
J_pixel _xi(1, 3) = -fy - fy * Y * Y * Z2_inv;
J_pixel _xi(1, 4) = fy * X *x Y * Z2_inv;
J_pixel_xi(1, 5) = fy * X * Z_inv;
J_img_pixel = Eigen::Vector2d(
0.5 * (GetPixelValue(img2, u + 1 + x, v + y) - GetPixelValue(img2, u - 1 + x,
v +y)),
0.5 * (GetPixelValue(img2, u + x, v + 1 + y) - GetPixelValue(img2, u + x, v -
1+ ¥))
-
// total jacobian
Vector6d J = -1.0 * (J_img_pixel.transpose() * J_pixel_xi).transpose();
hessian += J * J.transpose();
bias += -error * J;
cost_tmp += error * error;
}
}

if (cnt_good) {
// set hessian, bias and cost
unique_lock<mutex> lck(hessian_mutex);
H += hessian;
b += bias;

cost += cost_tmp / cnt_good;
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slambook2/ch8/direct_method.cpp ( A & )

void DirectPoseEstimationSingleLayer(
const cv::Mat &imgl,
const cv::Mat &img2,
const VecVector2d &px_ref,
const vector<double> depth_ref,
Sophus::SE3d &T21) {
const int iterations = 10;
double cost = 0, lastCost = 0;

JacobianAccumulator jaco_accu(imgl, img2, px_ref, depth_ref, T21);

for (int iter = 0; iter < iterations; iter++) {
jaco_accu.reset();
cv::parallel_for_(cv::Range(0, px_ref.size()),
std::bind(&JacobianAccumulator::accumulate_jacobian, &jaco_accu, std::
placeholders::_1));
Matrix6d H = jaco_accu.hessian();

Vector6d b = jaco_accu.bias(;

// solve update and put it into estimation
Vector6d update = H.1dlt().solve(b);;
T21 = Sophus::SE3d::exp(update) * T21;

cost = jaco_accu.cost_func();

if (std::isnan(update[0])) {
// sometimes occurred when we have a black or white patch and H is irreversible

cout << "update is nan" << endl;

break;

}

if (iter > 0 && cost > lastCost) {
cout << "cost increased: " << cost << ", " << lastCost << endl;
break;

}

if (update.norm() < 1e-3) {
// converge

break;

lastCost = cost;

cout << "iteratiom: " << iter << ", cost: " << cost << endl;




39

226 ME SLAM + i MIBIEEISLEE (F 2 hR)

}

ZEREARIE T E M H M b, KSR R S S, AR5 R A SR A T HE L. ROAIR AT E
B B BAN B BN ZERE T, LU RS 75 oK A 2 5 R o
8.52 ZIEARHE

RIG ., BT, RIMNFEAEAEERED&TFIENLZE A1 I, | Coarse-to-fine
B R E AR E B . XM SRS AT At AR H R -

A slambook2/ch8/direct method.cpp ( H £ )

void DirectPoseEstimationMultilayer(
const cv::Mat &imgl,
const cv::Mat &img2,
const VecVector2d &px_ref,
const vector<double> depth_ref,
Sophus: :SE3d &T21) {
// parameters
int pyramids = 4;
double pyramid_scale = 0.5;
double scales[] = {1.0, 0.5, 0.25, 0.125};

// create pyramids
vector<cv::Mat> pyrl, pyr2; // image pyramids
for (int i = 0; i < pyramids; i++) {
it (i==0) {
pyrl.push_back(imgl);
pyr2.push_back(img2) ;
} else {
cv::Mat imgl_pyr, img2_ pyr;
cv::resize(pyri[i - 1], imgl_pyr,
cv::Size(pyri[i - 1].cols * pyramid_scale, pyri[i - 1].rows * pyramid_scale))
cv::resize(pyr2[i - 1], img2_pyr,
cv::Size(pyr2[i - 1].cols * pyramid_scale, pyr2[i - 1].rows * pyramid_scale))
pyrl.push_back(imgl_pyr);
pyr2.push_back(img2_pyr);

double fxG = fx, fyG = fy, cxG = cx, cyG = cy; // backup the old values
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for (int level = pyramids - 1; level >= 0; level--) {
VecVector2d px_ref_pyr; // set the keypoints in this pyramid level
for (auto &px: px_ref) {
px_ref _pyr.push_back(scales[level]l * px);

// scale fx, fy, cx, cy in different pyramid levels
fx = fxG * scales[levell;
fy = fyG * scales[levell;
cx = cxG * scales[levell;
cy = cyG * scales[levell;

DirectPoseEstimationSingleLayer (pyri[levell, pyr2[levell, px_ref_pyr, depth_ref,T21);

i TR REORHE T LU R A T ARPLA NS, 102 e I R T AR O, X
(149 8 B SR AR A5 %
853 ittt

el FRATHI—2em il Rt A s . AT AR Kiti™ [ 352 5B £ 69
Ef&. mde, IRATEPCEE—1FE1% lefi.png, 7EXTN A2 disparity.png 1, B GMMEE XN
(TREE , SRS 4T 000001.png~000005.png X fLik R, FIF HEEITEMILNIE . BT RRE
B, REBEENSS

[# slambook2/ch8/direct method.cpp ( / % )

int main(int argc, char x*argv) {

cv::Mat left_img = cv::imread(left_file, 0);

cv::Mat disparity_img = cv::imread(disparity_file, 0);

// let's randomly pick pixels in the first image and generate some 3d points in the first
image's frame

cv::RNG rng;

int nPoints = 2000;

int boarder = 20;

VecVector2d pixels_ref;

vector<double> depth_ref;

// generate pixels in ref and load depth data

for (int i = 0; i < nPoints; i++) {
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int x = rng.uniform(boarder, left_img.cols - boarder); // don't pick pixels close to
boarder

int y = rng.uniform(boarder, left_img.rows - boarder); // don't pick pixels close to
boarder

int disparity = disparity_img.at<uchar>(y, x);

double depth = fx * baseline / disparity; // you know this is disparity to depth
depth_ref .push_back(depth);

pixels_ref.push_back(Eigen::Vector2d(x, y));

// estimates 01~05.png's pose using this information
Sophus::SE3d T_cur_ref;

for (int i = 1; i < 6; i++) { // 1-10
cv::Mat img = cv::imread((fmt_others % i).str(), 0);

DirectPoseEstimationMultilayer (left_img, img, pixels_ref, depth_ref, T_cur_ref);

¥

return 0;
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REA WA HB T ik,

FHEFRATRE DT RER ST F M DL, 8 2 5 o SCHR0IE,

P (xk|To, w1k, 21.k) X P (2k|xk) P (zk |20, Wiiks Z1:0-1) - (9.5)

B RNEALIRE G A . 3B — IR SR, 55 IR O SEEE . PR b L B A
W7 A0 3B 4y . FRATEI 19 Y HRR A oy B3 Tk LA RSNk . 20, EE8F 2 5%
W, FAELA xp_q BFZ) R AR T .

P (&k|x0, Uk, 21:6—1) = JP(wk!ﬂ/‘kq,wo,ul;k,21;k~1) P (2p—1|x0, U1k, Z1:6—1) dp—1.  (9.6)

WERF B HE A ZRTHPIRES, AT ARSI AT I, (HIAEFRATT OG0 kw20 k — 1
BFZIETEOL. S, FRA14 S 7 Vi, PO E R B BRI RER TR, BT LA ik
PRERAFE . XX — PRSI, Jrik b 7260 Rk b, fEfeds TRlikde: —Ffy
RBB D RAT RN, BB SICHEA Y, b ZURE RS & — 1 ZPRAEE L, Wi
ATRYIESG, WM IR B, AT 3L B R /R BIRIB (EKF) RN 3y ik
FEIEBTTED, HAT IR MRS, SR F D02 55— RO AR % 18 k i 2
REGZRBRERNRR, HITEHR IR R EARMIHESR . AR SEA N
EERS A, B, #9E SLAM B F NIRRT 2. A, b ik ARB a4, .47
B ARI/REUEW A (KF) A EKF (#)53.

9.1.2 &KMERGM KF

WATEAARB DA IR 7 IRl ek, KA A 2 A MR (e %,
YHTHS ZPRAS RN E— 20456, X (9.6) A A — o T il — 2L fijfk -

P (zg|®k—1, 0, Uik, Z1:0—1) = P (T|Tr—1, ug) . (9.7)

KB, T kR WZMRESS k-1 ZAE, rRURETRS 2, Al wg AORIOIESL, 5
k B2z sl Rt 55 g nl e

P (z—1 |0, Uik, 21:6—-1) = P (Th—1|T0, Ur:k—1, 21:6-1) - (9.8)

ZIEH| k 2R A i 5k — VINZIRRRZETCOC, FrATRA L w, 46, ATRIRS], X—
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TpR b k — 1 RZIERE MG . TR, X — R RUEM, FRNTSEPREM 2 “ it k — 1
PR S 28 k207 JXRE— e, Wt iRul, TERvistribife), AT E g —AR
AR, W EAWOBAA TR ORI AT . A RSORS00 A, B 23R T e e
RSB IE R T 22 00AT . ARAT AR AN b b 058 O R S8 — ELAE Tl S H P A S fA 8
—EHCKME, ZRACKHAFERE. ThRh Rl antt.

FMTAIE A T PR ST R GG, BGEHR/RSIEH S . W MRS MA 825,
FATTHARFIEPRIAIERLL . LRI RGRAE. iashJr B AN AR nT LAt 42y Bk oA -

k=1,... N. (9.9)
zy = Crzp + vk

{wk = Ap®r_1 + g + Wi
RS I AT AR AR P 476 A e BT oA . Tk L MR 7 AR A KA (R e A oA
wy, NN(O,R). 'UkNN(O, Q) (9.10)
N T, EEAN T R QM Fhr. B7E, FIUHSRa R, BIRIRNVAET & — 168
ZIBIE S (FE k — 1 INZER ) KB @y SILIIT2E Py, BUTEEARNE K A 20 %0 AR
MRS . WE o MES . X HESP R MR, FITEICS EM—8 X5 L
+ @ Tl s, LLFIRF @& Fonkfmf, s ALRE.
FORGUEE A2, WihiEsh R @, MR . X DR, e B A
LR AE Syt S o . BTEL, WA
P(:cklmg,ulzk,z,:k_l) =N (Akik_l = ukaAkpk—lAz =} R) . (9.11)

X —AFR TR ( Predict ), JFFEULRHE A3, B T E— DB ZIRPIRES, BRI A
{8 (ERAMER ) HEWYaret 200 RE 0 . X it e, i

Ty = ArTp_ + uwg, Pk = Akpk_lA}; + R. (9.12)

AER AR —Trm, BAX - ARERNATE L ERR, ARG EN rgs, 55—
mL pL R, FRATAT A AR RS T NI A (B A WL R -

P (zk|xk) = N (Crzy, Q) - (9.13)

h TR RRER, RNTESGTRENMRM, w2 9.5) Sy il 2. S,
BRFA VARG 28 8] KT @ BRI, (HIHR ERA — GURRBHY, FRAT1EIEER
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iﬂj] T ~ N(:i‘k,lsk), BK/A
N(&y, Pi) = nN (Crx, Q) - N(&k, Pr). (9.14)

X EFATRY GO S0 I Iy i o BRSRTRA T 28 Tl 25 R O A g W e, ISl Ly g
By, T2 oA BT PO . FRECH MRS ROy, JRAT DA
T HAEEREGR s RIT, AC

(xk — &) Pt (mn — k) = (26 — Crar) Q7" (21 — Crr) + (mx — &) P (ke — ).
(9.15)
TR @& F1 Py, TRATEPIHIRIT, I LA @ 09 RA—K A8 T IREH, A

Pl=clQ o+ P (9.16)
iz T R R O T TR ST, E AP
K =P.CiQ . (9.17)
WIEIE X, e (9.16) AL KT Py, £
I=PClQ'Cv+ P P! =KC,+ B.P. (9.18)

FREE?
P, = (I - KC)P.. (9.19)

R BRI R, A
— 28T P ey = —22, Q7' Cray — 221 P, 'y (9.20)
g (RBOFEE) 15
P g, = CIQ 'z + P iy 9.21)

FFELL P IHRAR 9.17), 4

O IG5 IFATAE, SEPRFVFH2E Y o) TOORHIHEL

@ik HA A — 2ULFEH E LR . A P EX T K, B B, 5 1 K #feikat. i, Stk K ol AR
P W4, (X5 A SMW ( Sherman-Morrison-Woodbury ) fHZ:501701 22 A Fiy 2 6
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@y = PCrQ 'z + PP &y, 9.22)
ZKZk+(I—KCk)§Ik=ik+K(Zk—Ck:f,‘k). (9.23)

THEFRNT A S RS RR . Bis 2, LmpgmASET LOag8 A <R A ocou
#" (Update ) P20 9% .

1. .
Ep = ApZip_1 + up, Pk = Akﬁk_lAE + R. (9.24)

20 O iR K, BN RREEE .
K = B.C}(C.B.C] + Qi) " (9.25)
BRI TR SR 1 3 A

Ty = &k + K (2, — Cryi)

. . (9.26)
P, = (I — KCy) P;.

Eit, EAMHES FAmERRSIER ARG, FLE, RRSERASAETES )
A, AT P e IAABE 3 1 B 0 e e K Jm e R A A 5. RATTE R, LR R g,
FIOREIEWAHI I T IZ RGP R RATIRMEA T M., o Tl A 28 i et s AT IR
FT M, T RLRE A i R IR A TBAT R TEAT AT L. T RASE, KRS IEH A R T LM R LY
e AG

9.1.3 EEkTE&RZM EKF

(eSS RN 2B A, FAT L ATERE TS — . SLAM Wiz gl J5 R AOOLin Jy i 5 J2
2tk R, JUHIEMLSE SLAM FRIARBLEERY , G SEATFAIALN SRR R R L, A
ARERE—ERMERGL. — AR, SRR MRS, R, P ARG
Fgrh, AL —E B, A5 — A A AU s W 7 A1

T A B R /R B IR AR A AR R B AR M RS, PO R R/REIEDAR . W Ak
Sk, AEREAS S BREIE A 182 Bh B KON A R — P A BT . HORE B, BIRPERE Y, 2R
i AR RS THE S . &k — 1 BRI S0 MR 1, Proo E k2, A0
SEB) )T A Iy BAE &y, Py ADIEATERMEAL (RIS T B AR EIRIT ), A

T ~ f (Br—1,ux) + (Tr—1 — Bp—1) + wi. 9.27)
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0 B ) T 5k .
F = of (9.28)
&Bk_] By
FRE, X0 re, A
zp = h(Zx) + % " (@k — @x) + M- (9.29)
o B A e ECh
o O (9.30)
8$k &
M4, 1EFMAR T, Rigizsh i fBRfa
P (xk|zo, w1k, 204-1) = N(f (@r—1,ux) , FP_ F" + Ry,). (9.31)
PCSEHE SRR R S eI T AR . R EEER, 0 AR AP = A
(i)k:'f(i'kkl,’u.k), pk:Fpk_lFT—}-Rk. (9.32)
RIG, e rh B A T4
P (zx|er) = N(h (&) + H (T — k) , Qk)- (9.33)

Ben, WRABESFEE DRI, oTRAHESH o) BUSRREREA . FoA 1w 2 ] A9 S
AR, AAGHEER, s LR/ uE e X, #ES EKF AN S 905 12 i
B2, ®Biilake X —1F/REMME K.

K, = P.H' (HP.H + Q) . (9.34)

FER/RSEMWEEAIIRE -, FRBRNIER N

& =2+ Ki (21 — h(21)), P, = (I — Ky H) P,. (9.35)

RIREUEWHRRA H TALHALZ JF RS R B B . LRGSR ST, K

IRYEPEAR A N T R AUfh . MIFE SLAM X FPIER BRI B, E4A W T R IEE Rl T
MK e flit .
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9.1.4 EKF it

EKF DUEA G . BT 2 &0 AR S R B R A T A s g Bt FRATTe el
F A5k EKF, £ R SLAM W, EKF (54 TARK — Bt Rl = S fr, s sEiihe &
R RERIE DL 28 7E SLAM R, & IF ({5 Bkl ) U7 IKF (Iterated KF ) . UKF!
( Unscented KF ) Flki T-uf ik ##50-821 - SWF ( Sliding Window Filter ) 1831, SEZE071© - 65 2% F 436G
VAR RO E EKF fRCRBA S if A H, RAFRATARBEHEZ DL L e ig i 4% 5 A W B i
W, AR PRI AZRR, sl T LT 35 S, EKF AR —Fra oy =X,

EKF A3 WpLt frg FRWE?

1. JEPAS e — AR RO T BRAIRME, WELE b RZIAPRE RS k- 1 BZIAHE,
M5 k— 1 Z AR AR AR TIC G (a8 A LA BRI Z] RRSHDE ), 30A SR
FEALSE AR T B % FE A AR PR A DG R . A SR Y I S S AR A Z AT B A7 G (il tn
MIER ), BB AU a2 HELAAL 3
it A 2R M AT Ak v e [ 08 FH AT A 4 D3 sk 858l . B A8 TR AR B 20 A R RAE S
KA, BEAOMAZETAPRER S EHK, FROMSAKEE ) SLAM ( Full-SLAM ). 7E
BRSSO, ARRMEIIE T T E2(ER, YR EE 20,

2. S 6 YN ARIAL L MIEL, EKF JEH #HNAE &, A T —IREMAL, BE EHARTE

R ZE S, R EBERAE Tk, XY THED, RITAZ SN
RS RAMIRR AR . bR b, 2SI TAE S sy, —Br2& At
A SEAENSIT LA PR, X IO T2 SRR AU R (AR 2R RS O . R ENTA 9
SURGAEL N, B2 2R Ut S AEAR T I N S, A REI R AEAR I i Iy TS e FHER 1E
Kbl Xt EKF IERIMRE, R e EZ M.
FEACAR IR, USRS — B (Fal TR ) sk =Ry (@irde ik sos) it — 54
SRS ) BT, HEREC—K, REMITRANEZE, BATSEHBHEfb T
AT, AR EKF BRFE S e 2 A — R R I, X st rb i i@ i
JUFRS T, TEIRAS A KIS REIE . B AR, AT UKL A ) EKF (U214
RE—xRIER? .,

3. MFRIFSEAL ok, EKF i BA7AMORA RSE A 22, JEXT et fr ey msgr. o

SRR IR ZS . B SLAM rh BSAR B AR A, TS AN FE AR b 2 A WA
HSRER R (P EAAAR 7 22560 ). Hie, E58iA % EKF SLAM Atk H
TR,

4. EKF SFRUEH A8 i ief st A pL] , S BORGEEATAE S W (A RAR 7 5 Al hifE

R U ASHIFIL 5 AR B AT A
QW ALY, LIS RI e, P AT R ISP AR TR 1 1SR BRI 2 BRI L 2 2 A
BERBER, B5E R AR T
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WAL SLAM h, SR AR AR WA CISERAEVCRGE Bk, HR% 5 E R sk Ve )
RIS A SR AR MLE S E RGeS H P AR R AN RE
macexprzfzubuﬂwmna AT A, e RS R rmﬁ{m R A A
FFEAFAORORIY, X AT AR R R B AR R R R B2k
BEORAL o 3 (0 . ﬁzn%z%-ﬁ AFAL, JEH g20 Fil Ceres @Mmﬁut

9.2 BA Sk

AR RSO e = A A, AR N2 XS AR AT 1. Fril Y Bundle Adjustment”
(BA), JE48 WALSE MR TP b e f L 1) 3D AR FTHIHL B 5L ( V\]’ﬁﬁ(ﬂ]% ZH0). HIEME Y
fE 5 29T R JLAEDEZE (bundles of light rays ), ‘B 1276 JL ALY UL T 728 1 (% £ ol
BB RS, WRFRATIEE (adjustment ) A AIPLZE S FMIFEAFIE S 092 AL, (et
IO B FPLIGECBY ) 5RO BAL

FRATAER 5 VRIS 7 HFC R0 BA WY, AR (18 U 48 007 1) PR R 8 4y
MIREAL, SRIG A2 ki A bR R i i

9.2.1 SR BA {CHreR %L

B, BRATEIRANBGEEE . N MHERARFRR P p th&, JEARBLEY S SHCRI
ARERE B R, e BOY R R AR, TEMT AR,
L B ARAREAR B A BLA AR, X S BIAAPLAN SR (R, 1),

= Rp+t=[X,Y' Z|". (9.36)

2. ¥ PP EEN—ALTFmE, BEH— kb
P, = [ug, v, 17 = [X*/ 2", Y"1 2" 1]". (9.37)
3. HIBIHALARPRAY AR, 195 MR AT R IR R R AR bR . X RTINS AR [ AL

{ué = U¢ (1 o kl'r‘? + kzl‘f) (938)

vh = v (14 k1r? + kar?)

4. RI\ASHER, HRAGRLIER:

OULIFERCH B2 | RIS, (HEEE SR Bundle Adjustment jX /52 SCAAH EDUL,  FIFLA I HL {49 08 S0 44
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g = Fat) s
{ hs = J . (9.39)

!
vs = [yl + cy

X — AR U 4. RAVHRRE 9-2 X AL F B A n#2 AT B s 2
BEHNOZRES 23], XA RO AT FR R TR, ZATFRA HE e biC L

2= @) ©.40)

peR’ P'=Rp+t P u, :uc(l+kllf+k2r:) u,,v, u, = fu +c, ug,v,

— ) “ ) ' > . i . —)
p.=[P, /PP, /P,.1] v =v, (1+k? +k1f) W=t

T R.t T kK, wa.fjuct-c,.,

Ho2 WHARTEN. ARt p RABHLFATHZELFA, HUH u,, v, ZZAEER
Ta Ll RAGELI., PEEEHERTH r2 =ul +0]

e, TG CENTENS LS. BB, XA o SCEPHBLIA 2, RIS

B Rt EADNIEREN T, FE00 € BiH5 y MK B0 =4E0 p, THWIECHE LR AR 5 A 4R
2 g 0T LU T IR R 1, IR AT LA ST I (R 2

e=2z—h(T,p). (9.41)

BRI R R 20 f Wt % T, BRATT0] DL TREZ I —A TR W 25 MTELLEE T,
I AEL RS p; A RVBAE . IR AR R R BN

m n

3 Nl = 5 D03 llzis - AT )P 0.42)

i=1 j=1 i=1 j=1

AR/ D AR, A XL 2RI bR RIS AR TS, R TIRAY BA. HETOK,
AT 2% HARRERIES 6 UFA AR AR A, B TRA MR R 1R A o

9.2.2 BA 1K/

WL 9.2.1 TP IR h(T, p), TRESFIBNZREARLME R FTLATRA A B
6.2 TN A — SRR AL T-BORMUAL E . REEIELAE LR A, FRNTS0Z AR R {E T
i, AW SR TR Az, RARE HAR R R, RURIBTHLK S B R (6.33) Ry
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i Az, SO RETERZE X A CUE R ERAR S0, (HAERAK BA HArefi b, FRA1ViZE A1
FE ORI T 2
mz[Tla---avapls--'ap'rl]T- (943)
FREHE, SRR A WURXTHK (R RIS & . EXDRSCT, SE&A%G AT -1
Wy, HAReRECE N

1 1 m n 7
5 I f(=+ Az)|* ~ 3 ;; lei; + Fij A& + EijAp;|*. (9.44)
M, Fj 3R R B M ARRS T XHRPLS S TR, T By 8% B0 fn
MACE RS, BATEAE 773 Wh A8 TEMNMRARIER, B B m RIS 7. B,
FEARBLAL LA A -
T = [€1,&2,...,&m]" €RO™, (9.45)

JF 487 [a] 5 ) AR B — i
T, = [p1,P2,.-.,Pn]' € R, (9.46)
M4, X (9.44) AT L FRIR T
% f(z + Az)|? = é lle + FAz, + EAx,|?. (9.47)

T EEEAE, RN —AWMARZA /N R IR, BRI 3 BEAYHE AT LE AR
E Al F U250k B bR R O 8 AR 0 20, el — DMROCHRAORERE, Sk /N,
W BB MRETN SRR F; M By PR k. SRR, JCIRTRNIE A e A ks 28 iR
AR —Lh SRRy i, R A TR i R

HAz = g. (9.48)
MU 6 VRIORIR, FRAT 0T o 307 2 4 A g SRS — D& R b i E e T, X
1) H JEH JTT b St JTT + AT B o PR AR S8R 107 2028 (] g A, BT LUHE AT

FRE B 1T L4y
J = [F E]. (9.49)

M2, VAsiraeamns ot W H R
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. F'F F'E
H=J"J= , (9.50)
E'F E'E
MR, AEIN AR — 5 SRR TR IR AT B R AN R . AHER L, AR IR T e
et , I LOX 2P R4 BERAE R R, W3 7T AP B g bR s . JUHEAEAL
Bt SLAM 1, — R EUR 24 B N RRIE AL, ORI 17X M R R . R EERT H
SRR R, PSR ORE BN O(n®) BIBEERY IR ATEFER TR B IR AR
%, EmiE, XM H R —E RERES R . FIFSCANFRRES A, FRATTAT LUhn K A
it 8

9.2.3 HikitFRLASAL

21 e SLAM ) — N EEEHERIEINNE] THFE H fmasi, JE R4 T LA
ok i S PR AL R 2R B0 871 A PRI 1200 B (B 25

H%EKWJ%W&FEFMH LEHERE J () GIEM) . X S RO i o —A €50 1E
WL MR R TTE T B py X, HW R | AP RN 4%&5 X Hogy
’Mm&f_m SECHES A 0. T LA IR ST I O HE T FURE AR T K

Bei i oe;;

Jij(x) = (Ozxﬁ, .+ .02x6, B—CI{T’ 02x6,...02x3,...02x3, a_u 02x3, .. -02x3> : (9.51)

H 0906 ZR4ERE ] 2 x 6 (19 0 JEFE, [AIFE, 0gys 2 —FERY. ZIRZEITNFIAILLS 25 10 T
T Oei;/0& HERE R 2 x 6, XFEEAR i Oe;;/ 0p; AERERE 2 x 3. IX AN URZEIHE AT LU AR P
B T3 i Ak Mtif}e HAM AR . SR T iR 255005 AR AR AT T A4 FE . A
A BEA I, X AN HRN A TS A . R4, EXIG s BA e H FMA A2
7 R e

VAP 9-3 ffi], Bl Ji; BAE i, j AR, IBAEX H By5tikh I g5, BAE B
R HIE A XA T T R 4 DR, AT (0,4), (6,4), (4,9), (4, 5)s XFTRIRM H,

#
H=> J5Jy (9.52)
1,3

TR, o T ML B R, R BRSSP FRATHE H AT e

H H
= 11 12 - (953)
Hj; Hox
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1 i j
! OO0oooooo
| OO0O0ooOooo
J:DDIDDDID:m;DD'DQDID
. * :
i ;' JoomOO0OomOd
; OooOoOooon

Mo-3 LEMREMJI EAHMMEE, Ext HTmbEAHKLK

4

XH, Hyy SRS A G, T Hoo WOAIEARSA G, IR 7 4, 5 F, DL R deas i
AT 1 -

L. ANE i, B, Hy AREXHAME, SAE H, AR

2. [, Hop WRXIfbE, KA H; ; AbfIER,

3. XF Hyp Ml Hyy, EfTTREEMEAY, 1n] GERBE 0, W0 ELAR W R4 i

XA T H MRS . 205 R sk imh, iF s SR e Mgk . s
FOLBA ARG 253X AR, RATTAS S0 flk W 60 & s . % gt s
2MHU S (C, Co) Rl 6 bR ( Py, Py, P3, Py, Py, Py ). X SEAIHLALE 2 I 1 0 725 &
NT,i=1,2 & pj,i=1,--+,6. HHL C WM BN EEER S Py, Py, Py, Py, FHHL Co W2 2845 o
Ps, Py, P5, Py FRATHEX A R m i n i, s 9-4 s AHLRIER AR LABIE 95 i a5 i
i FHOLREAE I 3] 5 &0, FRATFEAEE NI LAY 0% F—4ih .

H9-4 mAddkeyrsEE, ZHETHIC WME T HBAFA P, Py, Ps, Py, 11l Cy HE|
THARHE Py~ Py

afLAEH, 5 N BA HEReREUY 1% N
1 , , . ,
3 (Heu“'2 + llewz® + [lews||® + [lewall” + lleasll® + lleza]® + [leas]|® + ||626||2) ; (9.54)

KLY ey T2 FTE SGE O R R, BN (9.42). L ey Rofl, 4k 7 1E C HEI T Py
AR, GHAAARILO R BRERTCE . & Juy  eqy FITRTILAOAE AT HURERE , ASHER th eqy XA
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HLASHE € FIHHR A po, -+ . po MRS R 0. RAHEHTAZRLL « = (€&1,€, 1, ,p2) I
JYAS, AT

_—_:’02x3702x3702x3702x3702x3) : (9.55)

AT IR MELE . AT A B I RS T 2O RN B, i i
DX R AR IZ AL BB 0. IR LIfIEY) Ty WIRT LA 9-5 Fron g lE e . [AlBE, HAlk
AHE VT R P 2 S L i i 58

C ¢, P P P, P P, P
n=1HE W
H9-5 Jy FHENEZSLFE. LT T EERTEFHFIIMENTE. B THILGHERK
A= HHER A, Tl C, AR EER R Py XN 644 FE3x T

BT 3% H bR eRECH R HE AT LURERE, FRATTAT LARR X 2L J;; F IR Y3 Ay 1)k, R4

FEAAHE 0T LR B R NE Y R ) A i i st an P 9-6 iz .

. . __ C, C P P, P, P P P =

sl (em B EEEE

Ji F 2 2

A B B HEEE
]: i = - ] H=_]T]= = ..

S e i — -

T - . B 7]

= Bl — -

s i & L . @

H9-6 HAEHMMHEYE (£) 1 HEENHRME (£ ), HE 87 HR T HE KA
Mo AHE, HARAHENBIRTESEEZL N RELLN O

WVFRC 2SR T, 1 9-4 %I A4R#E4ERE ( Adjacency Matrix ) © FIfE 9-6 ity H Kl

5 1T XHfCR MY AT A B e 2 BUAs . 5k BBttt Eay H HRE—-I5A 8 x 8

I{Zb‘rf}\. T H R ARTAEX LR M Rk B, an SR PR AR, A R Y

Az e T A — A, FRATAT LA 9-7 rhismbit A 2iX — . FTLA, H P agExT

£ 05 0 ) Y 2 A T AR Ay e I A R AR B Z AR R, B AT AR Z AR T,
FRA1 ) A IR A4S g 5 08 ity R R i 1 A A P Sl I &R

ﬂMM%M TR R . SRS 4, g D OCENAR T R SRR WAl . WX AT E N
A 0
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<l HEEE
o —
r,| ]
H= »r, 5B |
1 R
»,| N . =
P =
A 1

M9-7 HEMPEZEEFIMEFANMYN XA, WwEAE HEETYENNWAEERE, K5
EHEEAPENNYER Cy o Ps Z A FHE— %1 exs ( RHEHE)

B ISR, LRI m RO . BB I T3 R M
L THNL, TRATn > e LTI, AR F ) B AR 0-8 BER. B2
IR N A AR REA A TR BRSNS S5-I 5 25 AL
TR th T ERIRIRET S LHOIHE (Amow-like) FRFOL. [N, A% L
T LA # WBR IR A

H matrix
— T

A Y. [

Pl vryy 40 SVVETE Ahs

qal e o o'y '

LI S ) LI

PR L TR T

. pral Y ey,
s, =~
- -
T ag B
.
- S
-

mc+ns

H9-8 —MEATH HER

T BA XM B0 H, R HAx = g BRI SAH AR RWE? B b fife
HA AR H (Rt msE R Jrid, A NN 0nE SLAM HL—Frcs Y FEL: Schur
HsC. 1E SLAM 58 PRl Marginalization ( 124k ).

ML 9-8, FRATANHE A& B AN M T LArE 4 4B, Fist (9.53) —30. & L ffi Xt
PO, B BT R A 5P S A REAIE], FUR— X A A Nt xd i

@B, W AEAEEEARIE XS .
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BUFy, SR ASRAO A R AR AERE . AR A B A5 RS HAAIIN AR AOG . FRATT e i
AR 9-0 s iy AR B 7, e AHEA B, 31X 4 A IXBGERF X 1A (9.50)
(4 HEFER . A T RS, RATC 4 5 B, E,EY, C.

me+ns

99 H 4 i XX 4

T, XryZett AW T U HAz = g W g

B E| |Ax. v |
= : (9.56)

Horb B X MBGERE, X SRR AL 2 B 4 MR, X By 1 BOR AL
AR TR RO S K TARPLE R AL, L) C TR dLE AT B, =4Es i
HERR R =4, TR C KRR MPGERE, BE RO 3 x 3 REFE . X B SR S xR T
A R R o ROUHERE PR R FRATT S EE I A X A 24 o Bl SR Bl ] % BB X e
TRATRZ A R AT R HIC, BRI LA BSOS filor B, 14

B E| |Ax, I —-EC| |»
= . (9.57)

— —1pgT Az, —~BC1
B-EC'E' 0 T B v w . (9.58)
ET C| |Az, w

WIEZ IR, HERAE TR Az, TRMIL, T E Lk, BT %R

I -EC™!
0 I

%wHE, 5
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B
[B—- EC'E"| Az, =v - EC™'w. (9.59)

SR SRR A B AR —RE . TR R A R, SRR Az AU
AR, ki Az, XA PR Marginalization™), sl ¥ Schur 3H 7T ( Schur Elimination )
AR EC T LR PE I B sk . ERILIATE T

. et hT C Xk, Ll C—! #A iR

2. KT Az ZJi, HbRRAMMETEH Az, = CH(w — ETAz) il X IR HTE

I C 5 TR

T2, hgAbny FEIFE R E TR (9.59). LFXAPHE, KRABERMHEAZ 1. E1L
e SE 2R B, AR A TT LAUR . RO R R EGC T S e ELTE A
fiywe? 15 9-10 Wb 17X H FiMFREAT Schur 09— S SEB,  nT LA £ ¢ ARG o PR AR
il 1)

] 9-10 *f H 45 M 34T Schur 7 70 J5 87 S 4 F 09 i ik &5

ROTGEE], H R PR Ab i) E 2R D0 2% G AP bR OCHK . B4, 847 1 Schur
HILG S MMM A HAT P SOVe? 2B R HER . MALFRATAIUEN i, S FFE YIRS
fZk FRAER MR, TR TIZAR I I TS RIS G2 ) A7 7 A S RO A L A IRy
AW ( Co-visibility ). [R2Z, WAz 2, IRk AN AHBLE A L O . s an, P 9-11 Frx
IR RE, A2 EART 4 x 4 DHFEHT IR B AHLE i Cy, Co, Cs, Cy Z 147 L[] U

Tk, S R AR B R S5 A G B T S oW (R 25 5, FR AT JCI AR AT P e, (il
ORB-SLAM®! f1{#] Local Mapping ¥ 17, £ BA (1) i i 22 2516 -£6 05 4 ELAT I [al UL (%) it 14
SR, FEXAMEDL T, Schur HIC/ETRENN S SLEPS M. Aid, RO A SRS
AT, BrLAXAMSGE LR DAY . (B4 5 —2 ik, filan DSO™ . OK VIS % Efi 1%
W i sh#E 0 (Sliding Window ) 771 . 3X 2877 760 4 — Wil SR i — K BA APl kiR 2219 2L,
PR B A T AR ] — S TR 5 S B AR BEE 0 SR 1 A I A b 21 3 35 43 14

A

7, B HRTENRE. X HARX S T40 15 0 1.
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G G G

B9-11 ASHEMTAdxd MEMESR A, XNMEIRPWEBEI Sy, Sos & HE, XTI C,
AN Cy. Co Z EAEE WM E; T Sy AFENEKT C3 v Cy 2 18]35 4 £ F WM 8

% 47

MM O, A TAx —2 hih 44k, %lﬁliﬁtfl‘]i‘(l‘ﬂ‘ﬁﬂ/}{ (Az., Az,) B[RS, 5%
fEnl 1R BE Az, , Kil Az, PR Az, B3R, XY T T AR IT .

P(xe, xp) = P(@c|xy) P(T)), (9.60)

SR TR T w), WIS AG, ORDZ AL, TERTIN AR g b B, 92br EIRATH0IT
AR R e i kAL 7o MRESEPRIENL, FROTdRBERE 3B it 7ihgk k. [HIAt, Schur fiIC
U AL i ep—Fh =, [WIFE R LA Cholesky ﬁﬁ#{ﬁﬁu%ﬂt

P NI RE S AREEN], AESEAT 1 Schur W0k, FRATTAET EORARLENE AL (9.59), XPE K
A 2 G AR, Xt E TS A B ER A, 8 3 E H  H . AS
BT RPCR g dnide, FRAT AR H MIFGEPEZEAT Schur {70, AR X FERT LU &
M, WA T Y S HEE O AP e Z A H O REE/ . Schur {5 G IEAS B4 20K
FITAT BT G, R ARPLS B oot SLAM R I B

9.2.4 fapEEEREL

ERTIIAY BA [, FeA PR/ ME DB E TSRO RN Hbrei k. X H&‘ii:-i?’ﬁ:ﬂé
FOW, HAFAE— A Byl A FiRVC BN, AN RZEIAR AR R, 2%
H W7 Fe 8 FRIEAARZ B E R gt % 1, SR RE T A RERE L .L_/‘?:’l\’r%

B, B Eﬁﬁf}'ﬁﬁ?ﬁ(‘}f‘ﬁﬁ MR EREROR, XA TIRATRAMWME] 1 — KR
AnTRE A BB . X, EEEeh oA RIRZEIR KA, ERRSEE MR, ERE RS
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AL RS BArR S FREE L, AL, SR kB 0 e V8 48 X 26 2 BT 2 0 s iAot
(8, eGS0 SR X A B0R 2 BUNAR K, FEAE ST HoAth (E o 2 4 50
(AL L v TR — DRI . X BRI AR B

SR AL A R, MRS, RO KA R, TR TR %
PR BAAGIE 45 A 1 AR 25 AN 2 RAF PN THE s oA A . R 0, JRIE SRR 2Eny ks &
BRI IR A DA RAC, FRHBRE F L AOEIHERT (RR Rk S ). IR N7
AACEE R A Rafd, FTLL S E A 1 #4% K 5L ( Robust Kernel ).

A RBCETFZ R, il ingca FHEY Huber #%

1
562 Ll/llcl < 61
H(e) = (9.61)

5 (lel s éé) o

FANTER, MiRE e KTHEABE 6 G, R B UVE N 7 —0EaL, H24 FRR
TR . [AIRY, Huber #ZpRECZEH Y, nTLAR iR S [ 9-12 /5 T Huber #%
PRSI BRB A XT G, AT LA IR 255 K Huber 2% pROEICHE < HH S (I T ek &

—_— mRIRE
........ Huber i3 %

B 9-12 Huber # i # 5 — 2% i # iy 3 1

BR T Huber #%, 347 Cauchy 1. Tukey %, %%, 4 LI 7 g20 il Ceres (L T ML
PR B B

IINGS

- $%%ME§%%TBA¢%%%&@EQKH.$ﬁ¢,§ﬁﬁ#¢8%ﬁﬁmiﬂ7%
wﬁﬁ.ﬁﬁﬂ%ﬁﬁ%i%%mﬁBAﬁﬁ.ﬁ%smmﬁﬁ.%ﬁﬁ%%%ﬁ%%mﬁ%*
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i gsxt s ATk, MRS AR E IR AR 7% BA, LAfERIESE AT AR |,
2] 2% 3k [34].

TR, FRA TR Ceres £l g20 PIANERM BA, A TR &A1, FefiTesAl
FH— AL FPHAE BALI, 30 AT 05 AU

9.3 9k: Ceres BA

9.3.1 BAL %t

FEA 10 BAL B4l 4E E1T BA BB /R S9050 . BAL BUEERMAS T 5, S5— 1R Ea
FHLA B AR A5 B — A SO SRR . TEARBIH, {8 problem-16-22106-pre.txt SCAFAE A6
. LR A BA MBS R, 1E448 0 Whttps: //grail.cs.washington.edu/
projects/bal. F{TH common.h 15 X1 BALProblem J i AiZ XN 7, SR )5 73 5 Ceres
il g20 >R fi#t .

TEE AL, BAL B4 LA Sk At .

1. BAL (UAIALN S HIRIH LD £ RIRTAE B8 ky, ko 2500 f 2SI TIRATEE R0 £ A0 fyo th
FHRAAGEIA LJRE K, UERZLIRSEY f EFET f,, AE—MERE
SR AN, XAV ¢, ey, POATHEROBOR O 20 TR MA .

2. [H% BAL B e m B 5 F e G0 Z 05, B AR BRI AT Z /iy H A 1 it
B, WEARGE Z R RLLRE -1, AL, KR ADCC T A i, TR
{170 Rt e =2 w7 2 A D) 1A =G ibd A

FH BALProblem ZSiE R > 5, TRAT0T LAVE ] Normalize pRECN AR B8 #4710 — 1k, =%
il i Perturb pRELZA BRI LR . 9 — (L RASIG T AR S0P OB, REM— A ERE
WYAE L - X A R rh B S RRGE L B kA B O T A BRAR K sl 3 A TR WAL 1 BA [n) .

%4 1173 BALProblem 28 Hfth #2171 il Fik #4065 R ST S 80 FAMETIRE,
AR, FAIAEIESORA . TEffE BA ZJ5, /10710 0T ARIZE I R ECK 45 R 5 A1 ply
CF (—Rp iz et ), SR H Meshlab SX{4FE1T#5 % . Meshlab A] LAl it apt-get %%, 1
A IR 2 I

9.3.2 Ceres BA 15

t bundle_adjustment_ceres.cpp C{FH, FRATIHE 1~ Ceres 3K fff BA HfFE. FH Ceres [ CHE
JEE U A28 | 12384 7E SnavelyReprojectionErrorh H145 i :
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[® slambook2/ch9/SnavelyReprojectionError.cpp ( F % )

class SnavelyReprojectionError {

public:
SnavelyReprojectionError(double observation_x, double observation_y) : observed_x(
observation_x),

observed_y (observation_y) {}

template<typename T>
bool operator () (const T *const camera,
const T *const point,
T *residuals) comst {
// cameral[0,1,2] are the angle-axis rotation
T predictions[2];
CamProjectionWithDistortion(camera, point, predictions);
residuals[0] = predictions[0] - T(observed_x);

residuals[1] = predictions[1] - T(observed_y);

return true;

// camera : 9 dims array
// [0-2] : angle-axis rotation
// [3-5] : tramslation
// [6-8] : camera parameter, [6] focal length, [7-8] second and forth order radial
distortion
// point : 3D location.
// predictions : 2D predictions with center of the image plane.
template<typename T>
static inline bool CamProjectionWithDistortion(const T *camera, const T *point, T *
predictions) {
// Rodrigues' formula
T pl3];
AngleAxisRotatePoint (camera, point, p);
// cameral[3,4,5] are the translation
pl0] += cameral[3];
pli] += cameral[4];
pl2] += camera([5];

// Compute the center fo distortion
-pl0] / pl2];
-pl1] / pl[2];

T xp
T yp

// Apply second and fourth order radial distortion
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const T &11
const T &12

cameral[7];

camera[8];

T r2 = xp * xp + yp * yp;
T distortion = T(1.0) + r2 * (11 + 12 * r2);

const T &focal = cameral6];

predictions[o] = focal * distortion * xp;

predictions[1] = focal * distortion * yp;

return true;

static ceres::CostFunction *Create(const double observed_x, const double observed_y) {
return (new ceres::AutoDiffCostFunction<SnavelyReprojectionError, 2, 9, 3>(

new SnavelyReprojectionError(observed_x, observed_y)));

private:
double observed_x;
double observed_y;

¥

%A R S B SIL T Ceres IR, SEPRAYIHIAE CamProjectionWithDistortion PR
Bl JERSTE Ceres W, FRATLHILL double B RAFEAL R . BUfE, B HIL—IbA 6 4t
(s . 1 HEFRRE RN 2 dEWSAE SR, Jt 0 fESHOkR, TRATESL PRI P UL X MU .
K I A5 PR B Create V9 AMERTE IR, BLHEE [ —NA] H 3R S04 Ceres UM pREL. ATH
i) FHl Create FR%L, AN PREHA ceres::Problem BJIH] .

PR, JRNTSe BA 5 AR ) -

slambook2/ch9/SnavelyReprojectionError.cpp ( }7 )

void SolveBA(BALProblem &bal_problem) {
const int point_block_size = bal_problem.point_block_size();
const int camera_block_size = bal_problem.camera_block_size();
double *points = bal_problem.mutable_points();

double *cameras = bal_problem.mutable_cameras();

// Observations is 2 * num_observations long array observations
// Tu_i, u_2, ... u_n], where each u_i is two dimensional, the x
// and y position of the observation.

const double *observations = bal_problem.observations();

ceres: :Problem problem;
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for (int i = 0; i < bal_problem.num_observations(); ++i) {

ceres::CostFunction *cost_function;

// Each Residual block takes a point and a camera as input
// and outputs a 2 dimensional Residual
cost_function =

SnavelyReprojectionError::Create(observations[2 * i + 0], observations[2 * i +

11);

// If enabled use Huber's loss function.

ceres: :LossFunction *loss_function = new ceres::HuberLoss(1.0);

// Each observation corresponds to a pair of a camera and a point

// which are identified by camera_index() [i] and point_index() [i]
// respectively.
double *camera = cameras + camera_block_size * bal_problem.camera_index() [i];

double *point = points + point_block_size * bal_problem.point_index() [i];

problem.AddResidualBlock(cost_function, loss_function, camera, point);

std::cout << "Solving ceres BA ... " << endl;
ceres::Solver::0Options optioms;

options.linear_solver_type = ceres::LinearSolverType::SPARSE_SCHUR;
options.minimizer_progress_to_stdout = true;

ceres::Solver::Summary summary;

ceres::Solve(options, &problem, &summary) ;

std::cout << summary.FullReport() << "\n";

A UL ] B A3 A 2 8 B SR A R, R AN S KRR TR . IR
Jii . 1F ceres::Solver::Options H1, FR{Tal LA KM /% . i/ SPARSE_SCHUR 2xil: Ceres 5
B A ) e R AR AT TR T AR A — 35, B AR B AR 3264 T Schur %k dk, LIINEE Y 0y SR AL
. ANid, 7E Ceres FPIRAIASHE R HIMEH A AL w2 dk, XS Ceres KA #s [ 24t
=N

Ceres ) BA Kk b 4y

4 3 1

./build/bundle_adjustment_ceres problem-16-22106-pre.txt
Header: 16 22106 83718bal problem file loaded...
bal problem have 16 cameras and 22106 points.
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Forming 83718 observations.
Solving ceres BA ...
iter cost cost_change |gradient]| |stepl tr_ratio tr_radius 1s_iter

iter_time total_time

0 1.842900e+07 0.00e+00 2.04e+06 0.00e+00 0.00e+00 1.00e+04 0 6.10e-02
2.24e-01

1 1.449093e+06 1.70e+07 1.75e+06 2.16e+03 1.84e+00 3.00e+04 1 1.79e-01
4.03e-01

2 5.848543e+04 1.39e+06 1.30e+06 1.55e+03 1.87e+00 9.00e+04 1 1.56e-01
5.569e-01

3 1.581483et+04 4.27e+04 4.98e+05 4.98e+02 1.29e¢+00 2.70e+05 1 1.51e-01
7.10e-01

SRR 25 N B A OB KA R R e . FRATPEOLAR T AOCAL S (9 S =4 D ini-
tial.ply il final.ply, FH Meshlab 0] DL F#EATIFIX I s s o SR & 9-13 Pl

(a) (b)

K913 A EHTHMEAT. (a) AEAATHAEAEE, (b) AR EHMEME (L)

9.4 SLEk: g20 KfE BA

TSk B A ] @20 sRMEX S BA ). FILART—HE, g2o0 fili FH BB A ]8R 45
Fa . BELATRA TS A mARNLRE AR, SR IR FOR e T2 A 0 . FeATT5 Rt A1 2
SN, UGS R AT . BT ARLAES RS . FRATTAT A AN AR,
override JEHE 7 b LS i pR R 7 5 -
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[A slambook2/ch9/bundle_adjustment_g2o.cpp ( /% )

/1! EEFARGLEH
struct PoseAndIntrinsics {

PoseAndIntrinsics() {}

/// set from given data address
explicit PoseAndIntrinsics(double *data_addr) {
rotation = S03d::exp(Vector3d(data_addr[0], data_addr[1], data_addr([2]));
translation = Vector3d(data_addr[3], data_addr[4], data_addr[51);
focal = data_addr[6];
ki1 data_addr[7];
k2 = data_addr[8];

/1] HAEFEAANANF
void set_to(double *data_addr) {
auto r = rotation.log();
for (int i = 0; i < 3; ++i) data_addr[i] = r[i];
for (int i = 0; i < 3; ++i) data_addr[i + 3] = translation[il;

data_addr[6] = focal;
data_addr[7] = ki;
data_addr[8] = k2;

S03d rotation;
Vector3d translation = Vector3d::Zero();
double focal = 0;
double k1 = 0, k2 = 0;
};

/11 kAR S GRS, 9%, =4 Hso3, HTF AAt, £, ki, k2
class VertexPoseAndIntrinsics : public g2o::BaseVertex<9, PoseAndIntrinsics> {
public:

EIGEN_MAKE_ALIGNED_OPERATOR_NEW;

VertexPoseAndIntrinsics() {}
virtual void setToOriginImpl() override {

_estimate = PoseAndIntrinsics();

virtual void oplusImpl(const double *update) override {

_estimate.rotation = S03d::exp(Vector3d(update[0], update[1], update[2])) * _estimate
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o

.rotation;

_estimate.translation += Vector3d(update[3], update[4], update[5]);
_estimate.focal += update[6];

_estimate.kl += update[7];

_estimate.k2 += update[8];

111 ISR Y — A&

Vector2d project(const Vector3d &point) {
Vector3d pc = _estimate.rotation * point + _estimate.translation;
pc = -pc / pcl2];
double r2 = pc.squaredNorm();
double distortion = 1.0 + r2 * (_estimate.kl + _estimate.k2 * r2);
return Vector2d(_estimate.focal * distortion * pc[0],

_estimate.focal * distortion * pc[1]);

virtual bool read(istream &in) {}

virtual bool write(ostream &out) comst {}

class VertexPoint : public g2o::BaseVertex<3, Vector3d> {

public:

b &

EIGEN_MAKE_ALIGNED_OPERATOR_NEW;
VertexPoint () {}
virtual void setToOriginImpl() override {

_estimate = Vector3d(0, 0, 0);

virtual void oplusImpl(const double *update) override {
_estimate += Vector3d(update[0], update[1], update[2]);

virtual bool read(istream &in) {}

virtual bool write(ostream &out) comst {}

class EdgeProjection :

public g2o::BaseBinaryEdge<2, Vector2d, VertexPoseAndIntrinsics, VertexPoint> {

259
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public:

EIGEN_MAKE_ALIGNED_OPERATOR_NEW;

virtual void computeError() override {
auto v0 = (VertexPoseAndIntrinsics *) _vertices[0];
auto vl = (VertexPoint *) _vertices[1];
auto proj = vO->project(vi->estimate());

_error = proj - _measurement;

// use numeric derivatives

virtual bool read(istream &in) {}

virtual bool write(ostream &out) const {}

FRAHLERs . PR . SRR AR AL Z80E AR AHL TSR, SR 5 SCRTILE B b m 2 )
UMLK, FRATBCA S B A HERT LE T pR AL, JXFE g20 2 [ St — KU A HE ]

b fa, %08 BAL FPAORE, f g20 AOPEALI] S ke Bval .

A slambook2/ch9/bundle_adjustment_g2o.cpp ( 7 % )

void SolveBA(BALProblem &bal_problem) {

const int point_block_size = bal_problem.point_block_size();
const int camera_block_size = bal_problem.camera_block_size();
double *points = bal_problem.mutable_points();

double *cameras = bal_problem.mutable_cameras();

// pose dimension 9, landmark is 3

typedef g2o::BlockSolver<g2o::BlockSolverTraits<9, 3>> BlockSolverType;

typedef g2o::LinearSolverCSparse<BlockSolverType::PoseMatrixType> LinearSolverType;
// use LM

auto solver = new g2o::0OptimizationAlgorithmLevenberg(

g20: :make_unique<BlockSolverType>(g2o0: :make_unique<LinearSolverType>()));
g2o0::Sparselptimizer optimizer;

optimizer.setAlgorithm(solver);

optimizer.setVerbose(true) ;

/// build g2o problem

const double *observations = bal_problem.observations();
// vertex

vector<VertexPoseAndIntrinsics *> vertex_pose_intrinsics;
vector<VertexPoint *> vertex_points;

for (int i = 0; i < bal_problem.num_cameras(); ++i) {
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VertexPoseAndIntrinsics *v = new VertexPoseAndIntrinsics();
double *camera = cameras + camera_block_size * ij;
v->setId(i);

v->setEstimate (PoseAndIntrinsics(camera));
optimizer.addVertex(v);

vertex_pose_intrinsics.push_back(v);

for (int i = 0; i < bal_problem.num_points(); ++i) {
VertexPoint *v = new VertexPoint();
double *point = points + point_block_size * ij;
v->setId(i + bal_problem.num_cameras());
v->setEstimate (Vector3d(point [0], point[1], point[2]));
// g20EBAY F &5 % B HMargty 1M &
v->setMarginalized(true);
optimizer.addVertex(v);

vertex_points.push_back(v);

// edge

for (int i = 0; i < bal_problem.num_observations(); ++i) {
EdgeProjection *edge = new EdgeProjection;
edge—->setVertex (0, vertex_pose_intrinsics[bal_problem.camera_index()[il]);
edge->setVertex (1, vertex_points[bal_problem.point_index() [i]]);
edge->setMeasurement (Vector2d (observations[2 * i + 0], observations[2 * i + 1]));
edge->setInformation(Matrix2d::Identity());
edge->setRobustKernel (new g2o::RobustKernelHuber());
optimizer.addEdge (edge) ;

optimizer.initializeOptimization();

optimizer.optimize (40);

// set to bal problem

for (int i = 0; i < bal_problem.num_cameras(); ++i) {
double *camera = cameras + camera_block_size * i;
auto vertex = vertex_pose_intrinsics[i];
auto estimate = vertex->estimate();

estimate.set_to(camera);

for (int i = 0; i < bal_problem.num_points(); ++i) {
double *point = points + point_block_size * ij;
auto vertex = vertex_points[il;

for (int k = 0; k < 3; ++k) point[k] = vertex->estimate() [k];

261
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BLF5E ST A TR S e P AT AR T A SR BALProblem 28 r i) S BRI A il — 48
AR, A g0 WHATHAL. (EAREREMRE, A T IEAIH BA R, R TS
¥R setMarginalized J& PE S N true, {CHGAY FE R BT

(& slambook2/ch9/bundle_adjustment_g2o ( K £ )

void SolveBA(BALProblem &bal_problem) {
const int point_block_size = bal_problem.point_block*size();
const int camera_block_size = bal_problem.camera_block_size();
double *points = bal_problem.mutable_points();

double *cameras = bal_problem.mutable_cameras();

// pose dimension 9, landmark is 3

typedef g2o::BlockSolver<g2o::BlockSolverTraits<9, 3>> BlockSolverType;

typedef g2o::LinearSolverCSparse<BlockSolverType::PoseMatrixType> LinearSolverType;
// use LM

auto solver = new g2o::0ptimizationAlgorithmLevenberg(
g2o::make_unique(BlockSolverType>(g2o::make_unique(LinearSolverType)()));
g2o0::Sparselptimizer optimizer;

optimizer.setAlgorithm(solver);

optimizer.setVerbose(true);

/// build g2o0 problem

const double *observations = bal_problem.observations();

// vertex

vector<VertexPoseAndIntrinsics *> vertex_pose_intrinsics;

vector<VertexPoint *> vertex_points;

for (int i = 0; i < bal_problem.num_cameras(); ++i) {
VertexPoseAndIntrinsics *v = new VertexPoseAndIntrinsics();
double *camera = cameras + camera_block_size * i;
v->setId(i);
v->setEstimate (PoseAndIntrinsics(camera));
optimizer.addVertex(v);

vertex_pose_intrinsics.push_back(v);

for (int i = 0; i < bal_problem.num_points(); ++i) {
VertexPoint *v = new VertexPoint();
double *point = points + point_block_size * ij;
v->setId(i + bal_problem.num_cameras());
v->setEstimate (Vector3d(point [0], point[1], point([2]));

// g20/EBAY E & F 3% B M Margth T A
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v->setMarginalized (true);
optimizer.addVertex(v);

vertex_points.push_back(v);

// edge

for (int i = 0; i < bal_problem.num_observations(); ++i) {
EdgeProjection *edge = new EdgeProjection;
edge->setVertex (0, vertex_pose_intrinsics[bal_problem.camera_index() [i]]);
edge->setVertex(l, vertex_points[bal_problem.point_index()[i]]);
edge->setMeasurement (Vector2d (observations[2 * i + 0], observations[2 * i + 1]));
edge->setInformation(Matrix2d::Identity());
edge->setRobustKernel (new g2o::RobustKernelHuber());
optimizer.addEdge(edge) ;

optimizer.initializeOptimization();

optimizer.optimize (40);

// set to bal problem

for (int i = 0; i < bal_problem.num_cameras(); ++i) {
double *camera = cameras + camera_block_size * ij;
auto vertex = vertex_pose_intrinsics[i];
auto estimate = vertex->estimate();

estimate.set_to(camera);

for (int i = 0; i < bal_problem.num_points(); ++i) {
double *point = points + point_block_size * i;
auto vertex = vertex_points[il;
for (int k = 0; k < 3; ++k) point[k] = vertex->estimate() [k];

g20 il Ceres 1) — KA S0, FEMEHIRGALILET, g20 20200 T shis B MR T 5 A Zxfb i, &
W5k 2 Afas AT (e T DAl B v->setMarginalized(true) X —47 ). HA3 M 5 F1 Ceres
SRR, RATAZ NG 1. g20 LW SH ARG S, X AR .

9.5 gk

AU LEBEIR AR AR AR PR SR e . FAT 1R BAE 2 AR rh SLAM AT LA
G CRAAG TR, I ARIRA MR T TR R, R IERDIRE, MAGEILL EKF M UREE
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Pere B g AR, FRATTW AT LSR5 BT A A sh AL, S T4 Bl — A/ —Fenl il 7

AW RS F , XN BA, JEa] F LA Ak ok i . 3T MFanihe 7oK
fad B b AR R, Fe o TS R AR 2 M R L fede, FROTEOR T anfa i g20 1
Ceres JER g —AMEALME, QL& % BA B T — 4 EDRAIAR.

)i

1.
2,

T

6.

HEIEE (9.25) 7. 4R IRATREZHIZI SMW A, &% K [6, 76].

X T g20 1 Ceres FLAb)E H bR sRERASELAE. 45t M T AP # 75 Meshlab 808 —Ff
B A

XF Ceres W0 53 i3 = 4T Schur i§7C, BRGRESAH T AK S,

WEW] S G A 1 H R

. BEEBECHK [36), A g2o0 XM REUE ALY . 5 Ceres 1 Loss function 4 [l

F

TER A RBh, FRATEA TABLAIEE . VL £k, ko AEBOHINLIAN 2 KRR . 15 %8
RIS 5 UM e SR AHIUB RS T AL, B, ZAEE £, £y, 01,02, k1, ko IXEERE,
AR ) Ceres Al g20 P LA SE L SE 5
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Jri i 2

FEBH

1. FEAFHShE Ak,

2. MRALEEMRA.

3. HfgET IMU ERA 4L -
4. EITCHEYE 20 MU

W50 PFRATHE SN T UL BA R EMIEIAL. BA BEASHEHLOLALTE NP2 SR S B
A E RS, KEARE S AE 2™ HRIGTRRCR, FEGH R, UE T
A . AP IR AP R BA: (7EE .
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10.1  #3shEa 0 g AvEAL

10.1.1  SERREAEE R BA 544

HEAT AP AN 25 ) A5 B AL FR K BA ., & GBS AT R0 R g A RIS 114 5 (o7 45 42 Pl ) 8 3
7€ SIM [aligirh A H, (B2 SLAM it #éHr, FATFEAETT 2450 BA RURLEL, (REFIFRAYSL
A, TR RE T ERR,, AR A B 2 AR TS BA——(HUR AR A B0 22, Bk
PE, TR EG ST HE ], Hin BA SUBCARRERSE | 7N BebR L, A I 20 Tk,
FARS AL 0.5 0, 555, 1R SIM ABFEFH— F st (] d adt— AN b P A0 5935, E SLAM LA
AR

BRI BB MR A R, F A ZESE A9 A8 R — 350 201 ol 4 boa(®%), {0y it Ok
i 5 BEAR S Z B BA, FURAECEEM S T, X B vk, BPEE G, Bl sl g
T, CHWIECE SO L, M ERB R AR . 1R BA BRI IE L ik, THRR%
2 (AN ) AW FRE. b TR R, AT B TR HG i BA (GRLEL . iX
SEFERT UG B, T LR TR .

i, fei B BA BURBIRY RS, A2 OURBR B AT 2O 0 N A OCHEWT, Fedsinst ] |-
PR W T, FRNTAY BA B 2 — I G 1P, BT 1RGN BYE 25 9 1
TR i ah e kY 8K, HGX N AN CEEWIY BT T LA e, flhn, AN LA
Zi10i G 8 T IO T W €9 1B 1 B 1 8 = Tl o A DY S AR 1P 3 O YN TR S
UEARDLENMEAE (S (LA B, BA Z5HIEAS 2 T4 — M1 (X35 530SO fe s ).
BIRAEWTE WA G548 b P 85— AT AR ORB-SLAM2ISI JIRKE , & SL—Fpfrly Ik
" ( Covisibility graph ) BYZ5EF ( @il 10-1 Fras ). PRI SERLE, w2 dgikse 5 B e AHAL
AEAE AL RN A SRR B ] ). T, 76 BA (AR, FR0 74 BE R [ ) 7 o [5] py Hie -2t
KRB AR AT, Flan, (VRIS MaTiia 20 DL SRR Y OCEEDT, Ao [
ANAE . YIRS R RS IE AR OB, T LR A AR Tt 2 o R ] Py AR AU

Hehtd O hy, SEREENLE, KRS, AR DS Sem R ag A TR b Al
Mg b, EMWEIAT = nE. RARIREE “EFH" Wahid i 2ah, st e L
FZ A As G, XA “EFT M CFEE” BAREHERER? CEE” PIPIRE S, iR
P IR 2 A B T HE R R AR BI AT . (B2 “E57, RIS SR EmAH, B sy
ST B AR B A AT S, AR AT 1 S B R aZe X 7 11 N (94— 2E g, {HAS
Pr bR AT 20 77 WRA KW, XAEmAIZRT AT BN A R, fEAGEZR?

LA, BAOMERYOXLEMRL, N EAE ERGZ g i, IR AE TR EREAREf st
e FB
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W 0 (37 ke )

L AR
S BRIz B i -/

H10-1 #HopFomEdEsyrEH

10.1.2  HEhE ik
e A O AR A N DGR, SRR N .
L1y...,&LN,

A emian, AL, B4, RTINS CHED], RITRERIELH AE?

WAR, A ILA W L EAEMF L, LARCEN TR AT E BN, XX R B R
WA T E I 2. A LA SCENGA X E — I RaR AT AT LA 3 ]
M RGN BER F ZRZRZ Y. VXA EE O hibH M AR vy, .. yn, BIS
N AW R 7 Rkl . SARTRATAT LUHSE 9 UM 4REY BA Jik b X S O, s
SEERAASERY, HYE B AR Hessian BEFE, SRIGIASALRTA MR ORIER A . e 5 ert, 3
{175 1w o728, BP

[(Bl,...,mN]TNN([’Ll ..... ;LN]T,E).

o e R b AW ORE I, B NI A G PR T 25 R R, IR AR, BEER raiiE
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5 BA A S HISEE, i S stEAEAS BA ) H MR T OG5 IEs R, WA 9 PHEF]
MAERE S, RATARNIEE CAPERX U T .

FERENBI T, N O, SRR RN 1A (b P T LS
sitits

1 FRAIFEAEE O P — A OCHr, LUK B0 2 1 FR 5

2. AV EACGT 11 b I A RO 5 PTG 0L ) B

K, WAL RIEEY BA (X BB BBLIKE T, WAk, WSS BA A,
HR XA B TR A AN S5 R BA, TERME EBCAAEM 20 . (HAEmshes Dayisol &, 34
I ELR B 445 IR T

M A HRIWTRIES b T

A AR, WEE OO AN TN ST, FRAThE B E A TR AN R o A
HIERIT ZWNATATR . BolE, Bk 7 — R0 xy oy, IBARANMEFEERZR N+ 14
REEWRIE Z AR i S . X PR B LAY, FRAT AT E R B9 BA Jife BRI n] . Xt
PR S TGRS, BIREIX N + 1A KERW = i A 240

OB —A [ Ry 3% it

242 R B [ S A T, — 38 (R P ke, B anFR A TR BRI SR i 2y, HE 2y
HARIGLE, B2 A AL 2 [F R A AR . 8 2 IS Z 5 T SO A In) A PR B
FE 9 H—FE, FATE—1mERE, WE 10-2 s,

i 2R AL B HERR RARES A R

X, 5% |V Vo Vs W

X, G B B AR N B — A

R R
——l

g AN B v A )

B 10-2 783 & o M R ok S WK B B A 4 0 X R A Al
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TEXAEF, AR 2 BB T REFRE y1 2 ys, TH2, EAHZ R, BA [A)EIfY Hessian
RN IZARE 10-2 thiy e —FE, 75 2 1709y B gy IR EHEIET R, Fom ) FETEN.
X SN AL @y, B4 Schur G FEAR XT38 a5 56 FEAT AT L X R AL JLAN R
HIRESR, S AROR 304 R BRSO PR AE X R . X BRI AL T AN
( Fill-in ) 1.

[ERES 9 Bhrh A i Ak, YR TN AL B B, Fill-in 6 BL7E A2 B AR B Hoh A
i, 2 BA RESRA; L e, ARG BA KR AT T, (B, YihZib g, ¥
BN A F AR 5 2Z IR FEREE R, 3K BA s JCA% BB SERT RO BT i ROk . X BRE
A HARRER L, SEPR I, fE A BKF B AR E T, AfTR R RS — 1 F9%5 i) Hessian
Wik, Xt (% EKF J5im i b B KM A i sh e O,

Ak, RRAT A GAM BT —2eolh, el ARFRIE s 10 BA BRHitE. #iln,
TEN AL T SIS, [R1RF 2 b T U 3 B B i o XORE, I s RS B 2 e L 0
AR SR (A RS B, RTRSEA T AR RO A ERESF . 7E R SLAM HEZR00- 891 e
NEACRIE 2 . WINAE OKVIS 1, FRATEFIWTEE i G AL RN AT, &7 3 A% B
S ERORT B TP IRE A 2. WERASEE, i GAXA IEAR 5 WEREE, M= Fwih %k
P OCHRMITNS 3 A B S ORI, AT DR BA BORG 1

SWF il fbi EMLfRRE

FATRE A ZAERER B SORRERER . BT, SHIATASALRA KT, B “f&
FRX A CHEWCY HTROASTHE, SRR B DX A KOO R AR RARER . BTLL, R4
RHEWTHEN AL, B B bR A E S X RARROZEME " AR E R, M
M AR A T HE . WERPRAGALX SR, IR AENTRIMINE R 2] —1 “WRMEMNRIX
EOIAZTEMR" MK EE.

WBEA EF, HRATAGARA T, 8B40 O P RRRESAE R B T3, RS 1
A S . LA R E Ol E , B

p(wle~ L4, Y1, yﬁ) = p(w2s ey L4, Y1, y6|w1)P ml) . (101)
——r

(
&E
WRIG & Poh g G e . EEEwhgiez s, RITETRYSANBMEHE. A s
Wl L EGE A VO RYE, MiAE S KRR RS,

M T BUAE g20 Fl Ceres A K B 1% L F M b 8 11k b A SRR AED, FRATHE A5 X R A4 32
ooy, ArEBLRE T AT LSS BhieE M AL T B DAY SLAM R4

OTAREDFRAT AT LA i Fe s Iy by T B S8t g20 F1 Ceres HUHEZRPRE , (EOXTEAARR BB, Al S7EH PR,
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10.2 iR

10.2.1  PrgPEnE L
WA E RS, TN & B S e ki b S48 T4 Aoy, Sobs b, Zoad 4 o

ZJa . WS AFIE S AL B AR, RSN C BRIk . RIS f e TR fE, P22
WA . NI, FATEBN TR LK Z A st i e 1, FHE e AR bt

AR, A FSCbr bR e 1A B AL .

E XA RS S, A28 S EERSE AVET BhR i S AT LB e AT 158 40l LA
Wﬂﬂ¢ﬂﬁﬁﬂ%@%k.ﬁh§ RZ IR, ol DA iy A B [a) 3 R RAEDE AC 2 Je 45
?'JE‘Ji:idJﬁ’iiJrﬂEfAE?ﬂil‘*fﬁo AR, — BRI IG e, ?ﬁﬂ"]ﬁﬁfﬁﬁmkﬂﬁﬂﬂﬁﬁEB’H\?E‘.

OGO T A P ARPLA S Z R IR 2R .l Ao, IRA1E & 17 KRR S e i 5.
{%?E TOCHEEWIR L, IMiHaE: T FTE A% E ( Pose Graph ), Ui 10-3 ik

e

Pose Graph

103 FEETEE. HRINFHERLBA FRERL, RECNEFERASEST A4 K,
R T — T EARBEDRS WAL

FAVRGE, 7€ BA PRI SOBCR I K TR . — D R A DG T 8CA S GRS,
SEiF BA BB AL, BMERIHM BT, 78 9000 30 CPU E—Brt sk LT A b A 4. iX
HUFRT 1~ SLAM R FrLA, YAILES A AE 5K Bl A4 e (8] A1 25 () vz sl i, a2 % 1 — b i
RIT: BB E AR, Ff—Le i e RARCY s B AR E ML IREE , & Fixt g bn
SHEAL, SOEE Pose ZIHJAIAOF9S1, Ak, W IRATA BN & Pose MIMEIRRES, I 4fv 4814l
R —FpE WA EL A Pose MU LAY 1 ik .

10.2.2 B EiL

B4, P2 PAAL P I AR A AR ? B (RSO, DTy, T,
KK Wik, WAL S Z MAREE B AT, AR TERAT IOK [ TFRHAE Ak sl s
WATEOK A GPS 8% IMU 4. Tl W FB, BiFNMGH T T Ml Ty Z 16l iy —4 iz sh



10 /w2 271

AT, PGESNT A A TRFAT R, Fol 1B AR B —Fh

At =& oty =In (T7Ty) (10.2)

BRI S
P T (10.3)
PR AR B, BRSO, R ERA TS /D iR 22, SRF AL

ke, PHEREXTIRAE A FH KB, FAHE LM T BEFXAN, WERZE ey
= Aty In (T;'T,7'T;)7 (10.4)

R R AP & Mg, BHIRNTK ey KRTXMANMERA SR REPFEHIKRT
T, 4 & & B—1EHBN: 68 Ml 6. TRIREZN

é; = In (T;; T, exp((—0&:)") exp(9€))T;) " . (10.5)

iz, BIAME i derE T rpEl. O TR BCH L, FRA1A I shimi R 2 A 20
A, WA 4 YT g CERENE R, BISC (4.55). WURARECA Mok A~ B, IBs R HE S
iwf’kmﬂzﬁfﬁm%fa;lé{ﬁﬁﬁ :

exp ((Ad(T)€)") = T exp(€M)T . (10.6)

ks, A
exp(€MT = T exp ((Ad(T"l)g)A) . (10.7)

R, SR A—AMERET, RATRESS S WAHAAME T, FAE, TR
S EIRAT (YRR ), A TIECAHERT LLRR R (83 200 I e e ):

&y = In (T T, exp((~6:)") exp(aw'ﬂ)v
=In (T;;lTi‘lfi exp (( 551)/\) exp (( )551) ))V
(10.8)
~ In (T; "I T3 [I - (AT, )651-) + (AT )ésj) D)’
861 aei'

R, P HEERA AR AN, FA R T ER22 X TR DS HPHERT LR . 56T T 19
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Beij

N S =1y 10.9
sse. = 7 (en)AdT) (10.9)
PARET T; 19
Oeij _ z-10q =3 10.10
aagj"érr (ei;)Ad(T; ). (10.10)

SR F AR X4y R SRR o A R, AT LA BN5S 4 VRERSI ZEREER N A . A,
B i, BT se(3) ELMZEARETH 7, BT TR, RIGEFRENRERL. WRRE
BERE, AL ENLERLN I 8

A A
Jf@mz1+% P P2 (10.11)
0 ¢

Mg b, BMELEMACZ IS, T A A AR A — 3B, IRZEWMAWRRE R T,
B LATRT X LAY T, WE N T 2 —E R . FRTRATRAE S e TR B LA DO &
. :
THRRERT LR R a, T AR A @ R e —RE T S 2, I AL T Ao
TN T — AL, AR ER— AR, RS TR,
X B TR EWMAR ., iC & AFFANKER, 280K H bR ECy

min% Z elTjE;jleij. (10.12)
1,JEE
FAVHRIRTT LU S A0t . 9 SCiA®— S & JR e Jr i SRt ml i, B T A BER T
i, AIRERRARPIAY . MRAUEARTHIZEE, LA Ceres 5k g20 #ET2K M. IRATA ML
TR, o HCEIRERT .

10.3 Sk PrgEinie

10.3.1  g2o0 ke

R R Al g20 SRS EIDEAL. T, I TEE FH g2o0 viewer FTFIRATHI S AR LA 1
B, T slambook2/ch10/sphere.g20 H', 4[& 10-4 fiff .

AL g20 HARFHY create sphere FRIF 7 HAE MM . B M8 A — 1 BR, AT
FREZNREANR. BEA-TIERIE, REDK/DA—BETEZA M T — 10 neRik, taf
2500 PMET R (B 10-4 2 &), ATUER— B EAad . Re, TERFERT -1
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# ¢ BEZIRL, PRI, BeAh, SUERUZS)ZRZEE, FROAEIEA (RGN B R R
L HFEN A ) MifE, fERRD BRI, HARYE R s, FRE T AR

Wt XFE, wif »ﬁflJT'*?'%Jllﬁﬁ:ﬁﬁuﬁ%&ﬁ,(lkl 10-4 51 ). ‘EJREE R RARERIE A —R 4,
(HRAATAR SERIARAHZE BEA . BUAE , FRATTAX LU MRS () R s RIBA (R &, ik B A7
g IS DR V=R 5k~

Loop Closure

Add Noise

h 2500 vertices and 5799 measurements

M104 goffEFANMNEAN, AEEZZTENRY, £EE LA M EFEREF RITREZNG
L8 i

MR, LR AIPLEE AT E AL LA IEERIE 1932 s, DA an i s 2 1 SRR 15 [l 36
URIILEA €77 fﬁ FLAIE BRI - 4b IR AT TRENS EDML R BIE LS R 2 BB ( RER SN AR A
BAT 7 ). E#H I I g20 viewer 1Y optimize pREL, & 2454 AL ALA5 F AR S L 72 .
Fik, sphcrc g20 WA CA S, A CARSGiRARITI, AAETCRmAANS. SCFRET
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SrHT A, SRR

VERTEX_SE3:QUAT 0 -0.125664 -1.53894e-17 99.9999 0.706662 4.32706e-17 0.707551 -4.3325e-17
EDGE_SE3:QUAT 1524 1574 -0.210399 -0.0101193 -6.28806 —-0.00122939 0.0375067 -2.85291e-05
0.999296 10000 0 0 0 O O 10000 O O O O 10000 O O O 40000 O O 40000 O 40000

RIAER], A 2EA0E VERTEX SE3, Rik— LA . g20 BRINEHI DU CEO-F-Fe 1) B
RN, FTLAGE N FBR >U~7 ID, tx,ty,tz,qj.qy,qz,qw i 3 A FRS IR, }:4’;\
NN TR AU T . [FRE, IAE BRI S ID, ety tey oy Qys G2y Qo VAR VR
MR b ATLAR Y, Al s AR R RN }36 x 6, HBEEALT xR

M T RAZAT L, FRATTAT LA g20 BRIARY TS A, B e ool R, i E
o2 g20 AR, FTLAM g20 A B IEALEE AR AT 204 TR T, /\ﬂ‘ﬁﬂ?‘ﬁﬁﬁ{t%ﬁﬂll
"], F2J¥ slambook2/ch10/pose_graph g2o SE3.cpp fisr I Al fsfi A SO — S5 IR R 7 i Xt
(L E BT, JFESRAFE 2 result.g2o SCIFH

[® slambook2/ch10/pose_graph_g2o_SE3.cpp

#include <iostream>
#include <fstream>

#include <string>

#include <g2o/types/slam3d/types_slam3d.h>

#include <g2o/core/block_solver.h>

#include <g2o/core/optimization_algorithm_levenberg.h>
#include <g2o/solvers/eigen/linear_solver_eigen.h>

using namespace std;

[ ko ks R o sk sk R ok ok R KR SRk K R

* K AL 5% T o7 Flg2o solverit 47 4: 4 B M AL

* sphere.g20& A T & R — ML EH, RAKLEMLE

* R T A H4E @ idload B IR EAH, (2R ME 2 A Tk FEIMERAD, AHKA E KL 02
* iX ¥ A%l g2o/types/slam3d/ ¥ #9SE3 K T4 4, © %M LA v udom Ak F AR H

* *********************#************************/

int main(int argc, char **argv) {
if (argec '= 2) {
cout << "Usage: pose_graph_g2o_SE3 sphere.g2o0" << endl;
return 1;
}
ifstream fin(argv[1]l);
if (!fin) {
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56

59

60

61

62

63

b4

65

67

68

F10H Fiw2

cout << "file " << argv[1] << " does not exist." << endl;

return 1;

// & Eg2o

typedef g2o::BlockSolver<g2o::BlockSolverTraits<6é, 6>> BlockSolverType;

typedef g2o::LinearSolverEigen<BlockSolverType: :PoseMatrixType> LinearSolverType;
auto solver = new g2o::0OptimizationAlgorithmLevenberg(

g20: :make_unique<BlockSolverType>(g2o: :make_unique<LinearSolverType>()));

g2o0::Sparselptimizer optimizer; /] BFER
optimizer.setAlgorithm(solver); // XA KM%
optimizer.setVerbose(true); // AT TR A B

int vertexCnt = 0, edgeCnt = 0; // M & Awik &4 F
while (!fin.eof()) {
string name;
fin >> name;
if (name == "VERTEX_SE3:QUAT") {
// SE3TH &
g20::VertexSE3 *v = new g2o::VertexSE3();
int index = 0;
fin >> index;
v->setId(index) ;
v->read (fin);
optimizer.addVertex(v);
vertexCnt++;
if (index == 0)

v->setFixed(true);

} else if (name == "EDGE_SE3:QUAT") {
// SE3-SE3i
g20::EdgeSE3 *e = new g2o::EdgeSE3();
int idx1l, idx2; /1 R EEH AT

fin >> idx1 >> idx2;
e->setId(edgeCnt++) ; }
e->setVertex(0, optimizer.vertices() [idx1]);
e->setVertex(1l, optimizer.vertices()[idx2]);
e->read(fin);
optimizer.addEdge(e);

}

if (!fin.good()) break;

cout << "read total " << vertexCnt << " vertices, " << edgeCnt << " edges." << endl;
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cout << "optimizing ..." << endl;
optimizer.initializeOptimization();

optimizer.optimize (30);

cout << "saving optimization results ..." << endl;

optimizer.save("result.g2o");

return 0;

WATESE T 6 x 6 BUBRIFAS, HRF AR — D5 R TR, s ARUBuE R 30 . i
PR X R AT -

DS PN

$ build/pose_graph_g2o_SE3 sphere.g2o

read total 2500 vertices, 9799 edges.

optimizing .

iteration= 0 chi2= 1023011093.851879 edges= 9799 schur= 0 lambda= 805.622433 levenberglter=
1

iteration= 1 chi2= 385118688.233188 time= 0.863567 cumTime= 1.71545 edges= 9799 schur= 0
lambda= 537.081622 levenberglter= 1

iteration= 2 chi2= 166223726.693659 time= 0.861235 cumTime= 2.57668 edges= 9799 schur= 0
lambda= 358.054415 levenberglter= 1

iteration= 3 chi2= 86610874.269316 time= 0.844105 cumTime= 3.42079 edges= 9799 schur= 0
lambda= 238.702943 levenberglter= 1

iteration= 4 chi2= 40582782.710190 time= 0.862221 cumTime= 4.28301 edges= 9799 schur= 0
lambda= 159.135295 levenberglter= 1

iteration= 28 chi2= 45095.174398 time= 0.869451 cumTime= 30.0809 edges= 9799 schur= 0 lambda=
0.003127 levenbergIlter= 1

iteration= 29 chi2= 44811.248504 time= 1.76326 cumTime= 31.8442 edges= 9799 schur= 0 lambda=
0.003785 levenberglter= 2

saving optimization results ...

SR, H g20 viewer ¥TH result.g2o AEAZEH, WA 10-5 Fizs.
%%&“Amﬂm‘m@%’wﬂﬂkﬁfr—/‘ﬁﬁﬂé' ek, XAREIR IR S g20
viewer | [) Optimize fHI A X 5. o FRATTHRE e ) A F OB Tk S A L A
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v/ Draw Axis |
# jterations
10

Robust Kernel

Non Sequential

Optimizer

gn_var_cholmod

Parameters

spanning Tree :

Initial Guess

SetZero

.
o
|

Optimize \ | loaded result.g2o with 2500 vertices and 9799 measurements ‘
Quit || graph Is fixed by priors or nodes are already fixed |
ul

B 10-5 @ g2o BTN A 5 RS F

10.3.2 U Fafr 2P

A IRATH Sophus FAZ=CERYH RS 7 AT Sophus FHF g20 HE X A 2 M T
=g il

slambook2/ch10/pose_graph_g2o_lie_algebra.cpp ( 7 £ )

[
| typedef Matrix<double, 6, 6> Matrix6d;

/! R % ERI_R{-1}89 & L

Matrix6d JRInv(const SE3d &e) {
Matrix6d J;
J.block(0, 0, 3, 3)
J.block(0, 3, 3, 3)

S03d: :hat(e.s03() .log());
S03d::hat(e.translation());
J.block(3, 0, 3, 3) Matrix3d::Zero(3, 3);
J.block(3, 3, 3; 3) S03d::hat(e.s03().log());
J=J % 0.5 + Matrix6d::Identity();

[

return J;
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// FREW S
typedef Matrix<double, 6, 1> Vector6d;

class VertexSE3LieAlgebra : public g2o::BaseVertex<6, SE3d> {
public:
EIGEN_MAKE_ALIGNED_OPERATOR_NEW

virtual bool read(istream &is) override {
double datal[7];
for (int i = 0; i < 7; i++)
is >> datalil;
setEstimate (SE3d(
Quaterniond(data[6], data[3], data[4], data[5]),
Vector3d(data[0], data[1], data[2])
));

virtual bool write(ostream &os) const override {
os << id() << " ¥;
Quaterniond q = _estimate.unit_quaternion();
0s << _estimate.translation().transpose() << " ";
os << q.coeffs()[0] << " " << g.coeffs()[1] << " " << g.coeffs()[2] << " " << q.
coeffs() [3] << endl;

return true;

virtual void setToOriginImpl() override {
_estimate = SE3d();

&

virtual void oplusImpl(const double *update) override {
Vector6d upd;
upd << update[0], update[1], update[2], update[3], updatel[4], updatel[5];
_estimate = SESd::exp(upd) * _estimate;

};

[l BANFERET E2d
class EdgeSE3LieAlgebra : public g2o::BaseBinaryEdge<6, SE3d, VertexSE3LieAlgebra,
VertexSE3LieAlgebra> {

public:

EIGEN_MAKE_ALIGNED_OPERATOR_NEW
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virtual bool read(istream &is) override {
double datal7];
for (int i = 0; i < 7; i++)
is >> datalil;
Quaterniond q(datal[6], data[3], data[4], data[5]);
q.normalize();
setMeasurement (SE3d(q, Vector3d(data[0], datal1], datal[2])));
for (int i = 0; i < information().rows() && is.good(); i++)
for (dnt j = i; j < information().cols() && is.good(); j++) {
is >> information() (i, j);
if (4 !'= j)
information() (j, i) = information() (i, j);
}

return true;

virtual bool write(ostream &os) const override {
VertexSE3LieAlgebra *vl = static_cast<VertexSE3LieAlgebra *> (_vertices[0]);
VertexSE3LieAlgebra *v2 = static_cast<VertexSE3LieAlgebra *> (_vertices[1]);
os << v1->id() << " " << v2->id() < " ";
SE3d m = _measurement;
Eigen::Quaterniond q = m.unit_quaternion();
os << m.translation().transpose() << " ";
os << q.coeffs()[0] << " " << q.coeffs()[1] << " " << g.coeffs()[2] << " " << q.
coeffs()[3] << " ";

// information matrix

for (int i = 0; i < information().rows(); i++)

for (int j = i; j < information().cols(); j++) {
os << information() (i, j) << " ";

}

0os << endl;

return true;

/1 % EG SRS AP AT —H

virtual void computeError() override {
SE3d vi
SE3d v2

(static_cast<VertexSE3LieAlgebra *> (_vertices[0]))->estimate();

1]

(static_cast<VertexSE3LieAlgebra x> (_vertices[1]))->estimate();

_error = (_measurement.inverse() * vl.inverse() * v2).log();

279
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// Tt

virtual void linearizeOplus() override {
SE3d vi = (static_cast<VertexSE3LieAlgebra *> (_vertices[0]))->estimate();
SE3d v2 = (static_cast<VertexSE3LieAlgebra *> (_vertices[1]))->estimate();
Matrix6d J = JRInv(SE3d::exp(_error));
/ EXAeJEAAT?
_jacobianOplusXi = -J * v2.inverse().Adj();
_jacobianOplusXj = J * v2.inverse().Adj();

TN @20 SCHFRYAF AR, AW BRI T read Fil write PREL, JFH “fh3E" M g20
B SE3 T, i1 g20 viewer BERSIAUFHE Y E . 3L b, Br TN Sophus 12 {LEL
R, MWIMNREEARER AKX,

(EAHE R A X HURE T LU R R . FRATA 4 TRERE . —R—ASRAUHERT et 3R %L, ik
g2o0 H it R EEHERT e, Rt B alor U AE T R . X, AT JRInv() pREE
PRI T EE TSN T RN I, s TR oplusimpl pRi%l, BREZRSA LT
2%

ZJaVEH g2o0 SEATALAR IR

[B #smsm .

$ build/pose_graph_g2o_lie sphere.g2o

read total 2500 vertices, 9799 edges.

optimizing ...

iteration= 0 chi2= 626657736.014949 time= 0.549125 cumTime= 0.549125 edges= 9799
schur= 0 lambda= 6706.585223 levenberglter= 1

iteration= 1 chi2= 233236853.521434 time= 0.510685 cumTime= 1.05981 edges= 9799
schur= 0 lambda= 2235.528408 levenberglter= 1

iteration= 2 chi2= 142629876.750105 time= 0.557893 cumTime= 1.6177 edges= 9799
schur= 0 lambda= 745.176136 levenberglter= 1

iteration= 3 chi2= 84218288.615592 time= 0.525079 cumTime= 2.14278 edges= 9799
schur= 0 lambda= 248.392045 levenberglter= 1

FRATEBL, BAC 23 We , BIAIRZEMEALE, F9 Eal LR b i E— AN,
FE T 30 YGRS IR 22 57E FREC AEPHFIALS | A5 & result_lie.g20 WEL L AYLE SR, 4nl&] 10-6 ff
o MI%‘]HELﬁlf\th{fﬁL%'Jn

WERRAEIXAS g20 viewer FHHiid; “Optimize” #%H], g2o0 ¥ fli H'e B4 9 SE3 IS T
OIFTEE, RAFEUE LA AL MU 22 R -2 (EURE R TIRATT 1A a8 SO AR ST 25 it 3 s, v A A B fi ) K
INIFASHE BLEEH] T LA -
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loaded result_lie.g2o with 2500 vertices and 9799 measurements

graph is fixe

# Using CHOLMOD poseDim -1 landMarkDim -1 blockordering
Preparing (no marginalization of Landmarks)

iteration= 0 chi2= 44360.509723 time=
iteration= 1 chi2= 44360.471110 time=
iteration= 2 chi2= 44360.471110 time= 0.582909 cumTime=

d by node 2499

0.567504 edges= 9799 schur= 0
edges= 9799 schur= 0
edges= 9799 schur= 0

0.567504 cumTime=
0.595993 cumTime=

| v/ Draw Axis

| Optimizer

|

| Kernel Width
| 4o

gn_var_cholmod

Parameters :

Spanning Tree
Initial Guess
SetZero ]

Optimize

e -
loaded result_lie.g2o with 2500 vertices and 9799 measurements

| | graph ts fixed by node 2499

AR XS TE SE3 & T 4 44360, BR/NT 22811 30 IaEACHTAY 44811
HATEA S, FeA I AR E R3] T A9 45 RO
LR S S FRZE R . X EE R AR IR SRR, T b Ak st FE S

F

Rt
=

Bl
i

r

J

\

& 10-6

FREREBEXTASARMENER

Dl FIRA CE 20928, BrbAi

%2 XA B AR

X LA 12 R

SCRR L, BT 2005 R



282 M5 SLAM +Mif. MIBRPISER ($ 2 hR)

10.3.3 7h&h

BRI T — A e A R A, B BA PR AL R A RIER L, XL
S2br SLAM H— My E P AT REA ARTE . AR, “BK” dHEAA @I i, A
A 2,500 MEETT S AL 10,000 5534, FATEBASAE AL T A E] (AHXTF S Pk 2R R
WRAYRTI K)o T — Ty, — RO DR R A M R A L 2 — . ERR AN B LA A ]
BE AR T, ARMESE— 0T B R —— LS A AT RE S AR ERTiZ 8, JE Rk 7
2, R, walfee A PA T MEsE”, BBk R R iz 80 ( Loopy motion ),
MIMAEAR 5K ASFE bR i L L Jeis ], il ot — L ifE B2 nr, R4 MEIE ik
PR O PR 2548 1

B PTAMPCT£210 LIk, ANTEEETREY, 5 v A0 O A b 150 B2 S b 137 1 s 04 PRV B - AT
fot ) T A RS S IE, BT TR LR T, i EFRCHEREE ( Tracking ) A1 E
AR UDHARNE, (H B Sr F S R e A AL P2 . B HhIdE, iy o 5 S A o o A3 £ o
BE, Blantggb 30 wii; mifib el gz T, REAE AL 7S RETHRES R M2 aivm T . f
PAFRATT3d 1 A 2068 S s e AR B L AR o A o

>t

WAL EEEI IR ZERE LR Al = € 0 &5, HESHRIUNE S A TAIL B i T LA
fEHIATFRTRT, T2 0L T AHE AT Ho R

Z M g20 IFESF, TE Ceres HACEIXF “BR” (&R 1L,

XK i fE B IEETEHEY, A BIMRY g20 Ml gtsam {4k, HLESETIOTERE ST
5. BES iISAM FOCAIS S, BRAFE R ey se et Ak

= W
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[l Dp A

FEB#R

1. PR (] SAG I () 224

2. R T RS SN [ R

3. it DBoW3 [5E5, 27 2 inl ARl iy S bR & .

A, IRATZE SLAM iy —A> 8, [IEAEI . FRATHIEE SLAM 4k (fjwm ., J&
iy ) LA HTE T ALz s, AR, Joig R Hbs B2k b, #RSRTH
INEAHZEBER, BT DL H B0 R — D, R . AT 28 WAL SLAM. HoAS I [H] R ()
Frak TAASERY, Il DBoW JFE AR AL, (A E 1S B S EOULG) HE A
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11.1 {6k

1111 [IEAESIG 5

FATCRNEE T A A G v PR AR IE SRS IBURBIE | Mo AWML, 1) S 0 ST % BT
A XA T . SR, WRAGALTE B THIRAE U TEAR SR ] b SCkm, AR4, ZHi™
HERERZE R AN T B St RN T — ], R SLAM HBLRRIRE, KBTS RN
AnrEE, SFEUl, RATCEAREB—BIPUEAME.

AT BB . 7E A SR EIBr B, T8 W 28 E R AHA A XL 1
VAT S AT R ARG . (BRI TE AT R I 7 RRAE , SRS 2R AR AR, 7R S A& P
AP, WP 11-1 Ca) R . ATsmés e SRR RS S RIZR, i, TTHER ) — 2, 22 — s,
FE R, BTz FATHFERE, T ey BRI z RER), o3 UEH = REM. MK
e, REMSPRBUER, EREmAMLHERMAE 11-1 (b) Fn, 1218 EE A, 7EX
MRS . RAINOZOAIE, AR SR i —3 IR TIPRZE Tt 7 — A S B, Al
TR 3 23t ] — s

(a) (b) (c)

H11-1 EBFEE. (a) BEHRE; (b) b THTwm A5 HATEWE N AT, RAEHLEEY
HIERH; (c) FmEFBMEHCLLETUHRERRE (LEH)

EIRIEREEEA TR E TR 2E, (HFTE “IFBORZEA LR, HA ARG G MR i
FRAREMA N IEAZ, TR BRIRE . (2, RIIFGIIEREIE LS i bR T HR S8 — 2k
RREMAENAR: Gl x) ~ 2100 ZEIRIEER . A AENZIESHLAHRE? X=EH N
FRAERE 2T TE— 7, REDTHECBEEE. 0 RPN A OCHE, B infas ih
K AR 2 B — N X 3 . an SRR AT RENS s A B3 1 g, T LA I i 7 25
P 204 RO, [ SR AR, SRR AR =BG, BT AR EIAT L
T — D —— RS RS, LA AT S F e B G A T 8o e, e 7 REkE
P A AT EO AR R R P PRI BRI B B 7RSO B —— R P A A B
IE B P
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[ BRI % T SLAM 2408 k. — i, B OCHR BIFRA M TP f b fE 4 B i8] T
A TERIYE. 53— 27, oh T BRI A 1 S AR 5 AT D7 sl i i DCIpe Al 1 T LA e
R TERENL, BE AL 22— i, WURIA TR A 5oRE 17— R
IS T, B2 2 S TEZSA ST LA — R AP T S0, ifi o 0 ] AR B RAT]
B B SHEX AR AL . R, WIERAGIN X #E1S SLAM R G0K 1% S5 R Ve $2 THE AR
Bl Y B AERCEe g, FRA T4 OA T ARy I s ) R GERR A Ao HURE T, gty AT [l 4G
T4 0 e S B B GERK A SLAML.

11.1.2 ARSI Fiik:

T TFRAT oK T IS an ey SR I B, S5 A T RS [ 0 SR A X A [ A
AL A TR A,

o faT ALYy R XA 2 P R AR A Al R E DT FC , AR 1 6 DC B % 5 o WO 84 i P14
FAAE R ——X W S — RN R AR AR BT, JRATH BB T iR e (& AR
AREAFAEITIIA", (A5 SR A Bt SCAE KK : X F N ATRER IR, FRATERI CF A £,
X O(N?) MEZE, MEPTE RN, ERZRBENRETEATNM. bR
f R, AL S B I F AT IR, FIAnTE n WP REALAH S Wi SRt ie . X Fpig
A AE R R B () fIE R, (USRI H IR AR N BT, il 3 [ B3 SR
R TR, AR AR AN

R A AN 2 TR AR TR L SRR ML I A A S B v A T, (ERAT &
AH—A “BBATTEEHIMEIIR" Biit, A A4 H 2RI i SO AT PR -
FTF T (Odometry based ) (LA EFR, oL T4PUL ( Appearance based ) MY JLITCHR . JET
BRI LA R UL, SIRANTEBCYRTRNLE 303 T 2Z A A0 S Ty, e G %a
3R RO ——% [ SR —Fh EDAO AR, (U2t T BRURE MR, RV 6 &
B “Esh B T Z AT E ML X RS, AR R . R, X Rk
FEAE— s [T, TR R [ ARG ) B AR TE T AR B “HHAILI B0 22 g r & iy s, &mﬁ%?ﬂm
AT AR LA RAMBEEBE T AL R Z A6 B R, SORE A GRS 1] 4 Eﬁ
B A EREERY , PR JC2:AE RER 2R T A2,

PRI T AN . AT . SR TR ICOC, SO 9 e PR ) AR B B [
RN G 2R X RMEOEIERE T BEUR 2, (f MR RIS ) SLAM RS0 — Xl 7 A
B (CYSRATR T LA B IR AR ). A 21 20 prg i Lok, JE TR LB Ty X REAE A
ORI S T T, T SLAM H Eiilas, JHe H T3EbRi &G0 rh s 9991

Btz b, N TFE M BEFR AT o R o — S ISR f Inids . i, S5 Nl 22
fi% GPS, TILMRMESRAAIE(EE . R GPS {5 B o] LR AR s ) W 45 1 [ml 21 5420k
B, X EENEAE AL,
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(ERE TR IR G S T, Bl SUE anfal i+ B R R B A AR M. B0, X5 FER A
KR B, RATLEI—F0r%, R ENZEBAMETED: s(A,B). Y8R, XMEFSTER
XN, S ERT—E R RATA NI T — AW, 328 nTRE 2 BE] : THE IR ER

Z [ B ARAPEAR R MERS 7 Flan (O A, FRRES R iR, IBA EiEE PSRRI, KRG
BT BT A TE?
s(A,B) = |A - B]|. (11.1)

At AFATA XA

Lo il ibdad, fRE K — M AEEE AR, ™ o M S PR R BILIE Y 5,
BRVAIHLAS, RAHTH 7 — kT, IR ARG SRS, BORE, RIS T IRl AE A9 5k
e, FA b 2198 — MR 2= 516 .

2. YOS R b e, BMER M IRRDEEAZE, ENMGRELSERGR S R4E
(0#%, HR—TMRK2E 0.

X PRSI AEAE, Sibrrh, BMEXS TAREM AR EER, A - B W2 FH[a—1 O~
FEO SRR ) ARKAO . FrLAFRATTE, X pRECR RETR St IR R B AR B OB OE 2R X 1 A3 4 39
AN TR AN E IR FRATTEL ), QR 1) pRECRENS T Ay R BRARBLOC R, B R
BOAE L7 M T LIS | H B AR Z ( Perceptual Aliasing ) FIBAEIZER ( Perceptual Variability )
MRS AT R TR A e

113 AEdRIR

WK AIER, (Z00THIAR) RITRET LR SRS siEE, RIER] “PIR SR AH
1" sl XMk IR R R E AR X s, (R T E AR R R A TR,
FRAT I R Ak [ O el SE RGN FIM . WFRIFABER , NG BT RILRRES N
ANE, sCE RSB AW NIRRT, B FSE ERUE, MIREHR AR, TR
2 IS EAR LR A ORI AR Rz, RIS, s, PR ES R
M- 5 4450, B AR 1 XA MIER” AT, O, FEPP AR A S
SIATAEM L2, FrATREH B 11-1 Y 4 FhiESL .

& 11-1 EFBMNEE RS £

BiZ/EX | 2EK | AEEH
AERES | EFHE | R
AJERES | BEAYE | EPIE

O LA AT SIS . ROZREECE X BOl S PLae 2 0 RATSEHEL. AR C S e Ui 2R/ 17 e?
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X B B/ P A e A B2 LTk . R PHTE ( False Positive ) XFRMEAIRZE, 1M
BLBAYE ( False Negative ) FRMEHIZAZ S (W 11-2 s ) . AAERE, HE4S TP {3 True
Positive ( ELPHYE ), H TN {03 True Negative ( EFATE ), HAZEHE. t FIRATA B IEMAE
ROFIWT—EL, FrLAFAHE TP A1 TN JS &, i FP A FN RUATREMR. ArLd, X FEMGseE @k, &
T AGEHHEAE R BEE % LAY TP, TN, FP. FN BB, IR MG ERENR
B]Z ( Precision & Recall ),

Precision = TP/(TP 4+ FP), Recall = TP/(TP + FN). (11.2)

fEz PH £ B

H11-2 mEESEAEGEF. ZMAEEE, AREGREERRE, EHFER—EB; 40
AR, dTEREM, F—aFENZGEFEHERRA —H

MARFHE L B, MR R AR E I T A RIS 2 B IR AR i3
[IRNEHE, TERTA BRI h POE ARSI H ok AR . A 2ABGX A GEiHRTE? A ENTA
—EMAENE, JFEET R —XFE.

— MNEEEFEA 2 E S5 B, 58 s BN, kT REA S S T ——
R EAREER, FERRSLES . B, BT AR T, FRIEAE R
SEATRER T, SECE PR R Rz, AR R BN SEAA O, I 2K i [ PR
Bhn, SEEEAHEER, HHPARERA AP, TRERR TR

N TR EZEN IR, NS EESFEE T P A R{E, SRS Precision-Recall [
28 (P 11-3 Fizs ). YFHAE RS, FHMERR SR PN EheT, FRT14 608 St 2o 4 1y
AIFREE . 100% MEFR T A9 FIREHE 50% A BRI EMEFRR, /FAITPME LR, AdigE
B, BRT e CRHEZ RN MR, IROTEE ARE i i AL A SRR TGS B Y. 3RAT
ATAEZ UL A TEMERAPREL S TR ARG B IR, 1 B 7E 70% A MR L E LR IEAL LS i
B, k.

{HAF—42 09, £ SLAM rh, FRATI HEmf 2 A0 LK B &, mixd A IR MAHXT R —2E . i T
B BHPERY (RGNS SR M PR AR ) IR A e v A A 2 P S AR AR IR A0, A LemH &
SFEMNAE LA R SERNEE R, ML —T, WHE SLAM B RE AN A YW T
[Fl—5k, AR RMESEAREWR? RATRESBEFERA L 1, MEEACHFE—R T, RE%D
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AR T M, AR, AR RIS B E], MR T fEsz 4 R
B2 R MR—— SR TG — PO (LA ] LASE i BREAT 1o PATEIERE PG FELRS , 3R
TS ] FAE S RO AT B A%, s AEAR DN 22 )5 b b EERGEIE 1 AP 9K

Precision

1 — <

fab-map 2.0
-~
09F \ - = =SDA ]

08

07

06

05

041

03

02

011

0 i 1 1 1 1 i 1 1
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9

Recall

M3 EsHE-FEEGE&HFATFIY, HEZERY LA, BRAF TR, EREMZ
TH, #HEEERGEEEFL TR AIRTERE

M2, MR ZHGERE, AR A — BRTHSARRIEYR? Fofi T2 % 0 E i Enfh R H
[l AR 2E, WTREHH AR A BB PE R B FHPE RIS O, BT LA AR “Aar” . B4, fHadrik
S — LR ?

1.2 i@l

WESR B P sk PSR A8 aE, FRATEERT 2 —Rh s nl 52 =X, &5 Aanm LU N
7, PR AR RE AR ISR R RRAE ORI AR e 7 ARl o A —FE, FK
T P MR AR A RFE Sl FA TR, UBEDU AR KT — 8, A B 1 [IER . ARHRREAE st
Be, FATARETHR H X MIRER Z B2 X R . YIRXFPMEGEA A — e, Flan, FEAEMIC
BC 2 e TRmT . R R LA R fE R A nl RE AR E 56, (HE RN TEN A 091 BRI O &R AR IR
T FrEIfeRA A iniEn ek, PR BRI Z AL .

a4, ik /2 Bag-of-Words ( BoW ), HAYZEH “FUZ EAMPILREIE" A dliik—im k% . )
n, AT R g — A A kP AEPI A — R R A, B0
A DARE B P R R AR . PR ER—2E ) FRATEML T =2
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1.mm o . o " AEHEE——XF N T BoW ) “EAIET (Word ), FZ HLIA(E—
e, HlT $§ﬂ (chtlonary ).
2. WE— IR R b BT e e e i SRR
B ) R RE AR . S — IR MR B T ) A

3. s E— A AR LR

R 1 e ST E e A (I BBU R S w5 o I NI o A oY B TR S R o A o]
], BAREEA -, i T T T ARG R AR ], JRATTANTIC R
wy wa, w3. ARG, MTEEEEZ A, BIEENSAME, Tidh

]t BLA NG B0 (A

A=1-wy+1-wy+0-ws. (11.3)

FHORMEER, PIrA HEEH (1, 1,0)7 XA ) ik nl PAZGR A MR S, i SR e, B
—AN L AT AR A R ik ER R CEURRE R AR EE MEE, LAy K
FEEERE ., XFEAARR RN E “BEHE”, MASEN “EWLHI”, L S%Em
23 (A B AHES B TE G, R AEAPL A A B g shiny, HLSip e pEr el o, AT TakAr ok
PR ] e A& AR LTk A EErE, FRITTFRE A Bag-of-Words 1M AN 2 {14 List-of-Words,
SR VAR Words B4 TG, JC O HIBUY . R, ﬂUﬁ?m£M?¥ﬂW#¢$ﬁ

[mIE) L el WEE, (2,0, 17 AT ARGAREHE B WA B E IR B hiAs 5 R
mﬂu%UﬁJF,ﬁWﬁﬁ¢ﬁﬁM%_ﬁ%a?%.ﬁﬁﬁﬂ Wt e
LA MR AR . 48R, XA ) oK 2288 AT — AN Mk, Xt T a, b e RWY,
Al Lo

s(a, b)-l——”a bl - (11.4)

HorPE8OR Ly 0%k, RPgoc EAaxHEZ A, B AP ) 58 4 — R, FROTTASE 1
SERARET (a7 0 M7 bR 1) 155 0 XA SCT WAl m AP, ok T
PG Z Il A LR BE

%T%MM@%&/%f

- RATEARERE T E L, (HERREE 2 kM WE?

2. GARIRATRESE T M R R A AR AR EE V4, R S AE RT3 1w

FRUMET R, AT e R A 20, SRS A3 fn e 700 FH - B0 ot 3 94 i P £ )
AR RIPE .

O FPHE A L 2ol — Sl foln, BRI AENE L T A 3R ARGy 2
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11.3 i

11.3.1 sk

AT E A, TR hRZ AR, g RER TS — RS
TEFEIE S AR, EAE IR R EARIBGE Sk, MR G . FTLA, FoA:pin]
BT — B2 ( Clustering ) [1]#,

R[] E T B LA~ 2] (Unsupervised ML) FE# W, HTFiLALEs A 17 S 5dE
IR . BoW I3 p [n) RS 8 T Hp 22— 15, BOEFRATA R A PR S T HFIE S, 1
WA N Ao BE, ROV A & ARy F s, g n] LBV AHAR R S A,
NZE 2007 X a] A28 ML) K-means ( K #{E ) B0 figdk

K-means Jit— R A 00 ik, P/ TC B 2E 2T b i A, T o) B R
. WU, YA N AEEE, AR k2, B4R K-means R EARSAF AR

BEPLIEI & APl i er, -0 cke

RE— R, IHRE S B hO S Z BB, BUR/ E BRI,
HOF SRS 2R T

SR gl s AR AAR /D, MIBE S, B RNERFIES 2 40,

=

K-means fIESEANE L A, A thAfE—LEmiEl, filin, &8feE R,
HLIEICA Lot (A RS AR A ], DK — 263008 YRR, BfifS, WFFEE IR T
JAREAE | K-means++10 SERE ASRANE AL, A XERSEE, RATHATEAHTHE T 8
Z. M K-means, FATATEHEC 22U KRR AR EF kAHnliy 7 i, BFEm
[l i, 1 Al R AR PR AR v AR A L v A 7 A B

DYSRATFM AR SEAE . HZEREE A Bl EAT HOX, BROGR AR AR AR AT LU T ——33 2 4R 2 i £
ARGk . SR, B EE P L FIPEY , FRATE W S — RO R T, DUGRIIE 2l
il IR v (9 P ARARFAE A0S £ i FRL I B, el 38 DA A ARE . InRARSE X+ i) —— 1
AR 20503, IR2%F— T A 5

WIFEE P AR A, X Fh O(n) MERTIEL RAARIRNTEER, mRF T, 8
2O AR AR AR 0T IR TH AR ACHK , Ik BIXTBEGUN M B . SERkrh, BT e & 20
Rl Ziky, BN Fabmapl'® 190 rh ) Chou-Liu treel'%) 25 {HIRATAEIEAATES il S S 4015 1) £
B, FTLAST 43 55— FREh 1] 8059 ] B RES5 41071

FEZ%ICHR [107) 0, (A —Fl k SURPRER AT M. ERERRES (INE 11-4 FiR), %X
PAFIZKIRS, It K-means B ELHET B BOE A TA N MFIERL, FEWE—NEEN d. BIK

OfFRZAE— L A7 A Rl A AEm {7 EFH AR R Z R0 H i) 7 SRS A I Y
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SN kW, IR Mk

1. ZER A, H K-means {8 AFEARRM k& K (LA A {RUER IS S0 H
K-means++ ), iXFEREFFE] T3 )2

2. XE—ZEA A, R TR SRR k2, BRI )R

30 MKIEEHE, BUEMEIMRL HFRERR FNE B Words.

AR AR AE T A2

FEEE

|
i
1

\ L]
\ L]
1

1w 000000000 -

H11-4 KAWMFEFTER, T, &2 5 K-means 8 £, RIEC wi/E &% 2197 0,
& EW, KB x5y (L#4E)

Sebr b, BeFRAVIIAEM IR 10, AR SR o 3 o ) (LA PR A R i
BE—A~ ko332, REER d B9RS, FTLLAAN k4l 5oh, TEAHREA G EFFIERT R Y i
RS8P E TSRO (—3d k), BRI RJS A, fE T30
A9 R RLR

11.3.2 S5k Bl

BESRVFEN 1 SR, FRATRER SRR — 1 o i i AL os BB THR 43 KR 1 ORB 4%
R, BT LAk B T Anfe] A= A% {81 ORB 4.

%ﬁﬂ%Tde%KM%ﬁimﬁE,Eﬂ%é%%ﬁﬂkdwmm'%ﬁ%%m%ﬁm*&ﬂﬁ.ﬁﬁﬁﬁﬁ%ﬁl
% By




| // read the image

£ 113 RBEEED 293

A, FRATTEEHC TUM Bl 4 b i) 10 B =R ({2 F slambook2/chl1/data H, i 11-5
s ), ENDPRA—H L PRrARPLE shHLE . nTLAE 1, SRR S n — iR R Bk A (R
— Ay, RN DRFE R AR KB I, AR AR, FeAT ek A X 10 SRIFEET I
iy i

M 11-5 ForsER A 10 B EER, X% 8T E R 8T

TR, ST I R A R AR ISR R , O ELBAR AR 115 B AR
BN My, TR AT Bl A RIS () - s —— R KRR R T A R R R B, A SRS Y
A G g 8], HRASEE KRB IR TR EE T NG . 8 ATHAE GitHub EFF—
PMERA) IS, FFLATEA 1T A 10 e R — /N - i, B SR 5 AL SR S AP REOR

BZF 30 2 0, N2 R T SRR A g, el U AN 2Rt s, {5
R JﬂlfL HI'I'H 1 ;L)Euﬁ:ﬁ,. .ﬁ[

//github.com/rmsalinas/DBowB ISL-?VI‘L,“ T 4&*1‘:1\:@1% 3rdparty )‘(f’lirk‘l"fﬁfﬂ'E. EE—
cmake T, 48 cmake FUREXT T UET ol .
R AR

slambook2/ch11/feature_training.cpp

| ‘1nt main(int argc, char **xargv) {
| cout << "reading images... " << endl;
vector<Mat> images;

s | for (int i = 0; i < 10; i++) {

|
8 string path = "./data/" + to_string(i + 1) + ".png";

images.push_back(imread(path));

DY T A 5 B 5 R W OpenCV3 JEZEMEEF, H4nid i ass 1 F
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}
// detect ORB features
cout << "detecting ORB features ... " << endl;

Ptr<Feature2D> detector = ORB::create();
vector<Mat> descriptors;
for (Mat &image:images) {
vector<KeyPoint> keypoints;
Mat descriptor;
detector->detectAndCompute (image, Mat(), keypoints, descriptor);

descriptors.push_back(descriptor);

// create vocabulary

cout << "creating vocabulary ... " << endl;
DBoW3: :Vocabulary vocab;
vocab.create(descriptors) ;

cout << "vocabulary info: " << vocab << endl;
vocab.save("vocabulary.yml.gz");

cout << "done" << endl;

return 0;

}

DBoW3 (I FAEH 255 . FRATT%F 10 5k BAREMZHEEL ORB FHAEHAFHLZE vector 2 dvth, SR )71
Ffl DBoW3 fy7- #iL: i LRI AT, 7 DBoW3::Vocabulary X4 A & s kb, FRATTRENSHE bRy
O3 SCBCE BB, AN B T RA M R B, R k= 10,d = 5. B/ ELBLEY
B, FORREZ YN 100,000 4~ #in] . X T EMRERE, FRATIRMEFZRIASE, BIERIEE{R 500 4~4%54E
Mo W, RAEFIAE R —A TR 4030

BITHERFE, AT s B .

$ build/feature_training

reading images...

detecting ORB features ...

creating vocabulary ...

vocabulary info: Vocabulary: k = 10, L = 5, Weighting = tf-idf, Scoring = Li-norm, Number of
words = 4983

done

HNTED]: 7738 k10, WE LA SO, Hin$odhy 4983, WAHRFIRARE. 1R,
F F ¥) Weighting M1 Scoring J/&ftAWE? M7 &, Weighting 244, Scoring L4851 F47,

@i P L BIRT R d.
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{ERFa el i 5 A e 7

1.4 FH{OEE V5

11.4.1 PR

IR A DRGSR RS, A T FRZE, GEEERE £, R g )2
ek, R APRE TR B X A R w,——Y R B RS, IRATAT LUK £ Fw; KA ]
KR O BAT e ERYPIIE, (URTEREE SCTFXEES ). 84, RN —IRE QS T
N FEE, RFX N AFEIEX R BIAZ )5, A THA TR R A s b iy s A, sk
G EE L AR R, YT XA A — D A=A XHER R, RS Bow A9
2, ANWHA A IXE—1 Bag

R, PPk p A I A e PR M —— AR, B Rl . X
ficlep ANty FATTIN A AR A B in] HA BRI X — R R B, iy R IR HEALE
ViVEZ 2y i, FROTICEARIE TR A F 28y s EAURAT “ SOy “JEERT XA
B, XA VR R 2, AT AR E TR T 25 B ARk, R4 1A S i
il ) DX P el T S N LAPEA, 28 E 0TS [R] A AA LA 30 S i8R

TF-IDF ( Term Frequency-Inverse Document Frequency ) [19% 1101 | sl PEA7 3 — 3 SO A | it
SCAK TR R —fonAsr X, WHF Bow #RId, TF #4rEALE , JEminlfe iR & b
A, MK . Ak, IDF (AR, SEepi e dorh R SR AL, S KR
R DX R

FRAr 10T AFE S F B TA IDF: et A1 60 w; P ERAAEBCE AR T P A7 R R
(L, V8 IDF #4r. BFTA FFIEEE R n, w; BOER g, IRAZRIAE) IDF N

lDFi=1og£}. (11.5)

TF #5548 YA R AFAE S b B AR (BRI A rhefuin] w, I 1 ng UK, 100
— At Y PR B n, B4 TF N
TF = —. (11.6)
Th&, w; MBRCESST TF 7€ IDF Z 4.
ni = TF.,; X IDF,;. (”7)

OEH AT TF-IDF SR AT, BTLEAS 3G SCHa 5 midE b SCE s 1
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ZEACE UG, X THRER A, B RRRE s R RN 2 A, ZHUERY BoW:

A= {(wi,m), (wa,m), ..., (wn,nn)} Z va. (11.8)

H T AL A FEAE O] REVE B[R — 25, BHISEPRAY va P AFEREMNE . Liglnfe, it
AR TH A ) B v F5A T —IRER A, XD v 22— DRE N R, ER9EZTHaE
A~ T EUR A s AR ], iX e a9 i A TF-IDF 1.

PRI : 5% va flog, WAETRENRZERYE? XA RIEREECE X1 —
FE, FEfedr TR 2, BIan 22 Sk (111] e8I L 80K

N
S(UA_'UB)ZQZI'UAil‘!‘l'UBi'"I'UAi_'UBiI- (11.9)

i=1
MRWARZFN I XFHHER, X BRI —FERER . 20, BT HM T
A 308 i ) AR A AT A PR ) AR . T ol e R S PR
11.4.2 2k MO
6 11.3 TSR o, FRATE X 08 BUR A i 17l AR FRATTE HH ik o i A= il ] 48 -
b eI 2ESR, BESEPRE A,

[A slambook/ch12/loop_closure.cpp

int main(int argc, char **argv) {
// read the images and database
cout << "reading database" << endl;
DBoW3: :Vocabulary vocab("./vocabulary.yml.gz");
// DBoW3::Vocabulary vocab("./vocab_larger.yml.gz"); // use large vocab if you want:
if (vocab.empty()) {
cerr << "Vocabulary does not exist." << endl;
return 1;
}
cout << "reading images... " << endl;
vector<Mat> images;
for (imt i = 0; i < 10; i++) {
string path = "./data/" + to_string(i + 1) + ".png";
images.push_back(imread(path));
}

// NOTE: in this case we are comparing images with a vocabulary generated by themselves,

this may lead to overfit.
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// detect ORB features
cout << "detecting ORB features ... " << endl;
Ptr<Feature2D> detector = ORB::create();
vector<Mat> descriptors;
for (Mat &image:images) {
vector<KeyPoint> keypoints;
Mat descriptor;
detector->detectAndCompute (image, Mat(), keypoints, descriptor);
descriptors.push_back(descriptor);

// we can compare the images directly or we can compare one image to a database
// images
cout << "comparing images with images " << endl;
for (int i = 0; i < images.size(); i++) {
DBoW3: :BowVector vi;
vocab.transform(descriptors[i], vi1);
for (int j = i; j < images.size(); j++) {
DBoW3: :BowVector v2;
vocab.transform(descriptors[jl, v2);
double score = vocab.score(vi, v2);
cout << "image " << i << " vs image " << j << " : " << score << endl;
}

cout << endl;

// or with database
cout << "comparing images with database " << endl;
DBoW3::Database db(vocab, false, 0);
for (int i = 0; i < descriptors.size(); i++)
db.add(descriptors([il);
cout << "database info: " << db << endl;
for (int i = 0; i < descriptors.size(); i++) {
DBoW3: :QueryResults ret;
db.query(descriptors[i], ret, 4); // max result=4
cout << "searching for image " << i << " returns " << ret << endl << endl;
}

cout << "done." << endl;
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$ build/feature_training

reading database

reading images...

detecting ORB features ...

comparing images with images

desp 0 size: 500

transform image 0 into BoW vector: size = 455

key value pair = <1, 0.00155622>, <3, 0.00222645>, <12, 0.00222645>, <13, 0.00222645>, <14,
0.00222645>, <22, 0.00222645>, <33, 0.00222645>, <37, 0.00155622>, <38, 0.00222645>, <39,
0.00222645>, <43, 0.00222645>, <57, 0.00155622> ....

AT ], Bow ik i b a4 A B0 1D AU, N THIE T 8RR . 3k
(IR P REE, DBoW3 22 WAATHEE— A58, HHEH0 73 2 bty 7 3

BB 4 i

image
image
image
image
image
image
image
image
image

image

0 vs image O : 1

0 vs image 1 : 0.0234552
0 vs image 2 : 0.0225237
0 vs image 3 : 0.0254611
0 vs image 4 : 0.0253451
0 vs image 5 : 0.0272257
0 vs image 6 : 0.0217745
0 vs image 7 : 0.0231948
0 vs image 8 : 0.0311284
0 vs image 9 : 0.0525447

(EXE PR AT, DBoW Xt LI /0 BOEATHE , 4 e A LAY 528 -

[B st

searching
<Entryld:
<Entryld:
<Entryld:
<Entryld:

searching
<Entryld:
<Entryld:
<Entryld:
<Entryld:

for image O returns 4 results:
0, Score: 1>

9, Score: 0.0525447>

8, Score: 0.0311284>

5, Score: 0.0272257>

for image 1 returns 4 results:
1, Score: 1>

2, Score: 0.0339641>

8, Score: 0.0299387>

3, Score: 0.0256668>
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searching
<Entryld:
<EntryId:
<EntryId:
<EntryId:

searching
<EntrylId:
<Entryld:
<Entryld:
<EntryId:

searching
<EntryId:
<EntryId:
<EntryId:
<Entryld:

searching
<Entryld:
<EntryId:
<EntryId:
<Entryld:

searching
<EntryId:
<EntryId:
<Entryld:
<EntryId:

searching
<EntryId:
<EntrylId:
<EntryId:
<Entryld:

searching
<Entryld:
<Entryld:
<EntryId:
<EntryId:

searching

[ ER AR

for image
2, Score:
7, Score:
9, Score:

1, Score:

for image
3, Score:
9, Score:
8, Score:
5

, Score:

for image
4, Score:
5, Score:
0, Score:
6

, Score:

for image
5, Score:
4, Score:
9, Score:
6

, Score:

for image
6, Score:
8, Score:
5, Score:
3

, Score:

for image
7, Score:
2, Score:
1, Score:
0

, Score:

for image
8, Score:
9, Score:
0, Score:
6

, Score:

for image

2 returns 4
1>
0.036092>
0.0348702>
0.0339641>

3 returns 4
1>
0.0357317>
0.0278496>
0.0270168>

4 returns 4
1>

0.0493492>
0.0253451>
0.0253017>

5 returns 4
1>
0.0493492>
0.028996>
0.0277584>

6 returns 4
1>

0.0306241>
0.0277584>
0.0267135>

7 returns 4
1>
0.036092>
0.0239091>
0.0231948>

8 returns 4
1>
0.0329149>
0.0311284>
0.0306241>

9 returns 4

results:

results:

results:

results:

results:

results:

results:

results:
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<EntryId: 9, Score: 1>

<EntryId: 0, Score: 0.0525447>
<Entryld: 3, Score: 0.0357317>
<EntrylId: 2, Score: 0.0348702>

EH T LIE R A G, BE AR RS S ERIT A 2225 RATES, U5
U 1 AN 10 (78 C++ o Rerarsl o 0 A9 ), HAHMBIEEIES3298 0.0525; i HABIER 2 h
0.02,

TEAAT R S8 b, FRATF BUHBLER 1 A1 10 ATF4 ] s T HAB MRS, SR M i AL
B FFEIEARANTEG AR, Be b, R A O C BRI N 100%, AFAFEA]
(MAEFEE) AN 1L A 10 204 3 a2 B/ FRARRUE, mifbE T nnz —— 1.
RTS8 SR IS BRI MITURE 29 8 2% . AR AU 29 5%, P BEATFA TR 42
AR . XA R IR TR B B2 R 7

1.5 SESSobr Sk

11.5.1 5 LB

FEMLAS 2 U, ACHSTA A T 45 AN TorE A N, FROTTHT e Bt MRS F R B8R,
BECERRBH, BIEREARTRLET, F% . RREN T “IREIECAS e Bl A9 RIE
W] (R Z RIS 0 ). SR T R/EWTSE SLAM, {EHH BLXFp i, F8
ITE B MEE: —ARTFHMGENR AN T 7 SEgsATE N I A i) 7, SR SO X A i
TR ERAHRIE.

slambook2/ch11/vocab larger.yml.gz J&=FRA 14 B — AR O — 5 LAY P l——35 92 | 24}
[l — AN e B BT A (R A i, K29 2,900 MRS . I BLEAASRE k = 10,d = 5, HP
L — A A, SE A U RR H S F Y gen vocab large.cpp SCIF HATIIZR ML 357388, #
TR BRI, AT RRFTE — & NAFECR LR, Jf ELm.C0o% F—Bem i), FRAOT6 10.4 45 A9 )Y
R, ot PR A A AR U AR AR AR -

[B #ssd .

comparing images with database

database info: Database: Entries = 10, Using direct index = no. Vocabulary: k = 10, L = 5,
Weighting = tf-idf, Scoring = Ll-norm, Number of words = 99566

searching for image 0 returns 4 results:

<EntryId: 0, Score: 1>

<Entryld: Score: 0.0320906>

<Entryld: Score: 0.0103268>

<Entryld: Score: 0.0066729>

w ©

S
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searching
<EntryId:
<Entryld:
<EntrylId:
<EntrylId:

searching
<EntryId:
<EntrylId:
<Entryld:
<EntrylId:

searching
<EntryId:
<EntrylId:
<Entryld:
<EntryId:

searching
<Entryld:
<Entryld:
<Entryld:
<Entryld:

searching
<Entryld:
<Entryld:
<EntrylId:
<Entryld:

searching
<EntryId:
<EntrylId:
<Entryld:
<EntryId:

searching
<EntrylId:
<EntryId:
<EntryId:
<EntrylId:

(5 RS

for image
1, Score:
2, Score:
8, Score:
3, Score:
for image
2, Score:
1, Score:
5, Score:
8, Score:
for image
3, Score:
5, Score:
8, Score:
6, Score:
for image
4, Score:
6, Score:
0, Score:
5, Score:
for image
5, Score:
3, Score:
2, Score:
4, Score:
for image
6, Score:
7, Score:
3, Score:
4, Score:
for image
7, Score:
6, Score:
8, Score:

1, Score:

1 returns 4
1>

0.0238409>
0.00814409>
0.00697527>

2 returns 4
1>

0.0238409>
0.00897928>
0.00893477>

3 returns 4
1>

0.0107005>
0.00870392>
0.00720695>

4 returns 4
1>
0.0069998>
0.0066729>
0.0062834>

5 returns 4
1>

0.0107005>
0.00897928>
0.0062834>

6 returns 4
1>

0.00915307>
0.00720695>
0.0069998>

7 returns 4
1>

0.00915307>
0.00814517>
0.00538609>

results:

results:

results:

results:

results:

results:

results:

301
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searching for image 8 returns 4 results:
<EntryId: 8, Score: 1>

<EntrylId: O, Score: 0.0103268>

<EntryId: 2, Score: 0.00893477>
<EntryId: 3, Score: 0.00870392>

searching for image 9 returns 4 results:
<EntryId: 9, Score: 1>

<EntrylId: 0, Score: 0.0320906>

<EntryId: 8, Score: 0.00636511>
<EntryId: 1, Score: 0.00587605>

ATLAFE S, YR 2 s, JEOCER AR AR ARG RIS, il (% 1 f
10, FESRIMEMIERC R, (EAIRH A BRI, M0 % 1. i W4 i i)l 45
PEARA A0, M, 3 o] Lhosik (i FH o ML 72l | /RS S R ERE (L

11.5.2  FHOPEVE i b p

XL PR AR, FRATARREZS H— DA UPERE S, (2 BRI XA 7 A Za Xt RN AR DT
A—ERREFAH B B, AR AR, R LEEEARZ [ 5
fr—H; 73— SRR A M B AR KA, B B AL, AT ERBUE
s (v, ve—ar), EFRRKEBTZDCHEMTIER S5 b 200 SRy ARIPE . S80S, HoAbr o (EER 2 A0
XAMEHATIH 1k

s('vt,'vtj)'=s(vt,vtj)/s(vt,vt#m). (11.10)

SRR L, FRATH m%ﬁ%ﬁﬁZ%%i%WMHMFEH%%WEI~¢i%M
FRLRERY 3 4%, B A AT REAFAE MIBR . XA TREE SR 1 5| AL Xt AR AR (R, (A5 3L e RS
I 2 IR

11.5.3  SCHRpii) bag

FERIN I PR, FRATTLAZ007% 1 3 S MU BRI . QSR SCHEWTERS AT, IR 206 S B0 4~ K it
b 51 [ E T ER VR PR 1 bl N2 N2 78 a1 ST - €t 2l 0 0 B 2 O 71/ R 21 BB S 2y g e U
FIEE no— 2 WL, 55 n — 3 WURCHARRL, XFPERIT AT, BORK. FrRAN IR B,
T ER I ) s B — 26, Bz B AN]SR o 58 S BREE

Syhb . ARG R ©IER, B, R RS 1 WURIER o i, IR AR T BESE n 4 1 Wi
B n 4 2 W2 A | WU RIS BRIASE 1 WURES n WU ()£ AE TR XA A i A7 1Y B
M4 TR0 n+ 10, 55 n+ 2 WIS RS 1 WTke BRI ER ™A O RE DB 2K 1, R R 3RAT)
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L2 HIZ AT BUMER 7 RBBE, WEZMRIHIF AL R EZ (. FrLL, Jefilade “Hir”
IR IR 2, TR AN S S G I ] — 2 F [T B

11.5.4 £l 2 )nitgs ik

i) % g ] AR T 7 5 2 S T8/ MOT8eAT RFAEAT B LT 6., X B IAR L i PRl 25
Spec s . JFEL, RS AT T spn Y, RAERSIRA XA s, BAS 5 &G
2%, BFLL, (ERIRGIZ IS, JRATEH & 2 — I RUELIROS 12,

SRR IEATIRZ . A BT A AR AL, DAk S RS 0 1 A [ B AR AAA R
RAFLH, e — Bt [l rh— SRS I BN g LR, AR ESERIER . 30n] LA Rt ] i —35eik
Sy — A i () A — SRS, BT o] PRSI B ) AW TR VS, AT RRALE
iwah. W, iza Bz ar s E T, A S22t REEARKME AL B2, BUER
3t TR, ARG ] S AR A AL Y ) R

11.55 SHL2 AN &

MRTETA SR o] PR UGN S HLER7 A 8 T2 205G . [P A Bk #1%
R, LSRN DONTE T, PR R ZERRAR A, M A REAR D
tesmfifol &, blas Nk Eizahln, BRI, W™ TRTe92e5], FRATTE 2= al LI 251
PG £ B AR B O s LRI, A T PTRESEAR 2, RIRA IR . WS —1
AT, WIERIIAT Y TXF PRI RITE" BESH— 2] o BRIR AJSRERS 542 151 (502 1AM
LA , 1B &7 T SRR AR S 2 AT AT RERY

i A R AR B A B AL AR 7 ) i Rt —— R AL A Y T XA R A T TR, T
B U T R 2 — PO A R I B2 b . AR IREE, B HLaR e AR, A 1=
Al LATA] »

I REAREXTHLAR 7 T P QAF AR TSR 2, AR SURF, ORB X HEAY A T BEHRHIELE

(T =¥

2. EEAEAFR G TR, AR IS TN b K-means X SEECAN R A T K7

G HATHLASE A A, IR E F 15 S RUE BB B9 R 2, AP WA e R ]
HESL DA LA DR ), AT UL RS A5 1) 7R HIBIL gl > HEA T [ ERAS N ) A . R4S ATl 45
AR R, EEARNAE, AR 2D T ik AR A BB TR 28 N TR HRHIERY | 5™ 1
PL&E2F 2 kN3 VT BE TR e A (AU () L e W S AN s 2 R 2 1, T ] AR ) 3L
SEAER ALY — )L, i, BoW BB SGHIE A VLAD #4721 CNN s gil!s 1ol [t
Ay —SeRIR AR IR ), T A PEHR A ROR AR Z AL T, G e a] BE A A
GIBZR oAl = 278
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. EBEIHE PR iR A/MRF . H MATLAB 5, Python Al fEB i, A B8 KAER .

UE K IN:, FEA N TARCRIF A BEESE, B2 3Gk [103]. SR A TR
FIAZRA TR, RATSHEREIRAEIGT TR B, B, 54060 hAa w4 i a f7
FARFARVT, FOANENTREIZR, ERHE TUM BEE4E 4 HApnERE, 158 H—8dE
SRR RIER 0 ] A A PR A AR (R 2

%->] DBoW3 & DBoW2 £, ACFHJLiKkE F, FHRES M P IEBKLN i B3

VABTAR LM DT 2 i 8 FHEE B X, WP e 2

Chow-Liu $ 2T A JEFE? B 2 0{a] 0k FH 44 2 5 S 00 [ A AGI £r) 2

BRIEZ 2 SCHR [118], BR T inl48HEARY, 45 BIREE FH 1 [m BRI A% 7 97
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2. EESCE TR PR E TR

3. Tf#JLFh RGB-D SEEH HHIEER .

AP E R . FERT AN S, R GORHE RBHE THAEHLIZE sh Bl -5 HEE &
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121  HEk

A, ARNIZE SLAM ¥k Hirz —

[ 8 SLAM #FR R )i (o St e . (R %)

XREEREREETE SLAM HEHIRAEE, ALl g8 A A G i
BRREREN . L, TELM) SLAM BRI FRAT el i lsl,  RUATAT kbR s it &
— B T MR AR, ST LLRIRA T T AL TR, AT s A Ar, BA L
o, HOC BERAEA T B AR RO, JFRTENTEET TR, M U, FRITC s 1
Pl TRy, IS A ] s S P A 24 42 el W 7
BOEF I AT E R R R AL SLAM BN —FU AR fETE R B2 SRS
B st EZREALES N, BN 2RI A& n] Re Ay B ] SLAM 4 ey i, I HibHLES
A P S —— (0 T L B T T A, A B — AR RES A G K b IR s . o
#, R BRI AR R, B 20T & T e A SR L (S e BRI A b, )
M, 8T BB EE AN B R UL AR ELE R AR R
FATABL, W HZ T A" FROEARIT, A% SLAM SRS A APLIY -1
Mz B R E . mxl FHblE , W2 ANRR . WIS SLAM MR, " &
M55+ A" 0 ERMN 2 mA, @l EadrATr 2 @R, X TbE L, 3k
MIRBHAH T .
1. RBL. w0 —WREATRE. ZE[0H i aE R TRy, FRATEHE 1 andfal R )
TR S BE N . (E RISy, RATRAES], HEA LR FEE, FRITWhE
I [P EAG I 6 RE HL AR A0 B . FRATTE A SRR AU A7 Tk, IEPLER AALE T YT
PUGHARBEFE MBI b 0, X B LT A M PRl AT — R, A BR U  shPIL &8 A &R i
Hr— K 5C %) SLAM.
2. B, FHURIEVLAF NGRS 7E D B P b TREAR MO, FEAT A H P i ) AR BR AR . 9K
R CEsh B Hbraf B ezl feh, JRA) 2 A0 B0 b o B L it 75 AR AT

. RIS UL. X E D5 R
3. ERRE. GREREHLE ML AZEE BRI AL B UL, B R AR . S

WA .

4. EE. fWF, FRATAEFH SLAM 458 PR B . X b P 3= 24 F 1) AR
AN, FrUARESR LLE AR SO, o808, JeTwnl HEZ M T s, it
N FERE TR WLAE T AT E A5 1 ) — AP PR sl g S5 ——— (01t = 4 g LA 1T s o Dy
%o XALEIGEREN, JF HIeW EashAT S 50oR . JRATATREAN I I TH% s =
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fidt, A BB TSR, R R I — AR SOIREE
5. XE. ZAH FEFE NS Z R0 E D, G, fExgsmEscy, R0 AE 5 R ECE R
FHA, 5 3 S8 R MR 22 (0] 4 — S8 5 ah——) an T {123 st o 1% b e 25 190 S A1) i
P TR AL AT, oS [l s I BE DA, A B e BN ) Pp3EaEsE. 54k, PLEs
AP Ea SN, SEZEmscE, Fln, Pl AnTGESkElms U1 H
A", MB4, B T AABEHLIE, VLA AT EHGEN— b e 77, fhamfE “2
7, fhamdfE R4t X st ZEPLar A0 A 55 2 1 (A i —— AR ohiE OB A
FE 12-1 IE S Bt 7 e & Aob EER S @ 2 a6 & . IRATZ TS, HEA
Eh T “RE b B, AR L BT e AR G R e P 17 A
MM&W”Q&BX@M&ﬁ LS AT e AR A BREIE s (BEARAT ). 10 %25 Hb el i A%
ErE A 2 005, X Fl—iks+, Wi ol ge R a7 s FaPaA £, e e ) 2
fdk A i, mARMENAER, RA UM @ nT DU P PLE T 0L, Bl TR
2 YA FHERE X LA s 2Z (0] i 25 [l 254, B LATCEAUR YA A0 58 SR . ke o 5 BB b [

A fESE I T A
‘WI'k\\\mmuﬂm—————~

> mEmE

Oea

H12-1 AAMENTEE. 7l Fo5 %8 5% XH (88, 119,120] ( &4 )

M EFTEFE AT LA Y, B S N e RO, TR, F FRYMEE: 8
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HAHE SLAM BEE 7 B s g e WdREE, Baddig?

12.2 HAHP s EE

12.2.1 W

W5 SLAM (8 %% 5 g (] LR A YRS — AN BB, APL, ol ke FUA B s
( Bearing only ). HREUR PR E, HERRRAYAR S VLS T w0 /A B AR IR 528
M RER YA RFE R (Range ). MEMBERE D, RIOFLEMEG —MEE LA (SORBMEER
M) MRS, XFHORE B I g %

1. AR AN, iz, JFE =AMt ENES.

2. (EHXLEAENL, RIS B 2E RS EWES (2 HIEEHR ).

3. {#i RGB-D HHHL HHIR R E & .

A PR PR LA ( Stereo Vision ), H 8 3l 51 B AL FR 8% 340 Ff 04 7 00
9 ( Moving View Stereo, MVS ), AT RGB-D B #:0 &A%, {6 H2R H AR E Y 77 206%
FEARAEAE R “NATHE ——tBRE K, BERH—EARNEATEMNCOREMIT. R,
RGB-D A —L65 4 . W HVEFEADCIR AR, Akt T8 HFE LR, 1] RGB-D i
IMFEREETE T WAERE. M E . WHMEAE, 75 HAT RGB-D b Joik #AR 4 v H
B=ES . KRG EH, iRk S AR TR B

RN, AT RA TR Sl LB 0 H BT, RS UL E R S AR Y
FATIE R LG . fEZ EARPLPOE A RER [, A faT AR — B sk ] A 40000 7 810 Ak 31 it €]
BERE. #t52Z, WATAHIE SLAM, Hek [ i 5 i g ] &1

BER — BT S], FRATE BRI L 1S 3] T B — Wi R AT (SRR AT R th oL
B BRI ). AU —IBEE IS H W, RS HMP R MERRE (& E
B )o B, HRMZAERHE S TR ] 58 BOZ I R Y -

1 XTEMRIRBAFE, ARG T RREZEMICEL. Hi 2z, #d e, FiixE—

ANz E) AT TERES , HUE T EAESAFURZ R A1 E
2. HFIREAUH—REGEE RS AL E, BT LLSAZI0E i AS R A T A0 Ak 3+ AT
BE, TR BD AT PR A = Al

PR REEAG TR, DCRCRE AR A —FF: QnfeT B 2 57— WA 13 S PR o A LA P P
(B XTEMPIRERRMROCEREARI, HFAVIE THNMERAESANEPRLE, o)

O LA Fl RGB-D #ist, #HMBIGWREIFATEE. Teaibist, 9 MR 455 ( Fragile )
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AERBEAS TS, AU — U . FAT] A B TR B T REABRE  0) Ak 00088 A — W AN 2
M, ZETEE] M E . XU R BRI AR . FrLL, R N A R RIS A T
E}Fo

12.2.2  HEkdE S PUid

FAT AT A RA T UMER D ER TR . KARFARTE 7.3 TrHEer R ILAT
KF. Gl 122 FoR, Z2A BRI E] T REANRE pr. ATRXE-THREMYL, TAREE
MITREE, BT LA B MR BE AT RETEREA K2 A, AW R R/ ME RN TS5 2 (8] (diin, +00)
P, AR XTI 23 [B] s A TER AR B (AP RS ) B WA —DM (AL
i XRABM B ST L — R, RATRERXF RS . 29 HE ML 2
A, X R R RS E B IR A R R — A sUR IR INIA B B py s E?

Al BERY IR BETE //f

K12-2 H&HEEZTEHR

B, fERFIES AT, A RFEICACHRE] 1 po WAL . AR BERR NS AR T, B
PARRBAEMR R AR RN py KAGILBARDIR . FRERRMUE, FRATATAEHT & 55 I8R5 b otk
MR —JGER 55—k, BNUEEMEES p WHALEE. NEEIERRAAERE, X
AN BT A S [R) T2

TEEIERIHE T IRAT 7R, AR MERWREEIA—ERE T . —FMRBH
e TRk EAIRE M py MRS, EAFER— MR ELA? X LFRE T RAE
TR AN e 2 AR . an T s E PR PR (SR AT ) BRI ? (o] PG I 16 o i) At e TR

Oz, WRATE ML A28, ARG EERE.
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B, {HX BB TFRARE, B BaEFK 5 A i g it .

— R ERA AR R BRAR BB R S A X, AT LA R E B R p
JABE— KR w x w BN, SRIGTEMZ b RIEAR 2 R FE /N N T He s, o] PAAE—
ERRRE AR A X ArPE . XEUEFTIEARICES, e b firh, HA REEA R EUR e A~/ h iy
IKFEMEAAE, XFP A A E S LA, DR RN E AR W T YR B K FEAS
B ——ERE R ER T,

BAETRATI 1 py AR/, JF BAERZ FALHL TARZ AN AW py Jl LAY /DB hg
A € RV JEMRZR EiY n A/INBIEIE Biyi = 1, - -+ ,no BRA, WMl H BN 5 /N Ee ] 16 25 5 0g 7
AETRARBHE %

1. SAD ( Sum of Absolute Difference ). Jiii44 8 SC, REECH A~/ N e i 25 B9 4 RHELZ Fil -

S(A,B)sap = Y _ |A(i,5) — B(i, j)|. (12.1)

i,

2. SSD. iX HLiY SSD JfEA RS KPR F MR, M2 F 5 H ( Sum of Squared Distance )

AR,
S(A,B)ssp = Y (A(i,5) — B(i,j))". (12.2)
i
3. NCC ( Normalized Cross Correlation, H—fbLHE A X ). XF AT EE 2, EitHE
R R A N A O

¥ A, j)B(i, j)

S(A, B)nce = ——2 = = (12.3)
Y A(i.5)* Y B(i, j)
1,7 t,J

IHER, BT X R AR, IS 0 R BIREURASARIL, H60T 1 kil
T O PR O S R, A O F AR, TR BB R AL

FFRA T BB AVF I —FE, X U R A — R — R Z R 7 6 . KEf
B AR T R AT, A SRR PO T ik A A ROR AN . X5 IR AT SR AR T
Wi, J4h, BR TXssfi A, AT LIRS /MM SEERE, FOoh LM SSD. X8
Y NCC, %%, EHMEZE, RiFR /M B It A %k b2, BRRHRL" X
AREEL® , PR L Z BT S AT 5, G SRS 0] BT 2 (e B DT R Bty Y R, AL B 3 2 % iR
[122, 123] fE R Ab sebt AL

MAE, WAEMRE LitH T A 58— B, WAHRWEER. & T ERGR, BRI T

O ST —Sen] il h PG IRAESE SR PLE 28U & 22
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NCC, B2, H3E— U NCC 4 o XA BT ARIB T UG8, anil 12-3 fir
AN TEMRIPEAC AN OL b, R 2R B — DR eR R XA IMAFTEVF Z WL, SR LS
X STTE AT — A AEXAMROL T, FRATT i) T FOESR A fR TR, iR AN i —
MR R TR . T, FRANTARDEAS 2 7 AE AW A F R T g R, AT
DRI S AR R/ SRR AR A —— X LR IS 1 3R BE R R % -

1 -
05}
2
3
17
2 o0
£
e
@
£
-05¢+
-1
Zmin Zmax

123 EASEEEN A, EHREESE XH [124]

12.2.3 il A G iR ng ik oy

KR ZE SRBERAL T, A B TR — ARG THR &, T30 A SR A UE I A S E 2t
OEAE P RR LR . BRORARZRPE A RORE S, (HEAE SLAM X R SEI P SOR BRI A S . B I
PR G 28 e AT, A TV R A TR R A sl A L R A
e TR DRI w1 L Y

KPR BE R 3 AT R A A TR SeE . — 7l ZE LB S B 2R 1 T, il ABORR
AR oA, 738 —RhE KRR &M g (PR EREH-R, RITMIG2ER]) .
Ji— i, AE (68, 124] &% kD, WORH T35 — SR G o ik, #5175 -Miga
MR R TR BE DRI s o AR T RS I IO, FRATTSE R A R0 = 0 7 A (B0 1 (TR EE I
fir, ARIAEIL) — TR G A IR A O 2T

AR TR d IR -

P(d) = N(u,o?). (12.4)

RRR R FIE  FRATTAR LI B & A TRRE . TRTRE, s YOO L 2 — A~ i oA -

P(dgns) = N(Hobs, Ops)- (12.5)
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T, Rl EIRR, a0 £ B R EE d BAM . SR IE R — 1 B el
B ARAEMEE A, Bl B A TR AR — A . AR d 5
B N (e, 02e) s IARAREI A IOTRL, H

2 2 2.2
_ Ogbsht + 07 Hobs 2 T 0G5
Hfuse = B 3 y o Ofuse = 3 5 (12.6)
o+ T obs o+ O dbs

TR W A Az sh A2, FrlhaX BREEURE) 715 B A4, mixaig sk
IR R SJIRAEREAT AT T (48R, PTLMEEE R “ash iR BIREEFEA " R REE
WA ). ATUAFERIRG A B SSR D S, A WEANSRAEAE . Anfarafie FRA0T 100 B B EE A% 4
AWe? BUANAI T frobs, Oobs WE?

KT fiobs, Oobs s WAFFE—SEAR[FEAEFE = BN, 2% 3CHK [75] %18 T JLAa AN & HE A
FEAEME 22, % S0k [124] WALE & T LTS EME . FRATER 25 Eh LR
WA AR EE . AE, (BT R A R ARV R A T 2 B Wi MR R T RT3
fiE. WA, XA EX R B E A 2 K7

DI 12-4 25, %8RRI R, FRAITHREN 17 py X0 po 55, MMDWRINE] 1 py B9TREE
{E., A py BAY=4E5 0 P T, 7132 O P p, 0,0, HAHNLEIFER t, O.PiCH a.
JFH, XA =MIEM T M AICE o, 8. BFE, BB L FAAE—MERERDYRE, (#
5 BT B, M po WA 1 phy, IFiC EHEHIRANA R vo FATERRE, X MEENIRES
SB p' 5 p P EZ KRR

M 12-4 F#TE L
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RS R LT TR, FRAT RSN B X st Z [ A LT G AR . AR AT

a=p-—1t
a = arccos (p, t) (12.7)

B = arccos (a, —t) .
Xt po W —AMEE, ¥li1G 8 7B — el B0 g RIRIUTCR, £

B' = arccos (O2phy, —t)

o (12.8)
y=nt—a—pf.
Fh, hIE%EM, p’ R/ LIRS

']l = Iltllssli[;i- (12.9)

Mk, FRA180E Tl SRR AFES ROREATE M. MRVCARAIL R BRIT AL
A—MEREIIRE, AT LA

oobs = ||PIl — [|P"]|- (12.10)

IR, ARSI R AR ENE R T —MRR, WA T S BOOX At . 4%
TORMBEERE RS CATERT AL T E9PR TR, AN/ T2 BI{ER, $RT L
IR BRI C sl T .

gr bk, AV T AT RE R — o B A AR .

- BT AR FR A R ARG 6 T A3

OB AR, R AR R AR B E B AL

- RIS R R = Ml BRI AT ETE

RS RTR A A E Wb A SO TR, WG EIE 2 25

N

AR L T — B AT A T L X RS IRE DR O P IR, BRIk
IIEEHFLARMUB A LR B “BRRE” A DVFA A ——FH LD RO AR IR 2R 0 2 (B RAOTTHE
TE BRI R LA SR
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12.3 9ok SHP% R

AT B R P REMODE!2! 1251 [l iR . & 8t 17— 28 I AHILRAE 1 2 [ 4
R, L4 200 3K, [RIEFEAE 7R ER A BN . T IRAT1R 5 1 o] £ 3 SEER 14 S il
A — T R B AR X N R BE (L, BIEES 7 o H B e

B, HEEA M http: //rpg.ifi.uzh.ch/datasets/remode_test_data.zip 4t [ 4k 5 ] f4
F Bl Bt . mT LA g o) W 2 ol 4k T BT T 41 fifIE)S, K7 test_data/Images 1% i
M0 ~ 200 BIITA IS, IF7E test_data H s B B —ANSCAR U, Bl 1T REIR SR (R4 % -

scene_000.png 1.086410 4.766730 -1.449960 0.789455 0.051299 -0.000779 0.611661
scene_001.png 1.086390 4.766370 -1.449530 0.789180 0.051881 -0.001131 0.611966
scene_002.png 1.086120 4.765520 -1.449090 0.788982 0.052159 -0.000735 0.612198

B 12-5 s 1 izl . nTULE RIS diim . &7 O 7 R4,
BT RBOEM, IEAFRANT 20T LA R TSR IR BE(E AN . R ol $ef 4% B8 22 i iy
R B E PSR TR . 0 7O @R, BFBEM T CiEs KWE, BEq e . AR
VPR TR S, AT S U LA 2 e, HAR N AT 4 I GitHub (R RS R 7] 132

t=50 =100

=150

B 12-5 ¥ Fubz e Eg
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[# slambook2/ch12/dense_monocular/dense_mapping.cpp ( F % )

/**********************************************

*x KA T B AW E fe dLiE T o4 48 5 IR E A i

x MM AILE + NCC R F X, HHAG12.2% 5

* FAEARAFFALTE, KA TURRE —L2 5L T ARUETRE -4

***********************************************[

[/ S e
// parameters

const int boarder = 20; /] %K

const int width = 640; // BT

const int height = 480; /1 B EHE

const double fx = 481.2f; // AAA A

const double fy = -480.0f;

const double cx = 319.5f;
const double cy = 239.5f;

const int ncc_window_size = 3; // NCC Jufy % v ¥ 3%
const int ncc_area = (2 * ncc_window_size + 1) * (2 * ncc_window_size + 1);
const double min_cov = 0.1; /] BRI E . N F E
const double max_cov = 10; /] KPR mAAE
Ll e R R e S e R e S e e S e s e S S mes
VA 2 ORE
[ **
* ARYE AT 69 B AR B A7 IR A Ot
* Qparam ref AE B
* @param curr 5 A7 B
* @param T_C_R AE B F L AT B eY 4 &
* Q@param depth R
* Qparam depth_cov LT £
* Qreturn & E R
*/

bool update(
const Mat &ref, const Mat &curr, const SE3d &T_C_R,
Mat &depth, Mat &depth_cov2);

/ **
* WM& IR
* @param ref f‘:? A 1%
* Q@param curr WA %
% @param T_C_R ﬁé

O N VR
* @Qparam depth_mu WA

* Qparam pt_ref

S

// NCCH v A
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45

46

57

58

59

61

62

63

65

67

68

69
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* @param depth_cov

* @param pt_curr

* Q@return
*/
bool epipolarSearch(

[ **
* BIIRAIEAE
* Q@param pt_ref
* Qparam pt_curr
* Qparam T_C_R
* Qparam epipolar_d
* Qparam depth
* Qparam depth_cov2
* Qreturn
*/
bool updateDepthFilter(

*/

/1 RE MR ISR

double xx

double yy

THEF £
& Wy 5

* Qparam epipolar_direction ML 7

AL

A% BR L
LA B R
(oS
irection ML H W@
EEHM

WL @)
]

/%
* it JENCCHF %
* Qparam ref AE EAR
* Qparam curr ERREd
* Qparam pt_ref 5E A
* Qparam pt_curr %A%
* Qreturn NCC#f 4

M3t SLAM +Mifk: MBS BIRER (5 2 AR)

const Mat &ref, const Mat &curr, const SE3d &T_C_R,
const Vector2d &pt_ref, const double &depth_mu, const double &depth_cov,
Vector2d &pt_curr, Vector2d &epipolar_direction);

const Vector2d &pt_ref, const Vector2d &pt_curr, comnst SE3d &T_C_R,
const Vector2d &epipolar_direction, Mat &depth, Mat &depth_cov2) ;

double NCC(const Mat &ref, const Mat &curr, const Vector2d &pt_ref, comst Vector2d &pt_curr);

inline double getBilinearInterpolatedValue(const Mat &img, const Vector2d &pt) {
uchar *d = &img.data[int(pt(1, 0)) * img.step + int(pt(0, 0))];

pt(0, 0) - floor(pt(0, 0));

pt(1l, 0) - floor(pt(1, 0));

return ((1 - xx) * (1 - yy) * double(d[0]) +

xx * (1 - yy) * double(d[1]) +

(1 - xx) * yy * double(d[img.step]) +

xx * yy * double(d[img.step + 1])) / 255.0;
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87

88
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91

92

93
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95

100

101

102

103

107

108

109

1o

mn

113

14

16

17

18

19

120

£ 12 2/

int main(int argec, char *xargv) {
if (arge !'= 2) {
cout << "Usage: dense_mapping path_to_test_dataset" << endl;

return -1;

V'S € 338 &
vector<string> color_image_files;
vector<SE3d> poses_TWC;
Mat ref_depth;
bool ret = readDatasetFiles(argv[1], color_image_files, poses_TWC, ref_depth);
if (ret == false) {
cout << "Reading image files failed!" << endl;
return -1;
¥

cout << "read total " << color_image_files.size() << " files." << endl;

/ F—KE

Mat ref = imread(color_image_files[0], 0); // gray-scale image
SE3d pose_ref TWC = poses_TWC[0];

double init_depth = 3.0; /! R

double init_cov2 = 3.0; /1 7 EAEAL

Mat depth(height, width, CV_64F, init_depth); /] RER

Mat depth_cov2(height, width, CV_64F, init_cov2); /] REBRFE

for (int index = 1; index < color_image_files.size(); index++) {
cout << "x%x loop " << index << " **x*" << endl;
Mat curr = imread(color_image files[index], 0);
if (curr.data == nullptr) continue;

SE3d pose_curr_TWC = poses_TWC[index];

SE3d pose_T_C_R = pose_curr_TWC.inverse() * pose_ref TWC; // T_C_W * TW.R =T CR

update(ref, curr, pose_T_C_R, depth, depth_cov2);
evaludateDepth(ref_depth, depth);
plotDepth(ref_depth, depth);

imshow("image", curr);

waitKey(1);

cout << "estimation returns, saving depth map ..." << endl;
imwrite("depth.png", depth);
cout << "done." << endl;

317
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129
130 return 0;
3 |}

132
133
134 | bool update(const Mat &ref, comst Mat &curr, const SE3d &T_C_R, Mat &depth, Mat &depth_cov2)

{

135 for (int x = boarder; x < width - boarder; x++)

136 for (int y = boarder; y < height - boarder; y++) {

137 /! & B E

138 if (depth_cov2.ptr<double>(y)[x] < min_cov || depth_cov2.ptr<double>(y)[x] > max_cov)
VAR Y AR & & d

139 continue;

140 /1 EME LR L (x,y) 8 & &

141 Vector2d pt_curr;

142 Vector2d epipolar_direction;

143 bool ret = epipolarSearch(

144 ref, curr, T_C_R, Vector2d(x, y), depth.ptr<double>(y) [x], sqrt(

depth_cov2.ptr<double>(y) [x]), pt_curr, epipolar_direction);

145

146 if (ret == false) // I KK

147 continue;

148

149 [/ BHZEFRARTFER

150 // showEpipolarMatch(ref, curr, Vector2d(x, y), pt_curr);

151

152 /) B, ®ATE LA

153 updateDepthFilter (Vector2d(x, y), pt_curr, T_C_R, epipolar_direction, depth,
depth_cov2);

154 ¥

1ss |}

156

57 | /] AR

18 | // FiEL12.27 f212.3%

159 | bool epipolarSearch(

160 const Mat &ref, comst Mat &curr,

161 const SE3d &T_C_R, const Vector2d &pt_ref,

162 const double &depth_mu, const double &depth_cov,
163 Vector2d &pt_curr, Vector2d &epipolar_direction) {
164 Vector3d f_ref = px2cam(pt_ref);

165 f_ref.normalize();

166 Vector3d P_ref = f_ref * depth_mu; /! BAEMAPE &




168

169

170

171

172

189

190

191

192

193

194

195

209

g1 2@

Vector2d px_mean_curr = cam2px(T_C_R * P_ref); // #HREMIMAZ Y9184,

double d_min = depth_mu - 3 * depth_cov, d_max = depth_mu + 3 * depth_cov;

if (d_min < 0.1) d_min = 0.1;

Vector2d px_min_curr = cam2px(T_C_R * (f_ref * d_min)); /] HeRODRERBGEA
Vector2d px_max_curr = cam2px(T_C_R * (f_ref * d_max)); /] BRAEERYVOBRE

Vector2d epipolar_line = px_max_curr - px_min_curr; /] BE (LXEBX)
epipolar_direction = epipolar_line; /! W FE
epipolar_direction.normalize();

double half_length = 0.5 * epipolar_line.norm(); /] MEZBENFKE
if (half_length > 100) half_length = 100; // H#MFAH 2R 4K S 4D

/] R EBUEITHE (KK)

// showEpipolarLine( ref, curr, pt_ref, px_min_curr, px_max_curr );

/[l EMA LM E, RREHMAEAPC, AFERFKE
double best_ncc = -1.0;
Vector2d best_px_curr;
for (double 1 = -half_length; 1 <= half_length; 1 += 0.7) { // 1l+=sqrt(2)
Vector2d px_curr = px_mean_curr + 1 * epipolar_direction; // £ T B
if (!inside(px_curr))
continue;
/7 A A b 5 A e Nee
double ncc = NCC(ref, curr, pt_ref, px_curr);
if (ncc > best_ncc) {
best_ncc = ncc;

best_px_curr = px_curr;

}

if (best_ncc < 0.85f) // P AAZNCCIRk % 49 IT A
return false;

pt_curr = best_px_curr;

return true;

double NCC(
const Mat &ref, const Mat &curr,
const Vector2d &pt_ref, const Vector2d &pt_curr) {
[/ E¥HAi-a—f L Aa %
// REHM
double mean_ref = 0, mean_curr = 0;
vector<double> values_ref, values_curr; // A& ife % a7 #6939 14

for (int x = -ncc_window_size; x <= ncc_window_size; x++)

319
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211 for (int y = -ncc_window_size; y <= ncc_window_size; y++) {

212 double value_ref = double(ref.ptr<uchar>(int(y + pt_ref(1, 0)))[int(x + pt_ref(0, 0))
1) / 2565.0;

213 mean_ref += value_ref;

214

215 double value_curr = getBilinearInterpolatedValue(curr, pt_curr + Vector2d(x, y));

216 mean_curr += value_curr;

217

218 values_ref.push_back(value_ref);

219 values_curr.push_back(value_curr);

220 i

21

m mean_ref /= ncc_area;

23 mean_curr /= ncc_area;

224

225 // # H Zero mean NCC

226 double numerator = 0, demoniatorl = 0, demoniator2 = 0;

27 for (int i = 0; i < values_ref.size(); i++) {

m double n = (values_ref[i] - mean_ref) * (values_curr[i] - mean_curr);

229 numerator += n;

230 demoniatorl += (values_ref[i] - mean_ref) * (values_ref[i] - mean_ref);

231 demoniator2 += (values_curr[i] - mean_curr) * (values_curr[i] - mean_curr);

32 }

3 return numerator / sqrt(demoniatorl * demoniator2 + 1le-10); // B4 H HAE

as |}

235

236 | bool updateDepthFilter(

237 const Vector2d &pt_ref, comst Vector2d &pt_curr, comst SE3d &T_C_R,
238 const Vector2d &epipolar_direction, Mat &depth, Mat &depth_cov2) {
29 /] R EEEREAAER

240 // B =Rt EIRA

241 SE3d T_R_C = T_C_R.inverse();

242 Vector3d f_ref = px2cam(pt_ref);

243 f_ref.normalize();

244 Vector3d f_curr = px2cam(pt_curr);

245 f_curr.normalize();

246

247 /] FAE

248 // d_ref * f ref = d_cur ¥ ( R_.RC * f_cur ) + t_RC

249 // £2 = R_RC * f_cur

250 [/ AR T i AN 4E B A2

251 // => [ f_ref"T f_ref, —f_ref"T £f2 ] [d_ref] [f_ref"T t]

252 // [ £f_cur"T f_ref, -f2°T £2 ] [d_cur] = [f2°T t ]
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Vector3d t = T_R_C.translation();

Vector3d f2 = T_R_C.so03() * f_curr;

Vector2d b = Vector2d(t.dot(f_ref), t.dot(£f2));
Matrix2d A;

A(0, 0) = f_ref.dot(f_ref);

A0, 1) = -f_ref.dot(£2);

A(L, 0) = -A(0, 1);

A(1, 1) = -f2.dot(£2);

Vector2d ans = A.inverse() * b;

Vector3d xm = ans[0] * f_ref; // refi iy R
Vector3d xn = t + ans[1] * £2; // cur# %
Vector3d p_esti = (xm + xn) / 2.0; // PHIAEE, RAFZHTH

double depth_estimation = p_esti.norm(); // RAEL

/1 HERBENME (A—IMEEAHRE)

Vector3d p = f_ref * depth_estimation;

Vector3d a = p - t;

double t_norm = t.norm();

double a_norm = a.norm();

double alpha = acos(f_ref.dot(t) / t_norm);

double beta = acos(-a.dot(t) / (a_norm * t_norm));
Vector3d f_curr_prime = px2cam(pt_curr + epipolar_direction);
f_curr_prime.normalize();

double beta_prime = acos(f_curr_prime.dot(-t) / t_norm);
double gamma = M_PI - alpha - beta_prime;

double p_prime = t_norm * sin(beta_prime) / sin(gamma);
double d_cov = p_prime - depth_estimation;

double d_cov2 = d_cov * d_cov;
/1 B R kA
double mu = depth.ptr<double>(int(pt_ref(1, 0))) [int(pt_ref(0, 0))];

double sigma2 = depth_cov2.ptr<double>(int(pt_ref(1, 0))) [int(pt_ref(0, 0))1;

double mu_fuse = (d_cov2 * mu + sigma2 * depth_estimation) / (sigma2 + d_cov2);
double sigma_fuse2 = (sigma2 * d_cov2) / (sigma2 + d_cov2);

depth.ptr<double>(int (pt_ref (1, 0))) [int(pt_ref(0, 0))] = mu_fuse;
depth_cov2.ptr<double>(int(pt_ref (1, 0))) [int(pt_ref(0, 0))] = sigma_fuse2;

return true;
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FATE WG T A | SR R, AR TR AR S . W R R
122 HHNE, HEIEE A RIS A RS Sk, FRATTA = X LA G o EOR 805 P -
1. main FREEEF T, & A0t WEERE PR, SR5AC4, update PREL, RHRTE ]k
FTHEH -
2. 1E update BRECH, RATET 7 2HWIAGRAMEE, Jofe Gammirh FHMRZILHL, #hElt
i b, T R AR R DT A 25 S o R R B Akt
3. RIS RIFTHASEA 122 AAME, ESEE EARIN T2y RO BRI IR AR
WA, FRUARRATAEE b, AASE £30 fEN2EAR, 72 S aiih S izkn)
o SRJE, WA EIRE BRI V2/2 BIERUIE 0.7), 48 NCC fiemi il i
VCHC A . AR e A NCC AR T B (X HLER 0.85), WTA A DCHE K -
4. NCC WitEMEH 7 :B¥EEEeE, BIXTEER A, B, HL:

> (AG, 5) — A(i,4)) (B(i,7) — B(i, 1))

NCC.(A,B) = —= - - - = (12.11)
> (A7) — A(i,))” 2 (B(i,j) — B(i, )
v

]

5. =kt Boras 7.5 W2, AHERERTTHRS SO S A A 12.2 30
BARFALR, MEEFERE FidoRaeseti. Tk DA R bRzt rac).

FHER
FPRHRRITIR, LIS H R 2805 (T

2 | read total 202 files.

$ build/dense_mapping ~/dataset/test_data

Aok loop 1 kkk

*%k loop 2 k*kx

i S B T , AUeon 1k fQRE . HATER AR A . TR, FRA Won
%mﬁﬁﬁ%MOAFm_%——Lﬂ%%Hﬁ BN 1.0) ROTRIEL) 2.5 K, B (o R 2 s T
BE(E B/, st RYIRRIRATET . AR PREST TRIF, IR %2 & T HE s
WA BE— M — P ARE AT E PR E SRR e (A B . FRATA9RI AR 1 SR 2%
¥R 3.0 9504, 48R, WRTLMBERILG M, AR XaE S S R RERY S

MIE 12-6 FTRAKR IR, MR EE S —EfZ )G, BERB TS, ARG8T
AL, MEREZ IR REER, RIS LAFE B AR TR D0, st b A 5 ) 0

OFER, FHEREMTHSIT BN, MR, e 5% — B ).
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Falo AT 2 Ew ), (AR EE KR ATT. B0 RBUN IR E b 5 58 e
A, il Kel /M eAh, S ASAE R T, W T is hid B b B s
B, BTN ENES RO T, 25 BT, FRATACHX AR E R GR R IER Y, (HEA
FIFARARCR . T RIA PR AT H B LEAE BLA R, DR A WRLE o] LA 7

A 12-6 ErFEARHEE, AEMANEXRR 10 K30 kNS

12.3.1 9500t 5itie

A0 2 TR HARPL B S Al T 25 WIR MR R REE . BRATTA AU REAR
G B R, WA 29T (trick ), R H BT SEFR TR E WLAY TS
I A A A

M T B SR = 2 %ﬁiﬁﬂP$TWME‘&&%%kﬁ%ﬁﬂ&ﬁ,ﬁﬁ%ﬁ
Fhegz bR el A7 A A SR AR I & O R, TR R ERAIR 242, 848
W i sy S s i . FRAT kqu” +%ﬂ@rffmu& SRR DL, A BT
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e 2uyr (EFERN) BIF RS IR
XS SR A SR TR T . AR A AL SE AR A R A S S0 S
Kz

1232 {QFEBER S

MERBEERBEATINEE , 2RB— (U] B SSE. SRICACAY IER 5 A A T RHEHE B RA X
. BR, MREGHRIUE—FBSE—FH, ROARMEEL, IBATE NCC it & il
REFA LR MR B 5 A B RO BRAR R UL AL . i MBS BUR R F TP RUATENHLR I . ERMAIN G,
FEHAEZGIRIRICH, FITERYLR A RS R 2R A IEH ) — R BB 4 2 (8] e i i Y
THHBAZA RSCRIRELG T, TTRGEFRATA EAE R, FTEDHLERIE & ROLH .

XBEEY AR, ZEEEEEET 2SR, FEHFTRILAS (F1NCC MitE ) if,
FATAITBE/INRAZE , SRIGHRFZ/NRE A/ NI TR T . Xy, ARARERER/N U A R
WRX T E, AZGIRIRILE., M THEARMBHAGE, h TIEBICEREA X E, KA
Bt HRE . Rz, SR LR BAHT7, FAGRIRRE R S AR e, Fanstm
LGS IEERA W REIRRMIR. NI, SRR R T SLARSE b — A HE R LAY )
X SR AR . IR X AL SE U R UL, AR T ST AR Y L O Rl T
WIS

FA TR 2 B T SO AURREE, Blhn, (RBLEEAS — AR, A RS S
HE, HIEERE A FUARSGER . RIMAELPRT, S, SCH P AR 558 5 51 iy
Itk B, AT ERREM T MR ARG, ZEEREERANEEREL
AR AR R B ——WURIRA TR OGO R A B R 4R (/) 193

BT EBE R, B ERBERRLZ MR . S5 30 (75] i
EMHER, ERNOBUREFEABA EWA AR,

LA 12-7 S, FRATIZ PR LB s B 0L . AR BR AT TR D1, DAKGE B TRk
Jriele JokREREERNO . ETE ARG, BN B R, IR AR BORITRC
S RBLECREREARE—FER), P ARIABIICE. RZ, fEFTmE T8, RIS
B e DUPCBE B e sl iR BRAEAT Ak o TISEPReh, BREE SRR AT OUAR T REN T 8 Z ] BEA RS
H HRARITE LT, X0, AT, MEREME SHAI MR, PEDTH A AT ENE R
1 e F /N, DEACHABE PR/ MHAEBURART o, Ff HE X SRy LR 4 i — MR R AR
%, LR HEPIRA GEEBERSCR, ROZM SR I AT E R, BAK
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FAREATMAT Y, SEETRATEREINN w, v LI ST B—— Il & B8 I8 5 22 R B Al (L Xt £ 5
AT

Wi (Inverse depth ) JEUT4EK SLAM BF5EH LA — iz 6 HT 0 S 8 fle g 7y 1e 1270
TEHURAT A, TR IR B 2 S i d ~ N (i, 02) 0 SRIMTGXFEMA AN B BRVE? TR FLRY
LT AN R A A7 AFAARAR, VR BE A I A A i S A e — S ]

1. FRAVERRARRIBM R : XA RN 5~10 K, ATREA e deng s, HiThbisE
AL/NFHIMUERE (SUCHIREEARZ/ANT 0), XA IFAR R S W i IREE, R
AXFRETEAR . ERRMATRERI, iR A%

2. fE-SEFEAMNV T, ATREAFAERE AR L, T RIS e . FRATTAIRI LR (A P HELL S
SRS, I HM R AR BN — LR LA TRIYE .

TR, WEENGET A . AFIEDE A, RO R, Waltiesm e, i fi
AR, BT, fESEPRRH Y, SR AT A A B E N, AT — R
TS, fFETEA SLAM Jr R bRtk rhi6s. 69381

JETR R AR IR Rt S IR AN S 2 . AR R IROR B 4, o o O RE
d—1 BT, FAT B M P, SR AR e

12.3.4 PRI

TESRPCACZ AT, 80— Uk PR 30 PR A% i) (9 2 g — i DR LA B 7 3. iSO, JRATT B
T EUR/NRIEARDLIE S PR FF S, T R BEAEABIL RS (718 (1) 2008 S S AS R S R 1) 91)
T ) BRUSARAE AL, (EYAIHLA A ] A BERE I, SOMELAGR S 1o FEnh, SHHPLSOL L
Fewt, —BCFR LEBIERATRESE M LB T AREGR, SEAOCHE BN T %k (-
SRR —4 3 ).

J9 7 B AN GLAY B, 38 R AR VL RO A, BB WU 2 A ] 52 B TR
Ko MHEHPUSERL, SH5WER—MEER P 5HESMN —4Eni it R AR Py ATLLVTF RAR

drPr = K (Rrw Py + trw) - (12.12)
Ffoldh, XA, IR Py fEE LiEE, i0fE Pe:

dcPe = K (Rew Py + tew) - (12.13)
RAFIHZ Py, RS MIRERZRIRE R

dePe = dx K Row R K2 Py + Ktcw — K Rew Rl Ktaw. (12.14)
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HGE d, Pr W, ATRATRH Pe (BCEAIE . IURF, 45 Pe M0 du, do,
WA CRA P BUME L due, dveo Gl ORISR, 30 15300 B 9 22 ORI 4 BT (R A AR
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c . du dv ( 12.1 5)
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du dv
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AT R TR AT B ROR -
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REEENEIE RS, WA R N SO0 S T DA THER AT, RERS T b b PO A5 K -
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5h st
Folis 5 2 T, Fefl 1 AR ):

[# slambook/ch12/dense_ RGBD/pointcloud_mapping.cpp ( /£ )

int main(int argc, char **argv) {

vector<cv::Mat> colorImgs, depthImgs; /I HEBAREA
vector<Eigen: :Isometry3d> poses; [/ FAAAL

ifstream fin("./data/pose.txt");
if (!fin) {
cerr << "cannot find pose file" << endl;

return 1;

for (imt i = 0; i < B; i++) {
boost::format fmt("./data/%s/%d.%s"); //EARE AKX
colorImgs.push_back(cv::imread ((fmt % "color" % (i + 1) % "png").str()));

depthImgs.push_back(cv::imread ((fmt % "depth" % (i + 1) % "png").str(), -1)); // 1A

“1iE R R AL B R

double datal[7] = {0};
for (int i = 0; i < 7; i++) {

fin >> datalil;
}
Eigen::Quaterniond g(datal6], data[3], data[4], data[5]);
Eigen::Isometry3d T(q);
T.pretranslate(Eigen::Vector3d(data[0], data[1], data[2]));
poses.push_back(T) ;

VAR

[/ AL A

double cx = 319.5;

double cy = 239.5;

double fx = 481.2;

double fy = -480.0;

double depthScale = 5000.0;

cout << "E AN EHMBEAEM AL E LS. .. << endl;
/] F L E AR AR X E A A SEXYZRGB

typedef pcl::PointXYZRGB PointT;
typedef pcl::PointCloud<PointT> PointCloud;

5B BRI SR AR B RAEDEDE 25 ( Voxel grid filter ). A FIRE P AT (il T84
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/A EE

PointCloud::Ptr pointCloud(new PointCloud);

for (imt i = 0; i < 5; i++) {
PointCloud: :Ptr current(mew PointCloud);
cout << "AEHEEME P " << i + 1 << endl;
cv::Mat color = colorImgs[il;

cv::Mat depth = depthImgs[i];
Eigen::Isometry3d T = poses[i];
for (int v = 0; v < color.rows; v++)
for (int u = 0; u < color.cols; u++) {
unsigned int d = depth.ptr<unsigned short>(v)[ul; // EEAL
if (d == 0) continue; // A0& & A M & 5|
Eigen::Vector3d point;
point [2] double(d) / depthScale;
point [0] (u - cx) #* point[2] / fx;

point[1] = (v - cy) * point[2] / fy;
Eigen::Vector3d pointWorld = T * point;

PointT p;

p.x = pointWorld[0];

p.y = pointWorld[1];

p.z = pointWorld[2];

p.b = color.data[v * color.step + u * color.channels()];
p.g = color.datalv * color.step + u * color.channels() + 1];
p.r = color.datalv * color.step + u * color.channels() + 2];

current->points.push_back(p);
}
// depth filter and statistical removal
PointCloud: :Ptr tmp(new PointCloud);
pcl::StatisticalOutlierRemoval<PointT> statistical_filter;
statistical_filter.setMeanK(50);
statistical_filter.setStddevMulThresh(1.0);
statistical _filter.setInputCloud(current);
statistical_filter.filter (*tmp);
(*pointCloud) += *tmp;

pointCloud->is_dense = false;
cout << " & & EA" << pointCloud->size() << "4~ & ." << endl;

// voxel filter

pcl::VoxelGrid<PointT> voxel_filter;




83

84

85

86

87

88

89

9%

91

£ 124 BHE 331

double resolution = 0.03;

voxel_filter.setLeafSize(resolution, resolution, resolution); // resolution
PointCloud::Ptr tmp(mew PointCloud);

voxel_filter.setInputCloud(pointCloud);

voxel_filter.filter (*tmp);

tmp->swap (*pointCloud) ;

cout << "JE K X5, HFEA" << pointCloud->size() << "A % ." << endl;

pcl::io::savePCDFileBinary("map.pcd", *pointCloud);

return O;

X BRI T B4 5 < FE PCL, 7F Ubuntu 18.04 1, HFF—4)in4 .

B %t

sudo apt-get install libpcl-dev pcl-tools

Bpfie%e % PCL Moxt i T2 AR i, FRATAIERESE 5 UFRBA K2k, FEARZ L
T
L AR AR i, PR R S, X R IR Kinect (AR, il
P2 J5 TR 2 A BRI 22 0lR ] — N
2. FIFHSE I 8% 7 B80T DB MR gL i AN S S B G ) N A~ S B E (E
B3 A, PR B (et K, Xk, SRR THRLE “RhfE—ik” B8, Hi T I0LH
I
3. FIFIAZE NS IE S A5 A TR RAE . T2 M ME RS, RS SAE KR
B B AR Y A, XA S NTFAsEl . RE BV ARIE T AE RS KNS
Tk (BSFRIAZ ) L A5, HDY TR =iz T 1T RERPE, T8 TR 2176
75 [A]
EAAh, FAMEH ICL-NUIM i 1 Jon il . %8 S — -5 5 RGB-D i
FVFFR A TR M S AR EERERE , 9. FROIE datay BSR T AL T KBS RIIRE R, LIK
SR (ARBLO S, TERE e 2s b, FROTHE R 0.03, Fmf 0.03x0.03x0.03 A5 1+

fF—A . R R I HER, LA PR R ATESEAS R f9 25 5, SR T AR P i
da] DA SR B TiF 2 (130 TSR E T 3 T4, RTE 2% WfFEfE = (el ).

1t dense RGBD H s FHfT:

(B “smd A

./build/pointcloud_mapping
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Al FE[E H #5305 2= 0F map.ped. Ffi)n. H pel viewer T HATH XA ped, B o]FH 3N %8,
nE 12-8 Bk

KRB Z G R

[ 12-8 ICL-NUIM % 7K € % & # iy 45 &

MR T B A Y AT AL, S EIRATRENS KB TR RE T B =4 A
fitr, MR AMIGERS P M W g 50045 0%, TR s I T8 U . 5 s 0 — RAGHJE AT L
$h RGB-D PR @20t A i, AT EasMb . & ABE DR E d 3 tom, H AL SeR i fig
%o Ait, S REHE IR T2, FRATAS Wi 8 2 AR A% s ok, B
75 b PR 7 R G L X ST R

L SENITG R BT AU A8 EUAE T A By X SRR I PR AR S A AR, fh Tl

P RAFREAE AR, WA TR TRHE S M E G . WA AT & s < 1) 1CP,
HK’A—IM%lﬁﬁ}%%ﬁﬁxﬁéiﬁuﬁ AT ICP LM% . SR, X EoR RS = BA
BOFaORRE . FRA VRS = 00 AOF A XS ARSI, ARSI

2. S SRR R . Tk EER T SAURRERS . AR o R RS R 1Y

FE, RATWIEAE S =P A2 A Sl " SORERY AT if), T A Fnokk

PR AT E ., Aad, wTDAE S 2380t EVEATn T, 4550 8058 A S0kt b 14 b B X

3. ﬂﬁ,ﬂﬁ?ﬁlx‘.&: HARAR M AL S22 B R ). RATRES A B 5 b, Rt 5t

. AT EERBE, Tz L&A B E s, WA YRR EE (flnkeg ),
AN K FF A AT nT AR AL T8t 40, MAIE i R i 5 ol 2 s P R A R — e A, i
HRREE N YABRFIETT G AN XEEART SR F L5

L PATA, FRATUEA = o SRl T 5 Ry, RS IR AR e S

ERA SRR IIRE, (REHH TIRREAR N St AE L TR R . SRR 5
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WA E SR AINEE, IEA R S — AR A S fan, HxEeAthEe, aTLAN S =
A, A S HERAR (Occupancy Grid ) &, DAAESAT AR 3L SR A AT LUE . fH0, SfM o
B BIAAA N Jryk ) SRR AR N S = A AR L, SRR EE R BT
IAFAEEEE, Surfel LR —FFIAYIAREN 72, LARITTIE A R R BEAC 0L, BRI A IRAE Y
AT P P 1291

P 12-9 Wi TIAAN A Surfel SRR — RG], ATRIE BB A0 IS8 ROR B AR T4k
(i w8, [ E AT T DA i AT s R el s e A5 21 iy b PR 2CHB 7 PCL
FE R, JEOGERAY 1 W] LAE— D4R 3 PCL RN A . ABAERATIME, SEATER A
g EIE T .

THFA T HR Surfel FE#: 7/
129 A EHES Surfel EHEN TEH

12.4.2 M Ai z i it ks

Wiz R R —(F EERCA Sy e, N I FRAT TR s Al 7E N A 5 2 SOk by
M. RECRBRETH I A S AL, HNELITHR R .

slambook2/ch12/dense_ RGBD/surfel_mapping.cpp

#include <pcl/point_cloud.h>

#include <pcl/point_types.h>

#include <pcl/io/pcd_io.h>

#include <pcl/visualization/pcl_visualizer.h>
#include <pcl/kdtree/kdtree_flann.h>

#include <pcl/surface/surfel_smoothing.h>
#include <pcl/surface/mls.h>

#include <pcl/surface/gp3.h>

#include <pcl/surface/impl/mls.hpp>

// typedefs
typedef pcl::PointXYZRGB PointT;
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typedef pcl::PointCloud<PointT> PointCloud;

typedef pcl::PointCloud<PointT>::Ptr PointCloudPtr;
typedef pcl::PointXYZRGBNormal SurfelT;

typedef pcl::PointCloud<SurfelT> SurfelCloud;

typedef pcl::PointCloud<SurfelT>::Ptr SurfelCloudPtr;

SurfelCloudPtr reconstructSurface(

const PointCloudPtr &input, float radius, int polynomial_order) {
pcl: :MovinglLeastSquares<PointT, SurfelT> mls;
pcl::search: :KdTree<PointT>::Ptr tree(new pcl::search::KdTree<PointT>);
mls.setSearchMethod(tree);
mls.setSearchRadius (radius);
mls.setComputeNormals (true);
mls.setSqrGaussParam(radius * radius);
mls.setPolynomialFit (polynomial_order > 1);
mls.setPolynomialOrder (polynomial_order);
mls.setInputCloud(input);
SurfelCloudPtr output(new SurfelCloud);
mls.process (¥output) ;

return (output);

pcl::PolygonMeshPtr triangulateMesh(const SurfelCloudPtr &surfels) {
// Create search treex
pcl::search: :KdTree<SurfelT>::Ptr tree(new pcl::search::KdTree<SurfelT>);
tree->setInputCloud (surfels);

// Initialize objects
pcl::GreedyProjectionTriangulation<SurfelT> gp3;
pcl::PolygonMeshPtr triangles(mew pcl::PolygonMesh);

// Set the maximum distance between connected points (maximum edge length)
gp3.setSearchRadius(0.05);

// Set typical values for the parameters
gp3.setMu(2.5);
gp3.setMaximumNearestNeighbors (100) ;
gp3.setMaximumSurfaceAngle (M_PI / 4); // 45 degrees
gp3.setMinimumAngle(M_PI / 18); // 10 degrees
gp3.setMaximumAngle(2 * M_PI / 3); // 120 degrees

gp3.setNormalConsistency (true);

// Get result
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gp3.setInputCloud(surfels);
gp3.setSearchMethod(tree) ;

gp3.reconstruct (*triangles) ;

return triangles;

int main(int argc, char **argv) {
// Load the points
PointCloudPtr cloud(new PointCloud);
if (argc == 0 || pcl::io::loadPCDFile(argv[1], *cloud)) {
cout << "failed to load point cloud!";
return 1;

}

cout << "point cloud loaded, points: " << cloud->points.size() << endl;

// Compute surface elements
cout << "computing normals ... " << endl;
double mls_radius = 0.05, polynomial_order = 2;

auto surfels = reconstructSurface(cloud, mls_radius, polynomial_order);

// Compute a greedy surface triangulation
cout << "computing mesh ... " << endl;

pcl::PolygonMeshPtr mesh = triangulateMesh(surfels);

cout << "display mesh ... " << endl;
pcl::visualization::PCLVisualizer vis;
vis.addPolylineFromPolygonMesh (*mesh, "mesh frame");
vis.addPolygonMesh(*mesh, "mesh");
vis.resetCamera();

vis.spin();

ZREIF IR T FREZ MM R . A

LS T PN

./build/surfel_mapping map.pcd

B AT sl o e Jy RS L P, B R nEl 12-10 fis. ATLIE R, fEEEMEZ G, BA%
AR B S s D kL . BOMERFR 7. AR A = HERE (Moving Least
Square il Greedy Projection ), 34 Al PAYE % SCHK [130] #1 [131] T4k E], ETHRRE AL K
[i§es SRV N



336 M5 SLAM +Mf: MIBSEIERE (£ 2 hR)

M12-10 NEZEAGINZT M NBER

12.4.3 )\ X PP

F A8 — R S HeA R THG . A SR TP e R B EE L . I\t E ( Octo-
map ). TEm = HEd, FATRRA T *w%m WHEAT TR E B LU R, (RS SA L
A~ BH 5 ) S

o o HPEGE ERURAR A, TLA ped SCAFR AR A, —IE 640 18 %480 2 X EI4L,
FEAE 30 IAAS LS, fR KRG ] . RIMELE T — S8 )5, ped SCUFRETR }\HJ
i Hit R Z A e+, B KT N%%%%% SRR TIREZ AL EAA T . Tl
FEAERR O HEE A RE S . RIS *@M FEE TR E M P B A TR 9% A ]
AT sess ) B, BRAETRATFRAR HE, 75 WIAEAT BR A4 P9 A7 G s KA FREE
SRMPEAS /PR 2 S UL R b TR F&hﬂghﬂwmwdﬂm%ﬁm & Fr— Uk
fi 57 1915 B

-égﬂmﬁgﬁﬂLmM% DRORFRATT M B AT TR, A Y e

BT M. MAESCPRIAE T, @RS s AF 7, (15 84 = M AR 13 AN 5

N RBMNTEN BRI —FhRIG0 . FRAE00 . ERRT B3 At . /AU ( Octo-
tree ) [1321,

FATVAGE, =Sz B2 /N e (s AR ) JE—Ra WL ek . e —14
AN B R TS TR H L BB A4/ Bk 22 :kﬁﬂtﬁjcdxﬁﬁf\ﬂ*d\fftk XA A BT L
AW R, BRSSO R NAE R R R SR R . e R, ANk
FIRER/ A X B, B “A— TSR\ 8", B4, B B RS () 4143
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/s A R, R — R\ U

anrE 12-11 frow, AR T — DKL T IR b 45 3 i\ B B 3128 s/ N B oA Ik
T, BRI LB S, MBS EE “HFys” . T2, E/AXHP, 4
FATH T —Z WA L E—ZE, Ml AR REY R R\ . FRAT AW — A i
B AR SR RN R 1 em?®, IS4 S FRATR S /SR 10 2R, SAERE AR AR
2% 80cm® = 1,073m?, X EWHESE—ME T 7. HTFERRSHEE R0 R, IRl RITAH
EARRBREE R, HAR AR 2 K AR AR P

TR
B 12-11 AXKTEHE
BEE ATRESRER, 158 R RIEN g, IRATARWRE T —MER P R -7 4
A FRATi s 2 s e, i /SO BT B s [RIWE 7 X2 R R, 7R\, 71 SR Al e R
B AT B AN B AT T AR L PR e AR B S R, g BRI AT A B

, —IFEG A N, JRATH R AL ATEEBAOR . Y PR B,
TP IR T AR, 25 IR W2 WA R, BT AR ZHO\SUMT AR T 2
MR, FIrLAE, /A SR LR 25714 R A A2 1]

HIT 5L\ SOR B A6 T R SO IR S e MR B2 IRIE, ARTRIA 0 Fomas
FI, 1ol . X8l 0-1 i93os aT DU — A LURRRAEAR, WA =i, Aid BAsAseid Ty
To PRSI, REAHEIREDS G-I 0, —2JLA 1 sEZHNZR 0, %)
Jly SRR T R R RS, A A R WPRES . RET HORT AN R A R 7
FeA T R ISR R IE AR IR (U M e A S . BN, HI— iz € [0, 1] KRRk X
Dz — IR 0.5, WURAKOMM B E6e S48, 21X MEAREI: [z, WERAR 2]
ERE N, It E AN NRIA]

XA A, FRMIEh A TP P BRI R R . A, B A — /AL
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L o RWTHEINEEN, T AT [0,1) KEZAh, WAL BRI, BrLAFRATA R f%
FEABE SR RS e i, TR BERX A (Log-odds ) Fefifiid. iy € R WBEFRUELA, «
H 0~1 BIHER, IS4 EANIZBIEAERR M logit ZEHiliA

x
= logi = . 12.16
y = logit(z) = log (1 - .r) ( )
FoAsfihy »
— a1 __=xXply) 9.3
x = logit™ " (y) e (12.17)

TTLEF, Yy M —oo ZBF] oo B, z AN 0] T 1. Wi y M ORF, « B 0.5, A,
BATAR LTS y kW B ARS8 w, ik y Bm—AME Sk
y WAL CYABERET, PR logit 284, K y HeA MR, BCAEAOKG, R
WA n, WIEERE R z. IBAMTFERE] ¢ B 2050 SR BERITBUE A L(n|z1), t+ 102N

L(n|z1.4+1) = L(n|21.4-1) + L(n|2). (12.18)

R G AL XM A SRR ROE S, A — a0k

P(n|zi.r) = |1+

1 - P(n|2r) 1 = P(n|ziso1)  P(0) ]‘1 (12.19)

P(nlzp)  P(n|lzir—1) 1-P(n)

A TAPEER, SR LR RGB-D B B /\ U 1 A RGB-D (R i
FIFEAMREWAHRE d, S . ERBEENENSE S ENER TSR, F8, N8
MO HR BIX A LR ERZ 258 EWiEn (S SealEsy ). FIABXAMEER, ol LR b
S/ \SUR PR EATEERE, O H RBALIIE B 45

12.4.4  EEk: N\ SBHpE

T T A R R A\ OSUR R R R . TSR, I % octomap &, 7E Ubuntu 18.04
WA 2Z 5, 7\ SR R RIR 157 i T BRAL T L octovis B 2882 AR PEeh, AT LA i R i 4202

RS 1 PN

sudo apt-get install liboctomap-dev octovis

FRATT B Afalsd i AT TG S SR PR A R/ SURF LI, AR5 e ik
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[# slambook/ch13/dense RGBD/octomap mapping.cpp ( K & )

// octomap tree
octomap::0cTree tree(0.01); // A A o # %

for (int i = 0; i < 5; i++) {
cout << "AHHEEMLP: " << 1 + 1 << endl;
cv::Mat color = colorImgs[i];
cv::Mat depth = depthImgs[i];
Eigen::Isometry3d T = poses[i];

octomap: :Pointcloud cloud; // the point cloud in octomap

for (int v = 0; v < color.rows; v++)
for (int u = 0; u < color.cols; u++) {
unsigned int d = depth.ptr<unsigned short>(v)[ul; // KA
if (d == 0) continue; // H#0%& =& A N F 5
Eigen::Vector3d point;
point [2] double(d) / depthScale;
point[0] = (u - cx) * point[2] / fx;

point[1] = (v - cy) * point[2] / fy;

Eigen::Vector3d pointWorld = T * point;

/] HHEREFAGERANLE

cloud.push_back(pointWorld[0], pointWorld[1], pointWorld[2]);

/] ¥ EEHBANLHH A, R E, AT A RS
tree.1nsertP01nt010ud(cloud, octomap: :point3d(T(0, 3), T(1, 3), T(2, 3)));

RS AJURFLRE AR T RN ¥
tree.updateInnerOccupancy() ;
cout << "saving octomap ... " << endl;

tree.writeBinary("octomap.bt");

FATIEH octomap::OcTree MR TRIIE] . SEFr b, /A SURHIEIREL TiF2 M OO A
e, A SRR A, Rl E O SRR TR B TR L, A T
ANHBUEE B . B A\ SUR P&

N AR T — s 45 . B L6 PCL S = R s — 2k, FUHE s (25 (] for
B TAOTRYE RGB-D FIEAMHLALEE R, ek st A bnk A AR, SRJFHA S
WEM Rz, B/ \ XK. 25, U ESAREZ RN A RBE AR, BN
HIRBER, e R USR8\ SR ] . FRATE A B AY A7 octomap.bt SCHF, 1EZ T4
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% octovis B, FRATEPR %% 17— ALFEF, BD octovis. BAAE, WEHEITHHE SCHF,
REE B PR kE - 1

& 12-12 ‘er\ TR EE R, B TFERAERE P I ABAER, LT E
AR, fi2 1" AT DA S AR B A T e, R AT LU S BGE octovis UHRME LT, {45
HE A ﬁ&fﬁ?\ A CFERAE.

RBsra2uny

JNSCREE (0. 05K ) /\SL’fXT}LYﬂ (0. lfKéj\%JﬂF'?)

Hi12-12 AXHHEEFEAL2HETHE TSR

P A 0 A I/ SRS TR BE BR 1) 2%, i B ] LA ORI s PR A 0 R . il TR e Il 1) 2R
INREE R 16 )2, FrLUX H R 16 2RISR, 'm}tfi‘-@ﬁ\/l\ﬁ\”}mwjoosm NG
b — R, AR T B R, BN R — %, B 0.1m. AT LAF
F|, FRATREWEIR 25 thE s b 7 B LAE B AR A3

J\ SRl R — S8 n] URR A, lan, o7 LU (b Ay T 2 00 3%, LUkt
FE b AT SRR U3, BB IR AT HOE A 2 i P 5 /A SRS i PR SR IN . 12,3 45 A i
575 M PR B RS SO R /N Ry 6.9MB, T FH /SR - BT 640 6 45 SC ek /N LA S6K B, 3 i 7 b
B 1% #BAE1, o] LA RO K rY 5

12.5 * TSDF HiPE[fl Fusion %1

EAYI G, FKNINH—5 SLAM JAEE A RUE A FVFAR R RIBFTE )5 ). S0t =4 f
. ATHEY K GPU %ift, IFRIMESEH] T, FrLMER Al en s

TERT AL B, UR LA K. MR B PHE R A 0 S S0 T AR BRIAE SLAM HE 42 s
4 SO 2 A8y i ) Jt PR o 82 0 T Al A SN PR 3R, T St PRT A 1 AT A G o
PEATALBE, JCAUSCI 0 o RO R N IR PR AR SRR R s AR
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M, HiPE AR SR E RN . ENTRIEFIT AT R, AR F LR, 55 2
WAL, A L RETE SCHEWZ AT

(FUE, B B0 of A s B oEf Tk . Blan, 2 96 PR (R 0 W 2% 30 ) — R T
FRATT AR P 0 R A SR AL Y f = AT, AR TR, TS E R R 1R
[, X RPN HERR, LR —3ER A S o O S A e, X, M
SRR F RPN E S —— XS SRS R

RIS AR ETRATREE R, RKATAERERES RN, 8K, BASRITAHE R
R, 7EXFUEAET, Ml T —FLL “@E7 hEER, EOUETRERA ML, WA
EARW S = E A, T SR A A R E N EEEAR, TR EFR A GPU T
I, HEETEAER BN GPU s Z 1> GPU BT IFTINEE, @5 FH SR E A RS, 524
[, SLAM &% g, INAL T m ARG, A7) R T TR E A EIRRIE S, R
T AR WS AR EAE RO . KRS R ER AR,

H M RGB-D 15 /a8 HELLLK, FIH RGB-D EMEHEATER EEE A T M EEW LR
], Riger=f 1 Kinect Fusion!'3* | Dynamic Fusion['*% | Elastic Fusion('®) | Fusion4D!"37) | Volumn
Deform!" 2, Horr, Kinect Fusion 5% T AR E &, HUPR T/ &, JFLLM T
TERMDRR e KA, i2shid, 2GR TR ROHEENTE REen \mE— D KM T,
B TAREZ, AATREHATHeE R TAEE, B 12-13 R T —#Brmdss 5, wLE
Flix e A ARG, L aliPHE S s B E L.

FATLA 40 TSDF HulE S AFE I T4 . TSDF f& Truncated Signed Distance Function ft)4d
G, AUGEEERTASEEEE . BAH REC D CHE” MEAKREZEY, HRAERA BT
FREZ AT, FATERERFRE 0 TSDF #iE . TSDF HE%, HEAR4HE A2,

5 \XAEL, TSDF it 2 —F s =0 (e i sl s, il 12-14 Bos. &
Ve B —4EZS (], ERUN 3m x 3m x 3m AR A K, $RHE—RE A HERELX AN A R4 B £/,
AR/ NRIN R (R B . ARIAYE, TSDF b B R A fEAf e AR AR WA . A GPU 1)
AT, FRATAT EAIFAT b B MA R I TR R, AR CPU 8 JJ7 PIAF XIBAREE A 15 A
AT,

B/~ TSDF KR NAERE 1 i/ N S RO W R R T IR B . A0SR/ NI E 2% ) (R 38 T 1) BT
i, WEAR—MEME; RZ, RN FREZE, RastatiE. b TikmsE s 2R
W — 2, FFLARERE R R AR/ MG ER IR 1 F0 —1, XEELE S TEM 2 B RRE S, a2
FIriE I TSDF. AR 24% 88 SC, TSDF 4 0 B 72 R A B—rak#, i TFHUEIRZENFE,
TSDF i 75728 B E 5 i s R A B . 7E& 12-14 19 R, IRATEF— RO AR A
W BAE TSDF MUARFF 5 17 .

TSDF A “E" 5 “&E” WA, 5 SLAM Ew AL, At BAARIE X 54 B
JLPE R A AR, AR B, S 7 ) 32 S8 AT 42 2 Hif ) RGB-D E{&5 GPU () TSDF Ml
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BT AR, AT ARALALES . i e P o) SR S Anfp AR B A A AHAILAZ S, X TSDF Ml AT 508
L, TALESA RGB-D FUGIEA T— UG DU ki, LA BREEIE ] b iy e

(a) (b) (c)

(d)

B 12-13 A A wf =4 &2 6H A (a) Kinect Fusion; (b) Dynamic Fusion; (¢ ) Volumn De-
form; (d) Fusion4D; (e ) Elastic Fusion

TSDF W& A KU FAT A 2409 ICP, Ak th T GPU mJFA74k, FRATTrl LA 58 ok 7 Pl Al

TSDF I #E4T ICP 158, A MR A& Ge it BT P IRFEL AU TSR AR RS . [RIRE, i TSDF
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KA, HREIRITTURERRER, AR ORISR 2T, e — e
R T OUE B R A RS R RO, 13 RGB-D S AT, Si4bh, AR
S FpIfA T HX TSDF B T SR R A, A Al 310 2 i S  nl 5k th T3 IF
A2 A4 GPU MICHI NS, P RAEIRM T AN R IT 1, RO GER Y 1935 25 e AH OC SR -

d.=d, =d. =3 [meters] V.=V, =V.={32 64, 128, 256, 512} [voxels]
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12.6 /h&h

AU 7 B3 WL R, R R s b S RATTE BUAR S B HARBLEN E ARAL
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>

1. #ERK (12.6).

2. {EAYFA BB R AL T SO AR, VR AT LA S HEAE L B 2 f b 5 W e

3.0 fEAYRE R A H A% R E R SUSG R B, JFaSm i e e, SCRBORER
A Bk

4. UREEIEUE AN AT 7E /\ SR rh A T R A B AR R R e 2

5. W3R S% 3CHK [134], i TSDF sbEE AT B T AL S THER R, EMIRATZ a0k
114 7 o7 28 P B A ] e ] 2

6.7 WFFEH%5] — B HTR A IS I A% A 3 5 50,
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I bRt — e AT

2. PEf# SLAM BROFHESRZ Ul 2 )

3. HfEfEIE BRI AL BRI MR, LB T

APHRE B L. AT ABIATE A2, ShRBE — PR EET T . ke
RIS AP SRR, JHER— D PAFHEZR R AT AR . e R, RN 208
FIVFZ PRl R farxt PRHEAT RS AOIE RS, AT BA ML, 5%, AT iR ez
17, AT EAEE ERFAREOL, X RFS TRLINEN . ARiihe.
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13.1 M2 A TR
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HERE . AR, BESE, JrEM CanE 13-1 fros )

B13-1 AFEprsyEdpHA, BHEEERERFNHES (LEE)
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Gzbral AR . Sk n IR R — A e —8E, FRATT LATE2E WA b 5 ie & 1710 JECBE Ak
i, (BRGNP BET R e BEOE A AR . At s A B R 25k mffa) fngs
55, FRATSE i3 w B A SEBRAY ) %% ——2 8k 2+ Jf/‘sifj“ o BEAGAE (IR HESE ) HUIREE,
VRAF S EIR AP A | Siii . R A5, REmiaREE, TR AT, ettt A%t
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B BRI OCWE, BT, BRFRE, RAOEENIE 5 AER AfTRIE,

fEH b AR08

13.3 sZBg
13.3.1  SEBUEARBdaEE R

FRAVeASTIML, FFAEREARTIX =2 R FRARIELH , 85 B DL T AT struct,
JCARE S 2R R A 1T 5 B se M T RER 2 MR AR T RI A, A2 CHERR 534

e BN 2R R
Frame #5580 T -

[® slambook2/ch13/include/myslam/frame.h

struct Frame {
public:
EIGEN_MAKE_ALIGNED_OPERATOR_NEW;

typedef std::shared_ptr<Frame> Ptr;

unsigned long id_ = 0;

unsigned long keyframe_id_ = 0;
bool is_keyframe_ = false;
double time_stamp_;

SE3 pose_;

std::mutex pose_mutex_;

cv::Mat left_img_, right_img_;

//
/!
//
//
//
//
//

id of this frame
id of key frame
AT ARG

it i) A, R ARR
Tcwit X Pose
Pose 2t # 4

stereo images
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// extracted features in left image
std::vector<std::shared_ptr<Feature>> features_left_;

// corresponding features in right image, set to nullptr if no corresponding
std::vector<std::shared_ptr<Feature>> features_right_;

public: // data members
Frame() {}

Frame(long id, double time_stamp, const SE3 &pose, const Mat &left,
const Mat &right);

// set and get pose, thread safe
SE3 Pose() {
std::unique_lock<std::mutex> lck(pose_mutex_);

return pose_;

void SetPose(const SE3 &pose) {
std: :unique_lock<std::mutex> lck(pose_mutex_);

pose_ = pose;

/77 ERE R SEWUIF 4 ek sk iid
void SetKeyFrame();

/1) L MERK, 4tid
static std::shared_ptr<Frame> CreateFrame();

k;

A1 X Frame %4 id, (7%, EUR LA BEURTP AL S . b Pose 2851 e v [R5
Bifin, FTPAGE S Pose Y Set Fl Get PR%L, 7EpREUNINEE, [FRF, Frame o] LA F#48 pRE R 2,

fEFRS R ECP AT L A 3h 43 Be id.
SR )i 32 Feature 2.

(B slambook2/ch13/include/myslam/feature.h

struct Feature {

public:
EIGEN_MAKE_ALIGNED_OPERATOR_NEW;
typedef std::shared_ptr<Feature> Ptr;

std::weak_ptr<Frame> frame_; // # A i%featurediframe
cv::KeyPoint position_; // 2D#E AL F
std: :weak_ptr<MapPoint> map_point_; // X HEibE &
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bool is_outlier_ = false; /! AT AHFFE
bool is_on_left_image_ = true; // #FiRAGHRAEALNE, falseHh HH

public:
Feature() {}

Feature(std::shared_ptr<Frame> frame, comnst cv::KeyPoint &kp)
: frame_(frame), position_(kp) {}
};

351

Feature 25fe F 2095 B/ H 510 2D (i, BEAb, is outlier K54 s bR, is_on left
image J € & S EZEMAHPLE A ARG, FRATAT LUE 2 — 4 Feature Xf % 15745 A £ 1) Frame
B e xR BAR . Ak, Frame Fl MapPoint (8 32FRReA AUH M T4, o~ T E4g shared ptr )=/

RITEARS Y, X B | weak ptr.
e f MapPoint, RPPEAR 5 -

[A slambook2/ch13/include/myslam/mappoint.h

struct MapPoint {
public:
EIGEN_MAKE_ALIGNED_OPERATOR_NEW;
typedef std::shared_ptr<MapPoint> Ptr;
unsigned long id_ = 0; // ID
bool is_outlier_ = false;
Vec3 pos_ = Vec3::Zero(); // Position in world
std::mutex data_mutex_;
int observed_times_ = 0; // being observed by feature matching algo.

std::list<std::weak_ptr<Feature>> observations_;
MapPoint () {}

MapPoint (long id, Vec3 position);

Vec3 Pos() {

std::unique_lock<std::mutex> lck(data_mutex_);

return pos_;

void SetPos(const Vec3 &pos) {

Ofj i 52, Frame {545 [ Feature [ shared ptr, #§Z4 )i Feature Fi4%4 Frame (1 shared ptr,

FECERETEE L H STty

T RV 2
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std::unique_lock<std::mutex> lck(data_mutex_);
pos_ = pos;

void AddObservation(std::shared_ptr<Feature> feature) {
std::unique_lock<std::mutex> lck(data_mutex_);
observations_.push_back(feature);

observed_times_++;

void RemoveDbservation(std::shared_ptr<Feature> feat);

std::1list<std::weak_ptr<Feature>> GetObs() {
std::unique_lock<std::mutex> lck(data_mutex_);

return observations_;

// factory function
static MapPoint::Ptr CreateNewMappoint();

MapPoint i F ZHIE B TR 3D E, B pos ZF i, [AIEETFEXTE 4. © /Y observation
RO SE T H O 8L Feature W%, [KF Feature ] BE# WA outlier, L2k observation #5454
A Bl AL BB E

Zt, WAOTRETI 7 R BAE S . FEAEZE T, FRATTLEH EI 23S SEPRAFA iX 2L Frame Fl Map-
Point XI5, FrLAAETEEE L—HiE2E .

[& slambook2/ch13/include/myslam/map.h

class Map {
public:
EIGEN_MAKE_ALIGNED_OPERATOR_NEW;
typedef std::shared_ptr<Map> Ptr;
typedef std::unordered_map<unsigned long, MapPoint::Ptr> LandmarksType;
typedef std::unordered _map<unsigned long, Frame::Ptr> KeyframesType;

Map() {}

/1] 3 He— A X

void InsertKeyFrame(Frame::Ptr frame);

/17 ¥ — A3 TS

void InsertMapPoint(MapPoint::Ptr map_point);
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/1] EBFT A Ak

LandmarksType GetAllMapPoints() {
std: :unique_lock<std::mutex> lck(data_mutex_);
return landmarks_;

}

17/ BRECPR A & Gk

KeyframesType GetAllKeyFrames() {
std::unique_lock<std::mutex> lck(data_mutex_);

return keyframes_;

/1] BB E A L
LandmarksType GetActiveMapPoints() {
std: :unique_lock<std::mutex> lck(data_mutex_);

return active_landmarks_;

/1] K E KM
KeyframesType GetActiveKeyFrames() {
std::unique_lock<std::mutex> lck(data_mutex_);

return active_keyframes_;

/17 % Emap P I S F A F 6 &
void CleanMap();

private:
/1 Frmaeg kB EARERKRSE

void RemoveOldKeyframe();

std::mutex data_mutex_;
LandmarksType landmarks_; // all landmarks
LandmarksType active_landmarks_; // active landmarks

KeyframesType keyframes_; // all key-frames
KeyframesType active_keyframes_; // all key-frames
Frame::Ptr current_frame_ = nullptr;

// settings

75 /) MEG XM E

int num_active_keyframes_

P LA IE I 57 1 A A DR SEE TR RS L B B A, [ Ak A — AT £ SC B it 1 3 P
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slambook2/ch13/src/frontend.cpp

bool Frontend::AddFrame (myslam::Frame::Ptr frame) {
current_frame_ = frame;
switch (status_) {
case FrontendStatus::INITING:
StereoInit();
break;
case FrontendStatus::TRACKING_GOOD:
case FrontendStatus::TRACKING_BAD:
Track();
break;
case FrontendStatus::LOST:
Reset () ;
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break;

last_frame_ = current_frame_;

return true;

355

Track PRECLILUN T .

A slambook2/ch13/src/frontend.cpp

bool Frontend::Track() {
if (last_frame_) {

current_frame_->SetPose(relative_motion_ * last_frame_->Pose());

int num_track_last = TrackLastFrame();

tracking_inliers_ = EstimateCurrentPose();

if (tracking_inliers_ > num_features_tracking ) {
// tracking good
status_ = FrontendStatus::TRACKING_GOOD;
} else if (tracking_inliers_ > num_features_tracking bad_) {
// tracking bad
status_ = FrontendStatus::TRACKING_BAD;
} else {
// lost
status_ = FrontendStatus::LOST;

InsertKeyframe () ;

relative_motion_ = current_frame_->Pose() * last_frame_->Pose().inverse();

if (viewer_) viewer_->AddCurrentFrame(current_frame_);

return true;

=2
=
In

£ TrackLastFrame BREC, FATEFRIAH OpenCV ML AEIE Bf%

slambook2/ch13/src/frontend.cpp

int Frontend::TrackLastFrame() {
// use LK flow to estimate points in the right image
std::vector<cv::Point2f> kps_last, kps_current;

for (auto &kp : last_frame_->features_left_) {
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if (kp->map_point_.lock()) {
// use project point
auto mp = kp->map_point_.lock();
auto px =
camera_left_->world2pixel (mp->pos_, current_frame_->Pose());
kps_last.push_back(kp->position_.pt) ;
kps_current.push_back(cv::Point2f (px[0], px[1]1));
} else {
kps_last.push_back (kp—>position_.pt);
kps_current .push_back (kp->position_.pt);

std: :vector<uchar> status;

Mat error;

cv::calcOpticalFlowPyrLK(
last_frame_->left_img_, current_frame_ ->left_img_ , kps_last,
kps_current, status, error, cv::Size(21, 21), 3,
cv::TermCriteria(cv::TermCriteria: :COUNT + cv::TermCriteria::EPS, 30, 0.01),
cv::0PTFLOW_USE_INITIAL_FLOW);

int num_good_pts = 0;

for (size_t i = 0; i < status.size(); ++i) {
if (status([i]) {
cv::KeyPoint kp(kps_current([i], 7);
Feature::Ptr feature(new Feature(current_frame_, kp));
feature->map_point_ = last_frame_->features_left_[i]->map_point_;
current_frame_->features_left_.push_back(feature);

num_good_pts++;

LOG(INFO) << "Find " << num_good_pts << " in the last image.";

return num_good_pts;

SCERE , SRR HE LR R, HEA 2R REYR IR — SR/ N BR S, BB JZE A A OpenCV
3% g20 SLIAFEINRE . XHEA A THAEE P A nT S A A, LA R AL B BLAY SR AP TE RO BE

WA SR AE RE AT LA FH R — A e, FRATEBGEE A TRBELL TR (EF L —3
400 F718HS ).
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13.3.3  Jiidi

M ECR S, 5 SE BB R R L R s ARSI

[# slambook2/ch13/include/myslam/backend.h

class Backend {

public:
EIGEN_MAKE_ALIGNED_OPERATOR_NEW;
typedef std::shared_ptr<Backend> Ptr;

/1] Mg S B RILEAR A
Backend () ;

/KB AL BN, ATRFASE
void SetCameras(Camera::Ptr left, Camera::Ptr right) {
cam_left_ = left;

cam_right_ = right;

/] EHEE
void SetMap(std::shared_ptr<Map> map) { map_ = map; }

11/ RRE B B A, B
void UpdateMap();

I3V % %1
void Stop();

private:
/1] )G 5 AR
void BackendLoop();

/17 34K B Ao 3 AT & L AT AR AL
void Optimize(Map::KeyframesType& keyframes, Map::LandmarksType& landmarks);

std: :shared_ptr<Map> map_;
std::thread backend_thread_;

std: :mutex data_mutex_;

std::condition_variable map_update_;

std::atomic<bool> backend_running_;

Camera: :Ptr cam_left_ = nullptr, cam_right_ = nullptr;
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JEsRAERR ZhZJ5 . #5551 map_update FOARPFAERE, b PRI SRR M AT, At P T SO

TSGR A, AT AL :

[A slambook2/ch13/src/backend.cpp

void Backend::BackendLoop() {
while (backend_running .load()) {
std::unique_lock<std::mutex> lock(data_mutex_);

map_update_.wait (lock);

/1] )5 3HAL AL 8 7E W9 Frames #v Landmarks
Map: :KeyframesType active_kfs = map_->GetActiveKeyFrames();
Map: :LandmarksType active_landmarks = map_->GetActiveMapPoints();

Optimize(active_kfs, active_landmarks);

AL PRECIRAT ] Z A A BA 2640, H2EdEE M Frame . MapPoint X % 13k 1

slambook2/ch13/src/backend.cpp

H

i i

void Backend::Optimize(Map::KeyframesType &keyframes,
Map::LandmarksType &landmarks) {
// setup g2o
typedef g2o::BlockSolver_6_3 BlockSolverType;
typedef g2o::LinearSolverCSparse<BlockSolverType::PoseMatrixType>
LinearSolverType;
auto solver = new g2o::0OptimizationAlgorithmLevenberg(
g20: :make_unique<BlockSolverType>(
g20: :make_unique<LinearSolverType>()));
g2o0::Sparselptimizer optimizer;

optimizer.setAlgorithm(solver);

// poseTl %, 1 M Keyframe id
std: :map<unsigned long, VertexPose *> vertices;
unsigned long max_kf_id = 0;
for (auto &keyframe : keyframes) {
auto kf = keyframe.second;
VertexPose *vertex_pose = new VertexPose(); // camera vertex_pose
vertex_pose->setId(kf->keyframe_id_);
vertex_pose->setEstimate (kf->Pose());

optimizer.addVertex(vertex_pose);

if (kf->keyframe_id_ > max_kf_id) {




% 133 L. %t SLAM &%

max_kf_id = kf->keyframe_id_;

vertices.insert ({kf->keyframe_id_, vertex_posel});

/] FEARTALE, Ak R 8K ARid & A

std: :map<unsigned long, VertexXYZ *> vertices_landmarks;

// KAe £ 45 905

Mat33 K = cam_left_->K();

SE3 left_ext = cam_left_->pose();
SE3 right_ext = cam_right_->pose();

// edges
int index = 1;
double chi2 th = 5.991; // robust kermel & {iL

std: :map<EdgeProjection *, Feature::Ptr> edges_and_features;

for (auto &landmark : landmarks) {
if (landmark.second->is_outlier_) continue;
unsigned long landmark_id = landmark.second->id_;
auto observations = landmark.second->GetObs();
for (auto &obs : observations) {
if (obs.lock() == nullptr) continue;
auto feat = obs.lock();

if (feat->is_outlier_ || feat->frame_.lock() == nullptr)

auto frame = feat->frame_.lock();
EdgeProjection *edge = nullptr;
if (feat->is_on_left_image_) {

edge = new EdgeProjection(K, left_ext);
} else {

edge = new EdgeProjection(K, right_ext);

// 4o % landmarkif J& A #L Au AAR AL, W] e — ANTR A
if (vertices_landmarks.find(landmark_id) ==
vertices_landmarks.end()) {
VertexXYZ *v = new VertexXYZ;
v->setEstimate (landmark.second->Pos());
v->setId(landmark_id + max_kf_id + 1);

v->setMarginalized(true);

continue;

359
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66 vertices_landmarks.insert ({landmark_id, v});
67 optimizer.addVertex(v);

68 }

69

70 edge->setId(index);

7 edge->setVertex(0, vertices.at(frame->keyframe_id_)); // pose
7 edge->setVertex (1, vertices_landmarks.at(landmark_id)); // landmark
73 edge->setMeasurement (toVec2(feat->position_.pt));
7 edge->setInformation(Mat22::Identity());

75 auto rk = new g2o::RobustKernelHuber ();

76 rk->setDelta(chi2_th);

7 edge->setRobustKernel (rk) ;

78 edges_and_features.insert({edge, feat});

79

80 optimizer.addEdge (edge) ;

81

82 index++;

83 }

8 L

85

86 // do optimization and eliminate the outliers

87 optimizer.initializeOptimization();

88 optimizer.optimize (10);

89

90 int cnt_outlier = 0, cnt_inlier = 0;

91 int iteration = 0;

) while (iteration < 5) {

93 cnt_outlier = 0;

94 cnt_inlier = 0;

05 // determine if we want to adjust the outlier threshold
9 for (auto &ef : edges_and_features) {

97 if (ef.first->chi2() > chi2_th) {

9§ cnt_outlier++;

99 } else {

100 cnt_inlier++;

101 }

102 ¥

103 double inlier_ratio = cnt_inlier / double(cnt_inlier + cnt_outlier);
104 if (inlier_ratio > 0.5) {

105 break;

106 } else {

107 chi2_th *= 2;

108 iteration++;
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for (auto &ef : edges_and_features) {
if (ef.first->chi2() > chi2_th) {
ef.second->is_outlier_ = true;
// remove the observation
ef .second->map_point_.lock()->RemoveObservation(ef.second);
} else {

ef.second->is_outlier_= false;

LOG(INFO) << "QOutlier/Inlier in optimization: " << cnt_outlier << "/"

<< cnt_inlier;

// Set pose and lanrmark position
for (auto &v : vertices) {
keyframes.at (v.first)->SetPose(v.second->estimate());
}
for (auto &v : vertices_landmarks) {
landmarks.at(v.first)->SetPos(v.second->estimate());

Ji s AH HE AT AEA GRS E i ae, HA AR 200 47,

134 SLURROR

S5 BATRAE XA B A SEPRB 1780 . B ATRATH 2 T 2 Kitd B84 htep:
//www.cvlibs.net/datasets/kitti/eval_odometry.php. ¥ odometry ¥4 KA 22GB., T
W ISR R T EE, AL 0 Bohfl. RmiFATRFZG, 7ERCHE XM config/de-
fault.yaml IR ECHE XS R AR, FEEHEITTEVLE A dataset_dir:/media/xiang/Data/
Dataset/Kitti/dataset/sequences/00,

RIg, B17:

(B #smbr .

bin/run_kitti_stereo

BT BB At anlE 13-4 B, e ], AR AR B OGS TR, e IR LR
Bi iz s AWM
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EIATD), A VEECA ] — AR 20 e —HEnotin, (N B R ma Al T %
SRMIE ARG R, 5%

3. % ONATACHE AR ] PG IR, AU ) o) B A28 P T O A AR B SR AR R 22
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FEZBHR

1. TRz SLAM SEH 5.

2. EGTCES, AR SLAM 7 SRR A
3. ¥Rt SLAM Ak & & F 1),

A28 —~ SLAM RGP & MR TAEEM, XEFEENZHE TEMS M. H
B, B X SEEHEHESE, FRATRBLR TiFZI0FH IFIR SLAM r . A, i FEfTRH2H5E
WA 2%, b G VENPIZEF I EFRORE, FrATRA T T A SRR ML 4. MRS
I B Z RN A, AR L H A S



364 ME SLAM + M. MEREHISCER (5 2 hR)

14.1 MAinJHE &

APFREBREE, RIMEFEZEEFEENAR SLAM MBI ER TR . Fhli,
FNTE S LA LR TP IR SC B % . AF SLAM BF5E 4t b, BEWLEIFIE T B2 IRAE 5 1.
AR PN AIEEHNA R 20%, & TR 80% &SSP, [E X e o8 & M LR HR
#Esh T4 SLAM by tRE T, SR A A T EmmiE s, 31T R SLAM ZHi,
NAZXTFLA T RAIRA T, FE TR, XA SHEAE L.

AR RT TR AT S Y BT LS SLAM %R, PR T so 7 ML Bk AL . % 14-
1 5% T —2eh WA ITUR SLAM H5E, 15 T DAERRRROSHRAY 7 RIFA TR SE FISC . PR T
AT T —MAaF BN TR, RS, RAOTEET AN SLAM Al Gef &R 1], JF4
H— 2 YT B ST LR

# 14-1 % Wy FF IR SLAM 7 %

TIREM feRk2aRK Mtk
MonoSLAM mH https://github.com/hanmekim/Scenelib2
PTAM ERE| http://www.robots.ox.ac.uk/~gk/PTAM/
ORB-SLAM MHRNE http://webdiis.unizar.es/~raulmur/orbslam/
LSD-SLAM BENE http://vision.in.tum.de/research/vslam/lsdslam
SVO HH https://github.com/uzh-rpg/rpg_svo
DTAM RGB-D https://github.com/anuranbaka/0OpenDTAM
DVO RGB-D https://github.com/tum-vision/dvo_slam
DSO g https://github.com/JakobEngel/dso
VINS #7%1 HH + IMU AE | https://github.com/HKUST-Aerial-Robotics/
VINS-Mono
RTAB-MAP X H/RGB-D https://github.com/introlab/rtabmap
RGBD-SLAM-V2 RGB-D https://github.com/felixendres/rghdslam_v2
Elastic Fusion RGB-D https://github.com/mp3guy/ElasticFusion
Hector SLAM o http://wiki.ros.org/hector_slam
GMapping oG http://wiki.ros.org/gmapping
OKVIS ZH +IMU https://github.com/ethz-asl/okvis
ROVIO HH +IMU https://github.com/ethz-asl/rovio

14.1.1 MonoSLAM

BEE SLAM, fRZMFEH 5 —MER )2 A. 1. Davison A8 H SLAM T A£2 551, Davison
HPF IS SLAM AFE 45U 250K, i 7E 2007 4542 H A% MonoSLAM &4 — 4~ 52 i Y 8 H A3
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SLAM £, oA IR Z TAEN KT . MonoSLAM DAY /RS I8N M v, 18R

EH B ARFE S . T EKF 76 548 SLAM b (S48 35 I i = S b7, Fird MonoSLAM &

SLAE EKF BEARZ 1, DIARBLA S SRR RUTAT b RS L, ORI (EAP 7 220
 14-1 7 /& MonoSLAM TEiz TS EIE . WTLAEE], B HANLAE — W ES S aa g T e

{I1BESS LL— M ER IE X ERB B B E A EE . fEZ B B4R, FeTaT DAk 3] —seiE s
[ b A2 )/ NER . BATTHEREA D7 ) b BB, B W2y Tl A 67 B AR E . FR AT LARRAR
IR AR A S, RAINOZAER )8 N — R AIMER (AL Z Jria) EARR ATE ) 2
/NIRRT

(a) (b)

B 14-1 MonoSLAM Hy3ZATRt 4 . (a) WBEEAE R ABG P HNELT; (b) FFEAE =4 FH
mE LT (LEHE)

X RS AE A KT (B SRAFEAEVF 2o Wi, {HAE 4R E 202 AR TAE T, PROMTEIGZ AT
P SLAM RGIEANGEELZTT, HAERENLAE A AHNUR R R, 5 edbiltfrEfi 5
E L TFRAUEREREEE , DL R SR ERRER, hndE— R A S —1 SLAM RS REIE 1
AHizty. MWIRHIMER, MonoSLAM fATEIE WA 5 AR A, IPRECRA PR, FBiRHE &
WA ZRNNN, SEfrahogE ik, Bum e st sis Mgt TR, N
A B AT TR AT N A B4 B N B A

14.1.2 PTAM

2007 4F, Klein 25 A4 T PTAM ( Parallel Tracking and Mapping ) ¢!, Xt /255 SLAM
KGR EZER. PTAM B9 & B85 UAETLU R,

@i 2l B0 TAERYAESE . (bR AESCH THF SLAM /MK | IRZ)F4E
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1. PTAM $2H9f 9080 1 eSS B B A b, FRATPIIEC ARG, BREEI 5 S50t
i 157 PRGBS , T Xk s PR E A £ U P BE S e M Y S s AR T AR S S 1818 6T, 1
WAL A TR AR BRI AT X ALGE SLAM HR ik X a3t a2, 51400 T )5 e
LW SLAM ARG (FRITTEAER 21/ SLAM 22453 5 )i % ).

2. PTAM 25—l AL L, WA R G Z s R E N ami . E9lAT
MBI . FRATAORG A A PR A — i R, At LA R R ke o, RIS 101
HCm AP . A SLAM K EUd ] EKF JEH S sl HAS Ry, LUK eI a8 % 1E
PTAM ZJi, 5 SLAM W78 #iE ) 1 VAR E S0 55 . T2 Afi 1A
RS S i LA RO RR B , e LASEAS D0 i TG 725 55 B A FRUIRAE KBS 854l . 107 PTAM
W) S — A~ LY Y 2 3]

PTAM [R]f & — ISR B SC AR, s TEREZA AR RO (i 14-2 Frs ). #idde
PTAM flii BOAIHLEZ 3, FRATAT AZE—AN HEBLAG S 0 e i i, Aok (% 7e 1
TRy Seh—FE.

K 14-2 PTAM By a4 M. CEET LLAR Bt mb el e I, ¥ DLAE B L& m 8 34
&

PTAM B F LSS AR ) SLAM TAEZ—. SVEZ R TAEML, fAAe W S S .
Y, BEERSER, FH. X LAERSEN T EPHLMEILE.
14.1.3 ORB-SLAM

NETHR ERJLR T EZ )G, RAITEF —BHR{LH SLAM £5%:. ORB-SLAM J& PTAM
W& F AR A 4 00— 088 (N 14-3 R ). EERHT 2015 45, 2REL SLAM R8P ds Ik
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ot AEF SRS Z —. ORB-SLAM & LR ML SLAM )— i, T2
A TAE, ORB-SLAM HALITF JLAM WAL

(a)

TRACKING

im Pose Estimation
from last frame or

Map Initialization

PLACE
RECOGNITION

ONIdd Vil T¥D01

LOOP CLOSING
(c)

B 14-3 ORB-SLAM iz1T# M. (a) HEER 5B EFIMEIEL, (b) AN 5 24 6 4T
EHE, (c¢) AEFEAUN =L BEN

. 3458 . AWH . RGB-D =Rl (B3 TCIETRATER] 1 WhFh A WAL EER, #RnT LA
JEiE] ORB-SLAM _Eillik, & HA Rz k.

2. AN RYGiHSE ORB FRAFIEF F1H55, AUFE s AR5 M EA RN Y ORB i, BB
ORB $H1E I BEH 3 F 65 00— AP 55 R SR B 2 a4 b /720, ORB AM& SIFT
o, SURF ARFESRI, 76 CPU I i RP AT SEm43; AH L Harris £ 60 55 ) B A RURAIE, LA
A R IR BER MAa AR YE . JF H, ORB $RUHME T, EFA17E RNz shint it k17
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(e B I A L SE A
3. ORB My [EIFMGIE T AYSE R LT B IR ARGIE T ORB-SLAM A7 %80 By (1 A

", HHAEERZ GRS ], FZHA 1) SLAM REAEX — 5 LA BT
i, EiE1T2Z AT ORB-SLAM WA NZ%— R KA ORB 4L S04,

4. ORB-SLAM =i fH 1 = 2R 58 i SLAM : SERT BRERFFAE £ () Tracking ZF2, J5)
i BA IIEILEEFE ( Co-visibility Graph, {BFR/NE ), LA 4 S 2 i [ Ak S5 4k
£ ( Essential Graph {3FRAE ). Hrd, Tracking £& #2115 X A5 I e 11 R {R HEHL ORB
FEAE S5, JF S50 B B T oA, THRARRIE s A 7 B AR A T H ARG 2. /N2
FERfR—~ BA [, E A5G R0 2 0] PN BO4FIE S S ML . XARAR T TOR RS
YU AL S SHEIE s s L . (A RTPINEREE, HEERSERR T — 1~ HR e hr i i be B
il 8=, bR REERE, x4 R RS CEWEf T RIS, Bk B

R, MTRRME P SRS, LG DR A AR L, i A AL
(L 2 2H LA ]

4k PTAM (R AR FELEA 2 )i, ORB-SLAM [ = £R FE 45 M LA T A5 Gy i BR S A At Pl 4
B, SRR S P 4 SR — Btk . X R = R AR Bl S 2R I AR AR
.
5. ORB-SLAM [HEZAFES AT 7 AL, BN, 7E OpenCV HUFFIEHEEUEERL I {RIIE 1
FEAE S5 00 A0, FEARAR w7 —FMIESAE AL 4 35 LIS 2131 2 IE#f DL RC) ik,
It PTAM B SEAA A SCHEWTIRIOR N , 2555, XS4/ NS5 ORB-SLAM HAT I
AL R @t BMEER MG R, ShRERNSEZERNTBL T . ORB-SLAM
ABREAE NI e T AF
R HE TS ORB-SLAM TE4SAE &5, SLAM Hk 2 g, F 2058 T/E#RLL ORB-SLAM 1§
WbRAE, SCETET IR LI TR ST & BRI LATE W 5 SRR, A& CENER, ATt
J& SHe IIF 9 3 2 — 2L 3
5K, ORB-SLAM tHAFfE—S0R 24, 1%, BT84 SLAM RGHCK HAFE STt
B, AT FE R AR TR —iE ORB 4F1E, X EAEHFERTY. ORB-SLAM iy —Zkfe2bHth
45 CPU ik TR, 75 & RA M YA NI A CPU A fESin iz, BHEHRA
A& EAE—@ WxE. HK, ORB-SLAM MYA I ARHAFAE S, BT A FF % A E
M P e FRE A ERE (ARSI E A RME ). ARIEFR A T B/ 0 0T, FRBRFE A
o SR R IR TR E AL TR, MR AT R . s E FIEZ IR, SR, WRIRATY
F| ORB-SLAM AbFHE (i [al i, RIF Xt FHEER 7. ML T, D2y RERHt rEy
R ESL, HIRATRES RN A FEES 24T SLAM, si#F ik CPU A 43 A A 3 55 .

OHRIT IR ORB-SLAM {#iJ] 1 3CAAR AL, ol — ki i X 2 J ol LU A
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14.1.4 LSD-SLAM

LSD-SLAM ( Large Scale Direct monocular SLAM ) J& J. Engel %6 AT 2014 4E#2 Y SLAM
TAES® 51, 2T ORB-SLAM Z T4 4, LSD-SLAM brai# B H HH80:7E SLAM th g sh
. LSD-SLAM [HAZ.Cr DR 2N AR AR TR & H SLAM . BEAMUAT ST

FHIEAL, b BEA A HA 4 Y 3t P —— X R 0 B R R A A M e ] AR RO B
FEYEIT

1. LSD-SLAM I FLFeE R E MR R HITH . VEEA QI W HbPE b TR EE S HEEN LR,
LB ARG BE SR T R (R 2 S P A AR BE G R o IXSEEAR B AYEE 8 JFAEE 13 Uiy
Aitie, A, LSD-SLAM JE7E . H EMRUE T A0 0 BRER S0t PEE L A5 i) fo1)
Bk,
2. LSD-SLAM 7 CPU 50l /%7 s M &, SXAEZ R b 2R W, T
FEAE B3 04 2 BB SR B, i E TS R R K2 Ll H RGB-D 1584, sk {f
H GPU # g €13, TUM MRS L 24 0 AR A |, S50 1 i
fif CPU b YSERTFH4% SLAM.,
3. ZHEMHEE, LSD-SLAM B EH8% 8 Brfl F T —2ep i i) F BOk RIEB ER 1Y SE B S5 52
sEME. BN, LSD-SLAM BEASEFIHEPAAGER, WARFIHESR, MRl LR
B S ANk, BRI SSD; FEREEAN T, LSD-SLAM 1 5 FHBENLERI R ILIREE , TR
T JE AR EESAE I 1k, DA RUEE ; FERE R BEAN e tERT, AMUEIE T =Mk
WL ER, M TR SRR A, TS — A A e M s = ]
M2l 1 AR LA A 5 22 X R 2R R ¢ € sim(3) ik il ¥, Tl
e m] P AR R R % 1B ke, W T RESRES LS
Fl 14-4 /R T LSD-SLAM WA TIE0L . FRATAT LANEEEX Pl falcied i) > B 2% 1t ]2 (B A — b A
T ] 0 4 s ] (Rl e e PR AR 1O P A B S A B R Ay, SR A M R
e ARK RS MR I i 2 sl e 1 A SO R 4> . LSD-SLAM X EA T 7 RIS IF el 3r X
B, FE AR BLXFERY A, AR LU s B B AT 2 n 58, [0 SO % b B IR
WA SEEN R (—BoA B JCHAUH CPU SEEiszmt e ),

i LSD-SLAM fi i 1 kit 7 BRES , ATLA TR BP0 ( XHRRIR SR X SsAS
JE), MR T HAEEMELS . B0, LSD-SLAM SARHLAN S MG R UK, JF ELAEARHL b
BRI ESELR . A, ERPAGE Sy, BT R ST B S oA A =, K
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A 14-4 LSD-SLAM #5471 4 ﬁ%ﬁ%ﬂ%%ﬂ@;w)v & P BB 2, H
ﬂﬁ?%m%%ﬁﬁm%% i)

(b)

14.1.5 SVO

SVO J& Semi-direct Visual Odoemtry )45 5168 & J& i1 Forster 25 AT 2014 4542 H (19 —Fh 3k
TR B e AR . HAEF FRIERGZM 2 4" o, SRR IRAB RO B EHESE , R
N W R AR A2 FEEEERSOP RIERHIE S S IR A . SVO REE T
— R (M, WA T ), SRR IR, Ao SCEE & 8 B £ BT HAILE
ST E (ANE 14-4 Fizs ). TESCHH, SVO {li ] 1 Gk S R Y 4 x 4 B9/NHREf R ITRL
flitHAHL A S iz 3h

FALETHAL A2, SVO W R RSB, i T AR i 00 B3, BEMA TR ) &
A, WASGHEBERERSNGEER, Hik, BEMEAEMmTTEFA L gk e,
FETHREHL 0T LGAEIEERY 100 2038, 7652509 SVO 2.0 v, B k3 1t A aERb
400 it X{HE4G SVO dEH i H IR F G 2Z R G, Flunde APL. FHF AR/VR 54 € 7
T AN ZAEE I & SVO 1 H A HE &
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K 14-5 SVORExEENELE (LEHE)

SVO 95— RIF 2z A2 8R T IREEIE M AR S, JFES T RET S - @R A
URPBEUEEAS - XAEAATISE 13 YRA M, (Hih TIREECN E 2, FA A TEAIMERE. SVO HX
FhOg IS T G s A B Al T, IR TR IS BULIE, (2 AR S Lr R AIE A

(A

TFIERRI) SVO U M 5 38, +oridi & i & VE NS —4 SLAM SElittrortr. Ak, JFE
i SVO A7 7 —2 a1 .

1.

T B FR 6 0 AL ARRL, AR 1y ) Wik - 2w, i EAHMLAY 2 3h
FEIKEE T3, Bl SVO BiF 2401 R Egax M T, XS EETF
AP RMAE, Fltn, svo e HutRieet, (T 08 H HEEmA RSN F
s B o, XS BRAE S T b BT AL O A, X
MAHDLE & 2 AL, TR REWIGR LA, FEan, SVO Mk RERt, @ TF
FE A R0 i B OB T SR, TR IR R . X RIREE C AN IEC 2 A
R, (BEFAHPLRMAES EK . LA, & A e F e H Svo, T
WAL E M.

SVO el K BE s A iy RS, & 57 1 e s AL AR AR 4, L 3eAR I @K 1)
HE. X BRI SVO MIN BT H R e AR 2%, M H ERGEAKRES T EEN ([
F VAT A FHOR IR ). BrLA, FRATRRE A — st BT, AR 5E# M SLAM,

14.1.6 RTAB-MAP

W 7L H SLAM F &G, FRNTHHKFH —L RGB-D 484 FiY SLAM %, L TH
HFHXH, RGB-D SLAM iy JF IS i R £ (U SEH A—E ), 1l ELRERSAE CPU |3t gt
7 A b
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L2y NE

372
) (191 £ RGB-D SLAM it

RTAB-MAP ( Real Time Appearance-Based Mapping )
NS, BT RGB-D SLAM A IVIZA IR0 . BETRHMEA A RS . S5 Fin 48y [nl
I £"rl;*ém

A AL ZE R UL, VAR S = F = kg b . B, RTAB-MAP 4Gt T -
T1E LT L EAEM ROS ks H —dt il #2 1y

B2 I =
({HA LK MY ) RGB-D SLAM /7% . HAl

HHA =
4b, 1E Google Project Tango bt a] LLFKICH: App ( 4nf&l 14-6 7R )

(RBH#)

H $ S i {2
. FirlA

i 14-6 RTAB-MAP 7% Google Project Tango _ #93% 47 # 7

RTAB-MAP ¥ 54t i) RGB-D A1 H % /8#% , 1% Kinect . Xtion 55,
MR IhRE . At th TR S, [ Al & & 70T AR T — IO A 2815 AR ME
RTAB-MAP Hi&EA1E R SLAM N H i dE0F ¢ i F

14.1.7 HAib

Br 1 iX e IFE 7 %, i # ik fiEfEopenslam. org
DVO-SLAM!!40  RGBD-SLAM-V2U71  DSOM | ) ) —#t Kinect Fusion AH X T4,
WD BAE AT A, BR Fﬁmmm)_f“ Hu_

AL, THE, BOLHAIITIR SLAM {5 it

Z M Mk AR B 2 AL gE L (o,
ok ]

A

—NEBT .
14.2  AENY SLAM ifi
KiHE AR R IO, Ktk L, SLAM KA % B
i Ak LS/ N 5 - BT

Fil TEARI S, FM1fkiE
PEMIRIE: —FEilE g ANk i &, il SLAM fEGS 7 i
Z1T, RIEZIELLVENIKZIRERIN . Y35, Kaanah, IR EIEH 2 5CMALEs A .

AN—ESE e 1

O AT —#P R H A AR
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AR/VR B ISIRE, Blanizsh, AL, 2% . 5%, i SLAM 20y EZEN AHRAE A B #—A
Fftiit. RSN AT, BATAFE SLAM S HFrATHRSHR, FrlAXT SLAM 8/NRAE Fie &
HAAEFERIATR . R MRS, SHERN =R GRIREIRE. EX
SR I, SR B ARSI E RS, T TR IR S R E B 2 KRR . H
TR LAFIH GPU, XANT7 [l FITREE = I A L & i

14.2.1 a8 + W50 SLAM

B, WOTER—ERBIYHET RO Wk — BHEMAE SLAM &, SLRML
AL, R EWLr, EEAAS R —FEREY, TEREMERSFNRE . FARD
W A B “Kaff 50 RIEE” ( Big Clean Problem ), 4N BN R1% L ZBUALHE SLAM,
(=Y A RH AT B E L B e N SE Y, AR AT — S e B R A i . e
SN, CBAE S SRR 2H1T SLAM B T — e,

IMU RS AL AR A A B M Sl B AR B, A SARMLE A B I B A B AME, 1
HWA W RETERL & Z R8BI 583 M SLAM R4t U4, MA-AX Avile?

1. IMU B8R 0] A4S A 8 RNk B, {H X b AR A7 A B (B A9 TEER% ( Drift ), A5 AR
1SRN WA EHIRAE R ATSE . Fln, FRATE IMU ER EAS), HERMBEEF SRR
g NT B, B2, X TRiEINeREEsn, IMU GRS t— S af /Y
flitt. X IEREMNLAYSS A
MEa ey, CEFRII) APl PSS, 5038 P [ E & X O D LR T
T ATRIEDCEL, FrRAgidlse SLAM A% F Mt rEsh, A 1 IMU, BIE7EARHL
Bl CR AR B e P, FRAT I R R — B A Al h, IXORSEE SLAM Tk
Y.

2. T IMU, HPEIREARAS LA TR, RV R E e A S, Ba (FEHEY
FF ) MUSE SLAM B Akt B E A S . BTLA, AEPLEE T LA o Ah i1 & 1E
IMU (£8P ISR, (S TEI8 Rz 2 5 B Bl HRR A 2L

3. MEGR A AR, AR EIRA TR FE RARYL A & Tissh, RN RHEET
R4k, LS HE SLAM MELIAbIRZN S ARG . 1 IMU REfRFIEZ 2] A C iz F ..,
MEERN R _E s AR 52

BiiFEzZ, HITER IMU hdstz shigth micarifgoe s, ML aeE1g sz s T i
e IMU Y 5288 (] TEXAPRET, B =AM,

WK A RIS L, VIO ( Visual Inertial Odometry, fSEIE I AR ) #PRAIYE
Zefr) ., HAR etk EEORUE T IMU I 6 sk B 0 AR S B X A B 358, T LIRS AT A 3)
iR, HAL, VIO REZRC L ER AP K. WG (Loosely Coupled ) Fl'ZE#i& ( Tightly
Coupled ) U921 FAKRA 48 IMU FUAHAL 64T B B iz shfiliit, SRJa REHAL AL 45 AT
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ffy. BEREAJEIRIE IMU BPRAE SHPLFPRES G —R, LR NS s f Ao i, &
Ja TR S T ——X TR 2Z AT B PSR AL FRATTAT LA, SR FES ks 20 Ry
BT IR AL TIALM A I, FEURI T, fL 5y EKFUS) DL ek itk MSCKF ( Multi-State
Constraint KF ) U441 ZREAS 17— 2 (SR, BP9 &4 EKF Wik T riA e (BIEanFEMPE) );
AL T A AR Y 8080 1461 (A5 — A2, S ESOE SLAM FIRfb kgt dy 1 i,
{H7E VIO 1, IMU BYEHRSRAER &, XPIRESHTIET 200 R et ook, Ntk Hagist 1
IEH SRR B0 1981 th T TR 4%, BRI, X Bk H A K A 25X Al T

VIO A#ik SLAM H/NEAL SARAIL BRI T — AN dER A2 (ks 14-7 e fit |
VIO HHPLEEF ). T HE5 AR B, FRATABEMumAEE FIBAS R 47 SLAM s LR T
FOR, EAER AR

VI-Sensor DUO 3D

B 14-7 MR £ e AL 46 £ &R IMU X &

14.2.2 &Y SLAM

SLAM 55—~ K7 [ 2 FITRBE E S B EE 0 BIHRT 1k, SLAM Y75 SARAE TAFAE A3
ERERZH, M T X LERHIE AR R Bk A THEL, FAT—JRTAL. X R

Hi) SLAM SIRATAKAIMIE AL 2L, ZFRMTH CMORBE ABIRES, WA LRI
TG A B2 s 7] . FATE R — K, e A IRFIW e IAgiE, RRRTE

e G iz shifE AP LA F2 31
BAZHT, W HE B R S 84543 SLAM ., i 14-8 Fras. fln, 2% ik
[149-152] gk e AR 5] 5 58 SLAM 4548k, W mbrsnE . Bab, %G

B BA s Ainft) B bR e BURMZATHUh , JRATR AGS SARE £ 100 B S hr 2 (5 Sk UAE!).
X T AR AT LAFRAiE L SLAM. ZR8kiit, SLAM RIEE SRS & s 22 A A J5 i)

1. i A B SLAM. ALGER9YIIAE . 7RISk E R %18 — 06 IE . i7E SLAM Ik 141
A—EBIIRHIL. WRIEA Gz shid B b ay B AR o IAbRss , RER B — 1l A
PRI . S350, RS BT IR . BA DL R B 20 A F



% 14 SLAM: MESFE 375

2. SLAM #Bhili S A IR oy B AR TS SR B N 2Rt . Bk 2R g il A MY
%W.%ﬂM%WW%*%%%W%ﬁm.%MﬁﬁAme.wﬁ$HHM$Am¢.
t TN AT LAk ALY 2 3 ﬂuﬁﬂ&ﬂﬁ%%#%%*%hﬁ VS E- NN
PRAE B NAS . WA F 24 B AR e o i AR R AR , WU REAEAR KRR L n sk ﬁf
A 2t Fi

yboard §chairfiack | datlaBeumie - -

(a) (b)

M 14-8 & X SLAM #y— 4%, (a) v (b) 25K B Uk [152, 154] ( L#4E)

TERIE AT Z W2 . FROTHGeRH ZRem bl . RV 1550 T Bt ikl
SeUEAT AT FIRIEN ol E R LI B 5 5 PE A RE AR AT A 120 158 e R T
l*”‘”-””’” X T HA B R IERR AP AEBR], BTLIBCRIETEAS IS B

ST AR FATTTF AR el T IR 2%, ok v e o PR ZEA TR0 5310 AN A1 o3 L8163 55 Sy by it o
BT CHEPE ST 1 S hp (iU FRATIEA 2, Bl AT s o 2 45 ) 51 A SLAM
AN RN 780 efr, B A SLAM AR B (907 23 11 b ] ERAG ) efa (117, 165, 1661 i3 R 33 4y 2 I i
A N ETL, (0K SLAM S5IRE: 85 G R BEIR , i it— AR AT A0S 7 1)

14.2.3 SLAM [ A4

Brub =z oh, e T EmFFAE R SLAMUCTIO) - 32535 50 F ) SLAMUT7OI2 L ZHLEE ARy

SLAMIB2.173,174] = et | chU)LXhJ%@ﬂ‘ JIRH . IR E SR [9] WS, L9 SLAM
2ot 7oA KRR e s, AR e RN EH AT EAL TR AN, X
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