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Formal Verification of Robot Forward Kinematics Based on DH Calibration

XIE Guo-Jun', YANG Huan-Huan’, SHI Zheng-Pu', CHEN Gang'

'(College of Computer Science and Technology, Nanjing University of Aeronautics and Astronautics, Nanjing 211106, China)
*(College of Computer Science and Technology, National University of Defense Technology, Changsha 410073, China)

Abstract: The DH coordinate system plays a vital role in analyzing robot kinematics. In the robot control system built upon the DH
coordinate system, the robot structure complexity poses challenges to developing a secure control system. Depending solely on manual
methods can introduce system vulnerabilities and security hazards, thereby endangering the overall safety of the robot. The formal method
becomes a promising direction to design, develop, and verify hardware and software systems by deductive reasoning and code extraction.
Based on this, this study designs a formal verification framework for robot forward kinematics based on the DH calibration, during which
the robot kinematics theory is rigorously proven and the correctness of the control algorithm in Coq is verified to ensure the motion safety
of the robot. First, it formally models the DH coordinate system, defines the transformation matrix among adjacent coordinate systems, and
verifies the equivalence of this transformation matrix with the composite helical motion. Then, the forward kinematics of the robotic arm
is formally defined, with its motion detachability verified. Subsequently, this study formally models the common connecting rod structures
and robots in industrial robots and verifies their forward kinematics. Finally, the code extraction from Coq to OCaml is implemented, and
the extracted code is analyzed and verified.

Key words: robot kinematics; formal verification; DH coordinate system; automatic code generation
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AR, MLEs AT LR A BT S8 SRS AN HLas ALV AWK, L Nz sh
AR H 88 51N S, MHLES NBEAT IR, AN 22T A& SBURAN U A, 45 AT R A dn ™ |
[R5 %, 1M HL 25 AT IR ALES NSRS AE. BRI I (RERAL 25 NS B 1 22 A VE RO IR T i B U WLEE A
R G 5 N 2 B B, i T RGNS S B R AR 550K, AR TR
i BRI AT 51 362 22 A R AR, S0 WL N B 22 Ao B 17 TR AE AR BB . i T B2 R AN B T AL B AR ]
RGBS AR T8 T B P TR A B AR B TR BB b IR IR AN 22 AR R, LA N B Bl e A
RSB R R R T7 58 SR AT AL BT USE RS B 3t Fi A L &8 N 1I2 304708, JF Fo VAL Bt B BodbAT AN 46
UE ), BRI 2R T HLES NI B 1 22 42 XK.

WLAE NSBB8 S U A E R B vh R, 8 OCTE RS NS BRI LT B b, a8 A B Ay W, bhsiz
DI HLES N RS ASCrh, HLEE A Jy— A 1 22 AT AN ST B A NI A, BLEE AN RO BES RT3 H 2
HARR B, FRONWIRAAAR 2 B(B, By ... B,) . HLas NPTACI ST AR RBFRN R R G . ARARAZHAE LA N B3
SR, 8 SRS B2 1 7 TR S B . L8 s shiz il &R G iR sUAL S8 IE BBl SR AR R AR O — [ @R T, B
FE B T AR UEAL 55 A AE A 885 2 IR HOR 2 R L 28 A2 ] () 22 G PR ARG 2 1

TR AR S TR 1 T AL B AR A DRI L 3% A2 02 BTV 0 2 A MRS 1 58 o™ s T 5 £ 77 1,
AN g 3" A 8 1R R I8 s 2 ANl e 2 22 55 2 AN J7 T, B SCE RO HLEE A IE [3a 2 22 34T e
IE. AR A RAEAEZE AN 1 s, BRI, R MR s R 3R AL 2 b, A SO BLES N T8l J e 247 % X
g 3, FERHLER NIB 3 157 R M #EAT T A R 5 5800, 2 )5, X DH A bR R EEAT TR AL RE S, IR AT M
I (FRATAERR R) Fetie 5 B IR HEIE ) I O PEREAT HAAIE I X e e RPN (RIR LA RLRI|IR HL&S
N B RPUT45) RIS HEAT I S E S, FRURTIE 18 W R e B BRI [ 18 3l 27 8 3 B e il as AN F2ii] R 4E
R SEBEAT A . 7 EE R, Coq ALl HNE] OCaml AU FE /238 HHEAT Y, IXERELE Coq 12—
A b R ORI OCaml ARFG IR, e At B i 50t [ B g i B o ok 170 3 I B P AR 3576 T B 0
FRACKD A0 e BEPE AT — . 2 E b ok AR I P B0 R 5T, M LA < 1 3 R il DX 2 4 Bl R B, ATV B T
AR AR O R I 7 B B S IS BE R v TR Coq AL OCaml 4 (5 1 A8, R B A A Bl 7 A AR
) A A R AT S

RIIR HL#s N

(RLMWM%A) ( L

HERF LR

W RSN
RS

TSR

HFEIE Al

K1 HLEs NIE Iz sl U HEZL &

WAEBLE 7 HCA TR, FR, SEELT HLds Nig 32 i 55 R AR R I U4k 52 S, IR 58 T 56T DH A g 1 A4 F &
a0 E 3L PRI, S8R T 2T DH ARBR R B IEAT S5 B0 S, FHISAIE T 3EAT P AL bR R FE R B 5 B Sigieia
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ISR, B, 0w WLAS KL as A AR AR AL SR EAT € SCS IRAIE, SEBUAR SR SEARAD il .

ASCH 1A AEPLE NG AR ST B AR FLBUR. 55 2 35 A SORT s A RE At i, G435 R R 30 A A
PLEE NigZh2. 55 3 15044 DH brsg KB Mk, 5 4 A ANLE N IE RIS 3 B A E S, I 58 U SR BRI 1 46
WE. 28 5 T/ AARAD AL, I lHUS (K OCaml ARFSHEATEEE /0 #. 28 6 19 45423,

1 #HxXIE

TENLES NG, TEARAMEBARYE T Z B T ANIME. WSS A RS RS0 I, PLas AFERERIRUE . Ol
Al BEME A, AT EIANA.

FENHLEMEASS, Vicentini 25 N VR i 732 48 6T 253047 07 SNHEAT IR, 3R T S0 30AIE BAR G R A 4
(B HEAT B 3R 2R 5 IR DU R WL R ILAE IE f& R 5 100, AT A DR AE N 5 BILAS N 2 B PR 5 22 4= [ L [R) A = ).
Isobe 25 A\ Ut Ui Skl 28 N ZEAT B 72, 1 A B AUAG 25 T B FDR XA BRARZSHLIEIT T 204k BB 5 00 A0E, M T iE
B T R T IEAE SR M ENL 28 N AT SRR 2. Lesting 25 AN UM T — AN TR, IIEMHELRE, 1T
FERFIGATTEAHE M AAT AT, 5 A E TS ILER NS, A SR (R4 T 55 5 iR i 7 Pl e
HEARAIE. Askarpour 28 N UV — AN 5 1T AR BRI SN AR 1 2 R E AT 0, FE 0T IMENLEE AR
R 22 A, 422 4 TR M Re 0% £ B v 72 vh 25 AR Il T RE I BT IR AT A, AR LT R N SRRINLES N FE 3L
[ TAE S 2% AR e VSR T nl S IPAS.

TENLER N RGO R 515 FATUR, Praveen 258 N Vet o3 A 0 T8 AMLZE 38T 2 S 0z 3 1) A, S8t 7 —ANE T o
52 8 ST AR AL IRAIE (O AE 2R, 05 AT 2R Ak 36IE 2 Ge i 9 21007 2L 19 JF 4% J4 391, Martin-Martin 25 A ")
FHAS [F) B AT $AT Y6 E 5 % Ros 1 Navigation Stack ZEH#E4T & X, SR Z - MR AR IGUE T HVE S5 RIE R G2
1) B AN, 35T SR IRATE T LRI B 45 T 2. Dal Zilio 28 A Ui e (B 3028 L e A B2 i T8 04k A B
SEPLT SRR I MR A ANE AT I IR UETh RE, RERS TR AL . Ak R SRRV S, TR TR B L A g B AR LR
S 10 JEAT T A IO BOAIE. Bohrer 25 A R T — BT 8 5 4 A 10 4 T AL B0 AIE 2 42 9, S ELAT 23 ZE RN
HEE ) Dubins FY i TETAL 8% AR 25 A7 51 PR BE R (140 2115 (1) 22 A M A0 MR IE. Foughali 28 A U4 H—Fhig %
Ja R, A ZhaAS LA R BE SR I 18] B SR BB AT e, 7 [F]— R AU M AE 228 4 PR AR AL kA7 Bk, Sk
P HLA NAESEiF 2R R AT N I RALSGAE, I 5281 T MHLEE AKESLE] UPPAAL M) H 344k, Paul 5 N7t T
BT AMBAE KIS AT PEATAEZE, F T A AR RGN AR A, SCRE 43 A ORI o 20 25 B2 (9 7 52 M AN
e 8 AT IR AE, ARG PT ISR e TR AR Y L T SUAIE B 2 RN B B S0 (1138 47 B 38 40 792

FEAL S N SEREER 18 30 AT, Xie 5 A UM I Coq XHALAS A WIARIE Bl 1) A b 48 il R 4T 70 AR BRAIE, 7
TREG BT I IR I, HARAE T — /M@ LS NI T AEZE, B B THLEE A& R A1 TE RS E. Lopez
2 N UL AL 3 N R G b A S M AL R B2 10 5725 58 L 19 A, A8 Petri W XHT 25 2 R RS EAT IR, 18 Petri b
1015 S AT &R 1E S (task description language, TDL) F 3 F Petri W, ff 1k T [F] Petri W TR 2 i) B A L #4E
(Y136 . Sangnier 5 A PO FT T BEAA AL SN AS A LE B80S 18] Fh PRS0 IE 1 B, 528 A )20 17 R IR SRV 1) S
AR e A ) R AL X Presburger $EAR 2 2 M40 %45 F SMT SR 7 2833847 #1%2 . Evangelidis 25 A\ P'x}
Kalman JEJ 3% K20 RE AT ™ 4% 1) 58 S0 AT, E57 T 38 P T4 1t 0 BT (B BE AL R S0 Kalman JEJ% AR 30 TEAESE, 3T
FERIBGAIE T 16 2 DA F ISR Z SRR 4 > Kalman 83 4 520 [ FT 47 4 AIERR 1. Abd Alrahman 25 A #2)
PEH T — TR 20 b @ AN B ) TT B A 2 W RR AR R AR 5, TERIE A vk, B R A DAAS [R) A =04 T
fEFFELE, DLSE RO R AE S5 2 Rek T DABhAS [RID . A4t . AT R E I B s s 0, ¥ 17 46tk
i 251848 (linear temporal logic, LTL) Z6-ilE 8 BE 1A 2 [A] (¥ 58 B = B FI@AS M8, FEXE X P (0PI 35 A2 1t FAR A Ao
A A4 MEHEAT T T A, Rashid 25 N PR T — R0 4 P v B 32 4 52 BEAIE W 4 A2 W B R 4i#E4T Laplace F1 Fourier
AW TTIER, WAREE S AE R4 (cyber-physical system, CPS) HIHZELE B AT A A 4t e vHERF 14, DA T S0 0t
B RGBT, ML R G AR T B M s . Wang 25\ PUE . G T B AF R T —Ff
FET IR IR W V5, U T 4550 DH S 805 1A AR 1538 8)) 2 a5 3 AR SR A A 10 3 S v i), FRAIE T AL N RSt
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)2 A1t

E Tl B AT, Murray 25 A P18 7 — o 25 ELIE FH A0 0 [0 B0 SEAE 42, 388 A A R R A 2 2 T )P 5
$F, ST ABB TMEBHEHLAF A H 1 B L3R I R (high-voltage electrostatic control system, HVC) [TE 1k
35, Mkaouar 45 AP0 Szis 2 45 (9 AL AIE 5 428K 23 M A3 1115 5 (architecture analysis and design language,
AADL) BRI RIRFEA S &, J8Id 8 LNT 18 5 % 20T A8 3047 % UG, 4R 4L e %80 A 3h ik T A5,
SLPLT RS R G F IR S S R 2 A 2 S E K 0BG E. Sakata 25 A PR — R0 T
ML £ 4t (industrial control system, ICS) #45 & H 431 7715, FIFH UPPAAL Fl € B T S 2% (timed computation
tree logic, TCTL) X #% il & G b AT T ANAGIRAIE, fff (R 7E P9 25 Tk T, B2 25 B0 A 2B BB $%  ARAIE R4 %2
453847, Menghi 25 A\ P pk T HLES AT S MR SEdE . PEBE . VEIRAE F SR o0 R M RS T s S 1n) A, BT S R
PR R R B AR S A I TR SRR B TR S, SR 1 I A E A LS A ATF 55 1) B Skl

7 N2 A, Arcile 25 N PRI T — B N VerifCar (T ALHELE, FI T I81IE B 50 25 B 450 ) vk 5 5
W, 12 7 v A5 FH I 1) B S LA @ R E 41 2R 4% (communicating autonomous vehicles, CAVs) #4720k 45,
SN ZE AT NI AR AT S BIE. Pek 25 N ORI T — R UGG IE 7 3R, B TR 08 32 AR AT R T 28
IR 2 A VEIAIE, IF T E 2 A G L N AR R A 5 &, AR R H R e A, Kabra 25 A PR RAKES
WE T A FEPIES BRI 22 . 2 S B A SR A SRt 37 7 R SR B 7 55 7E I BRIS S 2230 7 2 BB IR 22 Ak, ekt
B ER A T R T &,

2 &R

2.1 ETF Coq HIFERFER AL

Coq. Isabelle 1 HOL Light #f& )72 B FH T T 2040 77 32 A e BEAIE BH A0 A TR, % B BA MU IHRE L Coq
1) JZ 2 I T K25 112 (dependent type theory), VR A JLYE D58 TE 801 f B e 3. e 3t 7 22 B R
BT, XEFE SRS, SRR RKINAESRSA, EHT 2SS, 8T, 5T S 4UE B, Coq FIE B AT G A8
2 TCACAIHE LI fi#. Isabelle 24 | R UG AZHAELE, (5T 5 SCHT RZ AN, Frald-& % 077 %0 78, &AM
R BEAIE B, 36 v I PR P IIE R AT B TF R, SR 2 i8R R 40, JHERHE T B Tsar 155, (EUFH IS
W 7. HOL Light /& — 3B 2% LR, BARURMIER L. /AT, HH RGN 8, i RE A RIS S 5 Ik
I B 1 S,

MRS Y 1 1) 3 TERRAE A BT DR T, 1X o VF BERE i R IA FR AT AN e . EAR 2R B iR, 28
BURT ABNZS AR SR 7 A AR AT I B, X 5 G F S KRB, thab, OB B R e R R rh a5 A )
FEAE IS, AT AT DA e S S I BB Y . PR RN 2 3 2%, R B8 4% 1) e A PR AN IR A PR CRAIE. SR B
R—EF AR, I LM HAREE — FET TR AR I, B BB, AR BN S AR R T BEIF B R M S e —
i, AASFE 3 FIAIE B W] DA S R ) 3R 7 2, Rk T T Ak 3R e A SE .

K P AL P2 e P LS g B M S TR B K E L Coq +E X FARIMHALREEH KT £
T T I0AL T 2, AN U7 SRR Fh AR (R SSURTRE . Coquelicot® V3% T S A AN B i 55, 4 AR AR
(iterated product) KRR Ml AEFE, BLFEAEFERE . FEFEI S, HApr A % T o0 RE0HEE T 3840 Je 552X,
CoLoRVHE R 7 /& 3 F Coq btk J2E A ) 552 R R HOHE B AL IR, B RAF I E S 56 R R EE L LIE R
(termination certificates) ] F 2 AL I8 IE Hf i |02 A ; 2P B 17 RELREE 1) % s SRR 1, AR U R e 3R L AT
A FHERE. FE . MNERISRE; 12 MR R TR B BN (semiring), REWREC R AR THEH
<R, +,x>; B, Ny Zo O F1 R S50 AHR T LAE Aot 3 28 AR A4 SR B . MathComp JiE PO A T —Fhss &
AT, ARG BREE I B 24 BE I Ak, %R e AR FE B ROy &, JLT-lias T AT e id i
BB 5 %, 3G T YERE . 47800 ABHHERE. W RER] LU /R SE A PEIZ

SR, IX 677 ST AL E B A BRIV, o T B FE R A B 1) 58 SUANIR], 3X {5453 T o i DLEE AN [R] B 2 18] )
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e N TRV ] L, Shi 2 N CTUONBEFEEIRIRE T — B — W EE 0, RIS ST AN
CoqMatrix [ 2 A5 74 2 QAR R P, S Fh SE AT B T AR 2 PE 5 1 )2 B F 2 T [ 55 25 18 R . CoqMiatrix i A4
BT AR 8] [ U B R A, B T AN R B TR IR R, A Coq A SUAGE PR B VR ¥ 22 BN 22 B 3
SRR T — B S AT K R R T %
22 HBAEBhE

P2 NIz 32 2 i ST HL 2 NAE 2 (] i ig s i Rt ZOENLEE AN A7 B AT 1. HLEs A i ig iR i@ 5 il
T ST A AN R S BIAT % (0 B R [ SR A IR . ML 3 A B AR R AL 4 S Al b R AR (WA A bR R Fh. 754 )
AR R, NIARZ S AT o A e R R A 5 50, B 2 JROR T IR ARAR R B 164 R AR R G R RDIRES, BIZ 3 e
HRAFR JE MRS, WG 2, R bs R 5 &R RES, MERMARRREE B, RETH#EB.

B2 JRERALR R AR A R AR AR R (3 50

TENIMASE B, WIR N BT A AR ZRES AR 1), Bt mT DL WA A 28 R R R o PRI 5 K 3838 A4 7 4 J=) A4
Fr & G FHIALF d° . HATE AR AR R IIZ SN A 5 (1) B, o, »§ RRRE PR R — i P IEA R AR R
G NI E, rB RN PAESRERALKS 2R B AL E, RS R ERALYR 52 314 J AL AR 22 R e e SE B
rg :[ Xp YP Zp ]T
$=RSxrB+d° st rb= [ Xp Yp Zp ]T )
dG:[ Xo Yo 2o ]T
TENLER NIBBN S, SR B AR B T2 FH T8 NI TE 42 R Al s & P A B 5 7 1) SR IR S B A2 4 x 4
(R P, FE BRI 5 E — 1T 9 [0,0,0, 17 FEFERT 3 474 F SR R AR WA I e 3 AP 7% . SR Hls 2 I BB IZ A T
N UGS, T FARTE SRARIZ 201 2% 1n) LI (138 BB HLE N8 3 5 R e A BRI SR IR an I A 3K (2) B
G G
ng[ RS d )
0 1

N
Xp Yo Zp 1]

G, =TS x B, si. 2)

[
Br:[xP YpzZp I]T
[% % 2]

3 DH#RE

DH 5 & A HL 8% NE 302 T R U 38 3% FH B — b 73, DH S5 WU & 4T 7638 30 T (9 T LA
ZHHf 57, DH Z400] LK A UBRE (1038 3 4 A8 8, AT SR UGS 1Rk 12 301 5 8 7. MUAIES 2 TR0 385 51T HR
B, FEACCHR, P BN KR EAE A P, A T SR R,
3.1 DH FREHRM

TEBAT n A KT BN BN T ETE n+ | AERE (GEIR RS 5 0 JIFEFF), e B S M 1 FFA. 1813 4
TEAEXT I i+ 1 FBRBLEE NGB 0T i, £/ DH #5@ 1] A5 2 SRR E AR R B, , HH,
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KA IENIE A 1, By AARAIR R, 1E DH AR ARSI ORI AN R Z, Sl 5 5675 & AT Rl 5%, 1F
Ji AR RGERL X, VR Z, B Z M A SR LR, U IS A TFIBNEE W Z,_, fdR A z v, SRz, il
5 X, Wi ORI E. AEASC R, K it DH bR U E AL 6 R AR 9 DH ALFE &.

AFR R B, I DH SEAFEEMKE () « EME A () « RTEE )« KT G)F 41058 1, &
FREE (1) 2 7, 515 7 S 9 X, 5P sl R S A (o) &2 2, TS Z B2 ()85 X, B sh i) e My %
WEEE (d) 2 X TS X B W Z, PSR BE RS R (0) J& X Bl X B2 TSR Z,, Rl ) S A

Bl 4 B7R T 2R “FIINLAR A DH 45 R K S H RS 3 NMEFRR (B, By By). By WA R AR
R, BREBCRAT RN ChA R, AS0K B, FIFE S E SRS N 1 T, /AR & B, #1 B, 11 DH 24
VMR [ AL R 0 FT 0. SETTEEES: 0 AT 0. kM 6, F1 6, .

K3 BEcHLas AL & El4 2R -FHHL A DH Ashr & E
3.2 DH 4#rEMERILEX
£ DH A7 2, A8FR 2R B, € AER T i+1 b, AMAR R B, BEFERTT i b, AAHR R B, ZAMR R B, 1AL HL N
AR G) B, Fod, o WEFHE A LOERKE. 6, 8K M. d RIS,
T = D,y ay X Rz a9 X Doty X Rix o 3)
£ Coq ", Class ALt & RS, H TR —AH R BB MEAE s S48 1. 51N Class Hlil, DH 231
5E S0 DH_PRM JIiws, Forb, I ROEFTACIE, o X RIEFT LM, d X RCHTERRS, 0 X REJCTT .
Class DH_PRM : Type ::{ I:R;, a:R, d:R;, 0:R }

R4 AK (3), BFR R B BAFR R B, Wb L wisE X 1 ) Thear iR, %R % —~ DH_PRM 2%
BIZEL, IR BIN BNIF R FE AR RE. PR Trear W848 DH _PRM — mat 44 .

EX 1. 7£ DH bR 25, % prm NAAAR R B; R DH S5, WK AAAR R B, #5352 4005 R B, AR SE LT
AL LT

Definition Tnear (prm: DH _PRM) := (DZ prm.(d)) = (RZ prm.(0)) x (DX prm.()) = (RX prm.(@)).

X5 T [F =~ DH A F5 2 B AR HE B, 1238 3 AT SR iR . 8 eI x BT Fah S, RE I 2, #EATF
SR X TARE — IS 3 HV 5 5 BRI A R A bR, BRI AR b B 538 3 v JE ok & IR o i % sl ik
SSTLEL A

5138 1. 7€ DH Ak R, 8 prm NAAAR R B; FIAE R DH S5, MR R B, B S 4845 2 B, M BSERE 5
Dey yan X Ree. 0y X Ry X Dy ST

Lemma Tnear_eql : forall (prm: DH_PRM),
Tnear prm = (DZ prm.(d)) = (RZ prm.(6)) = (RX prm.(@)) * (DX prm.(l)).

3138 2. 7 DH At R, [ prm WAKRF B, IR DH S50 MALR R B, HHEAHT R B, NSRS
Re 00 X Dee .y X Dty X Ry ST

Lemma Tnear_eq?2 : forall (prm : DH_PRM),
Tnear prm = (RZ prm.(0)) = (DZ prm.(d)) = (DX prm.(l)) * (RX prm.(@)).

© TEBREEEEIEDT  htp/ www. jos. org. cn



4166 HAFFIR 2024 F5F 35 5% 9 &

5132 3. /£ DH A5 &, B prm KRR B, MAEE DH 234, MAKR &R B, T AR & B, WA HIERE S
Re 00 X Dy ay X Rigy X Dig iy S5
Lemma Tnear_eq3 : forall (prm : DH_PRM),
Tnear prm = (RZ prm.(0)) = (DZ prm.(d)) = (RX prm.(«@)) * (DX prm.(l)).

3.3 AR AR RAVIRNER R

WREAE 22 [F N BA P s Rk iz sh R K. fER ez s, MR Geas — AL iilieds, IFIRAE 0 0 f-r
. ORI B R IR IS AN — R RS O, Bl OB AR RIE R, OB I A I (4) Fw, B, b
FORI RO P ENEE RS, o FoRGEHR QAN IR I, 0 Fom HO Rl U7 1] )

Sy = Dany X R(zy) (C)]

HAR G) H5AaR @), THEH AN (5) i) DH ALFR R AR & B, BIALAR 2 B, AR HAERE, Hod, S0
FoRFENEEBN I, WEFEINEER o, FOHA X, B R OB BEIZEN; S 462, BN TENFEEN &, IREEIE N 6, ,
RN Z, B O RIS B

T =S woz XS Gy 5)

FEADIRBEE B, A bR A BRI A € SCE TR 1 fun_GTB_center % . B BRI 2 AN S8R AR 1

AN 3x 1 FERESE B AR B 3R (A1 238 B0 R T AR AL I R, R BEE N R - R > mat 31 —> mat 4 4.
Definition fun GTB center (h¢:R) (u:mat31):=
letu :=(1/|u]) c* uin
(D4 (hexu)) *(Rdopu').

Coq "' [#) Notation 50§ H T H & X 5 FIEVE, LUETR Coq M BLEA S HME. B RVFH P& L E OB H
Ty RIVEFNTEVEFL, AR BB T NI LY. 55T Notation SRWE, 45 fun GTB_center W Z34F
TR

Reserved Notation “S (h,¢,u)” (at level 34).
Notation “S (h,¢,u)” := (fun_GTB_center h ¢ u) : mat_scope.

1E LR ZGFFS S (h, @, u) FIFEEAL L, A0 (5) MIEAAGIE W51 3 4 ok,

5138 4. 7 DH 45 R, B prm NAFR R B, KT 2 DH S5, W ALKR & B, B4 bR & B, B H i [ 5
S oz XS tranxy FEUT

Lemma Tnear S_eq : forall prm : DH_PRM, Tnear prm =S (d,0,Z) =S (,a,X).
4 EEEHFHFERUENX

4.1 EEEBZHFEMBILHFERIULE X
1E[FIZ )% (forward kinematics, FK) #2 #i il i 5¢ 548 Bt SHL a8 AR S AT 3575 42 ) Al by & o (A B A
B NSNS KRG, ERIEE)E 2L N6 BRIEAR) W2 —. X TAER RIS A, J DH FrE
FIIEE ) TR A 3 (6) Fs, Horb, rp FORARIGIAT 275 R AL bR 3 B, HRIALE, rQ TR AR AT 2L 42
JAAbR RPNALE, TO ALRE A R
rp =T, %7}
{TS:T?XTZ‘X...XT;’" ©
X TR B; B B, 4368 40 e, HOR A g SLansE 2 Wil T s, 78 5E X 2 W, AT Fixpoint 50§ &
T —ANBHREL, R R 3B, Kb, i R BNAE R T, JRREALSS RIS, prms R izaity
[ DH Z3(1513%, BN S E De fault_prm AFTHZE#RH 0 ) DH 231
E X 2. 7E DH 45 R 5 AR R AR PN, ¥ prms J91ZHL3E A DH S8513%, WAAR & B; 267 &
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B, IR G AR I A 8 L an T
Fixpoint T (i j: nat) (prms : list DH_PRM) { struct prms } :=
match prms with
| [1= Tnear Default prm
| bt = match i, j with
| 0,0 = Tnear Default prm [0,(S j) = (Tnear h)=(T 0 j 1)
| (S #),0 = Tnear Default prm | (S ),(S J)=>Ti jt
end

end.

FE5E 32 Wb, BT DH b3 5E B9 1E 138 3 27 07 R B A € e 33 W) fun FK_DH F7R. 1E1%5E
S, A et SRS SE LIRS A28, length BREGRIN— AN YIRACRE; Kk, 12 B2 A0N list DH_PRM — mat 31 —
mat41.

E X 3. 45 5¢ DH b RHUE RS IINLEEN, & prms NN AX LK) DH S804, r AREIATE P 1E
JREAARR B, THIARER, N P FE4 R AR R By HHARKR IR TR S AR

Definition fun FK_DH (prms : list DH_PRM) (r:mat3 1) :=
let 70 := mnth r 00 in
letrl :=mnthr10in
let 72 :=mnthr 20 in
let ' := {{r0},{r1},{r2},{1}} in
let len := length prms in
T Olen prms = r'.
X AR SR AR T, S8 B AR HAE R ] S g T DA A B8AIE .
5132 5. 7€ DH friE fIbLas Agit mh, 3 AR R MR R HERE T, ATRASMEN Tix T4, b i<k <.
Lemma T _split : forall (i jk:nat) (p:list DH PRM),i<=k<=j—> T ijp)=Tikp)=(Tkjp).
42 EFRIFERUENX

FE T HLER N PRRGE AT P G116 2 Z, i Z,, Bl SR A 26 3R, A SCRHE REAT i 0 N ansk 1 PR 8

IR, SEb, | B0 2 405 2o WOPAT, L 368 2 WS 7, B, ~ AT R

®1OEFER
ERTS FA L] ERTS R
Rl ~(0) R i NRERERTE, Z; Sz HihiE 1 P~ (0) KNP N TFRNRT, 7, 05 Ziy FlE 1
Rl ~ (m) K NRERERTY, Z; 5 Zy BURA P~ (m) KA i NPENRY, Z 5 Z,_y A

RL~(m/2)  5G3 i NWEFERT, Z 5 Z M m2 || PL~m2) <4 i VB, Z S Zo, kN2
RL~(-m/2) 54 i NlEhEei, Z, 5 Zio) Wik fMA —n/2 || PL~(-n/2) 545 i NPk, 7 W5 Z_) Wk ffA —n/2

R, 7EAT R 25 T DH #55E IALEE NS5 M A6 8 SR, RSO IEF S5 16 8 90 € O 8 PR M8, fnsE
SC4 W Pole iz, Hodt, #i&EF R 0+ R pi~ R pi2+ R pi2 MIZRAEINR — R — R — Pole 2R, AR IEFFIT i
RIENERTT;, PO P_pi~ P_pi2+ P_pi2 WK R — R — Pole KAY, RN T o N 32675,

EX 4. 7£ DH bR MHLE AN G800, HLEs NEFZRAPA98 e SR 8 B, Horr, R 0 Roaxifut AEs% 2675 B
Ty 5 3 Ui 5T RPAT ELRN ) R pi RN Ui 9 e % 51 ELI vy 5 30 0y 56 5 HISPAT ELRIA); R pi2 3R 1 Ui A JiE
BT Hog o 51 i T R A /2 5 R_pi2r Fan i v et T Bz v 5 v TSR AN~/ 2, P_O RN
T3 RV B LA i 5 00 i e W AT BRI ), P pi 3R ORI 3 T Bl e FLG 3 -5 30T 34 9 5 b P AT LR A
P_pi2 TR B e Himuh 5iF i R I N nf2 5 P_pi2’ FRoniE s A P8 06T Bz v 5 v o1 b
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AN /2.
Inductive Pole : Type :=
IR 0:R— R— R— Pole IR _pi:R— R — R — Pole
IR_pi2:R— R— R — Pole IR_pi2’:R— R — R — Pole
[P 0:R— R— Pole |P_pi:R— R — Pole
|P_pi2:R— R — Pole |P_pi2' : R — R — Pole.

X T ANRRERF SR, AL AR R (M o 213 31 BOTE AL € LANE X5 H) fun_poleT Fis.
E X 5. 7E DH br & FINLEE NG5, 5 pole NFEFFRAY, HAZEEM WIEHKEE N 1, RWHEE N d, KA,
VU 2% T AT S B PR TR A 5 SR
Definition fun poleT (pole : Pole) (Id 6:R) :=
let prm := match pole with

IR 01d6 = Build DH PRM10d6 IR_pild6 = Build DH PRMIPId6
|IR_pi2ld0 = Build DH PRM 1 (PI/2)d6 |R pi2'ld6 = Build DH PRM 1 (-PI/2)d 0
|P_0ld = Build DH PRM10d0 |P_pild = Build DH PRMIPId0
|P_pi2ld = Build DH PRM (PI/2) d0 |P_po2' ld = Build DH PRM 1 (-PI/2) d0
end in
Tnear prm

XTI A R BT, B 5(a) 5181 5(b) 73R 1 RIR A RI\P KA HIEFT SR 1B AE S5 K b, AT
() ~ KT (d) AR, KT (0,) NHE—FIASH BRI ~ RBYEAT H et B (T2 QAL e F

(b)

. ~ =3

Uz i Vz.,

© A
5 R~EMEHHE

5132 6. /£ DH 45 R, BUEFT i KRB R~ 0), W B, B B, IAHHFEN: [[cosd, —sind, 0, [xcos];
[sin#, cos®, 0, [xsind]; [0, O, 1, d]; [0, O, O, 1]].
Lemma RO _check : forall {po: Pole} (Id0:R) - po=R 01d6 — fun poleT pold 8=
{{cos@, —sin®, 0, [«cos@}, {sinb, cosh, 0, [«sinb}, {0,0,1,d}, {0,0,0, 1}}.
SI3E 7. /£ DH bR b, WOIERT i KRB RI ~ (), W B, B B, BIAZHHEEN: [[cos, sind, 0, X cosb];
[sinf, —cos#, 0, [xsind]; [0, O, —1, d]; [0, O, O, 1]].
Lemma Rpi_check : forall {po: Pole} (Id0:R)— po=R pild6 — fun _poleT pold@=
{{cos@, sin@, 0, [«cos@}, {sinf, —cosh, 0, [*+sinb}, {0,0, —1,d}, {0,0,0, 1}}.
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Bl 5(c). BI5(d) 70 AR T RLR BB, RLPRBNIEF M EL R Z_, 55 Z, 007 1), SEATHLEE M v] DRI 7>
Na;=n/2 M@, = —n/2 FFPIELL. 513 8 5513 9 XX B FENL T B, 3 B, AR B EAT T AL BRI
SIZE 8. £ DH AAFR &, AT i 2R RL ~ (m/2) KL, W B, 3| B, ARHAEREN: [[cos, 0, sind, [x cosb];
[sin#, 0, —cos®, [xsinb];[0, 1, 0, d]; [0, O, O, 1]].
Lemma Rpi2 check : forall {po: Pole} (Id6:R)— po=R pi2ld0 — fun poleT poldf=
{{cos@, 0, sin6, [«cosB}, {sinb, 0, —cosh, [«sinb}, {0,1,0,d}, {0,0,0, 1}}.
SR 9. 15 DH AR AT, HIEAT § HORA RL ~ (—n/2) S, L B, 51 By WALHIERED: [[cos6, 0, —sind, Ix
cosd]; [sin#, 0, cosh, [xsind];[0, —1, 0, d]; [0, O, O, 1]].
Lemma Ropppi_check : forall {po: Pole} (Id0:R)— po=R pi2'1d6 — fun_poleT pold 6=
{{cos@, 0, —sinf, [«cosf}, {sind, 0, cos®, [«sinf}, {0, —1,0,d}, {0,0,0, 1}}.
IR 3, ot FAL sy P 2RTISCT, B 6(a) 514 6(b) 733 27 1 PIR I PIIP RBLIERT S5 1. A2 %45, &
FHQBE (1) « EFFHHFC A (@) SR (0) R GRTTAN 0), KITERE (d) WHE—TTRSHL. Pl ~ KALEMH
e e )T AR 4N T

(b)

©
Ko P~EMLME

3132 10. 7 DH ks &, WIEF i AN P~ (0), W B, B B, MARBHEEN: [[1, 0,0, 1; [0, 1, 0, 0];
[0,0, 1, d]; [0, 0,0, 1]].
Lemma PO _check : forall {po: Pole} (Id:R)— po=P 0ld — fun poleT pold0=
{{1,0,0,15, {0,1,0,0}, {0,0,1,d}, {0,0,0,1}}.
5132 11. £ DH e bp R b, WA i RN Pl ~ (), W B, 3 B, FIARHHFEA: [[1, 0,0, 115 [0, -1, 0, 0];
[0, 0,— 1, d]; [0, 0, 0, 1]] .
Lemma Ppi_check : forall {po: Pole} (Id:R) — po=P_pild — fun poleT pold0 =
{{1,0,0,15, {0,-1,0,0}, {0,0,-1,d}, {0,0,0,1}}.
Bl 6(c)s Bl 6(d) 7 Al ERm T PLR A PLP REINENT 5 . R Z_, 55 Z (077 W), AT H%% M mT ARy
;=12 M, = —n/2 FAIEOL. 5138 12 553 13 SFIXBEMIEL T B, 2 B, AR R T 2006 IE.
SITE 12. /£ DH Ar R, FIEM i WEENPL ~ (y/2) 258, W B, BB, WM N [[1,0,0,1;
[0, 0, -1, 01;[0, 1,0, d]; [0, 0, 0, 1]] .

© TEBREEEEIEDT  htp/ www. jos. org. cn



4170 HAFFIR 2024 F5F 35 5% 9 &

Lemma Ppi2 check : forall {po : Pole} (Id : R) = po=P_pi2ld — fun poleT pold0=
{{1,0,0, %, {0,0,-1,0}, {0,1,0,d}, {0,0,0, 1}}.
SI3E 13. 7 DH AR 2 o, 35 IEAT § MR PL ~ (-n/2), W B, B B, FIASHSERE: [[1, 0, 0, 11; [0, 0, 1, 0];
[0, -1,0, d]; [0, 0, O, 1]].
Lemma Popppi check : forall {po: Pole} (Id:R)— po=P pi2'ld — fun_poleT pold0 =
{{1,0,0, 7%, {0,0,1,0}, {0,-1,0,4d}, {0O,0,0, 1}}.

4.3 HF/AEHIRIRIEIE
YEN Coq W T5E L2 A& H—FIHLH, SEBYK RVFEAN RIS I 5 SUMRI 44 7 A, [ 19X Se e ) LUAE
ARIEF R _EBARBIAT A, ARSOGENE N IERZE ) 2 A SR, 53 A FRR A (K
SCIEHLT RIR ~FIHIBHLES AN RLRIR HLEE A 2 A1 AU T), G 00 R ROp o At R B, A o T 46 R i ) e A
fun_Get W, H fun_Get SHAMBHEG — 198 0. By, gerT FoRFEHIERE R RAL, BTN A - mar 445 getGr N
bR R A, R A > mat3 1 > mat4 1.
Class fun Get A:Type :={
getT : A > mat 4 4;
getGr: A —mat31— mat4l;}.

43.1 RIRFHEHHILEAN

RIIR “FTHI L% A& — Flt F - 5 B B AR AR RO L% N '8 H P AN IR % 6 6 2, 18 — 48P I W A8 Sh AN AUT AT
%. B 4 B8 T RIR THIHLEE A DH MR &R, Kbz, . 7z« Z, O MEEE T Vi L. Kk, RIR TFHiHL
#5 A1) DH Z3n+ 2 Fis.

%2 R|RTHEHNLE N DH 5%

AR R G K A KATHE B KA
1 A 0 0 )
2 b 0 0 6,

R|IR G5 HITE b 2 LUTF IR RR _type FIR.
Class RR type:Type :={I1:R;I2:R;01:R; 02:R}.

JE 6 T fun_RR_T 5 fun_RR 7319 RIIR ~FTHIALES N HE e B 55 Al b e ol B T2 Ak 2 S BTk
SE X AE—> Section &5 #) .
FE X 6. 7£ DH Ashr &, FHLEE N rob IZEBLN RR type , WIZALES N R HE 500 B K A b e 46 S0 1K) T Ak
JE R
Section RR.
Variable rob : RR type.
Let prm := [(Build_DH _PRM I100801); (Build_DH PRM 1200 62)].
Definition fun RR T :=T O (length prm) prm.
Definition fun_RR (Pb : mat31) :=
let b0 := mnth Pb0O0in letbl := mnth Pb10in
letb2 := mnth Pb20in letb:= {{b0}, {b1}, {b2}, {1} }in
fun_ RR T xb.
End RR.

E Coq ', Instance SEl& FH T & SCRAIZE M4, RIR ML NTERHZ fun_Ger H152BIAL N ger RR F7R.
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#[export] Instance get RR: fun Get RR type :={
getT := fun RR T}
getGr = fun_RR;}.
FE RIIR S5 HIALES A, LR 5] B ] DA SALIE .
5132 14. 72 DH 475 R, BHLEEN rob M2ERUA RR _type , MIZHLES NEE AR RE BAG I NS00 A,
Lemma RR T check : forall (rob : RR_type), getT rob =
{{ cos(01+62), —sin(@1+62), 0, [lxcosfl+[2xcos(01+62) },
{ sin(01+62), cos(A1+62), O, [lxsinfl+[2x*sin(61+62) },
{ 0, 0, 1, 0 1,
{ 0, 0, 0, 1 1
5132 15. /£ DH k5 R, LA rob 925AUA RR_type , ML A N B A i AT 38 75 4 SR AL AR 2 R 147 B
A1 xcosfl +12xcos (91 +62)] ; [11 xsinf1 +12xsin (81 +62)] ; [0] ; [1]].
Let Br:={{0}, {0}, {O}}.
Lemma RR_Gr_check: forall (rob: RR_type), getGr rob Br =
({11 % cos 01 + 12 cos (81 +62)}, {11 sin61 +12 *sin (01 +62)}, {0}, {1}}.

432 RLR|RHMLEEAN
RLR|R WL2& N H 3 ANEFE AT IER:, AT UATE 3 4E S M N B S FIHUTE%. | 7 44 T RLR|IR HL28 A 1¥) DH 4
FRAEBM, B, 7, 5z, BEHMA, Z, 5 7, FEFAT. B, RLR|RHLEE AR DH S50 3 i,

,ZO

K7 RLR|RHL#3 A\ DH 445 % K

%3 RLR|RHLZ: A\ DH %%

MR R G R TS KT KA
1 0 -T2 di 01
2 153 0 dy &)
3 &) 0 0 03

RLR||R & 1% XAk LU Rk RRR_type FT7R.
Class RRR type : Type :={I2:R;I13:R;dl:R; d2:R; 01 :R; 02:R; 63:R}.
SEX 7 ) fun RRR_T 5 fun RRR 7374 RLR||R %% N HIHE 150 B 5 AL b i 6 SR At R 5 i 7 20k s X
EX 7. 1E DH A7 21, HHLEE N rob TN RRR _type , VZHLEE N G400 [ 2 AL AR 5 450 B8 (1 T 24K,
&SN
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Section RRR.
Variable rob : RRR type.

Let prms:=[Build DH PRM 0 (-PI/2) d1 01;Build DH PRM 120 d2 62;Build DH PRM [3 00 63].
Definition fun RRR T :=T O (length prms) prms.
Definition fun RRR (Pb: mat31) :=

let b0 := mnth Pb00in letbl := mnth Pb10in letb2:=mnth Pb20in letb :={{b0}, (b1}, (b2}, {1}} in
fun RRR T xb.

End RRR.
B, RLRIR WL ATERIIK fun Ger HISHIALIN ger RRR .
#[export] Instance get RRR: fun_Get RRR type :={
getT := fun RRR T;
getGr := fun_RRR;}.
£ RLRIIR S5 H L& A, LAR 51 B AT AR UL IE B

5132 16. 7& DH AR R, FHLEE N rob HIZEBUN RRR type , MIZEBIHLAS NEAAERE B I N EM R A.
Lemma RRR T check : forall (rob: RRR type), getT rob =

{{ cos@1 xcos(62+63), —cosOlx*sin(02+63), —sinfl, [3+cosOl*xcos(2+63)+12+cosOl «xcosf2—d2=sinfbl },
{ sinflxcos(62+63), —sinfl=sin(62+63), cosOl, [3xsinfl*cos(62+63)+[2+sinflxcos2+d2*cosOl},
{ —sin(62+63), —cos(62+63), 0, —13%sin(62+63) — 2 *sin62 +d1 1
{ 0, 0, 0, 1 1.

5132 17. 7 DH A&hr R, B HLER A rob 12574 RRR type , WIS RN 35 AR A i $AT 45 75 42 R AL bR 2 o
s B HA LU KA.
Lemma RRR Gr_check: forall (rob: RRR type), getGr rob Br =
{{I3 xcosO1 xcos (62 +03) + [2xcosO1 xcosH2 —d2 = sinf1},
{13 % sinf1 # cos (82 + 03) + [2 x sinH1 = cos 62 + d2 « cos 1},
{=13#sin(62+63) —[2*sin62+d1},
{13}
433  FE[ABEHURT RS

7 [R5 ML T % 22 8t (space station remote manipulator system, SSRMS), ‘& A& 4 B 72 i % "KLk 3 25 (Al -
FIHLBT. I 8 9 SSRMS [ —AM AL 5 BAR AL . iZ AT (19 DH S5 4 fios.
SSRMS HL4F N G54 % 204K 8 L SSRMS_type FIT7i.

K8 SSRMS HL# A DH ALtr & K
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# 4 SSRMS HL#: A\ DH &%

AR R i HEAKE A KATHE KA
1 0 —m/2 d 61
2 0 —m/2 dy ()
3 I3 0 d3 03
4 I 0 dy 04
5 0 /2 ds 05
6 0 -m/2 de Os
7 0 0 d7 07

Class SSRMS type : Type :={
I3:R; 4 :R;
dl:R;d2:R;d3:R;d4:R;d5:R; d6:R; d7:R;
01:R;02:R;63:R;04:R;65:R; 06 :R; 67:R}.
TE IR Section H1, fun SSRMS T 55 fun SSRMS 43 7|y SSRMS HL2F N [ 45 [ 5 A AR 45 bR S0 T 20
e L.
Section SSRMS.
Variable rob : SSRMS type.
Let prms := [(Build_ DH _PRM 0 (—(PI/2))dl 61); (Build_ DH PRM 0 (—(PI/2)) d262);
(Build_ DH_PRM I3 0d3 63); (Build_ DH PRM 140 d464);
(Build_DH_PRM 0 (PI/2) d5 65); (Build_DH _PRM 0 (- (PI/2)) d6 66);
(Build_ DH_PRM 00 d7 67)].
Definition fun SSRMS T :=T 0 (length prms) prms.
Definition fun SSRMS (Pb: mat3 1) :=
let b0 := mnth Pb00in letbl := mnth Pb10in
let b := {{b0},{b1},{b2},{1}}
fun SSRMS T b.
End SSRMS.
[, SSRMS MBS NFEZRTIZE fun Ger HISEBIALAN ger SSRMS Fi7s.
#[export] Instance get SSRMS : fun_Get SSRMS type := {
getT := fun SSRMS T;
getGr := fun_SSRMS; }.
£ SSRMS H1, JEFT 1 5IEFF 2 W RLR (—m/2) KB, EAT 3 5IEFT 4 ARIR (0) KB, EAT 5 NRLR (m/2) K
B4, AT 6 RLR (—n/2) F8Y, FEHF 7 N RIR (0) K7L, [Fit SSRMS HIHEAHRE A (7) Fios.

TO=TXT)XT?XT:XTexTx TS

let b2 := mnth Pb20in

in

[cos#, O —sinf, 1 cos, 0O —sinf, O cos; —sin@; 0 IL;XcosO,
70— sind, 0 cosé@, 1 71— sind, O cos6, O T2 sinf; cosf; O [3Xsinbs
! 1 -1 0 d, 2 0 -1 0 d, 3 0 0 1 d;
0 0 0 1 0 0 0 1 0 0 0 1
cosf, —-sin6, 0 I,xcos0, cosfs O  sinbs 0 cosfy 0O —sinfs O
Gt T3 = sinf, cosfd, O [,Xsinb, e sinfs 0 —cosfs O 75 = sinfg O cosf O
B 0 0 1 d, s 0 1 0 ds 6 0 -1 0 d
0 0 0 1 0 0 0 1 0 0 0 1
cosf; —sing; 0 O
76 = sinf, cosf; O O
710 0 1 4
0 0 0 1
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NHAEA T (7) %5 1) SSRMS B4 B (0 IR 1, A SCR T U4 D7 A 51 2 18 vhonf FLdEAT 3AIE, e,
Hypothesis 5B % SSRMS HlL#% N IS5 M AT 295K
5|32 18. £ DH hr 2, BHLER A rob HIZERUN SSRMS type, pll. pi2. pl3. pl4. pl5. pl6. pl7 NiZ#l
NP HGERT, JEF pll ARLR (-m/2) KM HEF KN, RITHEE NdL , KTTMN601 ; EFFp2 hy
RAR (—m/2) KB HEFKEEN O, RATEE N d2, KT 025 AT pI3 A RIR (0) KA HEAKE N 3, KATHR
BN d3, RATING3 s EFT pld NRIR (0) KA HEFKE NI, R E A4, RATN04 ; EFFpls N
RLR (m/2) KM HIEFKEEN O, KT N S, KGN 65 ; AT plo N RLR (—n/2) KB HEFKEZHNO, K
FERN d6 , KATHN 66 5 AT pl7 N RIR (0) KA HEATKIEN 0, KATHRE N 47, KATHIN 67, WIZHLEE N
BRAWR T =TOXTIX T2 XTI X TEXTX TS .
Section SRMS.

Variable rob : SSRMS type.

Variable pl1 pl2 pi3 pl4 pl5 pl6 pl7 : Pole.

Hypothesis H1 : pll = R pi2’0d161. Hypothesis H2 : pl2 = R pi2’ 0d2 62.

Hypothesis H3 : p/3 = R 0/3d3 63. Hypothesis H4 : pl4 = R 014 d4 64.

Hypothesis HS : plS = R pi20d5 65. Hypothesis H6 : pl6 = R pi2’ 0 d6 66.

Hypothesis H7 : pl7 = R 00d767.

LetT1 := @ fun_poleT pl10d1 61. LetT2 := @ fun_poleT pl20d262.

Let T3 := @ fun_poleT pl3 13 d3 63. Let T4 := @ fun_poleT pl4 14 d4 64.

Let 75 := @ fun_poleT pl50d5 65. LetT6 := @ fun_poleT pl6 0 d6 66.

Let T7 := @ fun_poleT pl70d7 07.

Lemma SSRMS_T _check : getT rob = T1+«T2+«T3«T4«T5+T6xT17.

Proof. ... Qed.

End SRMS.

5 KREBHMES 2

{5 T 20T V25 L3 N IE 138 3l 32 30 4T 8 SCRIEGIE J&, ARBS 4 AT DU TR A TE 5 Fe Ak o Ffth s 1t R s
=, AR TR HRERR E M R G A0 Coq H I RR A OCaml iE & MIAAS. (EfEE M2, 76
RAGHPOEFE S, TFEAH Coq HMSEAFN B ARIE T 2 (MBI KRBT, fEASCH, ¥4 Coq A SEEEMY (R) Feik
N OCaml H i1 “float”, H2AZZRMY (nat) F vy OCaml F1#“int”. i 9 &ox T HHLA OCaml F2 /7 I L5 B, £
R SHRNR M. A8 SCEECT BAA AR M B 2R HO3EAT 43 A FISRHIE.

val default_prm : dH PRM = {1 = 0.; alpha = 0.; d = 0.; theta = 0.}
val tnear : dH PRM -> float list list = <fun>
val t : int -> int -> dH_PRM list -> float list list = <fun>
type rR_type = { 11 : float; 12 : float; thetal : float; theta2 : float; }
val fun RR. T : rR_type -> float list list = <fun>
val fun_RR : rR_type -> float list list -> float list list = <fun>
type rRR type = { 10 : float; 13 : float; dl : float; d2 : float;
theta0® : float; theta3 : float; thetad4 : float;}
val fun RRR T : rRR _type -> float list list = <fun>
val fun RRR : rRR type -> float list list -> float list list = <fun>
type sSRMS type = { 14 : float; 15 : float; dO : float; d3 : float; d5 : float; d6 : float;
d7 : float; d8 : float; d9 : float; theta5 : float; theta6 : float;
theta7 : float; theta8 : float; theta9 : float; thetal® : float; thetall : float; }
val fun_SSRMS T : sSRMS type -> float list list = <fun>
val fun_SSRMS : sSRMS type -> float list list -> float list list = <fun>

K9 OCaml A% A %dE L
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HE 1 B8 T SSRMS HL# A IE A8 3)) 2 77 2 1) AL AR SR A% BR 4 fun_SSRMS , 1% ¥R 30 223 T A0 B8 4iE (1)
Coq fREGFZNERL. fun_SSRMS US4 (rob il pb ), HoHh rob Jy SSRMS KUK N5 SHL, pb FoR
AR PAT 75 AE S5 T AL bR 2R P B AL E ;1% 08 H0R B R s AT 2875 & R Ak br R IO E . T EE B MR, MatrixR_
DR.mmul Fe7n LA PR PR RILIE R E 5 NEAE: 7T 3 MEEHAREK/NILIR, )5 2 M FAERE.
A, Int.succ T EEREIAIY 1 FIRREL L, BEE 4 LR8N Int.suce (Int.suce (Int.suce (Int.succ 0))) .

K 1. SSRMS HLE8 N LIRS 8l 2 J5 R I AR AR R A 502

let fun SSRMS rob pb =
let b0 = MatrixR_DR.DecMT.mnth
(Int.succ (Int.succ (Int.succ 0))) (Int.succ 0) pb 0 0 in
let b1 = MatrixR_DR.DecMT.mnth
(Int.succ (Int.succ (Int.succ 0))) (Int.succ 0) pb (Int.succ 0) 0 in
let b2 = MatrixR_DR.DecMT.mnth
(Int.succ (Int.succ (Int.succ 0))) (Int.succ 0) pb (Int.succ (Int.succ 0)) 0 in
let b=mat 4 1b0Dbl b2 (iZR (Zpos XH)) in
MatrixR_DR.mmul (Int.succ (Int.succ (Int.succ (Int.succ 0))))
(Int.succ (Int.succ (Int.succ (Int.succ 0)))) (Int.succ 0)
(fun_SSRMS T rob) b

ZARES AT LU — MR ] 2EAT IR TE, 1% SSRMS HLAE A IZ 3N 7 51 anas il 1 i 7s.

%) 1: +F SSRMS HLAs N, % =10, ,=8,d =1, d, =2, dy=3,d,=4,ds=5,d,=6,d,=7, 6, =m,
0 =m/2, 05 =0, =05 = 05 = 0; = /4 , HIE 8 AT, AUIAT BSAEALAT R B, FIALARN P, =[ 0 0 0 ]T , AT LAAR
R IHAT RS 0E By OGBS | 124722 5/2+8V3 —5/2-8+2 | ~[ 1695 1381 —1381 | .

10 878 TSI OCaml RIS fun_SSRMS BREUE RG] 1 h &t ik g . i e ATV AT Tet #4222
SSRMS _type KELHAR rob , RGP fun SSRMS BREGEAT I, Fron g RS i —2k.

={ 16:52:58 )=< T >
utop # let rob={14=10.0; 15=8.0; d0=1.0; d3=2.0; d5=3.0; d6=4.0; d7=5.0; d8=6.0; d9=7.0;
theta5=(Float.pi); theta6=(Float.pi/.2.0); theta7=(Float.pi/.4.0); theta8=(Float.pi/.4.0);
theta9=(Float.pi/.4.0); thetalO=(Float.pi/.4.0); thetall=(Float.pi)/.4.0};;
val rob : sSRMS type =

{14 =10.; 15=8.; d0 =1.; d3=2.; d5 =3.; d6 = 4.; d7 =5.; d8 = 6.;

d9 = 7.; theta5 = 3.14159265358979312; thetab6 = 1.57079632679489656;

theta7 = 0.785398163397448279; theta8 = 0.785398163397448279;

theta9 = 0.785398163397448279; thetal® = 0.785398163397448279;

thetall = 0.785398163397448279}
={ 16:52:52 )=< >
utop # fun_SSRMS rob [[0.0];([0.0];([0.0]];;
- ¢ float list list =
[[16.9497474683058336]; [13.8137084989847523]; [-13.8137084989847665]; [1.]]

10 fun SSRMS PR%EEH

6 RESRE

AT T T DH AbkR R IIHLES N3 2 B A IERESE, 78 Coq i T HLAE N IE g 3 BRI T 20k
UERA, JFIGE 7 PSR A IE R PE. ¥ S, XILES Nzl A B AT 1R aUI B, M9iE 1 25T DH #rsE FLes A
FEASFIARBR 28R AR H, IR 58T A ORVE T ARAIE . L, M T URR R LI Las AR ), JF Bt ith ANSRIE T A
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WA RS, ¥ Coq AATSFEHCA OCaml AARD, AT BRI, A SCHTA UE B FISS IEHS 2 (8 Coq SEBLY, BT
BIECHEEIAE GitHub FF Y. FFIEHIE: https:/github.com/GuojunXiel 23/FVFK git.

SRR, A SOE R ERAE A 3000 RATARY, 1ZAUISAE Coq 8.16 FHEAT S . % 5 424 T 0T HIA L

PEEITEAIULEA, D T i 4il0d BE O3, 5128 7 30 &80 5 Coq SCIFIIRS MR &, FEEUTH 1 4 SRS B SR

A FRIAT H.

#* 5 HAUHIIEARS St
S () AT s E
Msupp 3.2, 33, 4.1, 42, 43 2300 1600
Forward_Kinematics/D4 32, 33, 4.1, 42, 43 60 10
Forward_Kinematics/R4 3.2, 33, 4.1, 42, 43 80 20
Forward_Kinematics/DH.v 3.2, 33, 41 138 70
Forward_Kinematics/B2G.v 33 160 120
Forward_Kinematics/DH_Arm.v 4.2 150 90
Forward_Kinematics/RR_robot.v 43.1 50 30
Forward Kinematics/RRR_robot.v 432 60 40
Forward_Kinematics/SSRMS_robot.v 433 120 90

RRTAREZAFEL TG — Y RASCRIT (O AR AEAEZE, LU 5 3 2 ML NS HIEOR, He XT3

2R 38 B B R BEAT B, T R SR ) B Sh A s, — ¥t B Shgm e HoR 5B AL BRI & &, FhLas A
P SE B s A R C AR, BT S LS N2 R S0 2 Ak LR HESh B 2 i 2 ] R SLi R i) A .
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