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1 ODoooooobboooooo

1.1 00bbOobuoooobbbooooboboboooobboboooon

geR«OJ0000000DOOCOO0O0DOOOOODOOOODOOOODOOOODODOOgOOODOOO
pdoooodoooodooooduooodggooodgoooo n,doboogooooagooood

0000000000000 000D0000U0O0D e(g):R™ -R-00000000000 q0OOO
gooobooooon

e(q) =0 (L1)

0000000000000 0OOe(q)UUODOO0OO0OO0OO0U0O0DOODOOOOODUODUODODODOOOOOO 60O
0000000000000 0 () 0000000000000 000000o0oUoooUoooUooo
0 () 0000000000000 000o00o000o0o00000o0Uo0Do0oUoO0oooUoO (o) O
00000000000000000 0

mqin F(q) (1.2a)

def 1
where F(g) = §II~‘3(¢1)II2 (1.2b)

ooooooooooobooog,,,,00004gq,,,,00000000000000000000O0O0O00O0OO
gbooooboobooooobobooooon

quin F(q) s.t. 9 min < q < 9maz (13)

O00000000000000¢,,,,9m.0000000000000000000O0O00000ODO0O0O (3)0
0000000000000 0000000000000000000000D0000 20

mqin F(q) (1.4a)
st. Agq="» (1.4b)
Cq>d (1.4c)

000000000000000000000000000000000000000000000000
000 Aq;00000q,,, =q,+Aq,00000000000000 (@ 000000000 80

. 1
min F(qy) + VF(q)" Ay, + 5Aq; VF(q,) Mg, (1.5a)
st. AAg, =b— Ag, (1.5b)

CAq, >d—Cq, (1.5¢)

loopooooooo WDDDDD||e(q)||2{/v:e(q)TWe(q):e(¢,~,)TSTSe(q):Hse(q)u2 0000 SOoooOoooooog

0(=2E) 00000000000000000000
20 (@™ O0000000000000000000000000000000000

Amin < q S Amaz
I Qi
o= q> ( min )
(_I) “9maz

30 (=)0 F(q)0 ¢, 000000000000000000000000000000000000000000000000
01soboooooooooooo
Numerical optimization, S. Wright and J. Nocedal, Springer Science, vol. 35, 1999, http://www.xn--vjqb03akpco3w.top/
literature/Nocedal Wright Numerical optimization_v2.pdf.


http://www.xn--vjq503akpco3w.top/literature/Nocedal_Wright_Numerical_optimization_v2.pdf
http://www.xn--vjq503akpco3w.top/literature/Nocedal_Wright_Numerical_optimization_v2.pdf

VF(q,),V?F(q,)000000F(q,)000000000%0000000000

T

VF(q) = <8g(;)) e(q) (1.6a)

= J(g9)"el(q) (1.6b)
m T

VeF(q) = ;ei(q)VQei(q)Jr(ag((]q)) ag(;,) (1.6¢)
_ (oe(q)\" de(q)
~ (%) (1.64)
= J(@"J(q) (1.6¢)

000Oe(q) (i=1,2,---,m)0 e(q)0 0000000000 (CGd) 000 (CBd) 000000 e(q) 0
DDDDDDDDDDDDDDDDDDJ(q)‘EW%?eR”eX”aD e() 0000000000

0 (I68) , 0 (I6d) 000 (C58) 0000000000000 °0
1 1
iege;ﬁ—ekaAqk + iAq{JkaAqk (1.7a)

1
= Sllex+ Tiag (1.70)

0000e: “e(q), Jr ™ J(g,) 0000

0000000000000 000000000000 (X Uoooooooo

1
min ~AqlJr JLAq, + el JpAq,, (1.8a)
Aq, 2
st. AAq,=b (1.8b)
CAq, > d (1.8¢)
good
b = b- Ag, (1.9)
d = d—Cgq, (1.10)
goooo

1.2 JO00oobooogbobooogboboboood

0 (Cza) 00000000o0ooooooo F(q)DDDDDDD

F(q) = F(q) + Freg(q) (1.11)
where Freg(q) = %qu_Vregq (112)

ooog F(q)DDDDDDDDDDDDDDDDDD

VF(q) = VF(q)+ VFr(q) (1.13a)
= J(@)"e(q) + W, (1.13b)
V2F(q) = V’F(q)+ V*Fre(q) (1.13¢)
~ J(@)"T(q)+ Wi (1.13d)

40 (=3) O VQF(qk)DDDDDDDDDDDDDDDDD q,0000000000000000000000O0O0O0O0O0O0O0
F(q,) 0000000000000

50 (Cm) 00000000000000000000000000000000000000000000000000D0O00D0
oooooog
Feasible pattern generation method for humanoid robots, F. Kanehiro et al., Proceedings of the 2009 IEEE-RAS International
Conference on Humanoid Robots, pp. 542-548, 2009.
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1 - _ T
gl[i]n iAq{ (Jz']k + W reg) Aqk + (Jzek + %! requ) Aqk
k

s.t. AAg, =b
CAq, >d

1.3 U00bbboooobbboooobboaod

(1.14a)

(1.14b)
(1.14¢)

Gauss-Newton 0 O Levenberg-Marquardt 0000000000 (IDZ4a) 000000000000 0O0O
00000000000000D0D00000000000D00D0D0000000D00D0D000000O00O0 "o

1 - _ T
gnén iAq;‘f (Jka + Wiy + )\I) Agq;, + <J£ek + ngqk) Ag;,
N

s.t. AAg, =b
CAq, >d

00000000000%00000000A0000000000000

A= \Flg;,) +w.

AOw, 000000000

1.4 000O0OOO0OO0OO0bOOO

def
Wiy =

def
Vyeg =

000000 (O\)0oo0oooooo

min %Aq;‘f (TETk+ W) A+ (Ter+ vmg)T Ag,

s.t. AAg, =b
CAq, >d

W ey + AT

Wrequ

(1.15a)

(1.15b)
(1.15¢)

(1.16)

(1.17a)
(1.17b)

(1.18a)

(1.18b)
(1.18¢)

0B000B@000000 ***configuration-task 0000000000 (CI¥) DOODO0O0OOD0OOOOOO

gooood

sconfig-vector

:set-config

:task-value

:task-jacobian
:config-equality-constraint-matriz
rconfig-equality-constraint-vector
sconfig-inequality-constraint-matric
:config-inequality-constraint-vector
:reqular-matrix

‘reqular-vector

get q

set q

get e(q)

get J(q) = 25
get A

get b

get C

get d

get Wi

get Vg

S000000000000000 (trust region) 10000000
7 Levenberg-Marquardt 00000000000 00000,00 00,000000000, vol. 29, no. 3, pp. 269-277, 2011.
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0pPO000000000000000 000000000000 e(q)000000000000O000
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0000eI00000000000000 ¢q00000000e200000000000000 ¢qO000
0000000000000000000
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o000E@0o000ooooboboo0ooooo0 BOOOoOoOoOooDODoOOO0OoOooDOOOOoOoOooODODOO
gboboobOobooooobobobooboosbOobo0oooobobooobOoboooOobobonoo

OB00000000000DOOCO000DOOOR0O000pskeusODO0000O0O0O0OO0DOOOOODOOO
gbooobopPiodbogboobooboboobooboobobooboobooboooboboo
bbb pPaibooboooobobooooboooobooboooobooboooooboobooonboOoDbn
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21 OodooOobboboodobobbooodoobooboo

instant-configuration-task [class]

:super propertied-object

:slots (_robot-env robot-environment instance)
(_theta-vector @ [rad] [m])
(_wrench-vector @ [N] [Nm])
(_torque-vector T [Nm])
(_phi-vector ¢ [rad] [m])
(num-kin Ny, = |TFnm-tr9| = | Tkin-att|)
(-num-contact Ny 1= | T t9| = |Tent-att|)
(-num-variant-joint Nygr-joint = |Jvar|)
(-num-invariant-joint Nipvar-joint := |Tinvar|)
(-num-drive-joint Ngrive-joint := | Tdrive|)
(cnum-posture-joint Nposture-soint = |Tposture])
(_num-external N, := number of external wrenches)
(-num-collision N, := number of collision check pairs)
(-dim-theta dim(0) = Nyar-joint)
(.dim-wrench dim (W) = 6N¢pe)
(_dim-torque dim(7T) = Narive-joint)
(-dim-phi dim(¢p) = Ninvar-joint)
(_dim-variant-config dim(q,,,))
(_dim-invariant-config dim(q;,mqer))
(_.dim-config dim(q))
(.dim-task dim(e))
(kin-scale-mat-list Ky, )
(-

target-posture-scale-list kposture)



_norm-regular-scale-max Kyaz)
_norm-regular-scale-coeff kcoepr)
_norm-regular-scale-offset ko5 )
_torque-regular-scale k¢yq)
_wrench-maximize-scale kqy_maz)

variant-joint-list Jyq)
_invariant-joint-list Jinvar)
_drive-joint-list Jyrive)
_kin-target-coords-list T *n-179)
_kin-attention-coords-list 7+"-att)
_contact-target-coords-list 7 ¢™-179)
_contact-attention-coords-list 7 ¢m-att)
_variant-joint-angle-margin margin of 6 [deg] [mm])
_invariant-joint-angle-margin margin of ¢ [deg] [mm])

_delta-linear-joint trust region of linear joint configuration [mm])

_contact-constraint-list list of contact-constraint instance)
_posture-joint-list Jpostwe)

_posture-joint-angle-list g" )

-external-wrench-list {w{®, w5®, -, w3 })
_external-coords-list {77, T5%,--- T })
_wrench-maximize-direction-list {dy™"**, dy™ " .- d"""})
_collision-pair-list list of bodyset-link or body pair)
_collision-distance-margin-list list of collision distance margin)

_only-kinematics? whether to consider only kinematics or not)

oe )
9q.,,,
oe
9 ar

_variant-task-jacobi buffer for

_invariant-task-jacobi buffer for

_task-jacobi buffer for —q)

_collision-theta-inequality-constraint-matrix buffer for Co0)

(
(
(
(
(
(-
(
(
(
(
(
(
(
(
(
(_delta-rotational-joint trust region of rotational joint configuration [deg])
(
(
(
(
(
(
(
(
(
(
(
(
(
(_collision-phi-inequality-constraint-matrix buffer for C.; )
(

_collision-inequality-constraint-vector buffer for C',;)

DDO000DooooooDoqYoooooooa e®(g®)yooooo

0000000000000000000000000/000000000 90000000000
O00DD0O0O000000000 00000000000 OOODODOODOODODOO“DO” 0 “instant”
gooooo

00000000000 ¢qU0000000000U0OU e(q)0000D0O0OOOOOOOOO 8%—2])DD
oo0o0O0O00OO0OO0OO0O0O00O0O0OoOoOoOooOOg A, C,dO00O0O0OODOOODOODOOOOOOOOO

gboogbooboobobboobooboobooboobobobooboon

e JOODOODOO

robot-environment DO OO0 O0OOODO robot-environment 10000000000
variant-joint-list J,,- 0000

invariant-joint-list J;,,.. 00000 (000000000000 O00OO0O0OO)
drive-joint-list 74, D000 (00000000000 OOOOOOOOO)



e 10DOO
kin-target-coords-list 7% %9 00000000000 0ODO
kin-attention-coords-list 7" ¢ 0000000000000
kin-scale-mat-list Ky;,, 00 0000000000000 O0OOCOOOOO
o 10000
contact-target-coords-list 7°""9 00000000000
contact-attention-coords-list 7¢"* 00000000000
contact-constraint-list J 000000000
e 00D UDDOULUDD (OODLUDOODO)
posture-joint-list Jposiure 0000000
posture-joint-angle-list 6" Dooooooooo
target-posture-scale k.1 JO0000000000000O00O
e J000OOO(DODODODOODO)

collision-pair-list 000 00O bodyset-link 0000 body OO OOODOO
collision-distance-margin 00000000000 (D O0O0DO0O0OOODOOOOO)
collision-distance-margin-list 0000000000000 0 (0 OO00OO0OOOOOOOO)

e 0000 (0OODODODO)

external-wrench-list 00000000 (DO0O0OOOOOOO)
external-coords-list 00 000000000000 (D0OOOOOO)

e JI0O0OODO(DUDODODOOUDO)
wrench-maximize-direction-list 0000000000 (DO00DO0OOO0OOOOO)

e JOODODOOO
norm-regular-scale-max k.., 00000000000 00000C0O0OODOOCOO
norm-regular-scale-coeff k... 000 000000000000 0O0O00O
norm-regular-scale-offset k.7, 00 0000000000000 O00C0O0O0O0O0O0OO
torque-regular-scale k;,,, OOOOO0O0OO0O
wrench-maximize-scale k..., 10000000000

obooobOooboobog gubobobooboobaoo

q= (07 @" 7 ¢T)T (2.1)

0 € RNw-omt 000000 [rad] [m]
weRWNer 00000 [N] [Nm]

7 € RNarwesors 0000000 [Nm] [N]
¢ € RNmorome 0000000 [rad] [m]

wOODODO0ODODODODO000O000O000O0D0Do00oDoooDoooooobOooobOooboooOooo
T T r )"
('wl wy - chm> (2.2)

T
= (#7 wf 5T mf o s%, ehL) (2.3)

w

00000 e(q)DO00D0O0OODOOO

e(q) = (ekinT(q> eeom-transT (q) eeom-ratT(q) etqu(q) epostu'reT(q)>T (24)



:init &key

efn(q) e RN 0O O0D0DOD0 [rad] [m]
eemtrans(g) e R3 000000 [N
e®“m™™(g)eR3 000000D0O0DOO [Nm]
e'r(q) € RNawesom 0000000000 [rad] [m]

erosture(q) € RNvostwreiont 100 00 [rad] [m]

(name) [method]
(robot-env)

(variant-joint-list (send robot-env :variant-joint-list))
(invariant-joint-list (send robot-env :invariant-joint-list))
(drive-joint-list (send robot-env :drive-joint-list))
(only-kinematics?)

(kin-target-coords-list)

(kin-attention-coords-list)

(contact-target-coords-list)

(contact-attention-coords-list)

(variant-joint-angle-margin 3.0)
(invariant-joint-angle-margin 3.0)

(delta-linear-joint)

(delta-rotational-joint)

(contact-constraint-list (send-all contact-attention-coords-list :get :contact-constraint))
(posture-joint-list)

(posture-joint-angle-list)

(external-wrench-list)

(external-coords-list)

(wrench-mazimize-direction-list)

(collision-pair-list)

(collision-distance-margin 0.01)
(collision-distance-margin-list)

(kin-scale 1.0)

(kin-scale-list)

(kin-scale-mat-list)

(target-posture-scale 0.001)

(target-posture-scale-list)

(norm-regular-scale-maz (if only-kinematics? 0.001 1.000000e-05))
(norm-regular-scale-coeff 1.0)

(norm-regular-scale-offset 1.000000e-07)
(torque-regular-scale 1.000000e-04)
(wrench-mazimize-scale 0)

&allow-other-keys

Initialize instance

:robot-env

[method]

return robot-environment instance

:variant-joint-list [method]



return Jyar

:invariant-joint-list

return Jnvar

:drive-joint-list

return Jgrive

:only-kinematics?

return whether to consider only kinematics or not

:theta

return 6

:wrench

return w

:torque

return 7

:phi

return ¢

:num-kin

return Ny, := |TFn-t9| = | T kin-att|

:num-contact

return Ny, := |TeM9| = | Tent-att|

:num-variant-joint

return Nvar—joint = ‘«Z}ar|

:num-invariant-joint

return vaar—joint = |t7invar|

:num-drive-joint

return Ndm'@e—joint = |~7dm’we|

:num-posture-joint

return Ntarget—joint = |t7target|

:num-external

return N, := number of external wrench

:num-collision

return N, := number of collision check pairs

:dim-variant-config

dim(quar) = dim(0)+ dim(w) + dim(T)
= Nvar—joint + 6Ncnt + Ndrive—joint

return dim(qyar)

[method]

[method]

[method]

[method]

[method]

[method]

[method]

[method]

[method]

[method]

[method]

[method]

[method]

[method]

[method]

[method]



:dim-invariant-config [method]

return dim(qinvar) = dzm(¢)) = Ninvar—joint

:dim-config [method]
return dim(q) := dim(qyar) + dim(Q@invar)

:dim-task [method]
dim(e) = dim(e"™) + dim(e®™ ) 1 dim (e 70 4 dim(e0) + dim(eP*t)  (2.7)
= 6Nk1n +3+3+ Ndrive—joint + Nposture—joint (28)

return dim(e)

:variant-config-vector [method]
0
return quer 1= | W
-
:invariant-config-vector [method]

return ginyar ‘= ¢

:config-vector [method]
0
q’UG/” 11)
return q := =
(qinvar> T
¢
:set-theta theta-new &key (relative? nil) [method]
(apply-to-robot? t)
Set 6.
:set-wrench wrench-new &key (relative? nil) [method]
Set w.
:set-torque torque-new Ekey (relative? nil) [method]
Set 7.
:set-phi phi-new &key (relative? nil) [method]
(apply-to-robot? t)
Set ¢.
:set-variant-config variant-config-new Ekey (relative? nil) [method]
(apply-to-robot? t)
Set Quar-
:set-invariant-config invariant-config-new &key (relative? nil) [method]
(apply-to-robot? t)
Set Qinvar-
:set-config config-new Ekey (relative? nil) [method]

(apply-to-robot? t)



Set q.

:kin-target-coords-list

Tt = {pp" " Ry} (m=1,2,-++ , Niin)

- kin-tr kin-tr km tr
return T Rn-trg .= [T I Ty 91

:kin-attention-coords-list

lez'n—att _ {pkm att R%n—att} (m=1,2,--- 7Nkin)

Tkin—att — {lein—att T2kin—att . Tk'm att
* ) 9

return Ny

:contact-target-coords-list

Tcnt trg _ { cnt-trg Rfm‘ trg} ( =1.2..-.- N t)
) ) ) cn

ent-trg . cnt-trg cnt-trg cnt-trg
return 7" 9= {T} Ty oo Ty ™

:contact-attention-coords-list

T;Lnt_a” _ {pcm‘ att cht att} (m=1,2,---,Nent)

return Tcnt—att = {Tlcnt—att’ T2cnt-att’ . Tcnt att}

LTLi

:contact-constraint-list

return list of contact-constraint instance

:wrench-list

return {wy, wa,--- ,wy,, }

:force-list

return {f17f27"' 7'chnt}

:moment-list

return {nla ng, - - 7nNc.m,}

:external-wrench-list &optional (new-external-wrench-list :nil)

Set/get {wl ,'LU2 [ aw]e\iz}

:external-force-list
return {f1°, 3%, -+, fN.,

:external-moment-list

return {n{®, ng*, .- {7
:mg-vec
return mg

:cog &key (update? t)

10

[method]

(2.9)

[method]

(2.10)

[method]

(2.11)

[method]

(2.12)

[method]

[method]

[method]

[method]

[method]

[method]

[method]

[method]

[method]



return p;(q)

:kinematics-task-value &key (update? t)

(q) = €(0,0)
1760, ¢)
e5™ (6, ¢)
eXi (0, )
kin-trg kin-att
€m (07 ¢) = Kkln (a (Rfrin_trg<07 ¢)Rﬁzn att(e’ d))T) eR (m = 17 27 “ee

ao(R)OO0O0UO0 ROODOODOOOOOOOOO

return e*"(g) € RONwn

:eom-trans-task-value &key (update? t)

eeom—trans (q) — eeom—trans (’lIJ)

r‘nf

= me—mg+2f”

return eeom—tmns<q) c RB

~

:eom-rot-task-value &key (update?

)

eom—rot(

eom-rot (0, ’lf), ¢)
Nent

— Z { cnt trg
Nem
+ Z {(p

=1

e

o

q) =

) - pG(e’ d))) X fm + n’rn}

—pc(0,8)) x fr +ny}

return e®™ ! (q) € R?

:torque-task-value &key (update? t)

etrq(q) — etrq( W T ¢)

_ cnt-trg T _ grzw
= T+ 2 : Jdrwe jozntm 0 ¢) Wm T

7Nkin)

+ Z Jdnve -joint, m 0 ¢)T

11

[method]

(2.13)

(2.14)

(2.15)

[method]

(2.16)

(2.17)

[method]

(2.18)

(2.19)

[method]

(2.20)

(2.21)

weT(2.22)

70, 0)0 MmO 000000000000 000 w,, 0000000007 (0,¢)0000000

m

gbooobooog

m

return e"?(q) € RNarwe-jom

:posture-task-value &key (update? t)

[method]



12

ow

:eom-rot-task-jacobian-with-theta

eposture(q) eposture(a) 223)
= Fposture (é"g - é) (2.24)
6",§00000000 Jpoerre 0000000000000D0
return e (q) € RNposwre-joins
:task-value &key (update? t) [method]
ekin(q) ekin (0, ¢)
eeom—trans (q) eeom—trans( ")
return e(q) = eeom—rot (q) — ecom- rot( W ¢)
e'"(q) e'(6,w, 7, ¢)
epostuw( ) eposture (0)
:kinematics-task-jacobian-with-theta [method]
8e/fm
oG
aekm Beg’"
o
= 2.25
iy | (225)
30
aekm ki
ag = Kiin {Jgfztrg<6 ¢) ka aﬁ<67 ¢)} (m =12, 7Nkin) (2'26)
kin
return  RONkin X Nuar-joint
:kinematics-task-jacobian-with-phi [method]
el
)
e wmn ad)
= 2.27
¢ : (2.27)
3 15\1/;0!77/
o
865‘;” kin-trg km att
oy = K {TE07(0.0) - TELO.0) ) (m=1,20 Nign) (2.28)
kin N N
t c Rﬁ kin X Ninvar-joint
return — ¢
:eom-trans-task-jacobian-with-wrench [method]
Oecom-trans Hecom-trans g eom-trans ecom-trans g geom-trans
aw = ( afl 6’n1 Newt anwa ) (2'29)
- (Ig 03 13 03) (230)
return aecnm;f,rans e RSXGN{:nt

[method]



13

6 eom-rot Nens ) )
g = A (I 0.9) — Tan0.9)) }
m=1
Neg
+ ) A (T55.(0,0) — J60(0.)) } (2.31)
m=1
Nent Neg
= < fm+z.firf)x JG@(oad))
Nnizl m=1 .
[fm ]J;,T:qtf;trg(97 ¢) - [fm ]JG m(a ¢) (232)
m=1 m=1

SN o+ SN fe — g 0000 eom-trans-task 10 00000000000000000

Hecom-rot Nent » Neg
—g— = [mgx]Jce(® = D XTI 0.0) = > [ <] T55(0,0)  (2.33)
m=1 m=1
peom-rot 3X Noyar-joint
return 9 € R
:eom-rot-task-jacobian-with-wrench [method]
aeeonl_""o"' 8eeom—mt 8eeom»mt 8eeom»7'ot aeeom-mt
“on ( of, on, ofn. mn,, ) (2.34)
8eeom-r0t entotr
T = [(pmttg(o’ ¢)7pG(07¢)) X] (m:1727 >Ncnt) (235)
aeeom-Tot
T = 13 (m: 1,2,"' aNC’nt) (236)
return 26" ¢ R3X6New
:eom-rot-task-jacobian-with-phi [method]
8eeom—mt Nent enbetr
e = Z{ wX] (TE0(0,0) ~ Tas(6,9)) |
Neg
+ ) - X (J5n(0,0) — Js(0,9)) } (2.37)
m=1
Ncnt Ne:n
= ( ot > ffff) Jay(0,9)
m=1 m=1
Nent Ney
= D En X0, ) = Y (X155 (0. ) (2.38)
m=1 m=1
Ve g4 S Ne £ — g 0000 eom-trans-task 0000 000000000000000
86507”_7‘01& N(m cnt trg Al ex exr
m:l m=1

com-rot . ‘
return 2€ € R3XNinvar-joint
0@

:torque-task-jacobian-with-theta [method]



trq cnt cnt rav ex ex
Oe _ oryt  or? oTe:
00 00 00 00
m=1 m=1
return ser € RNarive-joint X Noar-joint
o0
:torque-task-jacobian-with-wrench
8et'rq - petrr et et
e \owi own T dwa,
aetrq cnt-tr
_ -irg T _
ow - dm"ue—joz’nt,m(ev ¢) (m - ]-7 2a e 7Ncnt)
m

return 687:“1 c RNd'rwe-jumt X 6N cnt
ow

:torque-task-jacobian-with-phi

N, N,
tr cnt cnt TAV ex exr
e’ _ ormt  oTy orel
8¢ m=1 a¢ 8¢ m=1 a(z)
trq .
return a@% c RNd'rwe-]umt XN'mvar—yomt
:torque-task-jacobian-with-torque
aetrq
T = INdrmm-]mm,f,
trq
return 3837_ c R Nrive-joint X Nrive-joint
:posture-task-jacobian-with-theta &key (update? nil)
8eposture o _kposture (Jposture,i = Jvar,j)
00 irj 0 otherwise

return aegzmre e RN[IUSLHTE—]()MIL X Nvm‘—yoim

:variant-task-jacobian

Nvar—joint 6Ncnt

kin
6Ny o€
kin 50 t
eom-trans
3 oewm
86 3 6eeom-rot aeizj%,}—mt
o o 00 ow
dyar N petr pelr
drive-joint 301 BY)
posture
N, . oe
posture-joint 50

Ndrive—joint

Hetr
oT

return oe c R(GNkm 4343+ Narive-joint +Nposture-joint ) X (Nuvar-joint +6 Nent +Narive-joint )

aquar

:invariant-task-jacobian

14

(2.40)

[method]

(2.41)

(2.42)

[method]

(2.43)

[method]

(2.44)

[method]

(2.45)

[method]

(2.46)

[method]



Ninvar-joint

aekm
6Nl€in 8¢
3
Oe _ 3 Hecom-rot
- 5]
aqinvar (’?
oe'
Ndrive-joint w

Npostur&—joint

return oe c R(GNM"+3+3+Ndmue—]omtJFNposf,u,rc-]omt) X Nmzm,r-jomt

aqmvm‘
:task-jacobian
de _ ( oe oe )
0q 9q,,. 949,
Nvar-joint 6Ncnt Ndrive-joint Ninvar-joint
kin kin
6N oe oe
kin 50 8¢
com-trans
3 oerr
ow
. 3 Hecom-rot Hecom-rot Hecom-rot
- 00 ow o¢
N, oe' oe' oe' oe'n
drive-joint 50 BYY) T 6¢
6epostur6
Nposture—joint 50

return g% c R (6Nkin+3+3+ Narive-joint + Nposture-joint ) X (Nuvar-joint +-6 Nent + Narive-joint + Ninvar-joint )

:theta-max-vector &key (update? nil)

return 0,4, € RNver-joint

:theta-min-vector &key (update? nil)

return 0,,;, € RNvar-joint

:delta-theta-limit-vector &key (update? nil)
get trust region of @

return A6y,

:theta-inequality-constraint-matrix &key (update? nil)

amin S 0 + AO S Omaa:
—AOpmit < A0 < ABpipir  (if A8y s set)

I Hmin -0
I _ _
N AO > (emaz 9)
I —AO i
-1 —Ab i

return Cg := & R4Nvar-joint X Nvar-joint

15

(2.47)

[method]

(2.48)

(2.49)

[method]

[method]

[method]

[method]

(2.50)

(2.51)

(2.52)
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:theta-inequality-constraint-vector &key (update? t) [method]
emin -0
- emam -0
return dg := ( ) € RANvar-joint
—Abmit
—Abimit
:wrench-inequality-constraint-matrix &key (update? t) [method]
00000 weRO00000000000000O00O0DODOOO0ODOOOODODOOOOOOOOD
good
Cow > d, (2.53)

N, O0O0oooobooooobooouoboooobwhOoOooooobOoooooDoo

ComWm +Awy) >dym (mM=1,2,---, Nept) (2.54)
& CuomAwy, >dym — Cymwy (m=1,2,--- Nept) (2.55)
Cw,l Aw, dw,l - Cw,lwl
Cw,2 AwQ dw,Q - Cw,2w2
& | R | (2.56)
Cw,Ncm Achm dwchnt - Cwchninunt
= CyAw > dy (2.57)
Cw,l
Cw,Q . -
return Cy := c R Nuwrench-ineq X dim (W)
Cw;Num
:wrench-inequality-constraint-vector &key (update? t) [method]
dw,l - Cw,lwl
dy 2 — Cyows
return dy = ) € RNwrench-ineq
dwaNcnf, - CwuNcnthcni
storque-max-vector &key (update? nil) [method]

return T maz € RNdrwe-]omL

:torque-min-vector &key (update? nil) [method]

return T min c RNdnve—jomz,

:torque-inequality-constraint-matrix &key (update? nil) [method]
T min S T+ AT S T mazx (258)
I min

s Ar> | TminTT (2.59)

-1 —(Tmaz — T)
& C AT >d- (2.60)

1
return C, := € R2Narive-joint X Narive-joint

:torque-inequality-constraint-vector &key (update? t) [method]
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Tmin — T .
return d, := ( € R2Narive-joint

*(Tmam - T)
:phi-max-vector &key (update? nil) [method]
return ¢@,,,, € R Ninvar-joint
:phi-min-vector &key (update? nil) [method]
return ¢m’m, c RNM'U(N-]O'EM
:delta-phi-limit-vector &key (update? nil) [method]

get trust region of ¢

return Ay,

:phi-inequality-constraint-matrix &key (update? nil) [method]

APt < AP < Apyniy (i Ay s set) .
I ¢min - d)
I _ _
I _Ad)limit
-1 7A¢limit
& CypAp > dgy (2.63)
I
-1 AN, %N, )
return Cq,) = = R invar-joint invar-joint
I
:phi-inequality-constraint-vector &key (update? t) [method]
¢min - ¢
return dg := ~(Gras — @) € R4Ninvar-joint
— AP
_A¢)limit
:variant-config-inequality-constraint-matrix &key (update? nil) [method]
CyAO > dy
CpAw > dy (2.64)
C, At >d-
Cy A6 dg
= Cy Aw | > | dyg (265)
C, AT d.
& CuarAgyy, > dyar (2.66)
Cy
return Cqp := Cu € RNvar-ineg X dim(q,,,,.)
c,

:variant-config-inequality-constraint-vector &key (update? t) [method]



return dyg, = | dy | € RNver-inca
:invariant-config-inequality-constraint-matrix &key (update? nil)

CyAp > dy

= CinvarAqmyaT Z dinvar

return Cipyer := Cy € RNinvar-ineqg X dim(q,,,,,,.)

:invariant-config-inequality-constraint-vector &key (update? t)

return dipyer = dy € R Ninvar-ineq

:config-inequality-constraint-matrix &key (update? nil)

(update-collision? nil)

CvarAqvar 2 dvar
CinvarAqinuar 2 dinvm‘

Agq,,.
Ccol Qvar > dcol
Aqinvar

Cvar A
g Cin'uar ( Qvar > Z

:config-inequality-constraint-vector &key (update? t)
(update-collision? nil)
d’U(lT‘
return d := | djpar | € RYines
dcol

:variant-config-equality-constraint-matrix &key (update? nil)

return A, € RO*4"(@..) (no equality constraint)

:variant-config-equality-constraint-vector &key (update? t)

return by, € R (no equality constraint)

:invariant-config-equality-constraint-matrix &key (update? nil)

return Appar € RO ¥ @) (no equality constraint)

:invariant-config-equality-constraint-vector &key (update? t)

return .- € RO (no equality constraint)

:config-equality-constraint-matrix &key (update? nil)

d’ua’r

dinuar

dcol

18

[method]

[method]

[method]

(2.69)

(2.70)

(2.71)

[method]

[method]

[method]

[method]

[method]

[method]



return A € RO¥4™(@) (no equality constraint)

:config-equality-constraint-vector &key (update? t)

return b € RY (no equality constraint)

itorque-regular-matrix &key (update? nil)
(only-variant? nil)
oodooobbooooooooooa

2
Froulq) = T (00D0DO0DO0OO0O0O0O0O0O0O0O0OOOn)
Tmam
= TTV_Vtqu
ogooo
1
T?naz,l
_ 1
Wiy = Tiar,2 € RAM(T)x dim(T)
rq .

1

Tmaz, Nrive-joint
only-variant? is true:

dim(0)  dim(®)  dim(r)

dim(0)
Wirg i= dim(w) € R4 (Quo)xdim(q,,,)
dim(T) Wirg
otherwise:
dim(0) dim(w) dim(T) dim(p)
dim(0)
dim(w) dim(q) % dim(q)
Wtrq = _ c R%m q im (q
dim(T) Wirg
dim (@)
return Wiyq
:torque-regular-vector &key (update? t)
(only-variant? nil)
ﬁtrq = V_Vtqu
T1
m::,]
_ Timaz, 2 € Réim(T)
Tdim(T)
7_2
maz,dim (T )
only-variant? is true:
1
dim(8)
Virg = dim (i) € R @)

dim(T) \ Oirq

19

[method]

[method]

(2.72)

(2.73)

(2.74)

(2.75)

(2.76)

[method]

(2.77)

(2.78)

(2.79)



otherwise:

Teturn Virq

:torque-ratio
T

Tmaz, 1
T
Tmaz,2
return TT =
mas

Tmaz, Ndrive-joint

:wrench-maximize-regular-vector &key (update? nil)

only-variant? nil
Y

dw-mam
1
d721/—m0427 . R
ﬁw—maz c Rdlm('w)
w-maxr
Ncnt
only-variant? is true:
1
dim(0)
Vw-maz ‘= dzm(ﬁ;) Vw-maz € Rdim(quar)
dim(T)
otherwise:
1
dim(0)
Vw-maz c Rdim(q)

TELUTT Voy-maz

:rregular-matrix

W'r'eg = min(k'mag;, kc()eﬁHGHQ —+ koﬁ)I + ktqutT'q

return W, € Rdim(q) x dim(q)

:rregular-vector

20

(2.80)

[method]

[method]

(2.81)

(2.82)

(2.83)

[method]

(2.84)

[method]
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Vireg ‘= ktrqvtrq + kw—mamvw—ma:r (285)

return v,., € R4

:update-collision-inequality-constraint [method]
goo1o0000 200000 py,p, 000000010000 20000000000000 py,ps
0000 dmargie 0000000000000 O0O0O0O0COOOOOOOOCO

d,{Z(pl - p2) Z dmargin (286)
where di3 = p; — P (2.87)

000000000000 AqUUIOD0000D0D0DO0ODOD0OOO0O0O0O0O0Oooooooooo

dy {(p + Apy) — (P2 + APy)} > dimargin (2.88)
where Ap; = Jg 140 + Jy1A¢ (2.89)
Apy = J9 280 + Ty 2 A (2.90)
op; op; .
Jo;i ==L, Jp; ==+ =1,2 291
i = g Joi= ot (i=12) (291)
O00000000o0obooooa
dly {(py + Jo.100 + T4 1A¢) — (Dy + J9200 + T 5 2AP)} > dnargin (2.92)
& diy(Jon = Jp2)A0 +diy(Jp1 — T42)A¢ > —(dis(Py — Ps) — dimargin) (2.93)
Ang cfol,varAe + CZol,invarA¢ > deol (294)
where cfol’wr = d{z(Jg)l —Jo2) (2.95)
cZol,invar = d,{2(']¢71 - J¢72) (296)
deot = *(dTQ(pl — D) — dmargin) (2.97)
;00000000000 000O000000O00000oO000O cgol,var,i7czol,invar,i7dCOl,iDDDDi:
1,2,--- , N, O0DOOODODODOODOOODOOO0DOOO0DOO0OO0DOODOODOOO0ooOan
A6
Ceots Ceots) > d., 2.98
( 1,0 1,6 <A¢> l ( )
ccol,var,]
Clotp = : g RNewrxdim(6) (2.99)
czol,var,Ncol
ccol,invar,]
Cotg = : € RNwxdim(@), (2.100)
T
Ccol,in'uar,Nwl
dcol,]
deot = : € RNea (2.101)
dcol,le

update inequality matrix C 1,9, Cco1,¢ and inequality vector d.,; for collision avoidance

:collision-theta-inequality-constraint-matrix [method]
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return Cor 9 € RNt x dim(6)

:collision-phi-inequality-constraint-matrix [method]
return Ccop ¢ € RNt x dim ()

:collision-inequality-constraint-matrix &key (update? nil) [method]

dim(0) dim(w) dim(T) dim(p)
Ccol = Neoi ( Ccol,@ 0 (0] Ccol,qﬁ ) (2102)

return C oy € RNeorx dim(q)

:collision-inequality-constraint-vector &key (update? nil) [method]
return d o € RNeo

:update-viewer [method]

Update viewer.

:print-status method
p

Print status.

22 0OO00O0O0bOOO0ObOOobObOOobOOobOoOn

trajectory-configuration-task [class]
:super propertied-object
:slots (_instant-config-task-list list of instant-config-task instance)
(_num-instant-config-task L)
(_dim-variant-config dim(q,,,))
(_dim-invariant-config dim(q,,,q))
(_dim-config dim(q))
(.dim-task dim(e))
(_norm-regular-scale-max k4. )
(-norm-regular-scale-offset k)
(
(
(

W) @ L=

_adjacent-regular-scale-list kadj, adj " Kadj )

_torque-regular-scale k¢yq)

_task-jacobi buffer for g—g)

0000000000000 ¢qO0000000 e(qOOOO
O000D0O0O000DoO0ooooDo“0n” D “rajectory” DDDOOOO

00000000000 ¢gOO0U0O0O000O0O0OUOD e(q)DO0O0DOUOODOOOOOODDOO B%I‘J)DD
gooooooOoooobogoooooooooD Ab,C,dO00000DOO0OODOOOOODODODOO

ubobooboboobooboooooobooooboboooobOoboooon

e JO0IDOOOOODOODOOOOODOOOODOO

instant-config-task-list instant-configuration-task 0 0 O 0O



e JOODOOODO
norm-regular-scale-max k,,,, 0000000000000 O0O00O0OOOOOOO
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norm-regular-scale-offset £,y 000000000000 000O00O00O0O0O0O0O0O

adjacent-regular-scale-list ) 00000000000000000000000

torque-regular-scale k;,,, OOOOO0OO0O0O

obooobOooboobogo guboboboobooboo

T
q = (qg)}%T q$12a)7T T qgﬁZT qz;wm‘)
ogoood
1 2 L
9invar *= qgni}ar = qgnZzar == qgm))ar

g (1=1,2,.-,0)01000000000000000000000000000

00000 e(q)DO00DOOOODOO

T
e(q) = (e(l)T(qSﬁl)ﬁ qim}ar) 6(2)T<q$12a)7"’ qim}ar) e e(L)T(qg§7)“7 qinvar))

eO(g q,..) (1=1,2,---,[)0 |10000000000000O0

:dinit &key (name)
(instant-config-task-list)
(norm-regular-scale-mazx 1.000000e-04)
(norm-regular-scale-offset 1.000000e-07)
(adjacent-regular-scale 0.005)
(adjacent-reqular-scale-list)
(torque-regular-scale 0.001)

Initialize instance

:instant-config-task-list

return instant-config-task-list

:dim-variant-config

return dim(qyar) := Zle dim(q(vlgr)
:dim-invariant-config

return dim(qinvar) := dim( 0 )y(l=12,---,L000)

9 invar

:dim-config
return dim(q) := dim(qyar) + dim(Q@invar)

:dim-task
return dim(e) := Zlel dim(eW)

:variant-config-vector

aSer

(2)
qvar

return quer 1= .
a'a

:invariant-config-vector

(2.103)

(2.104)

(2.105)

[method]

[method]

[method]

[method]

[method]

[method]

[method]

[method]



return gipyar 1= qggmr (l=1,2,---,L000)

:config-vector
(1)

quar
i
Qvar .
return q := = :
(qinvar> (L)
quvar
9invar

:set-variant-config variant-config-new &key (relative? nil)

Set quar-

:set-invariant-config invariant-config-new &key (relative? nil)

Set qinvar-

:set-config config-new Ekey (relative? nil)

(apply-to-robot? t)

24

[method]

[method]

[method]

(apply-to-robot? t)

(apply-to-robot? t)

Set q.

stask-value &key (update? t)
6(1)( (1)

duvar; 9invar

6(2)( (2)

duar; 4inyar

return e(q) :=

e(L)( (L)

quar, qinvar

:variant-task-jacobian

Oe
aqva’r B

return aaTe c Rdim(€)xdim(q,,,)

:invariant-task-jacobian

return

9 jvar

:task-jacobian

o€ o pdim(e)xdim(,,,,,)

se™
0q.i)
e
oq.z)
o
ae)
Y r
86?2%
de -~
aqinvm‘
ase()
9 iar

[method]

[method]

[method]

(2.106)

ase(r)
oqiL,

[method]

(2.107)

[method]



de  _ <ae ve )
8q 94, 99,
ae® O se)
aq'l) G 0r
se? se?
_ 8q§33- 2] -
O se(l) ase™)

aq'y)  9inver

oe c Rdim(e)xdim(q)

return aq

:variant-config-inequality-constraint-matrix &key (update? nil)

Clor o
c)
Cvar =
1o c&)

var

return C g, € RNVver-ine X dim(q,,,,)

:variant-config-inequality-constraint-vector &key (update? t)

return dg,. € RNVvar-incg

:invariant-config-inequality-constraint-matrix &key (update? nil)

Cinvar = C(l)

mvar (l

—1,2,.-.,L000)
return Cinvar c RNmuarineq X dim(qmw.)

:invariant-config-inequality-constraint-vector &key (update? t)

dinvar = d(l)

invar (l =1,2,---,L00 D)
return d;ppqr € RNV invar-incg

:config-inequality-constraint-matrix &key (update? nil)

(update-collision? nil)

C:= Cinvar € RNiqudim(q)

return C € RNineg X dim(q)
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(2.108)

(2.109)

[method]

(2.110)

[method]

(2.111)

[method]

(2.112)

[method]

(2.113)

[method]

(2.114)



:config-inequality-constraint-vector &key (update? t)
(update-collision? nil)

dvar
d:= dinuar
dcol

return d € RNVinea
:variant-config-equality-constraint-matrix &key (update? nil)

AL 0
A2

var

Avar =
o Al

return A, g € RNvwr-coxdim(q,,,)

:variant-config-equality-constraint-vector &key (update? t)

b

var

by

buar =

bla

return byg, € RNver-ca

:invariant-config-equality-constraint-matrix &key (update? nil)

A'm'Uf“" = AE’E’L)’U(LT‘ (121727 7LDDD)

return Ainvar S RN’"“‘”‘“I X dim(qmvm)

:invariant-config-equality-constraint-vector &key (update? t)

binvar = b(l)

mvar

(l=1,2,---,L000)

return by, € RNinvar-co

:config-equality-constraint-matrix &key (update? nil)

A = Ayar e RNSQ x dim(q)
Ainuar

return A € RNeaxdim(q)

:config-equality-constraint-vector &key (update? t)
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[method]

(2.115)

[method]

(2.116)

[method]

(2.117)

[method]

(2.118)

[method]

(2.119)

[method]

(2.120)

[method]
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b
b:= | " (2.121)
binvar
return b € RN«
:update-collision-inequality-constraint [method]
update inequality matrix C(Clo)l 0, C (Clo)l » and inequality vector d(clo)l for collision avoidance (I = 1,2,--- , L)
:collision-inequality-constraint-matrix &key (update? nil) [method]

dim(0V)  dim(®V)  dim(r®)

A (1
¢, = N ( c, o o) ) (2.122)
~,(1) 1
Ccol,e @ C(co)h(b
A2 (2)
C C
Ceot = cor ol (2.123)
A (L) L
Ccolﬂ C(col)@
return C oo € RNeorxdim(q)
:collision-inequality-constraint-vector &key (update? nil) [method]
dy)
dg)
doy = _ (2.124)
2
return dgo; € RNeot
:adjacent-regular-matrix &key (update? nil) [method]
ggoobbobbooouooobobobood
L—1
!
Fogi(q) = Z k,(lgj||91+1 -6, (2.125)
1=1
= q¢"Wayq (2.126)
ooogo
dim(@D)  dim(w")  dim(r®)
dim(0") [ k)1
I_(alr)lj = dim(ﬁ)(l)) c R4m(Q())x dim(q () (2.127)
dim(TW)
F(1) F(1)
Ia(de <1;Iadj<2> @) ©
“tadj Iadj + Iadj “tadj
Wadj = . c Rdz‘m(qw) ><dimgg14&8)
=(L-2)  =(L—1) —(L—1)
Iy (Jr Ia)dj *I(adj :
=(L—1 ~(L—-1
o “Ladj Iadj

v_Vadj
Waij = 2.129



return W, € Rm(q)xdim(q)

:adjacent-regular-vector &key (update? t)

Vadj
return veq; € R%m(Q)
:torque-regular-matrix &key (update? nil)
Wi,
(2)
Wiy = Wi
O

Wi
Wtrq . ( t q O)

return Wy, € Rim(q)xdim(q)

:torque-regular-vector &key (update? t)

ﬁtrq =

Virq

return vepq € R%m(Q)

:rregular-matrix

= Wadjq

c R%m(d,,,)xdim(q,,,)

1
Viry
(2)
’Utrq c Rdim(qvw)

(L)

vtrq

’l_Jtrq
0

WWQ = min(kmafﬂv ”6”2 =+ koﬁ)I + Wadj + kthWt'rq

return W, € R dim(q) x dim(q)

:rregular-vector

Vipeg *= Vadj + ktr Vir
g ] q q

return v,., € R4

:update-viewer

Update viewer.

:print-status

Print status.

28

[method]

(2.130)

[method]

(2.131)

(2.132)

[method]

(2.133)

(2.134)

[method]

(2.135)

[method]

(2.136)

[method]

[method]
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:play-animation &key (robot-env) [method]
(loop? t)
(visualize-callback-func)

(visualize-force? nil)
(force-color #£(0.8 0.2 0.2))

Play motion.

:generate-robot-state-list &key (robot-env) [method]

(joint-name-list (send-all (send robot-env :robot :joint-list) :name))
(root-link-name (send (car (send robot-env :robot :links)) :name))
(step-time 0.004)

(divide-num 100)

(limb-list (list :rleg :lleg :rarm :larm))

Generate and return robot state list.

3 Uugbobobobobobooobood

3.1 0ODOooggoo

sqp-optimization
:super

:slots

[class]
propertied-object

_config-task instance of configuration-task)

_qp-retval buffer for QP return value)

_qp-status buffer for QP status)

gp-int-status QP status)

_task-value buffer for task value e(q))

_task-jacobian buffer for task jacobian @)

_dim-config-buf-matrix matrix buffer)

(

(

(

(-a

(

(

(

(_convergence-check-func function to check convergence)
(_failure-callback-func callback function of failure)
(_pre-process-func pre-process function)
(_post-process-func post-process function)

(4 buffer for iteration count)

(_status status of sqp optimization)
(_no-visualize? whether to supress visualization)

(

_no-print? whether to supress print)

ooooboooooao

instant-configuration-task 0 0 O O trajectory-configuration-task 0 0 O O instance (O O Oconfiguration-
task 000)000000000configuration-task 00000000000 |le(q)|?00000000
oooobdoobuo ghbooboboboobooon

:dinit &key (config-task)

[method]

(convergence-check-func)



(failure-callback-func)
(pre-process-func)
(post-process-func)
(no-visualize?)
(no-print?)
&allow-other-keys

Initialize instance

:config-task

Return configuration-task instance

:optimize &key (loop-num 100)
(loop-num-min,)
(update-viewer-interval 1)
(print-status-interval 10)

Optimize

In each iteration, do following:

check convergence
call pre-process function
print status

solve QP and update configuration

G W e

call post-process function
Solve following QP:

1
min =Ag®TWAq® + vT Aq®
AQR) 2

st. AAg™) =b
CAg™® > d

_ (0e(@"™)\" (0e(g™)
where W—( 9q® 9q® + Wi

de(g®)\ "
v (3(q(k))> e(q™) + vy

and update configuration:

"D = g®) 1 Agh)*

:iteration

Return iteration index.

:status

Return status of sqp optimization.

3.2 DUOOoobbooogboboobood

3.2.1 DO000OO0OO0OOOOODOODOOOO
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[method]

[method]

(3.6)

[method]

[method]

0 (za) 000000000000 0OO0O0OO0ODOOOOOOOOODOOODOOODOOOOODOOOOOO
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goooboobooboobooboboobooboobooboooboooboobooboooog
0 (Zza) 00000000000 OD0O0OOO0OOO0

mmE:{ F(q") + mJ%m@m} (3.7)
€T
st. AqY =b ieZ (3.8)
cq>d iez (3.9)
T
where § & (q(1>T q@T ... q<N,,M>T) (3.10)
T (1,2, Npse} (3.11)
1 . .
5oy def 1 @) g2
Funse(@51) = =5 > _loglld(q", ) (3.12)
JEL
J#i
def (3 i
d(q() q()) q® — qV (3.13)

Nne 0000000000000 000000O0O0mscO0O00000 (multiple solution candidates) 0 0 00O
O0000000000000000000000000 ¢Y00000000 F(W)Doooooooo
0000000000000000000000000000000000000000000000000
0000000000000 000000000000000000000000000000000000
O00000000000000000000000000000000000000 Fpe(¢i)00000
00000 8o

000000000000000000000000000000 o0

8Fmsc(q; Z)

= E:au oglld(g™,q")|? (3.16b)
JEL
J#i
. . T
od(q" q(]))) L
= Z d d(q®,qW) (3.16¢)
2 ( 7 ’
]61 ) . q () H aq()
J#i
(%) (J)
_ q ,d
— j{:|‘ @ qﬂ)\P (3.16d)
(3.16e)

S00000 log 000000 DONDDOONDONONOOOOd=|d(¢g®,q?)| 0000000000000

o) 1 1 d 1 1
— (=Z1logd? ) =-= > — d — (=Z1logd? ) =-= d 14
Bd( 2og ) d—> oo (d— +0) 8d( 20g ) d—)()( — 00) (3.14)

goooooooooooooooooboOooooooobooOoooooooOoOoOoOoOooooooOobooOoooooooboobooooooo
gooO0OO00O00legOOOOOCOOOO

9 (_lp)_ O (Ll gl
8d(_2d)_ d—0 (d— +0) ad< Qd)_ d— —o0o (d— co) (3.15)

gooooooooooooooooooOoOoOOODOODOOODOOOOOO0OO0O000000000O0OOOODOODOOOOOOOOOOO
gobooooooooodoooooooboboOoooooooooOoOooooooooooboboOoOoOooooooon

000 OO 0O 0O 0D 0O 0O 0 0O 0O 0O 0O O O 0Ohkttps://math.stackexchange.com/questions/175263/
gradient-and-hessian-of-general-Z-norm


https://math.stackexchange.com/questions/175263/gradient-and-hessian-of-general-2-norm
https://math.stackexchange.com/questions/175263/gradient-and-hessian-of-general-2-norm
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8Fﬂmsc ((27 Z)

ViFpse(@:i) = W keINk#i (3.172)
= Za a7 loglld(g”, g (3.17b)
JET
J#i
1 0
= “554® log |d(g"), q™)||? (3.17¢)
: T
1 od(q),q*) ,
Hd(q(z)’q(k))H2 ( g™ (a",q"") ( )
d(q®,q™)
= T R (3.17¢)
ld(q), q™®))]J?
(3.17f)
. O%Fpsc(Gsi
ViiFmse(:1) = 81]’)(2(1) (3.18a)
= Za @ ({Ild (¢, a1} d(q(i),qm)) (3.18b)
€T
i
. . . . A . —1
= —Z< {||d q(l q(J )|| } d(q(l)7q(J))d(q(l)’q(ﬂ))T+{||d(q(z)7q(]))”2} (I>8c)
€T
i
= _Z<—»2.d(q(“,q(j))d(q(”,q(j))T+,1.I> (3.184)
S\ ld(g®, gt 1d(q®), gP)]|1?
J#i
= —)_H(qd".q") (3.18¢)
JET
i
oooo
H(q, q) % _%d(qm’ a9)d(q, g7 + %I (3.19)
Id(g®), qW))]| 1d(q®, g0
a21'71msc A;i 3
V F7YISC( ) == aq(z)(‘)(?k)) keI/\k#’l (320&)
. -1 . .
= Za ® ({ “)7q(”)ll2} d(q(”,q(”)> (3.20D)
€T
i
9 @ g0 12) " gra® o)
G {lld(q gl } d(q",q"™) (3.20c)
) -2 ) ) ‘ 1
= - (2{||d(q(”,q(’“))ll2} d(q(’),q(’“))d(q(”7q<’“))T—{Hd(q(’),q(’“))\P} I(>3.20d)
2 . ) 1
= —— = _d(qg",¢")d(q?,q® —_—— 3.20e
[dtq®, g4 da”. a0+ e et (3:200)

—  H(q",q™) (3.206)



33

62F7nsc(q; Z)

V2 Fmse(@;i) = W keTIANk#i (3.21a)
_1 )
= o ({1ata.ae} " ag.a) (3:211)
2 . . 1
= (e (gD, q")d(q?, ¢+ — 1) (321
(Tt gmya a)aia® o + etgpt) 6219
= —H(q",q") (3.21d)
2 ~ .
Frse 5 . .
V2, F(@:i) = %Ta(q(z;) keTIN ETAk4inl£ink£] (3.22a)
q q
9 . -1 ,
= W({Ild(q(”,q(’“))IF} d(q(“,q(’“))) (3.22b)
_ 0 (3.22¢)

gboaoboabooboobobboaoboaobooboobooobab

aFmsc A; )
ViEnse(@31) = ——52=— q(q J (3.23a)
dg".q")
Id@®.q)]|?

d(q( ).q(7 1))
1@ g

q() (J))
= Z]GI Hd(q( 0,q@)|2 (323]3)

(q( i) q(1+1))
ld(g®,qt+v)]

dq® )(;I(Nmsc) )
ld(q®,q(Nmse)))|2

Umsc déf Z VFmsc(d; Z) (323C)
i€l

dq®,q¥)
ZJGI |\d<q<1> qon|?

= 92 : (3.23d)

d(q(Nms‘(‘) q(]))
Z JEL W
J# Numse I el gDl
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82Fmsc((j; 'L)

V2Fpse(Gi) = —=02 3.24a
(@) 2 (3212
1 i1 i it1 - Nopee
1 —H;; H,,
i—1 —H;; 1 H;; 4
= 1 H,, --- H;; 1 —YjezH;; H;;;x. --- H;n,. (324b)
i
i+1 H;; —H; ;11
Nonse Hi7Nmsc _Hi7N7nsn
Wose 3 V2Fne(d:i) (3.24c)
ieT
- Z]Sg H, H,, Hi ..
JF
H, =2 jer Ha H; ...
_ j#i (3.24d)
Hy,,.1 Hy,,.2 e = Z]SZ' Hy,,.;
Y

O000H(@W,qY)0 H;;0000000000d(¢gW,qY)=-d(qg",q"), H;; =H;;, 000000
000000 Y,7Fms(¢;9) 00000000000000 (0 (558) )000000000

> {Fmsc(qk; i) + V Fpse(d1; 1) T AGy, + 5Aq{v%msc(f;,k; Z)Aqk} (3.25)
€L
' 1
= ) Fse(did) + {ZVFmsc@k; z’)} Agy + 5 Ady, {ZVQFW@M z’)} Ag,  (3.26)
i€ i€ €L
L R N
= Z Fmsc(qk; Z) + anschk + 5Angmschk (327)
1€L

W.,...O0Ooooooooooogoooooooooooboooobooooooooo w,,oooono
0oo0o0o0000oo0oo0oo0oo0oo0oo0oo0o0 "o0w,,0000000000000000000

Wmsc = VmscDmch:n(lgc (328)

0oo0o0D,,..00000000000000000V,,,.000000000000000000000 W e
00000000 W,,.000O0O0O00O0O

Wmsc = VmscDjnSCV:nic (329)

oooobpf,. 0D, .00000000000000000000000O000000

0 Bn0000000000000000000000000DO000O000OUO0OOO0O0ODOsSQP
oooooo0ooooboooooDbo0ooooDobo0g kD000 O0ODOOOODOOOOODOODOOO

kmsc — min(’Y'msckmsca kmsc—min) (330)

Amse D 0 < Ymse <10000000000kmsemn 000000000000
YW, 0000000000000000O0DOOOOD Ohttps://math.stackexchange.com/questions/648809/



https://math.stackexchange.com/questions/648809/how-to-find-closest-positive-definite-matrix-of-non-symmetric-matrix#comment1689831_649522
https://math.stackexchange.com/questions/648809/how-to-find-closest-positive-definite-matrix-of-non-symmetric-matrix#comment1689831_649522
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3.22 [DO000OO0OO0DOOOODODOODOOOO

sqp-msc-optimization [class]
:super sqp-optimization
:slots _num-msc number of multiple solution candidates N,,s.)

_config-task-list list of configuration-task instance)

_dispersion-scale ksc)

_dispersion-scale-decrease-ratio vy, decrease ration of kysc)

(

(

(

(_dispersion-scale-min ky,sc.min, minimum of k)

(

(_config-vector-dist2-min minimum squared distance of configuration vector)
(

_dispersion-matrix buffer for W)

gboooboobooobgobooobooboo

instant-configuration-task 0 0 0 O trajectory-configuration-task 0 0 0 O instance (O O Oconfiguration-
task 000)000000000 configuration-task 00000000000 |le(q)|?00000000
oooobuodobu gbooboobooboobooboboboboboobooobnoo

:dinit &rest args Ekey (num-msc 3) [method]
(dispersion-scale 0.01)
(dispersion-scale-min 0.0)
(dispersion-scale-decrease-ratio 0.5)
(config-vector-dist2-min 1.000000e-10)
Eallow-other-keys

Initialize instance

:config-task-list [method]

Return list of configuration-task instance

:dispersion-matrix [method]
0 (B23d) 000

return W s, € RVmsedim(q)x Niscdim(q)

:dispersion-vector [method]
0 B8Zd) 000

return v,,s, € RNmscdim(q)

4 0O0O00O0O0

4.1 DO0O0O0OOOOOOOOoOOD

robot-object-environment [class]
:super robot-environment
:slots (obj O)
(_obj-with-root-virtual O)
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gboobooboobobbooboobooboon

oboobOoooobooboooooboooooobooooobooon

1. 00booboobooboobobbobooboon
2.0000000000D0O0
3. 00000b00ooooo

gboobooboobobbooboobooboobon

robot R 0000 (cascaded-link 00 00000000O)O
object O 00O (cascaded-link 0000000000 000000000 0O0O0O0OOOOO

contact-list {C;,Ca, -+ ,Cn.} 00O (2d-planar-contact 00000000000 0)0000O0

D000 ROODODOOO0O0OO0O00000000000000000000000000000 ROOO
000000000000 O000000000000000000000000000000 &000
oooooo

:init &key (robot) [method]
(object)
(contact-list)
(root-virtual-mode :6dof)
(root-virtual-joint-class-list)
(root-virtual-joint-azis-list)

Initialize instance

:object &rest args [method]
return O
:object-with-root-virtual &rest args [method]
return O
instant-manipulation-configuration-task [class]
:super instant-configuration-task
:slots _robot-obj-env robot-object-environment instance)

(
(-wrench-obj-vector W,p; [N] [Nm])

(-num-contact-obj Neps_op; 1= [T et-tr9-0b7))

(.num-act-react Nyci_reqer := [P 2TTe0)

(_dim-wrench-obj dim(Wop;) = 6Nent-ob;)

(_contact-target-coords-obj-list 7 ¢mt-tr9-0b)

(_contact-constraint-obj-list list of contact-constraint instance for object)
(_act-react-pair-list Pact-react)
0000000000000000000000000¢YD0000000 eV (¢gW)D000DOD0
gooobuooboobobobooboooboobuoobooboboboobbooboo
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O000000000000000000000000l000000000 9P 0000000000
0000000000000 00 t000DOOOOOOO0OOOODOOOOODDOOO“DO” O “instant”
gooood

00000000000 ¢qU0000000000U0OU e(q)0000D00OOOOOOOOO %?DD
oo0o0O0O0O0OO0OO0OO0O0O000OoOoOoOoOooOg A, C,dO00O0OOODOOODODODOOOOOOOOO

0000000000000 D0O000000D0DOO0O0Oinstant-configuration-task 0000000000
ooooboooog
e JO0OOOOOODO

robot-object-environment 00000000000 OO robot-object-environment 0 0 0O 0 O
ooooo

e JOODOOODO

contact-target-coords-obj-list 7°*9-cb OO O0O0O00O0O0OOOOO
contact-constraint-obj-list 0000000000000

e JOODOODOOODO
act-react-pair-list Pect-0ct OO0 0000000000000 000O0OOOOOOODOOO
oood
obooooOobobobogo guboboboonooobon

6 c RNw-om 000000 [rad] [m]
weRWNer 0000000000 [N] [Nm]
Wop; € RONew-on 00000000 [N] [Nm]
7 € RNwweos 000000 [Nm] [N]

¢ € RVmwrom 0000000 [rad] [m]

wlODO0O0OOOOOOo00000ooooobOoOo0o0ooooooooo0oooooooobooooa
T
W = ('wlT wl .. w%am) (4.1)
T
_ T T T T T T
= (fl ny fy myg o fn,, nNm) (4.2)
O00OUOO0e(q)O0OOOODOOOOO

efn(q) e RNwn 00D DOO0 [rad] [m]

ecom-trans (g ¢ R 00000000000 [N]

e“m (@) e R 00 0000000000000 [Nm]
ecom-trans-obj (qy ¢ R3 000000000 [N]
ecom-rot-obj(g) ¢ R 0000000000000 [Nm]
e'"(q) € RNeweios 0000000000 [rad] [m]
erosture(g) € RNwstwresome 1000 0 [rad] [m]

:dinit Erest args Ekey (contact-target-coords-obj-list) [method]
(contact-constraint-obj-list)
(act-react-pair-list)

Eallow-other-keys



Initialize instance

:robot-obj-env

return robot-object-environment instance

:wrench-obj

return wop;

:num-contact-obj

return Nepg-opj = \TCM-WQ-D’U

:dim-variant-config

dim(Quar) = dim(0)+ dim(w) + dim(Woep;) + dim(T)

return dim(qyar)

:dim-task

dim(e) :=

return dim(e)

:variant-config-vector
(7]

w
return @uqr := ~
W obj

T

:config-vector

q’Ull’I’
return q := =
(qinvar>

= Nvar—joint + 6Ncnt + 6Ncnt-obj + Ndrive-joint

dim(e*™) + dim(e®™ ") 4 dim(e®™ ) + dim(e®m-trans-obi)
+dim(ee°m'mt'°bj) + dim(etrq) + dim(eposture)

6Nk"m +3+3+3+3+ Ndrive—jomt + Nposture—joint

:set-wrench-obj wrench-obj-new Ekey (relative? nil)

Set ’lf)obj.

:set-variant-config variant-config-new &key (relative? nil)

Set Guvar-

apply-to-robot? t
(apply

:contact-target-coords-obj-list

cnt-trg-oby __ cnt-trg-obj cnt-trg-obj _
Tm ¥ ]_{pm v Jva } (m_1a2v"'aNcnt—obj)

38

[method]

[method]

[method]

[method]

[method]

[method]

[method]

[method]

[method]

[method]

(4.7)



cnt-trg-obj .__ cnt-trg-obj cnt-trg-obj o cnt-trg-obj
return T ={T] Ty , TN }

:contact-constraint-obj-list

return list of contact-constraint instance for object

:wrench-obj-list

return {wop; 1, Wobj,2, ** » Wobj,Noy,

:force-obj-list

return {fobj,h .fobj,Qv T 7.fobj,Ncm,og,j}

:moment-obj-list

return {7oy;,1, Mobj,2, "+ Pobj,Nens-on; |

:mg-obj-vec

return mop;g

:cog-obj &key (update? t)

return p g, (q)

:eom-trans-obj-task-value &key (update? t)

eom-trans-obj ( eom—trans—obj(

e q) = e Wop;)

Nent-obj

E Fobj,m — Mobig
m=1

return eeom—tmns—obj (Q) c RB

:eom-rot-obj-task-value &key (update? t)

eeom—rot—ob] ( eeom—rot—obj (0 -

q) ) woij qb)

Ncnt—nb]
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[method]

[method]

[method]

[method]

[method]

[method]

[method]

[method]

(4.10)

= {(prcr’;zt—trg—obj (07 d)) - pGobj (07 d))) X fobj,m + nobj,m} (411)

m=1
return eeom—rot—obj (q) c RS
:task-value &key (update? t)
ekin(q) ek'in (07 ¢)
eeom—trans (q) eeom—trans (w)
eeom—rot(q) eeom—rot(e ) ¢)
s Wy
return e(q) p— eeom—trans—obj (q) — eeom—trans-obj (ﬁ]obj)
eeom—mt—obj (q) eeom—mt—obj (0 wobj ¢)
etrq(q) et’rq(07w77-) ¢)
eposture (q) eposture (0)

:eom-trans-obj-task-jacobian-with-wrench-obj

[method]

[method]

6eeom-t7‘mls—ob]

eom-trans-obj com- - - - - —obj
ae 7 (3650771 trans-obj oecon trans-obj o aeecom trans-obj

awobj afoby,l Moy, afoby,N

(13 05 - I 03)

ent-obj

anobj,zvm_o,,] ) (412)

(4.13)
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return 2€°7"7 Y o R3X6Neni-on;
obj
:eom-rot-obj-task-jacobian-with-theta [method]
aeeom—rot-obj Nent-ovj ttroeobi
e = 3 { W anx (TE T 0,6) — Taono(0.0)) | (4.14)
m=1
Nent-obj Nent-obj
= D7 Fovjon | X| Torio(0:8) = D [ orjm X TG 7 (0, ¢) (4.15)
m=1 m=1
ZZZ'{”’” obj,m = Mobjg 0 0 00 eom-trans-obj-task 1O OO OO0 ODDOOODOOODOOO

aeeom—rot-obj Nent-obj y y
cnt-trg-o
T - [mobjgx] ']Gobjﬁ(ea ¢) - Z [fobj,m X}Je,m v ](07 (b) (416)
m=1
return 285 ¢ RIX N

:eom-rot-obj-task-jacobian-with-wrench-obj [method]
aeeom‘TOt‘Obj 6eeom-rot—ob‘7 aeeom-mt—obj o aeenm-mt-obj aeeom—mt—ob]
751501,]- = < of Moty 1 OF sy vy 0TV Nentoon (4.17)
aeeom—rot—obj i b

af bi = [(p;';l-rg—oj(07¢) _pGobj(67¢)) X] (m: 1723"' 7Ncnt—obj) (418)
obj,m

Hecom- rot-obj

=TI =1,2,-- , Nent-obi 4.19
8nobj7m 3 (m PR=D) 3 t bj) ( )

aeeam-ml—uby

- c R3X6Nent-obj
OW op;

return

:eom-rot-obj-task-jacobian-with-phi [method]

8e€°m'T°t'°bj NCM’-Ob] cnt-trg-obj
e = 2 A X (T (0.6) ~ T coel0.9)) | (4.20)
m=1
Ncnt»obj Ncm»obj
= Z fobj,m X JGObj¢(07 ¢) - Z [«fobj,mx]J(;tL'rtr;tTg_Obj (9’ ¢) (42]‘)
m=1 m=1
ZZZ&'W obj,m = Mobjg 0 000 eom-trans-obj-task 10 DO OO0 ODOOODOODOOOO
Decom-rot-obj N cnt-trg-obj
0 [Mobigx] J Gobjo (0, @) — Z [f ovj,m X1 4om (0, 9) (4.22)
m=1

return &;;f’m c RSXvaar—jomt
o

:variant-task-jacobian [method]
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Nva'r-joint 6Ncnt 6Ncnt-obj Ndri'ue-joint
ekin
GNkin 50 .
3 per
ow
3 3eeom»mt aeevm-wt
5 o0 ow ——
e 3 Hecom-trans-obj
aq = awob] (4.23)
var 3 Hecom-rot-obj He com-rot-obj
00 oW
Noo setr et et
drive-joint B EYT) oT
5@ Posture
N, L oe
posture-joint 50
return 8(6]6 c R(6Nkin+3+3+3+3+Nd7'wﬁ—]ointJFNposiu're—]umt)X(N'Um-]u'mi+6Ncnt+6NCnt—obj+Ndrwe—jaznt)
:invariant-task-jacobian [method]
Ninvar—joint
aekm
2Nkin 8¢
ecom-rot
3 oe
Oe 09
_v% _ 3 (4.24)
8qinvar 3 Heeom-rot-obj
o
e’
Ndrive—joint 8¢
Nposture— jotnt
J
return 6(1076 € R(6Nkin+3+34343+Narive-joint +Nposture-joint ) X Ninvar-joint
mvar
:task-jacobian [method]
Oe
7= oe oe 4.25
dq (s a=) (4.25)
Nvar—joint 6Ncnt 6Ncnt—obj Ndrive—joint Ninvar-joint
kin kin
6N oe oe
kin 00 o op
3 oewm T
3 aeeom-ml aeeum—wl aeeom-ml
00 ow o¢
com-trans-obj
— 3 gewm Ty
S 4.26)
3 Heeom-rot-obj Heom-rot-obj Hecom-rot-obj
00 AW 4y, EY)
N oer oer per pes
drive-joint 50 EYT) T 8¢
posture
N, o oe
posture-joint 50
return g% c R(Gthn+3+3+3+3+Ndm7lcfjmnf,+Npustu7e»jomt)X(Nvar'»joz'nt+6Ncm+6Ncnf,fnb_7+Ndri1/cf]mniJFNz'n'uar-jo’[nt)
:wrench-obj-inequality-constraint-matrix &key (update? t) [method]

00000000 we, eRO0D0O0000000DO00DO00ODOO0D0OO0OOOOOOODOODO0O
oooooooo

Cwnb] Wobj > dwob_7

(4.27)
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Nen.opy 00000000000000000D0000 %,000000000000000

Cwob7,m( obj,m + AwObJ m) > dwﬂb]7m (m =12 aNcnt—obj)
= c Obf’mAwOb] m 2 d Wobj ;M Cwobj,mwobj,m (m =1, 27 to aNcnt—obj)
Wopj, 1 AwObjal dwobj,l
Wty 2 Aw,pj 2 du,,
@ . . —_—
Cwnb]-,Ncm—ob] Awgbj1Ncnt—obj dw"b]’Ncmfob] -
& Cy,,A >dg,,
Cwob]71
Cu,,2
return C?f} bi = tWotr c RNwrench,—obj—meq><6Ncm-ob]
obj

C

Wobj 7Ncnt-obj

:wrench-obj-inequality-constraint-vector &key (update? t)
dwobj,l - Cwobj,lwobj,l

dwobj,g - C'wubj,Qwobj,Q
return dy,,,, 1= ) € RNwrench-obj-ineq

dwnh7,Nﬂnz_abj - Cwob]1Ncnf,—nb7w0bj7Ncnt-0h]

:variant-config-inequality-constraint-matrix &key (update? nil)

CyAO > dy
CoAw > dy
Cu?obj A'li)obj > dﬁ)abj
C. AT >d;
09 AO dg
Cy Aw dy
A ~ sl
c obj AwObJ d obj
C, AT d,
<:> CUGTAqUa7' 2 d'UU/T
Cy
Cu Nyar-ineg X dim(q )
return Cpq, 1= € RNvar-ineq var
Cﬁ)nb;
C;
:variant-config-inequality-constraint-vector &key (update? t)
dg
d; N
return d,q,- 1= € RNvar-ineq
dwobj
d,

:act-react-equality-constraint-matrix &key (update? nil)

4.28)
(4.29)
- Cwnb],lwobj,l
- Cwol,_,,2wobj,2
(4.3()

Wobj s Nent-obj Wobj,Nent-obj

(4.31)

[method]

[method]

(4.32)

(4.33)

(4.34)

[method]

[method]
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gboobooboobgoobooobobbobboobooboobooboobon

Wi(m) + Wobjjm) =0 (M =1,2,-+, Nact-react) (4.35)
< Asct-react,robot,mW + Aqctoreact,obj,mWobj =0 (m =1,2,---, Nactreact) (4.36)
i(m)O00O
where Auctreactaoborm = (Os O I = Og Og)€RONo(437)
j(m) 00
Auctreactotim= (05 Os Iy = O Og) € RNy 3s)
S Auctreact,robot® + Aactoreact,obj Wobj = 0 (4.39)

Aact— react,robot, 1

where Aact-react,robot _ c RGNrLcth{zact X6Ncnt (440)

Aact—react,robot,N,,,Cf,_rmcf,

Aact—react,obj,]

. 6 Ngct-react X 6N cnt-ob
Aact—'react,obj = : € RV actoreact nt-oby (441)

AaCt""eaCtv 0bj, Nact-react

w
< Agctoreact | =0 e RNact-react (442)
Wobj
where Aact—’react = (Aact—react,robot Aact—react,obj) € RGN@CFT%&X(GNCM—FGNCM_OW) (443)
N Add
<~ Aact-react N v Qf =0 (444)
Wopj + Awobj
AW
< Aact—react RN = bact—react (445)
A"Uobj
where bact—react = *Aact—react Aw (446)
Wobj

i(m),j(m) 0000000000000 0O0OOD0O0OMUODOOO0ODO0O0OOOOOOD0ODOOOOOOO
obooooobooog

return Aact—react c RGNuci-‘reuci X (6Nent+6Ncnt-obj)

:act-react-equality-constraint-vector &key (update? t) [method]

return bact—react c RGNact—react

:variant-config-equality-constraint-matrix &key (update? nil) [method]
Aw
Aact—react ( N ) = bact—react (447)
Au)obj

A6

Aw
= (O A ctoreact O) R = baci-react (448)

Awobj

AT

& Ayar DGy = byar (4.49)

return Avar = (O Aact—raact O) c R6Nact—7-eact><dim(qva7.)



44
:variant-config-equality-constraint-vector &key (update? t) [method]
return byar := bactreqer € RENact-react

:invariant-config-equality-constraint-matrix &key (update? nil) [method]

return Ajppar € RO @) (no equality constraint)

:invariant-config-equality-constraint-vector &key (update? t) [method]

return bip.qr € RO (no equality constraint)

:config-equality-constraint-matrix &key (update? nil) [method]
AvarAqu» = Um (450)
A
~ var ( Qvar ) = var (451)
qunvar
=3 AAg=1b (4.52)

return A := (Amr 0) € RN« xdim(q)

:config-equality-constraint-vector &key (update? t) [method]
return b := by, € RV

storque-regular-matrix &key (update? nil) [method]
(only-variant? nil)

ubooobooooboobooooooboo

2
Frulq) = |— (000000000000 0DOO0) (4.53)
T maz
= TW,r (4.54)
googg

1
oo, 1
21

Wt,,,q — Tmaz, 2 ' c Rdim(T)Xdim(T) (455)

1

TmamdeTwe-jumt
only-variant? is true:

dim(0)  dim(w)  dim (o)  dim(T)

dim(0)
dim (1@ . .
Wiy e G(0) € R XA (450
dim (W b))
dim(T) Wirg
otherwise:

dim(0) dim(w) dim(Wep,;) dim(T) dim(¢p)

(
(
Wirg = dim(op;) € RUM@xdim(@) (4 57)
( V_Vtrq
(



45

return W,

:torque-regular-vector &key (update? t) [method]

(only-variant? nil)

T’trq = V_Vtqu (458)
T1
1'17:21,1
= ez | g RAUM(T) (4.59)
Tdim(T)
7'2
maz,dim (T )
only-variant? is true:
1
dim(0)
dim (W ,
Virq = Zm(uj) € R4 Qo) (4.60)
dim(Wop;)
dim(T) Dirq
otherwise:
1
dim(0)
dim ()
Virg := dim(Wop;) € R%™(Q) (4.61)
dim(T) Dirg
dim(@)
return Vipq
:collision-inequality-constraint-matrix &key (update? nil) [method]

dim(0) dim(w) dim(®,y;) dim(T) dim(¢p)
Ccol = Ncol ( Ccol,& (0] (0] (0] Ccol,qS ) (462)

return Cpp; € RNeor X dim(q)

:update-viewer [method]

Update viewer.

:print-status [method]

Print status.



4.2 BUOUOUOUOOOOOOOOOOOO
4.2.1 BOOOOOOOOOODOOOOOOOO
oo BOOOOOOOOOOOO
BOOOOOOOOOOOOOOOOOOO

0 otherwise

1 if ¢, <t<t
bi)o(t) def { 7 > i+1

def t—t titni1 —t
bin(t) = b (t) + b (1)
t1+n tl tz-l—n-{—l tz+1

t, 000O0DOooogon

obocooOobobooobOobooooobooo BOoOoooooooo

.,y 0 BOOOODOOO0O0O0O0O0O0O0000O000000O
n<m0O0O0O0O

0000 (0<i<n+m)00000000O0O0O00O

i—n
t;

m_n(tf—ts)ths
mts — nt
hi+ ———1

m-—n
oood

def tf —ts
m-—-—n

h

0 (B68) 00 (B63),0 (3@ D000000BO0OD000000000000000

1 if ¢, <t<ty
bi,o(t) _ I i = i+1
0 otherwise
(= ti)bin—1(t) + (tigng1 — )biv1,n—1(t)
bin(t) = nh

oboocobO~0BOOOOODOOOOmOOOOOOOOOODO

BOOOOOODOOO

0 (gm) ,0 () 000000 BOOOODOOOOO 4,¢)00000000000000

m—1

bin(t) =1 (ty <t <ty)

O .

Sbln(t)gl (120,1,,m—17 tsétgtf)

)
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(4.63)

(4.64)

(4.67)

(4.68)

(4.69)

(4.70)

(4.71)

(4.72)

(4.73)
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BOOODOOOODOO

BOOODODODODODOOOOOOOO0OO0OO0O0O0000 ™0

. dby, (t
bdﬂz—ﬁlszA@ (4.74)
oooo
bO,n(t)
b1 (t)
bo(t) & . eR™ (4.75)
bmfl,n(t)
1 -1 o
1 -1
1
D ¥ - € Rmxm (4.76)
-1
o 1
000000k000000000000000
d® b, (t)
(k) n _ k
BOOOOOOOOOOOOOOOO
j00000000¢;()0000000
m—1
def
0;(t) = > pjibin(t) =p]bu(t) ER (t, <t <ty) (4.78)
=0
oooo
Pj0 bo,n (1)
Pj1 b1 n(t)
p,=| 7 | erm bt)= , €R™ (4.79)
Pjm—1 bm—L’ﬂ(t)

O0000p,000000,()00000000000DO p,0000000DO00OO0OOODOO0 p; 0
ooooboooooooon

j=1,2,---,Njuiny 000 00000000000000000

01 (1) plby(t) pi
.| e P ol
oy | 7 =] P = [ ba) = Pou e mYn (1.50)
QN]uint (t) pjl\}jozm by, (t) p%ﬁ””‘
googd
pi
T
p
P déf .2 6 RN]'D,;me (4.81)
PN

joint

NO0g0o0000000000hkttp://mat.fsv.cvut.cz/gcg/sbornik/prochazkova. pdf
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0 E=Z0) 0000000000000 0000000000o0oo0oUoDoooooOo

good

ON; i ()

T
b’ﬂ (t)mem

BOOODODODOOOOODOoDOOOOO

bl (1) o Py
_ bn (1) . Paf B, (t)p € RNt (4.82)
o | b, (1) pN
0] Py
e RMmxmNne p e | P2 ¢ gt (4.83)
bl (t) N.,mm

0 (E=0) 00 (@) 0000000000000 oooooo

oood

o(t)

bt 4.84)
PDb,,_(t) (4.85)
pi
Dby () (4.86)
pfz[\-‘/vjomz
p?Dbn—l (t)
: (4.87)
qu\ﬂ/wmtDbn—l (t)
bZ—l (t)DTpl
: (4.88)
bvj;fl (t)DTpN]uim
bl | (t)D" o Py
(4.89)
o b, ()D") \pn,,,
bl (1) o \ (D" oV ( »
. . : (4.90)
O bz;—l(t) O DT pN]omL
B,()Dp (4.91)
DT o
DT
_ c RmNmm,f, XmN;m,n,t (492)
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oooooooooboob kOoboboboobooboooo

d®e(t)

(k) _

0" () = ® (4.93)
= PD"b, (1) (4.94)
= B, x(t)Dyp (4.95)

oood

(DM)T o
-Dk? — .. . — (‘Dl)k c RmN]omtmewmt (4.96)
O (Dk)T

000000 (| 00000 (W) 00000

goboodoobooooooooboboooa
O000eRYNem OO0 OD0D0O0O0OD0O0O00O»eR0000O0 f(@)l]l]l]l]
r=f(0) (4.97)
ooooooo (EI:S'.'Z)DDDDDDDDDDDDDDDDDDDDDDDDDDDD
r(t) = f(0(t)) = F(Bn(t)p) (4.98)

l=12,---,N,, 00000D0O0 ¢, 00000000DO00DOO0nO00DOOO0ODOODOODOOOO
gboooooboooooyboooobooboo

ei(p,t) r1— f(0(t1)) r1 — f(Bu(t1)p)
e(p.t) def 62(1'77 t) _ Ty — f.(g(tz)) _ Ty — f(?n(tz)P) ROV (4.99)
€Ny, (p7 t) TNy — f(e(tNtm)) TNy, — f(B’ﬂ(tNtm)p)
oood
elpt) € 1 —fO01) =1~ fF(Ba(t)p) €R® (1=1,2,  Ny) (4.100)
t1
def t2 N,
¢ % © | erVe (4.101)
thm

goboobooooboooobobooobobooooboooob pobooogotonooboonoag
ooooooooon

Fp.t) < Le(po)? (4102)
1Ntm

= 3>l Fe)? (4.103)
=1

Ntm

= 23l B (4.104)
=1
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D00!0000000000000 e, >0€eRO0000O0000000 &(p,t)00000000OO

ei(Dt) — €1 €D, t) > eror i
ei(D,t) + et €i(D,t) < —€orri (1=1,2,---,6) (4.105)
0 otherwise

_ def
éLi(p,t) =

éLi(p,t) 0 &(p,t)0 i000000000e,(pt)0 e(p,t)0i000000000

gboooboooboooooboooooao

0 (0 00000000000000 Gauss-Newton O 0 Levenberg-Marquardt 00 00000000
0000000000 (EFwWo00o0oooooooooo

0000000000000000000000000 &(p,t) 0000 p0000O0OOOOOODOODO
goooo

661;2,15) _ %{’I‘l—f(Bn(tl)p)} (4.106)
- —%f(Bn(tz)p) (4.107)
_ _of 90
= = 38lp_pu, T (4.108)
— JOW) 5 {Baltp) (4.109)
— —J(t)B.(1) (4110)

00000006(p;t)=B,()p000000000000000

aer OF

J780

(4.111)

gboogobooboobgoobooooboo

0000000000000 000000000000 ¢(p,t) 000000 ¢00000O0OOOOOOO
ooooooo

Al — Lin - F(Pb() (1112)
0

= 787”‘f(an(tl)) (4.113)
_ _of 20
_ 55 060, m (4.114)
— —J(60) 5 (Pba ()} (4.115)
= —J(6(t))Pb,(t) (4.116)
= —J(6(t))PDb,_(t)) (4.117)

000D00006(p;t)=Pb,(t) 00000000000
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gboogbooobooboobobboobooboon

goboboobooboboooooboooobooboooobobooooobooonog

es(pt) = 0(t,) (4.118)
= B, .(t;)Dip (4.119)
= PDb,_(t,) (4.120)
ero(pt) = Bty (4.121)
= B, i(t;)Dip (4.122)
— PDb, (ty) (4.123)
esa(pt) = 6(t) (4.124)
= B, _»(t)Dyp (4.125)
= PD?b,_s(t,) (4.126)
def P
era(p,t) = 0(ty) (4.127)
— B,.s(t;)Dop (4.128)
= PD?b, »(ty) (4.129)
0000000000000000000000
aesv(pvt) -
=Y = B, 1(t)D 4.1
ap 1(ts) D (4.130)
aefv(pvt) 2
=B = B,_1(ts)D 4.131
o 1(tf) Dy ( )
aesa(pat) -
=27 = B,_s(t,)D 4.132
op 2(ts) D2 (4.132)
aefa(pat) 2
=2 = B, _o(tf)D 41
op —2(t5) Do (4.133)
0000000000000000000000000000
aesv (p; t) 8bnfl (ts) 2
v = ppX—¥ — PD%,_ 4.134
ot ot bnalts) (4.134)
Oeso(pt) _ ppOn-ilty) — PD%, (1)) (4.135)
8tf 8tf
aesa(pat) 28b"—2(ts) 3
Y = pp?=2 — PD3b, (i 4.1
Ot Ots n-s(ts) (4.136)
deraPt) _ ppeOuclly) _ ppsy, (4.137)
(9tf 8tf
Ooooooooo
0 (E®m0D0000000o0ononog
pj S emax,jlm (4138)

0000BOOOODOOOOO (O (E®),0 (£®@))000000000000001,,eR™00000 1
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UOmO000O0O0O0OO0OO

m—1
0;(t) Pjibin(t) (4.139)
=0
m—1
S emaw,jbi,n(t> (4140)
=0
m—1
emam,j Z bz,n(t) (4141)
=0
= Omaz,j (4.142)

0000 0min,lm <p; 000000m,; <6;()000000

O00000,;,00000000000 Opas,;,0min; 00000000000 O000O0O0O0O0C0O0OO0OO
gboooobooooobooboooooboooon

emin,jlm < D, < emax,j]-’m (.7 =12, 7Njoint) (4143)
good
E0,,, <p < Eb,,., (4.144)
& ) ps E0,.;, (4.145)
-1 P= _Eomaa: .
good
1,, 0,,
= def L N, N,
B . & R™Njom X Ny (4.146)
(U 1,

0000000000000 00000000000000
I E®6,,;, —
Ap> | oL P (4.147)
_I _Eamax + p

obooooobooooooooon

0 (ER)0U0 (@) 000000000000000O0o0o00oooooooo

0;(t) = plba(t)=pl Db, 1(t) = (D"p,;) by 1(t) ER (t, <t < ty) (4.148)
6;(t) = plbu(t)=p] Dby s(t) = (D*)"p;) bpa(t) ER (t, <t <ty) (4.149)

JjO00000000000000000 vmazjramer,; 0000000000000 00000000000
gboocooOobooooboboooooboooobOobobooobobooooobOooboooboOoonn

*Umaz,jlm < Dij < Umaz,jlm (] = ]-7 27 T 7Njoint) (4150)
_amaz,jlm S (D2)ij S amam,j]-m (.7 = 1727 e 7Nj0int) (4151)



agood
_Evmam S -Dlp S Evmaax
-[)1 _Evmax
& N p> R
_Dl _E'Uma:c
_Ea’maw S -D2p S Eamuw
Ij2 _Eamam
& N p> o
_D2 _Eamax
Joooobobobbooooobobobboooooobooo
DA1 Ap > _-?/Umaz - -?11’
7D1 *E'Umaz + Dlp

DAQ Ap Z *?amam - 1?217
—D2 _Eamax +D2p
gooobobobood

oboboboboobobooooobooooobooboooooboon

tsgtlgtf (12172,-“ 7Ntm)

0000000000000 00000000000000
I 1-—

At > b1 -

I —t;1+t

goboboobooboooooobooooboooobooboooobOobooooan

tl Stl+1 (l:1727 ,Ntm_l)
< *tl+tl+120 (1:15273Ntm*1)
= D;,t >0

good

D, = € RWin—1)xNi
o -1 1
000000000000000000000000000

Dtht Z _Dtmt
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(4.152)

(4.153)

(4.154)

(4.155)

(4.156)

(4.157)

(4.158)
(4.159)

(4.160)

(4.161)

(4.162)

(4.163)
(4.164)
(4.165)

(4.166)

(4.167)



gboooboooobooog

goboobooooboooooboooboo

Foqr,1(P)

good

(B,L_k(t)Dk>T B, _(t)

ty 2
/ He(k) (t)H dt
ts

ty R 2
/ HBn,k(t)kaH dt
ts

/t N (Bn_k(t)ﬁkp)T (Bn_k(t)ﬁkp) dt

= p’ {/ttf (Bn—k(t)f)k>TBn—k(t)f)kdt}p

= p'Hyp

by (t) o (D")T o
o by (1) o (D")T

by, (1)(D*)” o

o by, (t)(DF)T
(Dkbn_k(t)>T o)

o) (Dkbn,k(t))T
(D45, o\ ((Bs0)

o) (Dkbn,k(t))T o)
(Dkbn,k(t)) (Dkbn,k(t))T 0

o) (Dkbn_k(t)) (Dkbn_k(t))T
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(4.168)
(4.169)
(4.170)

(4.171)

(4.172)

(4.173)

(4.174)

(4.175)

(4.176)

o)
(4.177)

(Dkbn,k(t))T

(4.178)

gboooboooboooobooboooboooobooboOoooobooboOoobooobooboooboooon

oboooooooooon

gbooaboodn

0000 (ty-t;) 000000000000

qumtz‘on(t) = |t1 - tNtm|2
1 -1

t” t
-1 1

(4.179)

(4.180)
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booooooot,=t,00000 ¢t =ty, 0000000000 ¢t00000000000000000
boooboooboooobooboobooooboobOooooboobooboooooobooooboooon
gbooooOooooooboooooon

4.2.2 BOOOOOOODOOOOOOOOOOO

bspline-configuration-task [class]

:super

:slots

propertied-object

_robot robot instance)

_control-vector p)

_timing-vector t)

_num-kin Ny, := |TEm-r9| = | Thin-att|)
_num-joint Njoims := |J1)

_num-control-point Nt)

_num-timing Ny, )

_bspline-order B-spline order, n)
_dim-control-vector dim(p))

_dim-timing-vector dim(t))

_dim-config dim(q))

_dim-task dim(e))

_num-collision N,; := number of collision check pairs)
_stationery-start-finish-task-scale kszq:)
first-diff-square-integration-regular-scale kggr 1)
_second-diff-square-integration-regular-scale kg4 2)

_third-diff-square-integration-regular-scale kg4 3)

_norm-regular-scale-max kpqz p)

_norm-regular-scale-offset ko p)
_timing-norm-regular-scale-max ka4 ¢)
_timing-norm-regular-scale-offset k¢ 1)

_joint-list J)

_start-time )

_finish-time ty)

kin-time-list {¢§n-tm, ghin-tm ... ghin-tmy)
kin-variable-timing-list list of bool. t for variable timing.)
_kin-target-coords-list T*"-tr9)

_kin-attention-coords-list 7%m-a*)

_kin-pos-tolerance-list list of position tolerance ;o pos [m])
_kin-rot-tolerance-list list of rotation tolerance e;o; ror [rad])
_joint-angle-margin margin of 8 [deg] [mm])
_collision-pair-list list of bodyset-link or body pair)
keep-timing-order? whether to keep order of timing ¢ or not)

(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(_motion-duration-regular-scale kguration)
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(

_bspline-matrix buffer for B, (t))



_diff-mat buffer for D¥)

_diff-mat-list buffer for {D', D?, ..., D¥})

_extended-diff-mat-list buffer for {ﬁl, D,, . ,ﬁK})
oe

_task-jacobi buffer for W)

_regular-mat buffer for W)

(
(
(
(
(
(_regular-vec buffer for v,q4)

BOOOOUOOOOUDOUOOODODOUOOODODOUOODO0OUDO ¢g00O0O0U0O0 e(qOOOO
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00000000000 ¢qDO0U00000O00OD e(q)DOO0DOUOODOOOOOOODOO %?DD
goo0opoooOooooooooooooooD Ab,C,dO00000DOO0OODOOOOODOODOO

gbobooboboobooboooooobooooboboobooboOoboooon

e JOODO
robot 000000 O0OOOO
joint-list 7 OO

e BOOODDODODOODODODO

start-time ¢, BOOOOOOOOOOOODOOO
finish-time ¢t, BOOOOOOO0O0O0O0O0O0O0OO
num-control-point N, 000000
bspline-order n BOOODOOODOO

e ODOO

kin-target-coords-list 7% %9 OO0O0O0000O0O000O0ODO
kin-attention-coords-list 75" 0000000000000
kin-time-list {¢}-fm ¢hintm ... gkintmy OO0000000000O

kin-variable-timing-list 0000000000000 () 0000 (ni)00000O0O0OOO

Ot000000000¢t000 N,y DOOD

gboooboobonob goboboboobooobg

q:= (f) (4.181)

peRNeNew OO0 (BODDOOODOODDOOOO) [rad] [m]

teRV» 00000 (00000000000000) [sed

00000 e(q)DO00D0OO0OODOOO

efn(q) e RNen 000000 [rad] [m]

estit(q) e RN 00O DO00000DODO [rad][rad/s][rad/s?][m][m/s][m/s2]

) 6 R6N}cm+4Njumt (4.182)



57

:dinit &key (name) [method]
(robot)
(joint-list (send robot :joint-list))
(start-time 0.0)
(finish-time 10.0)
(num-control-point 10)
(bspline-order 3)
(kin-time-list)
(kin-variable-timing-list (make-list (length kin-time-list) :initial-element nil))
(kin-target-coords-list)
(kin-attention-coords-list)
(kin-pos-tolerance-list (make-list (length kin-time-list) :initial-element 0.0))
(kin-rot-tolerance-list (make-list (length kin-time-list) :initial-element 0.0))
(joint-angle-margin 3.0)
(collision-pair-list)
(keep-timing-order? t)
(stationery-start-finish-task-scale 0.0)
(first-diff-square-integration-regular-scale 0.0)
(second-diff-square-integration-regular-scale 0.0)
(third-diff-square-integration-regular-scale 0.0)
(motion-duration-regular-scale 0.0)
(norm-regular-scale-mazx 1.000000e-05)
(norm-regular-scale-offset 1.000000e-07)
(timing-norm-regular-scale-max 1.000000e-05)
(timing-norm-regular-scale-offset 1.000000e-07)

Initialize instance

:robot [method]

return robot instance

:joint-list [method]
return J

:num-kin [method]
return Ny, := |TEn-tr9| = | Tkin-att|

:num-joint [method]
return Njgint := |J |

:num-control-point fmethod

return N4

:num-timing [method]
return Ny,

:num-collision [method]
return N, := number of collision check pairs

:dim-config [method]

return dim(q) := dim(p) + dim(t) = NetriNjoint + Nem



:dim-task
return dim(e) := dim(e*") + dim(e***") = 6 Nyin + 4Njoint

:control-vector

return control vector p

:timing-vector

return timing vector ¢

:config-vector

p
return q := (t)

:set-control-vector control-vector-new Ekey (relative? nil)

Set p.

:set-timing-vector timing-vector-new €key (relative? nil)
Set t.

:set-config config-new Ekey (relative? nil)
Set q.

:bspline-vector tm &key (order-offset 0)

bon ()
b1, (1)
bn (t) = n = RNatrl
chtrzfl,n(t)
return by, (t)
:bspline-matrix tm &key (order-offset 0)
by, (t) o
bl (t
Bn (t) = n( ) c RNyaan,Xthrr-lemm
o by, (t)
return B,,(t)
:differential-matrix &key (diff-order 1)
1 -1 0
1 -1
1
D = - RNetrt X Netnt
h S
-1
O 1

return D
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[method]

[method]

[method]

[method]

[method]

[method]

[method]

[method]

(4.183)

[method]

(4.184)

[method]

(4.185)



:extended-differential-matrix &key (diff-order 1)

(D*)7 0

o (Dk)T

return Dy

:bspline-differential-matrix tm &key (diff-order 1)
return BTL—k(t)-Dk c R Nioint X Netri Njoint

:control-matrix

pT
T
P = p2 c RNjoszthrl
T
pnjomt
return P
:theta tm

return 0(t) = B, (t)p [rad][m]

:theta-dot tm &key (diff-order 1)

_ Vo) _ PD"by (1) [rad/s"][m/s"]

return 6 () 2

:theta-dot-numerical tm &key (diff-order 1)
(delta-time 0.05)

(k) (k—1) Ap) — gD
return %) (¢) = ddt(ekgt) = 4 (t+ Ati 0 (t)

:apply-theta-to-robot tm
apply 6(t) to robot.

[rad /s¥][m/s]

:kin-target-coords-list

Ty = {py™" R (1=1,2,++ , Nin)

) b

- kin-t kin-t kin-t
return 7 RIn-trg = (T I aTz\rZ,:n Y}

:kin-attention-coords-list

Trlrc:'n—att _ {p;cin—att7lein—att} (l _ 1’2, L. uNkin)

return TRin-ott .— {kin-att mhin-att . pkin-atty

kin

:kin-start-time

return ¢Fn .= hin-tm

D, = .. c ]RNcm Njoint X N etri Njoint
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[method]

(4.186)

[method]

[method]

(4.187)

[method]

[method]

[method]

[method]

[method]

(4.188)

[method]

(4.189)

[method]
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:kin-finish-time [method]
return ¢hin .= ¢xin-tm

:motion-duration [method]

return (tf\}z;tm — thin-tm)

:kinematics-task-value &key (update? t) [method]
e""(q) e (p,1) (4.190)

e (p,t)

e5" (p, t)
- 2 (4.191)

en’ (p,t)

kin-trg kin-att
. P, —p" " (p, 1)
kin 6

efin(pt) = , , ERS (1=1,2,---, Niin 4.192
l (p ) (a (R;sm—trgR;fm—att(p’ t)T) ( k ) ( )

ao(R)OO0O0UO0 ROODOODOOOOOOOOO

return e*"(q) € R6Nen

:stationery-start-finish-task-value &key (update? t) [method]
e(q) = e"(p,t) (4.193)

s (p,t)

stat t
_ | eni () (4.194)

el (p.t)

ef(p.t)

stat _ P(kin
el M (p,t) = O(tI) (4.195)
et (p,t) = O(th™) (4.196)
el (pt) = 0™ (4.197)
et (p,t) = O(th") (4.198)

return et (q) € RNt

:task-value &key (update? t) [method]
kin
e
return e(q) := eq) € RONkin+4Njoint
kstates “ (q)
:kinematics-task-jacobian-with-control-vector [method]

0 @8O O00000000 e 0000 p00000000O00O0O00O0O0ODODON

Belfm
o
2
17 a
S p (4.199)
op :
O€ N
aefm _ Jkin—att(g(tkin—tm))B (tkin—tm) (l —1.2 N
- l nll] =1,2,-++, Nin) (4.200)

Op
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kin
return & RONkin X Netri Njoint

:kinematics-task-jacobian-with-timing-vector [method]
0 (E@m 00000000 e 000000 ¢0000000000000000000

oeln
- ok
€ ot
= 4.201
- | (4.201)
ot
%fDiDDDDDDDD[%?]GNDDDDDDDD@:LZ”wMMD
el _J’“’”‘““(O(tfi”'tm))PDbn_l(tfm‘tm) trintmoand t; is identical
= ) (4.202)
ot |, 0 otherwise
kin 6N N
t € RONkin X Nim
return —
:stationery-start-finish-task-jacobian-with-control-vector [method]

0 (z130) , 0 (E137) ,0 (132) ,0 (EI33) 00000000 e 0000 p000000O000
0000000000

geslst
op
6esf,at
Jestat 3f“
o _ 861;3; . (4.203)
ap
ey
ap
aeziat (pa t) - B (tkin)D (4 204)
ap - n—1\lg 1 .
destet (p, t) o
fv ’ kin
L =~ = B,_1t¥D 4.205
0 (5™ Dy (4205)
deslat(p, t) rim s
—s2 = = B, (t¥)D 4.206
op 2(t"") D2 (4.206)
8esmt(p t) o
fa ’ kin
——F— = B, »(ty")D 4.207
op 2(t5") Da (4.207)
stat
return c R4Njoint X Netri Njoint
:stationery-start-finish-task-jacobian-with-timing-vector [method]

0 (ET3a) ,0 (E138),0 (EI36) ,0 (EI39) 00000000 e 000000 ¢t0000000
000000000000

aes'tat

a stat 8g§at

e v
i 5k (4.208)

agsttat

fa

ot



aeif at

86;“”
0i00000000 [ s

{3622‘” (p,1)]

PDzbn o (5 ™)
ot

defitpt)] [ PD%b, (th")
ot o

destst(p,t)] PD3 b, _3(tkm)
ot |,

ae}zzt(p’ t)_ B PD bn 3 tkzn)
ot o

stat

ot

:task-jacobian

= R4Nyomt X Nim

return

th'rl Njoint
aekm
Ode 6N]€’L’n ]
= = yestat
aq 4Njoint kstat W

I‘eturn g% f— R(6Nkm+4Njomt) X (thrl Nyomt"!‘Ntm)

:theta-max-vector &key (update? nil)

return 0,4, € RNioint

:theta-min-vector &key (update? nil)

return 0,,;, € RNiont

:theta-inequality-constraint-matrix &key (update? nil)
0 (F1za) 0000000000000 00ooooo

]_GRNJWDDDDDDEID (z € {sv, fv,sa, fa},i=1,2,---

thm and t;

otherwise

is identical
t’}m and ¢; is identical
otherwise

thn and t; is identical

otherwise

t’}ii" and t; is identical

otherwise

Ntm

8ekm
ot

aestui

kstat 7

Eamzn S p + AP S Eemar

I
& Ap > .
= CoAp > dg
oooo
1ch,rl ONcm
~ 1Nr.t7‘l
E =
Oth,l 1thrl

1y, RV 0000010 Ny DOOOOOOOOO

I
return Cy := ( p c R2Netri Njoint X Netri Nioint

:theta-inequality-constraint-vector &key (update? t)

Eemin -
return dg := ( p

. c RQNcm N]ozni
_Eema:c + p

Eemzn —-—p
Eomar +Dp

e RNCLTl N]omt X N]omt
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7Ntm>|]

(4.209)

(4.210)

(4.211)

(4.212)

[method]

(4.213)

[method]

[method]

[method]

(4.214)
(4.215)

(4.216)

(4.217)

[method]



:velocity-max-vector &key (update? nil)

return v,,qy € RNViomt

:velocity-inequality-constraint-matrix &key (update? nil)
0 (@EIx2) 000000000000 00o0o0o0ooooo

_Evmaw S -Dl(p + Ap) S Evmaw

ﬁ _E maxr Ij
- A1 Ap > AU ~ 1P

-D; —Ev,4. + D1ip
= Cy;Ap > dg

return CG = ( D} c R2Netrt Nijoint X Netri Nijoint
_D1

:velocity-inequality-constraint-vector &key (update? t)
_E'Umaac - Dlp

R . c R2thTlN7omt
_Evmaw + Dlp

return dg :=
:acceleration-max-vector &key (update? nil)

return @yq, € RNont

:acceleration-inequality-constraint-matrix &key (update? nil)
0 (iIn2d) 0000000000000 000O0O0oooo

_Eamam S D2(p + AP) S Eamam
PN ﬁ,? Ap > _-lz_/‘amcwc - ?21)
_D2 _Eamaw + sz

return Cj := ( D} € R2Netrt Njoine X Netrt Nioint
D

2

:acceleration-inequality-constraint-vector &key (update? t)

~Ean.. — D
return dg := max 2P ) R2NenNyoimt

_Eamax + 13217

:control-vector-inequality-constraint-matrix &key (update? nil)

CoAp > dg
CyAp > dg
Cé'Ap > dg
Co do
& Cy; | Ap > | dy
Cy dg
= CpAp > dp

return Cp := [ Cy | € R Np-ineq X dim(P)
Cy

:control-vector-inequality-constraint-vector &key (update? t)
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[method]

[method]

(4.218)
(4.219)

(4.220)

[method]

[method]

[method]

(4.221)
(4.222)

(4.223)

[method]

[method]

(4.224)

(4.225)

(4.226)

[method]
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de
return dy, := [ dy | € RVp-ineq
dg
:timing-vector-inequality-constraint-matrix &key (update? nil) [method]

0 (EInx9) 000000000 BOOOOUOOOOUODOOOUOOOOODOOOUOODOOODUOOOO

t1 <t+ At <t;1 (4.227)

I ts1—t
= At > (4.228)
-1 —trl+1t

0000 (eOoos) 0000000000000 00000000O00O00000COoOOOoOoOooooo

god
Dy, (t+At) >0 (4.229)
& DynAt> —Dynt (4.230)
agood
-1 1 o
-1 1
Dy, = . € RWm=1)xNm (4.231)
0] -1 1
goooobooboooo
1 tsl—t
Dtm _Dtmt
I
return Cp := | —I | € RBNm—1)xdim(®)
Dtm
:timing-vector-inequality-constraint-vector &key (update? t) [method]
ts1—1t
return dy ;= | —t;1+¢| € RGN —1)
—Dy,t
:config-inequality-constraint-matrix &key (update? nil) [method]

(update-collision? nil)

Ap>d
CpAp = dp (4.233)
CiAt > d;
A d
= Cr L I (4.234)
c.) \ At ds
&  CAq>d (4.235)

C .
return C := ( p > € RVineg X dim(q)
Cy
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:config-inequality-constraint-vector &key (update? t) [method]
(update-collision? nil)

d
return d ;= | P | € RNime
dy

:config-equality-constraint-matrix &key (update? nil) [method]

return A € RO*4™(@) (no equality constraint)

:config-equality-constraint-vector &key (update? t) [method]

return b € RY (no equality constraint)

:square-integration-regular-matrix &key (diff-order 1) [method]
(delta-time (/ (- _finish-time _start-time) 100.0))

0 (FIr2) 0000000000000 0oouooooo

Furi(p) = / lo® ]| ar (4.236)
_ p;HSqT’kp (4.237)
0ooo
H.p ) = /tf (Bn,k(t)f)k)TBn,k(t)f)kdt (4.238)
t (D’“bn,k(t)) D’“bn,k(t))T o)
- / ' d(4.239)
/o) (Dkbn_k(t)) (Dkbn_k(t))T

uboooboooobobooood

return H 4, € R&m(P)x dim (D)

first-differential-square-integration-regular-matrix &key (delta-time (/ (- _finish-time _start-time)
" [method]
return H g4 1 € R dim(P)x dim(p)

:second-differential-square-integration-regular-matrix &key (delta-time (/ (- _finish-time _start-time)
) [method]
return H g 0 € R dim(P) x dim(P)

:third-differential-square-integration-regular-matrix &key (delta-time (/ (- _finish-time _start-time)
o [method]
return qur.,g c Rdim(P)x dim(P)

:control-vector-regular-matrix [method]

Wiegp = min(kma%m ”eH2 + kOﬁh’D)I + Esqr,i Hsgr,t + Ksqr.2H sqr,2 + Ksqr,s H sqr,3 (4.240)

return W, , € Rdim/(P) x dim(P)

:control-vector-regular-vector [method]



Vireg,p += (ksqnl qun] + ksq'r,.@qur,Q + ksqr,Bqur,ff)p

return v,y , € R4mP)

:motion-duration-regular-matrix
0 (EI0) 00000000ooooooooooo

quration (t) = |t1 - tNt'm ?
1 -1
= ¢T t
-1 1
== tTHdurationt

obooobooooboobooood

return H guraion € R4 xdim(®)

:timing-vector-regular-matrix

WT€97t = min(kmaﬂ’i,h H6H2 + k0ﬁ7t>I + kaurationH duration

return W, ; € Rim®)x dim(t)

:timing-vector-regular-vector

Viyeg,t = kduratioanurationt

return v,eg ¢ € Rdim ()

:rregular-matrix

Wy o= (V0
Wreg,t

return W, € R dim(q) x dim(q)

:rregular-vector

Ureg,p
Viypeg =
vreg,t
return v,e, € Rdim(q) x dim(q)

:update-collision-inequality-constraint

Not implemented yet.

:update-viewer &key (trajectory-delta-time (/ (- _finish-time _start-time) 10.0))

Update viewer.
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(4.241)

[method]

(4.242)

(4.243)

(4.244)

[method]

(4.245)

[method]

(4.246)

[method]

(4.247)

[method]

(4.248)

[method]

[method]
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:print-status [method]

Print status.

:print-motion-information [method]

Print motion information.

:play-animation &key (robot) [method]
(delta-time (/ (- _finish-time _start-time) 100.0))
(only-motion-duration? t)
(loop? t)
(visualize-callback-func)

Play motion animation.

:plot-theta-graph &key (joint-id nil) [method]
(divide-num 200)
(plot-numerical? nil)
(only-motion-duration? t)
(dat-filename /tmp/bspline-configuration-task-plot-theta-graph.dat)
(dump-pdf ? nil)
(dump-filename (ros::resolve-ros-path package://eus_qp/optmotiongen/logs/bspline-configu
Plot graph.

:generate-angle-vector-sequence &key (divide-num 100) [method]
(start-time (send self :kin-start-time))
(finish-time (send self :kin-finish-time))
(delta-time (/ (float (- finish-time start-time)) divide-num,))

Generate angle-vector-sequence.

get-bspline-knot i n m z_min z_maz h [function)]
t—n
t;, = tr —ts) +1s 4.249
Tyt (1.219
ts —nt
= pig Ms TNy (4.250)
m-—n

return knot ¢; for B-spline function

bspline-basis-func z i n m z_min x-maz &optional (n-orig n) (m-orig m) [function]
1 if ¢, <t< tit1
b;o(t) = 4.251
o) { 0 otherwise ( )
t— ;)b p—1(t tivna1 — )bt n—1(t
bz,n(t) _ ( ) ) 1( ) + ( Z +1 ) +1, 1( ) (4252)
n

return B-spline function value b; ,,(t).

4.3 BUOOOOOOOOOODOODOOO

bspline-trajectory [class]



:super

:slots
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propertied-object
_start-time )
_finish-time ¢y)
_num-control-point Nt)
_bspline-order B-spline order, n)
_dim-instant-config Nz)
_dim-control-vector dim(p) := Ny Ng)
_control-vector p)

_zero-diff-stationery-start-finish-regular-scale kstqt,0)

_second-diff-stationery-start-finish-regular-scale kg4, 2)

_diff-square-integration-regular-scale kgq;)
_diff-mat buffer for D)
_diff-mat-list buffer for {D*, D? .., D*})

_extended-diff-mat-list buffer for {D17 D,, - ,ﬁK})

_ineg-const-matrix buffer for C,)

_ineg-const-vector buffer for d,)

BOOOOOOOOOOOOOODODO

(
(
(
(
(
(
(
(
(first-diff-stationery-start-finish-regular-scale kgqs, 1)
(
(
(
(
(
(
(

BOOOOOOOOOOOOOOOOOOOO0OOO0OOOOOOoOO0oOO0obOO0obOOobOoOoOoOoOOoboOon

gbooobooboobobbooboobooboobooobon
BOOOOODOOOODOODOODOODOODOOOOOO

start-time t, OO 00O

finish-time ¢t 0000
num-control-point N 000000
bspline-order n BOOODOOOOOOO

dim-instant-config N; 0000000000000O000O

0000000D00000000000 g(t)eRNe0 ;00000 ¢(t)eRODOOCDOOO

Netn—1

Z p]a 7/" Tb () (j:172a"'7N¢j)

oood

Dj,0
P

\pj7NcL7‘l_1

bon ()

b1 (t)
ba(t) = b € RN

chm —1,n (t)

b,n(t)0 BOOOOODOOOOODOOOOODOp,; 000000000000

(4.253)

(4.254)

(4.255)
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000000g#)00D0oooon

T
_ P1by(1)
@ (t) T
_ p2 bn (t)
q(t) = : = . = Pb,(t) (4.256)
qn,(t '
“ P, bn(t)
oooo
pi
T
P
P = |7 | erNoxNan (4.257)
PN

q

O000g¢¢)00000000000O0o0o0Oo0o0oooUooooUooooo

bg(t)Pl b, (1) ., o P
q(t) = b @pz = b0 . P2 B, wp (4.258)
b, (t)pw, 0 b, (1)) \py,
Dooo
by (1) o P
B,(t) = bu(® . e RVoNaNe | P2 | ¢ gy (4.259)
o | b, (1) pz.v

q
BOOODOODODOODODOODODOODDODOODO???2000O0

:dinit &key (name) [method]
(start-time 0.0)
(finish-time 10.0)
(num-control-point 10)
(bspline-order 3)
(dim-instant-config 1)
(stationery-start-finish-reqular-scale 1.0)
(zero-diff-stationery-start-finish-regular-scale 0.0)
(first-diff-stationery-start-finish-regular-scale stationery-start-finish-regular-scale)
(second-diff-stationery-start-finish-reqular-scale stationery-start-finish-regular-scale)
(diff-square-integration-regular-scale 1.0)

Initialize instance

:start-time [method]
return £,

:finish-time [method]
return £,

:num-control-point [method]

return N4
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:dim-instant-confing [method]
return Ng
:dim-control-vector [method]

return dim(p) := Ny Ng

:bspline-vector tm &key (order-offset 0) [method]
bO,n(t)
bl,n(t) N
b,(t) = . € RVt (4.260)
chtrl*Ln(t)

return by, (t)

:bspline-matrix tm &key (order-offset 0) [method]
bl (t) (0]
by, (t)
B,(t) = _ € RNaxNetnNg (4.261)
o by, (t)

return B, (t)

:control-vector [method]
Py
p = € RNenNa (4.262)
Pn,
return p
:control-matrix [method]
pi
P:=| : | ¢ RNoNem (4.263)
Py,
return P
:differential-matrix &key (diff-order 1 method
4
1 -1 O
1 -1
1
D = - € RNewrt XNt (4.264)
-1
(0] 1

return D



:extended-differential-matrix &key (diff-order 1)

(DM 0
f)k — c RtherqXch,ﬂNg
return ﬁk
:instant-config tm
P71 ba(t)
return g(t) = : = Pb,(t) = B,(t)p € RNa
P, bu(t)

:instant-config-dot tm &key (diff-order 1)
k) g

return g¥) () = T

:set-control-vector control-vector-new &key (relative? nil)

Set p € RNewNa,
:set-control-vector-from-instant-config instant-config

Set p € RNewiNa from q € RNa,

71

[method]

(4.265)

[method]

[method]

[method]

[method]

(update? nil)

:convert-instant-inequality-constraint-matrix-for-control-vector &key (instant-ineg-matriz) [method]

a(t) St py bin (t) p1b,(t)
1 Nei—
1) ) S T paibin (t) pLb, (1)
q(t) = : = . — _
(jN‘j (t) Netri— '
Zi:ol 1qu,ibi7n(t) p%qbn(t)
oooo
p!
p3 o i
P o= - (po by chmfl)
PN,
P1i
- b2, )
b, = . (220715"'7thrl_1)

PNg,i

Jooobbp0b0ODbO0OOOOODOO
cTﬁiZd (izovla"';thrl_l)

ogooad
D1,

<C1 C2

Nigi

= an(t)

N,
D2 il )
CN@) : :chpj,izd (i=0,1,--+,Negy — 1)
: =

(4.266)

(4.267)

(4.268)

(4.269)

(4.270)
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ooogo
St py by (t)
Z{\Qmil P2,ibin (1)
cT(j(t) = (Cl cy - CNQ) =0 . (4,271)
Zivég'l_leq,ibi,n(t)
<,t7l 1
= ch Z p]z zn (4272)
Neni—1
= Z Z CiDji z n (4273)
i=0
Nen—1
> d Y bia(t) (4.274)
i=0
= d (4.275)
oooood
Czq(t) > dg (4.276)
e Ctjﬁz Z dtj (Z = 07 1a e 7thrl - 1) (4277)
th'rl th'rl thrl
Nineq Cp,O,l Cp,O,Z e CP70»N<7 p1 dq
Nine C,, C,, C,,N* D dg
o ! i e P N (4.278)
Nineqg \Cp.Nuy-11 CpNiu-12 -+ CpnNy-1n,/ \Pn, dg
& Cyp>d, (4.279)
oooad
Ctj = (Cl Cy - CNq) € RN (4.280)
+ 00
Cpij = (0 e 0 ¢ 0 .- 0) € RNimeq X Newr (4.281)
(t=0,1,--- ,Nggy — 1, j=1,2,--- ,Ng) (4.282)

0000000 CzeRY>*Ne 00 0000C, € RNertNgxNenNa 0 0 0

:convert-instant-inequality-constraint-vector-for-control-vector &key (instant-ineg-vector) [method]
(update? nil)
D000000d;eRY»000000d, € RNeNiw OO0

:stationery-start-finish-regular-matrix &key (start-time _start-time) [method]
(finish-time _finish-time)
(update? nil)

Wstat - kstat,OBT(t )Bn(ts) + kstat OB ( ) ( ) (4283)
+  kstar,1 (B (tS) 1) ( —1(t )D )+ Kstat,1 (anl(tf)ﬁl)T(anl( f)ﬁ )(4.284)
+ Ktar,2(Bn—a(ts) D) (B2 (ts) Da) + Kstat,2 (Bn—a(ts) Da)" (B2 (t) D2)(4.285)

return W oy € RNVemntNaX NetriNg



73

:differential-square-integration-regular-matrix &key (start-time _start-time) [method]
(finish-time _finish-time)
(delta-time (/ (- finish-time start-time) 100.0))
(diff-order 1)
0 @) 0000000000000 0000o0oooooooooooo

Fori(p) = / H'(’“) )Hth (4.286)
= P"Wapip (4.287)
nooo
Wk = /t ! (Buek(0Dy) Buos(t)Dydt (4.288)
1 (Dkbn,k(t)) Dkbn,k(t))T o)
= /t 'f df4.289)
5 0 (D*b,(1)) (Dkbn_k(t))T

return kgg Wggr i € R&im(P)x dim (P)

:dump-config-data &key (start-time _start-time) (finish-time _finish-time) (delta-time (/ (- finish-time start-time) 100.0))

(data-filename (format nil /tmp/ a.dat (send self :name))) (diff-order 0) [method]
bspline-dynamic-configuration-task [class]
:super propertied-object

:slots _robot-env robot-environment instance)

_theta-bst bspline trajectory instance for 0)
_cog-bst bspline trajectory instance for c)
ang-moment-bst bspline trajectory instance for L)
_wrench-bst bspline trajectory instance for )
_torque-bst bspline trajectory instance for )
_phi-vector ¢)

num-kin Nkm = |Tkin-trg| — |Tkin-att|)
_num-contact Ny 1= |T 9| = | T ent-att])
_num-variant-joint Nygr-joint := |Jvar|)

_num-invariant-joint Ninyar-joint = |Tinvar|)

_num-posture-joint, Nyosturecsoint = |Tposture )
_num-collision N,,; := number of collision check pairs)

_dim-theta-control-vector dim(py) := Nyar-joint No-ctri)

_dim-cog-control-vector dim(p,) := 3N ctr1)

_dim-ang-moment-control-vector dim(py) := 3Np_ctr1)

_dim-wrench-control-vector dim(py,) := 6 Nent Ng-ctri)

_dim-torque-control-vector dim(p.) := Narive-joint Nr-ctri)

~dim-phi dim () := Ninvar-joint)

_dim-config dim(q) := dim(py)+dim(p,)+ dim(py)+ dim(p, )+ dim(p, )+ dim(¢p))
_dim-kin-task dim(e*"))

_dim-eom-trans-task dim

(
(
(
(-
(
(
(
(
(
(
(
(-num-drive-joint Ngpive-joint = | Tdrive|)
(
(
(
(
(
(
(
(
(
(
(

( eom-trans ) )
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_dim-eom-rot-task dim(e®™ "))
_dim-cog-task dim(ec9))
_dim-ang-moment-task dim(e®9-moment))

_dim-torque-task dim(e™))

_dim-posture-task dim/(e?°s""¢))

_dim-task dim(e))

kin-task-scale kj;p,)

kin-task-scale-mat-list-func function returning list of Kj;,)
_eom-trans-task-scale keom-trans)

_eom-rot-task-scale keom-rot)

_cog-task-scale ko)

_ang-moment-task-scale kqng-moment)

_torque-task-scale kiyg)

_posture-task-scale kposture)

_torque-regular-scale k¢yq)
_stationery-start-finish-regular-scale kgtqt)
first-diff-square-integration-regular-scale ksqr 1)
_second-diff-square-integration-regular-scale kg4 2)
_third-diff-square-integration-regular-scale ks4r 3)
_norm-regular-scale-max Kyaz)

_norm-regular-scale-offset ko5 )

_invariant-joint-list Jinvar)

_drive-joint-list Jyrive)

_posture-joint-list Jposture)

kin-task-time-list time list for kinematics task)
_eom-task-time-list time list for eom task)
_centroid-task-time-list time list for centroid task)
_posture-task-time-list time list for posture task)
_kin-target-coords-list-func function returning 7*n-#9)
_kin-attention-coords-list-func function returning 7%m- )
_contact-target-coords-list-func function returning 7 ¢™¢-49)
_contact-attention-coords-list-func function returning 7 ¢mt-att)
_contact-constraint-list-func function returning list of contact-constraint)
_posture-joint-angle-list H_trg)

_variant-joint-angle-margin margin of 0 [deg] [mm])
_invariant-joint-angle-margin margin of ¢ [deg] [mm])
_collision-pair-list list of bodyset-link or body pair)
_collision-distance-margin-list list of collision distance margin)
_task-jacobi buffer for g—g)
_collision-theta-inequality-constraint-matrix buffer for Co )
_collision-phi-inequality-constraint-matrix buffer for C'o;,4)

(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(_variant-joint-list JTyq:)
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(

_collision-inequality-constraint-vector buffer for C,;)

BOOOOODOOUOOODOUOOOOUOODOOUOODDOUOO0OO0DODO0OUDOO ¢g0D0O0O0O0 e(q)OOOO



(0]

00000000000 ¢gOO0U0O0O000O0O0OUD e(q)DO00D0U0ODOOODOOODDOO B%I‘J)DD
cooooooOoooobooooooooooD Ab,C,dO00000DOO0OODOOOOODODODOOO

uaod

gboooboboobooboooooobooooboboooobOoboooon

e JOODODOOO
robot-environment DO OO0 OO0 OO robot-environment 10 O00000O0DO0O
variant-joint-list J,,- 0000
invariant-joint-list J;,,., 00000 (000000000000 OCOOOOO)
drive-joint-list 74, D000 (00000000000 OOOOOOOOO)
e BOOODDOO
theta-bst DO O0O0O0O 0 BOOODOOODOODOOODOODO
cog-bst 0000 cO0BOODOOODODOODODODODO
ang-moment-bst D000 LO BOODOOODOODDODOODOOOO
wrench-bst 00000 w0 BOODODOODOOODOOOOO
torque-bst 00000 O BOOOOOODOOOOOOOO
o 1 IOOODODOOUOOODO
kin-task-time-list 000000 e 0000000
eom-task-time-list 0000000 e*™ns0 0000000 e 000000
centroid-task-time-list 0000 e/0 0000 esrs-meoment OO 000
posture-task-time-list DO 000 ePes™ve 000000
e JOODO
kin-target-coords-list-func 0000000000000 Tkn-ta QOO0
kin-attention-coords-list-func 0000000000000 7Tk~ gpgoO0O
e [10DOO
contact-target-coords-list-func 00000000000 700000
contact-attention-coords-list-func 00000000000 7<*et 00000
contact-constraint-list-func 00000000000 O0O0OO
e JJ00ODUDDOULDODO (OOOUDOODO)
posture-joint-list Jposture 0000000
posture-joint-angle-list 6" Dooooooooo
e J0UI0OOD (DODOODODO)
collision-pair-list 000000 bodyset-link 0000 body OOOOODOO
collision-distance-margin 00000000000 (000000 OOOOOO)
collision-distance-margin-list 100 000000000000 (000000 OOOOOO)
e JOODODOOO
kin-task-scale k;;,, 00000000 O0OO0O
kin-task-scale-mat-list-func 000000000000 0O0O Ky, 00000
eom-trans-task-scale keom-trans 1 0000000000003



76

eom-rot-task-scale k.- oe D0 00000000000

cog-task-scale k.,,, 0000000000

ang-moment-task-scale £y pg-momens 0000000000

torque-task-scale ky,,, 000 0000000000000

posture-task-scale ko510 JO0000000000O0

torque-regular-scale k;,,, OOOOOO0OO0O
stationery-start-finish-regular-scale ks, OO0 00000000000
first-diff-square-integration-regular-scale k,,.; 00000000
second-diff-square-integration-regular-scale ks, o 000000000
third-diff-square-integration-regular-scale k,,- 3 00000000
norm-regular-scale-max k..., 000 0000000000000 DOOOOO0OO
norm-regular-scale-offset £,y J00000000000000O00O000O0O0O0O0O

ugbogbogaoogaoo

0000000000000 0O000UO0OD0 g)oooUoooUooood

)) (4.290)

0 € RNwrsom: 000000 [rad] [m]
ceR3 0000 [m]

LeR} 0000 [kgm?/s]

weRWNer 00000 [N] [Nm]

7 € RNwrwesiot 10000 [Nm] [N]

¢ € RNmwerso: 0000000 [rad] [m]

wOODODO0ODOD0ODD0ODO000O000O000O0D0o00oDODo0ooDoooDooobOooobOooboooooo
T
(w{ wi ... w%mz) (4.291)

T
(flT n{ f3 ni - fi. n%) (4.292)

w

00000000000 g¢t)0000BUOOOOUDOOOUOOOOUOOOODUOOOODOOOOOOO q
gooooobooog

q:= (4.293)




7

Py € RNwr-iomNo-ot 000000000 [rad] [m]
p,€R¥Nee DODOOO0000 [m]
p, €RNeen OOO0OO0DO0 [kgm?/s]

€ RONewNo-en QOO O00000 [N] [Nm]
p, € RNwwvejomNr-e Q00000000 [Nm] [N]
¢ € RNmwrsom: 0000000 [rad] [m]

oooobooBOOOOOO0OODOODOOOOODOOOOO

googo

0000 g#)000000000 egt)00000000000

e (0, ¢)
geom-trans (c’ ’lIJ)
éeom-rot(e7 c, L, ’lf), d))
é(q) = €°9(0,c, ) (4.294)
éang-momems(g7 L, ¢)
e (0, w, T, )

grosture (@)
e (,¢) e RV« 000000 [rad] [m]
ey (0. ¢)
ekn(9,¢) = _km(:e’ ?) (4.295)

skin
eNk,n(t) (07 ¢)

kin-tr 0 kin-att 0
( Pr(0, ¢) — Pl (0, ¢) )ERﬁ (m

Skin
e, (0, 9) a (Rﬁn-trg (07 ¢)R1’:§n att(e7 ¢)T)

= 1,2, , Npin(1))(4.296)

«(R)000D00 ROOOOODODOO00O0OO00
geom-trans (¢ ) e R3 0000000 [kgm/s?]

éeom—tmnS(C’w) {i f —mg + Z fez} (4297)

éeom-mt(e,c’L’w’ ¢) c R3S OOOOOOO [kng/Sz]

éeom—v”ot(e7 c, L7’LI), d) — ( i { cnt trg — c) X f + ’nm}
+ Z {(p —c)x f& + nez}) (4.298)

g°9(0,c,p) €cR3 0000 [m]

6009(07 (& d)) = pG(ev d)) —-cC (4299)
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éang—moment(e’ L, ¢) ceR3OO0OO [kg m2/S}
éang—moment(B, L, d)) - L— {A0(07 ¢))é + A¢(07 ¢))(i)} (4300)

er(0,w, T, ¢) € RNaweiow 0000000000 [rad] [m]

Nent
étrq(g, ’lI), T, d)) = {(p;llt—trg(e’ d)) - C) X fm + nm}
m=1
New
+ Q) A (0,¢) —c) x fo/ +n7} (4.301)
m=1

grosture (@) € RNpowwreiom 00000 [rad] [m]
grosture () = (é"g - é) (4.302)

0000 g)0000BOOUODOUOUOUOOUODOOODOUDOUOUODOOOOOOO gOOOD
O000O0e(q)OOOOODOOOODO

ekin(pea ¢)
eeom—trans (p P )
c) P
eeom—rot (P@, De;Prs Py d))
e(q) = e (peapca ¢) (4303)
eang—moment(pe DI ¢)
etrq(peapu”;aprv ﬁb)

eposture (pO)
good
e*(q(t1))
e’(q) = : € RNmdim(€ (@D ®) (4.304)
e (q(tn,,))
:dinit &key (name) [method]

(robot-env)

(variant-joint-list (send robot-env :variant-joint-list))
(invariant-joint-list (send robot-env :invariant-joint-list))
(drive-joint-list (send robot-env :drive-joint-list))
(posture-joint-list)

(kin-task-time-list)

(eom-task-time-list)

(centroid-task-time-list)

(posture-task-time-list)

(theta-bst)

(cog-bst)

(ang-moment-bst)

(wrench-bst)

(torque-bst)

(kin-target-coords-list-func)

(kin-attention-coords-list-func)
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(contact-target-coords-list-func)
(contact-attention-coords-list-func)
(contact-constraint-list-func)

(posture-joint-angle-list)

(variant-joint-angle-margin 3.0)
(invariant-joint-angle-margin 3.0)

(collision-pair-list)

(collision-distance-margin 0.01)
(collision-distance-margin-list)

(kin-task-scale 1.0)

(kin-task-scale-mat-list-func)

(eom-trans-task-scale 1.0)

(eom-rot-task-scale 1.0)

(cog-task-scale 1.0)

(ang-moment-task-scale 1.0)

(torque-task-scale 1.0)

(posture-task-scale 0.001)

(torque-regular-scale 1.000000e-04)
(stationery-start-finish-reqular-scale 1.000000e-04)
(first-diff-square-integration-regular-scale 1.000000e-07)
(second-diff-square-integration-regular-scale 1.000000e-07)
(third-diff-square-integration-regular-scale 1.000000e-07)
(norm-regular-scale-mazx 1.000000e-05)
(norm-regular-scale-offset 1.000000e-07)

Initialize instance

:robot-env [method]

return robot-environment instance

:variant-joint-list [method]

return Jyar

:invariant-joint-list [method]

return Jinvar

:drive-joint-list [method]

return Jarive

:num-kin fmethod
return Ny, := |[TFn-tr9| = | T hin-att|

:num-contact [method]
return Ncnt = |Tcnt—trg| — |Tcnt—att‘

:num-variant-joint [method]
return Nuar—joint = ‘jvar|

:num-invariant-joint [method]

return Ninvar—joint = |\7invar|



:num-drive-joint

return Ndm've—joint = |~7drive|
:num-posture-joint

return Ntarget—joint = |x7target|

:num-collision

return N.,; := number of collision check pairs

:dim-config

return dim(q)

:dim-task

return dim(e)

:theta-control-vector

return p,

:cog-control-vector

return p,

:ang-moment-control-vector

return p;,

:wrench-control-vector

return p,;

:torque-control-vector
return p_

:phi
return ¢

:config-vector

return q

:set-theta-control-vector control-vector-new Ekey (relative? nil)

Set pg.

:set-cog-control-vector control-vector-new Ekey (relative? nil)

Set p..

:set-ang-moment-control-vector control-vector-new Ekey (relative? nil)

Set p;..

:set-wrench-control-vector control-vector-new Ekey (relative? nil)

Set py-

:set-torque-control-vector control-vector-new &key (relative? nil)

Set p,.

:set-phi phi-new &key (relative? nil)
Set ¢.
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[method]

[method]

[method]

[method]

[method]

[method]

[method]

[method]

[method]

[method]

[method]

[method]

[method]

[method]

[method]

[method]

[method]

[method]



:set-config config-new Ekey (relative? nil)
Set q.

stheta tm Ekey (diff-order 0)
return 0(t) [rad] [m]

:cog tm Ekey (diff-order 0)

return ¢(t) [m]

:ang-moment tm Ekey (diff-order 0)
return L(t) [kgm?/s]

swrench tm &key (diff-order 0)
return @(t) [N] [Nm]

storque tm Ekey (diff-order 0)
return 7(¢) [Nm] [N]

:apply-config-to-robot tm
apply g(t) to robot.

:kin-target-coords-list tm

kin-t kin-t kin-tr
TRt = {plintr, RETUTY (1 = 1,2, Nign)

in- kin-tr kin-tr kin-tr
return Tk'm i = {Tl g) T2 ga U 7TNmn g}

:kin-attention-coords-list ¢m

Thott — (et REOY (= 1,2, | Ny

return Tkzn-att = {Tlllmn—attt7 Tkan—att’ . 7T]k\;f7;1:att}

:kin-scale-mat-list tm

return list of Ky,

:contact-target-coords-list tm

Tcnt—trg — {pcnt—trg cht—trg} (m —=1.2.... Ncnt)
m m ’ m ) ) )

i it it bt
return 79 = {TT9 Ty T )
et

:contact-attention-coords-list tm

cnt-att __ cnt-att cnt-att o
Tm _{an aRm } (m_172a 7Ncnt)

return 7 oMot .= [Tpnt-att ent-att . pent-atty

cnt

:contact-constraint-list tm

return list of contact-constraint
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[method]

[method]

[method]

[method]

[method]

[method]

[method]

[method]

(4.305)

[method]

(4.306)

[method]

[method]

(4.307)

[method]

(4.308)

[method]
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swrench-list tm [method]
return {wi, wa, - ,wn,,, }
:force-list tm [method]

return {f17f2v"' v.met}

:moment-list tm [method]

return {ni,n9,--- ,nN,, }

:mass [method]

return m [kg]

:mg-vec [method]

return mg [kgm/s?]

:cog-from-model &key (update? t) [method]
return p(q) [m]

:kinematics-instant-task-value tm [method]
ey (o(t), ¢)
. ey (o(t), ¢) v
ghin (0(75),@5) _ 2 : c RENkin (t) (4.309)

exr (0(t), @)

P (8, @) — prit(6, ) € RS (
a (Rii‘n—trg (07 ¢)Rfrzl'n—att(07 d))T) m

a(R)DDDDD ROOOOOOOOOOOOO
return e (0(t), ¢) € R6Nwin (t)

:kinematics-task-value &key (update? t) [method]

N pn_kin

e (0(t1), @)
" (pg, ) = : € RONein Niin =Y Niin(t) (4.311)

skin t=1
M (O(tN,si): D)

return e (p,, )

:eom-trans-instant-task-value tm [method]

Nz;m
éeom-trans(c(t)7 ’lf](t)) = mdé— Z fm —mg (4312)
=1

m=
mecontact
Nent

= mé— Z fon +mg € R? (4.313)
m=1
me contact
return &e°m-trans (c(t)

;w(t))

:eom-trans-task-value &key (update? t) [method]
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éeom—trans (C(tl), ’lil(tl))
ecom-trans (pc’ pw> — c R3Nz,m.eom (4314)

eI (C(EN ) W (EN o)

return e®™" trans (

DerPy)

:eom-rot-instant-task-value tm [method]

g™t (9(1), e(t), L(t), w(t), ¢) = I— zm: {( cnt-1rg (g — c) X fon + nm} € R4.315)

mEcom‘acf
return €™ (Q(t), c(t), L(t), w(t), P)
:eom-rot-task-value &key (update? t) [method]

éeom-mt(e(tl), c(t1)7 L(tl), ﬁ](tl)7 ¢)

e

geomrot (0<tNt'm»eu'm )7 C(tNtm-eom)’ L(tNim»eum )7 w(tNtnL-emn)’ ¢)

return €™ (py. p., PL, P> P)

:cog-instant-task-value tm [method]

e’(0(t),c(t).¢) = pa(0,¢)—ceR’ (4.317)

return &°°9(0(t), c(t), )

:cog-task-value &key (update? t) [method]

e(0(t1), c(tr), P)
e (pg,pe, @) = : € R3Nm-com (4.318)

eI (O N o )s EEN oo ) P)

return e®9(py, p,., P)

:ang-moment-instant-task-value tm [method]

gt (0(1), L(1), @) = L(t) — { Ao(0(2), $(1)(1) + Ax(8(2), $(1)(1)} € B (4319)
000000A4,=A,=000000000000000000000000000
éang—moment (L(t)) _ L(t) c R?) (4320)
return g¥ng-mement(I,(¢))

:ang-moment-task-value &key (update? t) [method]

eom-rot (p% Doy PL, P ¢) — S R:tqlﬂff@)



eong-moment (pL) : c R3Nmn-enm
emaTmOmEnt (L(tN,,, o))
ang-moment
return e*™9 (pr)
:posture-instant-task-value tm
—posture _ trg Nyosture-join
e’ (O(t)) - kpostwe (eposture 70130(9“””6) € R postureaomt

éang—moment (L(tl ))

09 0posture 00000000 Jpostuwre 0000000000000

posture?

return &Posture(4(t))

:posture-task-value &key (update? t)

eposture (pe) —

return ePostre(p,)

:task-value &key (update? t)

return e(q) € R%m(€)

eeom—rot (

éposture (e(tl ))
M c RNpusLuTe-jomL Nim-kin

e ((tn, .. ))

ekin(p07 d))
eeom—trans (p D )
cr P
Py, PesPLs P D)
ecog(pe’pw d))
eang—moment (pe’ DI, ¢))

eth (pea Dy Prs d))
eposture (pG)

:kinematics-instant-task-jacobian-with-theta-control-vector tm

0" (6(t), ¢)

Opy

0py

kin

c RﬁNlmn X dim(pe)

return
Po

9 (1), ¢) 9O(t)

0 Opy
A CIORY)
1T J]_’e(t)
el t' 0 ’ N .
%ﬁ)d’) I Ny (1),0(0)
iB (t)py = By.n(t)
8])9 0.n{l)Pg = Don
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(4.321)

[method]

(4.322)

[method]

(4.323)

[method]

(4.324)

[method]

(4.325)

(4.326)

(4.327)



:kinematics-task-jacobian-with-theta-control-vector

0e"" (0(11),9(t1))
aekin 9Py

3179

86}”” (O(tNtm-km )7¢(tNtm—k'm ))
9 6
kin

return € RONkin X dim(Py)

Do

:kinematics-instant-task-jacobian-with-phi tm

L CIGR) 0e™ (6(t), ¢)
0o 0o

ARCIOR )
T J14(t)

) o
¢ S CIOR )
op
kin

¢

:kinematics-task-jacobian-with-phi

return € R6Nkin x dim(Q)

o€ (0(t1),P (1))
aekin 8¢

98" (O(tn, .. ) Pln, )
o

kin
¢

:eom-trans-instant-task-jacobian-with-cog-control-vector tm

return € R6Nkin X dim(@)

8éeom—tmns (C(t), ’lf)(t)) - 86(t>
op. op.
= miB Q(t)ljzp
apc c,n— c

= ch,n72(t)D2

aéeom—trans

(c(t), (1)) c R3%dim(D,)

return
op.

:eom-trans-task-jacobian-with-cog-control-vector

6éeom_tmns(C(tl),'l]:}(tl))

_ c
8eeom trans

op,

S eom-t s 2
3ewm " (c(tNigl>€07YL )7w (tNt'm— eom ))

c

8 e com- trans .
return —— € R3Nm-comxdim(P,)

op,

I N (1),6(t)
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[method]

(4.328)

[method]

(4.329)

(4.330)

[method]

(4.331)

[method]

(4.332)

(4.333)

(4.334)

[method]

(4.335)
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:eom-trans-instant-task-jacobian-with-wrench-control-vector tm [method]
8éeom—tmns (C(t), ’lf)(t)) _ aéeom—tmns (f(t)’ ’lf}(f,)) aw(t) (4336)
Opy ow Opy
8—eom—trans t , v(t
(0000pS™™0 D0 00000000s000)
ow(t) 0
= By n(t)py = Byt 4.338
Go = gp Bon (0P = Bua() (4:338)
seom-trans "
return de (e(t), b (t)) c R3xdim(Py)
Py
:eom-trans-task-jacobian-with-wrench-control-vector [method]

aéwm—tr{ms(c(tl),w(tl))

o eom-trans o
© 5 - : (4.339)
Pa BEI (N, o VD (EN o))
9P,
eom-trans
return Ger € R3Nm-con X dim(P.g)
apﬁ;
:eom-rot-instant-task-jacobian-with-theta-control-vector tm [method]
gecomrot(0(t), e(t), L(t), w(t), ¢) _ 0&<™ N (0(t), e(t), L(t), w(t), ) 06(1) (4.340)
Ipy 00 Opg '
aéeonb—'r'ot(e(t)’ C(t), L(t)a ’lf)(t), ¢) Bl cnt-trg
o - X {[FnOX1T5057 1)} (4.341)
mET?o_ntact
00(t) 7]
= — Bp,.(t)p, = Byt 4.342
oo = ap. Bon(pa =Bt (4342)

aéeom—rot (e(t)7 C(t), L(f)7 'lb(t)a d)) e R?,X dim(pg)

return
Opy
:eom-rot-task-jacobian-with-theta-control-vector [method]
e« (B (t1),c(t1), L), W (t1),¢)
-rot oD,
8680777, TO0
S opy : (4.343)
0 H@eom-rot (o(tNtm_eom ), CUEN L com) ’L(tNtm-eom ) ,w(tNt’me )’¢)
op,
eom-rot
return — € R3Nun-com X dim(Py)

Opy

:eom-rot-instant-task-jacobian-with-cog-control-vector ¢tm [method]
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gt (B(1),elt), L(1). (1), 8) D2 rHO().elt), D). bi(0). @) Delt) .y
dp, B de p, '
Heeom-rot (O(t), C(t), L(t), ’If)(t), ¢) Nen Nent
e = = > X=X Fu]x| (4319)
m GTgo:n}‘, act m 673()?% act
oc(t) 0
= —B.,(t)p.=B.n(t 4.346
5o = 3p Ben(tpe =Bt (4:346)
Seom-rot 2
return 86 (O(t), C(t)v L(t)7 w(t)v ¢) c Rngim(pc)
op.
:eom-rot-task-jacobian-with-cog-control-vector [method]
Béwm'm(O(tl),c(étl),L(tl),'lf)(tl),(ﬁ)
) eom-rot <
© 5 - : (4.347)
Pe O ™ (O (1N 11101 ) CON ) AN ) O () P)
8pc
eom-rot )
return ———— € R3Nm-comxdim(P,.)
P
:eom-rot-instant-task-jacobian-with-ang-moment-control-vector tm [method]
geomTot(Q(t), c(t), L(t), w(t L(t
opr, opL
0 N
= —Bp,-1(t)Dip 4.349
op, 2L 1(t)D1py, (4.349)
= B, 1(t)D; (4.350)
5eom-rot L A )
return oe (a(t)ac(t)v (t)7w(t)’ d)) c R3><dzm(pL)
opy,
:eom-rot-task-jacobian-with-ang-moment-control-vector [method]
9e " (B(11),€(11), Li(t1) W(t1),P)
aeeom—rot opy
—5e— = : (4.351)
pL aém’m'"’f (e(tNtm—eom ) ’c(tNtm-com ) ’L(tNtm-eom ) ’/l‘b(tNtm»eum )7¢)
L
eom-rot
return —————— € R3Num-conxdim(Py)
PL
:eom-rot-instant-task-jacobian-with-wrench-control-vector tm [method]
decom ot (Q(t), e(t), L(t), w(t), d) _ oecomrot(9(t), c(t), L(t), w(t), ¢) Ow(t) (4.3
oy ey Py .
gecomrot(6(t), e(t), L(t), w(t), ) ent-tr cnt-tr
0w = ([~ @""0.0) ~ ) x] ~T5 - [~ (DR(0,6) ) x] (43
(OD00OpS™™0 2000 0000000;000)
ow(t 0
( ) = me(t)pw = Bw,n(t) (43

Opy Opy,



8éeom—rot (O(t), C(t), L(t)7 'lf}(t), ¢)
opy,

return € R3*dim(Py)

:eom-rot-task-jacobian-with-wrench-control-vector

98~ M (O (t1),€(t1),L (1), W(t1),9P)

ap,,
8eeom—rot B ?w
Op,; o : )
P gecom-rot (e(tN,,m_mm ) ,C(tNtm_mm ) ’L(tNtm-eom ) 7w(tNtm-eom )7¢)
ap,,
eom-rot .
return —— € R3Nun-com X dim(P )
:eom-rot-instant-task-jacobian-with-phi ¢tm
aéﬁom-rot(O(t),C(t),L(t),’lf)(t),(]5) _ 8éeom_r0t(0(t),C(t),L(t)71f)(t)’¢)
0o - o
Ncnz
= > {FL0xIgsm)
m=1

mecontact

Heeom-rot (0(t)7 (03((2)7 L(f), 'lb(t)a d)) € R3X dzm((b)

:eom-rot-task-jacobian-with-phi

return

e« M (O (t1),€(t1), L (1), W(t1),P)

aeeom—'mt d¢
o9 .
LIS R O O K I )
o
eom-rot .
return ——— € R3sz-eom><dzm(¢)

¢

:cog-instant-task-jacobian-with-theta-control-vector tm

080 (8(1),c(t), @) _ 9e“?(8(t), c(t), d) IO(t)
opy B 9 ops
6écog(0(at)0, ct), ) _ Jeo(t)
00 9
aIE:) = aipaBe’n(t)pe = BG,TL (t)
— aécog(g(t)’ C(t), ¢) € R3xdim(P,)

Opy

:cog-task-jacobian-with-theta-control-vector

€ (0(t1),C(t1),9)

0P,

aecog

31)9

aéw{l (e(tNMn— eom ) ’c(tNLm— eom ) ? ¢)
P,

cog ‘
€ R3Nim-com X dim(Py)

return
Po
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[method]

(4.355)

[method]

(4.356)

(4.357)

[method]

(4.358)

[method]

(4.359)

(4.360)

(4.361)

[method]

(4.362)



:cog-instant-task-jacobian-with-cog-control-vector tm

0&s(0(1).e(t). @) _ 0= (0(1). (1), §) delt)
apc Oe apc
989 (8(t),c(t), ) _ T
dc ’
dc(t) 0

op, op,

aécog(g(t)7 c(t), Qi)) c R3xdim(P,)

return
op.

:cog-task-jacobian-with-cog-control-vector

9€° (B(t1),(t),P)
ap.

aeCOg

op,.

oe (g(tN:m- com) 7C(tN:m- com)s ¢)
0,

c

cog

return € R3Nim-com X dim(P,.)

D,

:cog-instant-task-jacobian-with-phi tm

oI (B(t),c(t), ¢) e (B(t),c(t), )
B 99

0e?(0(t),c(t), P) _ naxdim(p)
8¢ c R3 d

:cog-task-jacobian-with-phi

return

9€° (B(t1),C(t), )
¢

aém.‘] (e(tNMn— com ) ’C(tNt,m— com ) 2 d))
o

cog

¢

return € R3Nun-com x dim(¢h)

:ang-moment-instant-task-jacobian-with-ang-moment-control-vector tm

Heang-moment (L(t)) _ Heang-moment (L(t)) 6L(t)
8pL B 3L 5pL
aéang—moment (L(t)) I
oL -
oL(t) 0 B
b, — Op. By n(t)p, = Bra(t)

8éang—moment (L(t))
opr,

return € R3xdim(Py)

:ang-moment-task-jacobian-with-ang-moment-control-vector

89

[method]

(4.363)

(4.364)

(4.365)

[method]

(4.366)

[method]

(4.367)

[method]

(4.368)

[method]

(4.369)

(4.370)

(4.371)

[method]
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:theta-max-vector &key (update? nil)

return 0,4, € RVvar-joint

:theta-min-vector &key (update? nil)

return 6,,;, € RNvir-joint

op,
) ang-moment
687 = : (4.372)
pL 8éang—moment (L(tNim_ o ))
op,
ang-moment
return OF € R3Nim-com x dim (P,
Pr
:posture-instant-task-jacobian-with-theta-control-vector tm [method]
a—posture ot a—posture o)) 00(t
e (O() _ 0ere(0(1)) 06(1) w73)
3p9 00 5‘p9
(8éposture (e(t)) ) _ _kposture (jposture,i = jvar,j) (4 374)
00 i 0 otherwise '
20(t) )
= —Byp,(t = By ,(t 4.375
oo = ap. Bon(pe =Bt (4375)
> t
return 28 O®)) o R Npaaturensomi X dim(Dy)
Opy
:posture-task-jacobian-with-theta-control-vector [method]
aéposiurc (0(t1 ))
aeposture Bpg
S = : (4.376)
p9 aépoatu‘re (e(tN,,m_k.m ))
P,
posture
return c RNpoatu‘re»jumt Nim-kin X dim (pg)
Opy
:task-jacobian [method]
dim(pg)  dim(p.)  dim(py)  dim(py) dim(p;) dim(e)
kin kin
dim (e (py, 6) et oe’
dim (e (p, ) sermim: sermim:
aeeom—mt aeeom—mt aeeom—mt aeeom—mt Beeom—rot
e dzm(emm rot (p07 De;Prs P> ¢)) op, op, op, op, T
— aecos oecos oe 9
aiq dzm(emg (p97pu ¢)) 3(;)6 8%c 4;%'377
ang-moment
dzm( ang-moment (pea D, ¢)) %
dlm(et (p07 pwaprv ¢))
8epoature
dzm(eposture ( )) Bpe
return gg Rdim(e)xdim(q)

[method]

[method]
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:theta-instant-inequality-constraint-matrix &key (update? nil) [method]
6'min < 0 < amam (4378)
. 9> (4.379)
-1 _Bmax
& Cy0 > Jg (4.380)
1 2Nyarjoint X Noar-s

return CG — 7 c R var-joint X Nvar-joint

:theta-instant-inequality-constraint-vector &key (update? nil) [method]
7 emin
return dg := ( ) € R2Nver-joint

:theta-control-vector-inequality-constraint-matrix &key (update? nil) [method]
Co0 > dy (4.381)
& Cpypy > dp, (4.382)

oooooobooooooo

Cpe (pe + Ap@) > d_Pe (4'383)
A CPBAPG 2 Jpe — CpePo (4'384)
& ChpoApy > dp, (4.385)
return C)p,
:theta-control-vector-inequality-constraint-vector &key (update? t) [method]
return dy, = dp, — CpyDyp
:cog-max-vector &key (update? nil) [method]
return ¢y, € R3 [m]
:cog-instant-inequality-constraint-matrix &key (update? nil) [method]
—Cmazx S c § Cmazx (4386)
I —Cmax
& ( >c2< N ) (4.387)
-1 —Cmazx
& Ce.c>d, (4.388)
I
return C,, := € R6x3
I
:cog-instant-inequality-constraint-vector &key (update? nil) [method]

- —c
return d, := mar) e RO

—Cmax

:cog-control-vector-inequality-constraint-matrix &key (update? nil) [method]



gbooobooboooboobo

Cpc(pc + ApC) Z Jpc
& Cp.Ap, > Jpc - Cp.p.
A CpcApC Z dpc
return Cp,,

:cog-control-vector-inequality-constraint-vector &key (update? t)

return d,, := dp. — Cp,_P.

:ang-moment-max-vector &key (update? nil)
return L., € R? [kgm? /s

:ang-moment-instant-inequality-constraint-matrix &key (update? nil)

I
return Cp, := ( I) € R6%3

:ang-moment-instant-inequality-constraint-vector &key (update? nil)

7 _Lmaac 6
return dg, := e R

max

:ang-moment-control-vector-inequality-constraint-matrix &key (update? nil)

CLL > JL

< CprLZJpL
goooooooobooooo

CPL (pL + ApL) Z JPL
e CPL ApL > JPL - CprL
A CPLApL 2 dPL

return C),,

:ang-moment-control-vector-inequality-constraint-vector &key (update? t)

return dp, == dp, — Cp, D1,

:wrench-instant-inequality-constraint-matrix &key (update? t)

92

(4.389)
(4.390)

(4.391)
(4.392)
(4.393)

[method]

[method]

[method]

(4.394)
(4.395)

(4.396)

[method]

[method]

(4.397)
(4.398)

(4.399)
(4.400)
(4.401)

[method]

[method]
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00000 weRSO00000000000000000000000O0O0O0OOOOOOOOO0
oood

Cow > dy (4.402)

N, O0O0O0ODOOOO0D0OOO0O00DOOO000DOOwO0O0OOOOOO0ODOOOODODO

CowmWm = dwm (m=1,2,--+, Nen) (4.403)
Cw,l w1 dw,l
Cu,p2 wa dy2
o _ = , (4.404)
Cw-,Ncm WN.,, dwchm,
& Cpw > dy (4.405)
Cw,l
Cu2 o
return Cy := c R Ni-ineqg X dim (W)
Cw)Ncm
:wrench-instant-inequality-constraint-vector &key (update? nil) [method]
dw,l
d'w,2
return dy = . € RNo-ineq
dW,Ncm
:wrench-control-vector-inequality-constraint-matrix &key (update? nil) [method]

Ca > dy (4.406)
>

A Cpm Py d_Pm (4407)

oboooboobooogooaoo

pr (pu? + Apﬁ)) 2 me (4408)
A CpoApy > Jpw — CpyuPy (4.409)
& CroApy > dp, (4.410)
return Cp,
:wrench-control-vector-inequality-constraint-vector &key (update? t) [method]
return dp,, = dp, — CpaPu
:torque-control-vector-inequality-constraint-matrix [method]
todo
:torque-control-vector-inequality-constraint-vector [method]
todo
:phi-max-vector &key (update? nil) [method]

return ¢, .. € R Ninvar-joint
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:phi-min-vector &key (update? nil) [method]
return ¢mzn c RN’[TL’U(LT-]O’ETLi
:phi-inequality-constraint-matrix &key (update? nil) [method]
Prnin < P+ AP < @y, (4.411)
I -
o Ap> [ Pmin—® (4.412)
—I _(¢maac - d))
& CpAp>dy (4.413)
1 2N, int X N
return Cd’ = € R2Ninvar-joint X Ninvar-joint
:phi-inequality-constraint-vector &key (update? t) [method]
return dg := Prnin — ¢ € R2Ninvar-joint
7(¢maz - ¢)
:config-inequality-constraint-matrix [method]

CP9 Ap() > dpe
Cpc Apc Z dpc
C, Ap; >d
prBPL = dpy, (4.414)
C:Dm Apzi) 2 dpm
Cp‘r APT 2 dpa—
CyAp > dy
Cpe Ape dpe
Cpc ApL dpc
C A d
o PL P> | % (4.415)
Cpm Apﬁ; dpw
CpT Ap‘f' dpr
Cy) \ Ag dy
& CAq>d (4.416)
return C
:config-inequality-constraint-vector [method]
return d
:config-equality-constraint-matrix &key (update? nil) [method]
return A € RO9<4™(@) (no equality constraint)
:config-equality-constraint-vector &key (update? t) [method]
return b € RY (no equality constraint)
:stationery-start-finish-regular-matrix &key (update? nil) [method]
return W gq € R4 m(Q)xdim(q)
:differential-square-integration-regular-matrix &key (diff-order 1) [method]

return Wgg, g € Rdim(q) x dim(q)



first-differential-square-integration-regular-matrix &key (update? nil)
return Wg, 1 € R dim(q) x dim(q)

:second-differential-square-integration-regular-matrix &key (update? nil)
return Wgg, 2 € R dim(q) x dim(q)

:third-differential-square-integration-regular-matrix &key (update? nil)
return Wggr g € R dim(q) x dim(q)

:regular-matrix

return W € Rdim(q)x dim(q)

:rregular-vector

3
WTeg = min(kmaz’ H6||2 + koﬁ)I + kstathtat + Z ksqr,dwsqr,d
d=1
3
Vypeg = kstatwstatq + Z ksqr,dqur,dq
d=1

return v,., € R4

:update-collision-inequality-constraint

Not implemented yet.

:update-viewer &key (start-time (send _theta-bst :start-time))

Update viewer.

(finish-time (send _theta-bst :finish-time))
(delta-time (/ (- finish-time start-time) 100.0))

:print-setting-information

Print setting information.

:print-status

Print status.

:play-animation &key (robot-env)

(start-time (send _theta-bst :start-time))
(finish-time (send _theta-bst :finish-time))
(delta-time (/ (- finish-time start-time) 100.0))
(loop? t)

(visualize-callback-func)

Play motion animation.

:generate-graph &key (start-time (send _theta-bst :start-time))

(finish-time (send _theta-bst :finish-time))

(delta-time (/ (- finish-time start-time) 100.0))
(data-dirname /tmp/bspline-dynamic-config-task)
(graph-filename /tmp/bspline-dynamic-config-task/graph.pdf)
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[method]

[method]

[method]

[method]

(4.417)

[method]

(4.418)

[method]

[method]

[method]

[method]

[method]

[method]
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Generate graph from configuration and task trajectory.

:generate-robot-state-list &key (robot-env _robot-env) [method]
(start-time (send _theta-bst :start-time))
(finish-time (send _theta-bst :finish-time))
(joint-name-list (send-all (send robot-env :robot :joint-list) :name))
(root-link-name (send (car (send robot-env :robot :links)) :name))
(step-time 0.004)
(divide-num 100)
(limb-list (list :rleg :lleg :rarm :larm))

Generate and return robot state list.

4.4 JU0U0OO0OOOODOODOODODOOOOO
4.4.1 0OO00OO0O0OO0OOOOOOOOOODOOCODOO
min/max 00000000000

minimum/maximum O O

Frin(®: 1.+ o fxr) = min(fy(a), -, fx (@) (4.419)
Faa(®i f1o- fx) = max(fi(z), -, fx(@)) (4.420)

000000000000 00000 smooth minimum/maximum 00000000000 0O0O0000OO
2
O

aet Yy fin(@)e @

So(@: f1, - 4.421
( fl fK) Zszleo‘fk(w) ( )
goobooooouoooood
a——inf 000 8o — Foin (4.422)
a—=inf 000 Sy Foas (4.423)

gbooobOobooooboboooobooboooon

00000000 ei(q), --,ex(q) eRN000000000000000O0D0D0DOOOOODOODOO
000000000000000 qeRN00000000000O0OOOOO0O0O0O00000000000
gbooooobooooobobooogoboo

gboobgoobooboon

ex(q)=0 (kO 1,---,KODODOO) (4.424)
gbooooooboooogn
where €,,in(q) 4 arg min lex(q)]|* € RN (4.426)
[SFN<T
def
&= {e, - ex} (4.427)

12 https://en.wikipedia.org/wiki/Smooth_maximum


https://en.wikipedia.org/wiki/Smooth_maximum
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00000 enin(q) DO0DODODO %DDDDDDDDD I10000000000000000000
00000000000 qUO00000000000000enin(q) D0DDODOD0O e, 00000000
0000000000oo0o000000ooooooooooooon

e fr(T)
Eszleafk(:m
000000000000 000000000000000000000000000000 enin(q) 000

gbooooboooboobon

0 (@) 000 fi(x) eR(k=1,--- ,K)O 0000000000000000Omin/max

Ermin(@) ! S exp(—allex(@)P)ex(q) € RY (4.428)

 Yeesexp(—allex(@)]?) Lz,

0000000000000 00000000000 énn(q000O0O0 %DDDDDDDDDD
oood

contact-invariant-optimization 0 00000000000 (O0O)

contact-invariant-optimization 0 00 B 0 41 0000 minimm O00000000000000O000DO
gbooobood

. def 1 o o N.

emzn(q) Zekeg n(ek(q)) ege:gn( k(q)) k(q) cR (4429)
1

" 1+ Blex(a)l

400000000000 10*00000000000 (B228) 0000 exp(—alex(q)]?) O n(ex(q)) 0O
000o00o0o0o000

where 7(ex(q)) eR (4.430)

LogSumExp 00000000000 (OUO)

0 (219) , 0 (EZ220) 0 minimum/maximum D 0000000000000 0O000O0O smooth mini-
mum/maximum 000000 LogSumExp 000000000000 ™0

I K_ X
LSE.(z: f1,-  fx) % 8 (Zmeg P(Efk(w))) (4.431)

e00000 minimmOO000000 maximumOJOOO0OO000000000000O00O00O00O00OO0O0O

0000000000000 000000000 (\Z2®) 0000000000000 00000D0O0OO
gooobooooon

ooboobooboooobooooooboooooan

def .
F(q) = min ex(q)|” € R (4.432)

0000 F(g)000000000

o108 (e exp(—elex(a)])

F(q) (4.433)

—&

0 (\zZ3M 00000 —e0000000e00000000OOOOOO

13 Discovery of complex behaviors through contact-invariant optimization, I. Mordatch, et. al., ACM Transactions on Graphics
31.4, 43, 2012.
14 https://en.wikipedia.org/wiki/Smooth_maximum


https://en.wikipedia.org/wiki/Smooth_maximum
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000000 F(q)00O0000000000

ob(q)  Lesee 2eexp(—<ler(@)ll?) (25) " ey g)
da Y e, ce xp(—cllex(@)]?)

(4.434)

oooogo F(q)[IDDEIDDDDDEIDDI:IDDDDDD(DDDDDDDDDDDDDDDDDDDD
gboooboboobOOoO0oOooboobOooboooooboobooobooooooboob0ooooobooooboooon
0000000000000 oOoOOoOoooooooon)

4.4.2 O0O00OO0OO0OOO0OOOOOOOOOOOn

discrete-kinematics-configuration-task [class]
:super instant-configuration-task
:slots (_smooth-alpha «)

O00000000000000000000000000000000 q®oooooood e®(q®)
ooooo

000000000 O0O O kin-target-coords-list O kin-attention-coords-list 0 0 00000000000
ocoooooooooOooOo0o0oooOoooooOo0oOoobOo0ooobo0ooobObooooObOOoooOoODbOOoDo
Ooo0ooDoo0oooo00min00O0OO0OOO0O0ODOOOODOOOODOOOOODODOOODODOO
oooo

:dinit &rest args Ekey (smooth-alpha 20.0) [method]
Eallow-other-keys

Initialize instance

:kinematics-task-value &key (update? t) [method]
efn(q) = €, ) (4.435)

ef"™ (0, ¢)

e5" (0, ¢)
- | (4.436)

enr, (6, ¢)

efﬁ”(@,q&) = arg min ||ef,ff§(0,¢)||2 € RS (m=1,2,--+, Niin) (4.437)
ek eehn
where EF" = {el" | i=1,2,", Nyin-dis,m} (4.438)

kin-trg kin-att
D 07 d) - pm i 07 ¢
(6, ¢) (0, 9) €RC (i=1,2,-, Niin-dis,m14.439)

el (0, 9) “ \a (BEv(0.0) RIS (6.9)7)

o(R)ODO0O0 ROODOOODODDDOOOOOEM (0, ¢)000000000

5 (0.9) - : > esp(-allelii0, 9)1°)e0.9)

-
2etn cenn exp(—alleni(6, ¢)|?) el eghn

RS (m=1,2,---, Niin) (4.440)

m
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return e*"(q) € R6Nen
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:kinematics-task-jacobian-with-theta [method]
oel
o kin 8?3%’”
€ ]
= 4.441
80 . ( )
oe I;\ZIZM
e
agood
) 1
en'(0,0) = exp(—allen’s(6, d)[I*)er (6, ¢)
S e ot SXP(—allel (0. )7) Zg
= u(0,¢)v(0, o) (4.442)
1
where u(0, ) = i eR (4.443)
Ze’:ﬁ,’fﬁ&’iﬁ" eXp( a||ek ( 7¢)||2)
v(0,¢)= Y exp(—alen’i(0,9)l*)en (0, d) € R° (4.444)
ekin e ghin
gooooad
derin (0, ¢ ou(d, )\ " ov(8, ¢
O _ g g (MO ) (0001 s
ey (0.9) in
ou(,¢)  eineen 204 ( e ) emi@.9)
o5 = / € RNvr-soin (4.446)
{Set ce A}
8’0 07 n in 86%”;(0? ¢) 86%711(67 ¢)
LIS A{ 20ely(6. )l (6. 4)" ( ) e I T
ey g
aefriz kin-trg kin-att
W = Kki” {JG m,i (97 ¢> - JG,m,i (97 ¢>} (4448)
(m = 17 2a T 7Nkm7 1= la 27 ce aNk'in—d'L's,m)
googg
A = exp(—alle (8, $)]1) (4.449)
ooogo
kin
return € RONkim X Nvar-joi
5 0O
5.1 D0O0OO0OODOOOOOOOOO
joint [class]
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:super propertied-object
:slots (parent-link)
(child-link)
(joint-angle)
(min-angle)
(max-angle)
(default-coords)
(joint-velocity)
(joint-acceleration)
(joint-torque)
(max-joint-velocity)
(max-joint-torque)
(joint-min-max-table)
(

joint-min-max-target)

:child-link &rest args [method]
Returns child link of this joint. If any arguments is set, it is passed to the child-link.
Override to support the case that child-link is cascaded-link instantiate. Return the root link of child

cascaded-link instantiate in that case.

:axis-vector [method]

Return joint axis vector. Represented in world coordinates.

return a; € R3?

:pos [method]

Return joint position. Represented in world coordinates.

return p; € R3

bodyset-link [class]

:super bodyset

:slots (rot)
(pos)
(parent)
(descendants)
(worldcoords)
(manager)
(changed)
(geometry::bodies)
(joint)
(parent-link)
(child-links)
(analysis-level)
(default-coords)
(weight)
(acentroid)



101

inertia-tensor)
angular-velocity)
angular-acceleration)
spacial-velocity)
spacial-acceleration)

momentum-velocity)

(

(

(

(

(

(
(angular-momentum-velocity)
(
(angular-momentum)
(force)

(moment)

(ext-force)

(

ext-moment)

:centroid-with-fixed-child-links [method]

return p,,, , € R? [mm]

:weight-with-fixed-child-links [method]
return m € R [g]

:mg [method]
return mg = |jmg|| € R [N]

:mg-vec [method]
return mg € R? [N]

cascaded-link [class]
:super cascaded-coords
:slots (rot)
(pos)

:calc-jacobian-from-joint-list &key (union-joint-list) [method]

(move-target)
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(joint-list (mapcar #’(lambda (mt) (send-all (send self :link-list (send mt :pa
(transform-coords (mapcar #’(lambda (mt) (make-coords)) move-target))
(translation-azis (mapcar #’(lambda (mt) t) move-target))
(rotation-azxis (mapcar #’(lambda (mt) t) move-target))

union-joint-list list of all joints considered in jacobian. column num of jacobian is same with length of

union-joint-list.

move-target list of move-target.

joint-list list of joint-list which is contained in each chain of move-target.

transform-coords list of transform-coords of each move-target.

translation-axis list of translation-axis of each move-target.

rotation-azis list of rotation-axis of each move-target.

Get jacobian matrix from following two information: (1) union-joint-list and (2) list of move-target.
One recession compared with :calc-jacobian-from-link-list is that child-reverse is not supported. (Only

not implemented yet because I do not need such feature in current application.)

:calc-cog-jacobian-from-joint-list &key (union-joint-list) [method]
(update-mass-properties t)
(translation-azis :z)
union-joint-list list of all joints considered in jacobian. column num of jacobian is same with length of

union-joint-list.

Get CoG jacobian matrix from union-joint-list.

:find-link-route to &optional from [method]
Override to support the case that joint does not exist between links. Change from (send to :parent-link)

to (send to :parent).

find-fixed-child-links [ &key joint-list [function]

set-mass-property-with-fixed-child-links robot [function]

5.2 U00O0OObOOoooOobbobooooboo

2d-planar-contact [class]
:super cascaded-link
:slots (_contact-coords Tept)

(_contact-pre-coords Tepi-pre)

gboobooboobobbooboobooboobobboboboon

:dinit &key (name contact) [method]
(contact-pre-offset 100)

Initialize instance

:contact-coords &rest args [method]

return et := {Dops, Rent



:contact-pre-coords &rest args

return Tent-pre = {Pent-pre» Rent-pre

:set-from-face &key (face)
(margin 150.0)

set coords and min/max joint angle from face.

look-at-contact
:super cascaded-link

:slots (_contact-coords Tept)

bobooboboooboobooooboboooooboooooboaon

:dinit &key (name look-at)
(target-pos (float-vector 0 0 0))
(camera-azxis :z)
(angle-of-view 30.0)

Initialize instance

:contact-coords rest args
return et := {Pops, Rent

robot-environment

:super cascaded-link
_robot R)
_robot-with-root-virtual R)

:slots

(
(
(_root-virtual-joint-list list of root virtual joint)
(_contact-list {C1,Ca, -+ ,Cny})

(_variant-joint-list Jyq)
(Linvariant-joint-list Jinvar)
(

_drive-joint-list Jyrive)

gbooobobooooobobooooooboo
gboobooboobobboboobooboobobboboo

l. 0ob0oobooocobOoobooooboobooooooboon
2. 000000000000

gbooobobooboobooooboobooooobooon

robot R 0000 (cascaded-link 00000000 OO)O
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[method]

[method]

[class]

[method]

[method]

[class]

contact-list {C1,Ca, -+ ,Cn.} OO0 (2d-planar-contact 00000000000 DO)0000O0

0000 ROODODODOOO00OO000O00000000000000000000000000 ROOO

googod



:dinit &key (robot)
(contact-list)
(root-virtual-mode :6dof)

(root-virtual-joint-class-list)

(root-virtual-joint-azis-list)

(root-virtual-joint-min-angle-list)

(root-virtual-joint-maz-angle-list)

Initialize instance

:dissoc-root-virtual

dissoc root virtual parent/child structure.

:init-pose
set zero joint angle.

:robot &rest args

return R

:robot-with-root-virtual &rest args

return 7AZ

:contact-list &rest args
return {C1,Ca, -+ ,Cn.}

:contact name &rest args

return C;

:variant-joint-list &optional (5l :nil)

return Jyar

sinvariant-joint-list &optional (51 :nil)

return Jnvar

:drive-joint-list &optional (5l :nil)
return Jarive

:root-virtual-joint-list

return list of root virtual joint

5.3 irteus O inverse-kinematics 0 0O OO

cascaded-link

:super cascaded-coords

:slots rot)
pos)

(
(
(parent)
(
(
(

descendants)
worldcoords)

manager)
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[method]

[method]

[method]

[method]

[method]

[method]

[method]

[method]

[method]

[method]

[method]

[class]



(changed)

:inverse-kinematics-optmotiongen target-coords ékey
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(stop 50)
(link-list)

(move-target)

[method]

(debug-view)

(revert-if-fail t)

(transform-coords target-coords)

(translation-azis (cond ((atom move-target) t) (t (make-l
(rotation-axis (cond ((atom move-target) t) (t (make-list
(thre (cond ((atom move-target) 1) (t (make-list (length 1
(rthre (cond ((atom move-target) (deg2rad 1)) (t (make-l:
(collision-avoidance-link-pair :nil)
(collision-distance-limit 10.0)

(obstacles)

(min-loop)

(root-virtual-mode :fiz)

(root-virtual-joint-min-angle-list)
(root-virtual-joint-maz-angle-list)

(joint-angle-margin 0.0)

(posture-joint-list)

(posture-joint-angle-list)

(target-posture-scale 0.001)

(norm-reqular-scale-maz 0.01)

(norm-regular-scale-offset 1.000000e-07)
(pre-process-func)

(post-process-func)

Eallow-other-keys

Solve inverse kinematics problem with sqp optimization. ;; target-coords, move-target, rotation-axis,

translation-axis ;; - both list and atom OK. target-coords : The coordinate of the target that returns

coordinates. Use a list of targets to solve the IK relative to multiple end links simultaneously. Function

is not available to target-coords. link-list : List of links to control. When the target-coords is list, this

should be a list of lists. move-target : Specify end-effector coordinate. When the target-coords is list,

this should be list too. stop : Maximum number for IK iteration. Default is 50. debug-view : Set t

to show debug message and visualization. Use :no-message to just show the irtview image. Default is

nil. revert-if-fail : Set nil to keep the angle posture of IK solve iteration. Default is t, which return

to original position when IK fails. translation-axis :

:x 1y :z for constraint along the x, y, z axis. :xy

:yz :zx for plane. Default is t. rotation-axis : Use nil for position only IK. :x, :y, :z for the constraint

around axis with plus direction. When the target-coords is list, this should be list too. Default is t.
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thre : Threshold for position error to terminate IK iteration. Default is 1 [mm]. rthre : Threshold for
rotation error to terminate IK iteration. Default is 0.017453 [rad] (1 deg).

cascaded-link
:super

:slots

cascaded-coords
rot)
pos)
parent)

descendants)

manager)
changed)
links)
(joint-list)
bodies)

(
(collision-avoidance-links)
(

(
(po
(
(
(worldcoords)
(
(
(

end-coords-list)

[class]

:inverse-kinematics-trajectory-optmotiongen target-coords-list Ekey (stop 50) [method]

(move-target-list)

(debug-view)

(revert-if-fail t)

(transform-coords-list :nil)
(translation-azis-list :nil)
(rotation-axis-list :nil)

(thre 1.0)

(rthre (deg2rad 1))

(thre-list :nil)

(rthre-list :nil)
(collision-avoidance-link-pair :nil)
(collision-distance-limit 10.0)

(obstacles)

(min-loop)

(root-virtual-mode :fix)
(root-virtual-joint-invariant? nil)
(root-virtual-joint-min-angle-list)
(root-virtual-joint-mazx-angle-list)
(joint-angle-margin 0.0)
(posture-joint-list (make-list (length targe
(posture-joint-angle-list (make-list (length
(norm-reqular-scale-mazx 0.001)
(norm-reqular-scale-offset 1.000000e-07)
(adjacent-regular-scale 0.0)

(pre-process-func)
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(post-process-func)
Eallow-other-keys

Solve inverse kinematics problem with sqp optimization. target-coords-list : The coordinate of the
target that returns coordinates. Use a list of targets to solve the IK relative to multiple end links
simultaneously. Function is not available to target-coords. move-target-list : Specify end-effector
coordinate. When the target-coords is list, this should be list too. stop : Maximum number for IK
iteration. Default is 50. debug-view : Set t to show debug message and visualization. Use :no-message
to just show the irtview image. Default is nil. revert-if-fail : Set nil to keep the angle posture of IK
solve iteration. Default is t, which return to original position when IK fails. translation-axis-list : :x :y
.z for constraint along the x, y, z axis. :xy :yz :zx for plane. Default is t. rotation-axis-list : Use nil for
position only IK. :x, :y, :z for the constraint around axis with plus direction. When the target-coords is
list, this should be list too. Default is t. thre : Threshold for position error to terminate IK iteration.
Default is 1 [mm]. rthre : Threshold for rotation error to terminate IK iteration. Default is 0.017453
[rad] (1 deg).

robot-model [class]

:super cascaded-link
rot)

:slots (

(pos)
(parent)
(descendants)
(worldcoords)
manager)
changed)
links)
joint-list)

bodies)

(
(
(
(

collision-avoidance-links)
end-coords-list)
larm-end-coords)
rarm-end-coords)
lleg-end-coords)
rleg-end-coords)
head-end-coords)

torso-end-coords)

rarm-root-link)

lleg-root-link)

rleg-root-link)

head-root-link)
torso-root-link)
larm-collision-avoidance-links)
rarm-collision-avoidance-links)
larm)

rarm)

(

(

(

(

(

(

(

(

(
(larm-root-link)
(

(

(

(

(

(

(

(

(
(lleg)
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rleg)
torso)

(

(

(head)
(force-sensors)
(imu-sensors)
(cameras)

(

support-polygons)

:limb limb method &rest args [method]
Extend to support to call :inverse-kinematics-optmotiongen.

contact-ik-arg [class]
:super cascaded-link
:slots (_contact-coords Tept)

inverse-kinematics-optmotiongen O target-coords, translation-axis, rotation-axis, transform-coords O
0000bO00o0O0obO0obOoooOOobOooboOoDoOoDbo

:dinit &key (target-coords) [method]
(translation-azis)
(rotation-axis)
(transform-coords target-coords)

(name (send target-coords :name))
Initialize instance

:contact-coords &rest args [method]

return et := {Popss Rent

ik-arg-axis->axis-list ik-arg-axis [function]

Convert translation-axis / rotatoin-axis to axis list.

generate-contact-ik-arg-from-rect-face &key (rect-face) [function]
(name (send rect-face :name))

(margin (or (send rect-face :get :margin) 0))

Generate contact-ik-arg instance from rectangle face.

generate-contact-ik-arg-from-line-segment &key (line-seg) [function]
(name (send line-seg :name))

(margin (or (send line-seg :get :margin) 0))

Generate contact-ik-arg instance from line segment.

axis->index azis [function]

axis->sgn azis [function]
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54 UO0OO0OOOOOOO

get-link-jacobian-for-contact-torque &key (robot) [function]
(drive-joint-list)
(contact-coords)

(contact-parent-link)

contact-coords 0000000000000 m 0000 contact-coords 0000 p,, € R3O drive-joint-list
0000000000 ¢ e€RWeweson) 000 000000000000 J,0000

Jm = (jgrll) j£r27,) V. jsrivdTwe-joml)) (5.1)
@ _ |39 opoooooioDOODDOOOGOOOOOO0O0O0 5.2
Im 0 otherwise .

55:3DDDDDDDDDDDDDDDDDDDDDDD
v, 00000000

35:? _ (a’% X (P _p%‘)) (5.3)

Ay,

v, 00000000

awi7p¢i€R3DiDDDDDDDDDDDDDDDDDDDD

return J,, € REXNarive-joint

get-contact-torque &key (robot) [function]
(drive-joint-list)
(wrench-list)
(contact-target-coords-list)

(contact-attention-coords-list)

000000000000000000000000000000 = 0000000000

Ncnt
e Z JEw,, (5.5)

m=1
w, 0milO00O00O00O00O000OO0OO0OO0O0OO0OO0O0

return 7" € RNarive-joint

get-contact-torque-jacobian &key (robot) [function]
(joint-list)
(drive-joint-list)
(wrench-list)
(contact-target-coords-list)

(contact-attention-coords-list)

O0000pi0 ADD BOODODDODOOODOODOOOOO0O00000000000O0OODODA,BOO
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drive-joint-list 0 0 0 0 O ;0 joint-list 0 0 0 00O 6;0 contact-coords 000 m 000000000

aTcnt a Ncnl T
. . ) 5.6
90 aamzzl " N
Nent
8 CN i . . T
= > ({0 R Q) "
m=1
wh i)
Nows T :(2)
ent 9 W, Jm
) o (5.8)
— 00 :
wﬁ j Sr]:/d,,.m_mm )

Ncnt
o .
= wZ;L J’E;LL) (Z = 1727"' 7Ndrive—jointu ] = 1727"' 7Njoint) (59)
2 99,

m=1 2,

bobooboooobooboooobooooooboooobooobooonog
v, 00000000

T
0 . b 8 [ay xp¥i
wTi (2) — m Y Yi m 5.10
maej-]m n,, 89] ay, ( )
0 _ 0
= fﬁ% (ay, x sz) + "rTnaT?jawi (5.11)

= 50 (e ) < p o, 2 0

Y, 0000000

T
0 . f 0 [ay,
T Y .6 _ m v i
wmaejgm (nm> a0, ( 0 ) (5.13)
0
— T ¥

a%ja% (drive-jnt-azxis-derivative), 8%,-171111: (drive-jnt-pos-derivative) 0000000000000

(A) 00 6; 000 ¢, 0000000000000000000O000 6,000y, 0000000
() 00 ¢;00000000000000O0D0000DOO0O0

aiawi ap, X Gy, (5.15)
;‘bpwi = ay, X pz)’; (5.16)
(I) 00 ;00000000
;i&m = 0 (5.17)
afszwi . (5.18)

(B) (A)0O0DO0O0O0O0O
00, 0006,0000000000000000000000000000006¢,00000
0000000000 ¢, 0000000000000000000006;,000000 ¢ 00
000000000000000000000

8%%. = 0 (5.19)
J
0 0 (5.20)

a0, Pvi



%pm (contact-pos-derivative) 000000000000
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(o) 00 6; 0000 p, OO0O0ODO0DO0O0O0 (COOOO0DOO contact-target-coords 10000000

o0OoUoooOooooooooooo)

(1) 00 ¢; 00000000

0

i 0;
agjpm G’@jxpm
(i) 00 9, 00000000
0.
a9, Pm = 0
(b) (¢)000000000
oo HjDDDmeDDDDDDDDDD
0
—p =0
90,

return agém c RNd'rwe»jumt XN]omL

get-link-jacobian-for-gravity-torque &key (robot)
(drive-joint-list)
(gravity-link)

(5.21)

(5.22)

(5.23)

[function]

gravity-link 0000000 k0000 gravity-linkD DO OO0 pegp € R30 drive-joint-list 1 0 0 O

O00000 ¢ eRNweiom: QOO OO000000000D00 Jegre 0000

N
i)cog,k = Jcoy,k"/’ = Zj(ci,)g,kl/}i
i=1
— -(1) -(2) - (Narive-joint )
Jcog,k - (-7 cog.k Jeogk T Jcogd,k o )
PO 79+ grevity-linkD i 0000000004,000000000
cog,k 0 otherwise

30 ,00000000000000000000000
00000000

=(7)
Jcog,k = Qy; X (pcog,k - pd}l)

v, 00000000

=(1)
Jcog,k = Gy,

awi,p%ERgD 000000 oo0oobooooooon
return Jcog,k c R3*Narive-joint
get-gravity-torque &key (robot)

(drive-joint-list)
(gravity-link-list)

(5.24)

(5.25)

(5.26)

(5.27)

(5.28)

[function]
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0000000000000000000000 7900000000000 P1110 (3.3.22)000

ooooooo
N gravity-ltink
Tgrav — Z mk']zog,k g (529)
k=1
mp 0 kODOO0DOODOODOOOO
return Tgrav c RNdrwe-]omL
get-gravity-torque-jacobian &key (robot) [function]

(joint-list)
(drive-joint-list)
(gravity-link-list)

N, ravity-link
prorav o M
90— a0 2 Jisxmeg (5.30)
I k=1
N gravity-link
8 g Y T
J— '(1) '(2) '(N Tive-join )
- 870] Z (‘70097k JCOgak e ]COdek o ) mkg (5.31)
k=1
.(1
mkgTJ (co)g,k
N gravity-tink 9 mkgTj(cQo)g,k
-y 2 . (5.32)
k=1 J :
. (Ndrive-joint
mkgT] (cogd,k )
N gravity-ltink
r 0 .3 . .
= mrg %J cog,k (Z =12, 7Ndrive—jointv J=12- 7Njoint15~33)
k=1 J i,J

booobooooboobooooboboooooboooobOobooooooboo
kOO0 gravity-link-list0 000000000 ¢, 00000000DO

d .
mkgT—ae‘g(go)g’,f = 0 (5.34)
j

kOO0 gravity-link-list0 ¢ 000000000 ¢, 00000000+, 00000000

0 . 0 ’
kaT%J(CO)g,k = kaTﬁ (awi X Pfég,k) (5.35)
J J

0 . 0 0

_ T »i

= mrg {(60]&11’1) X pcog,k + awi X <&0jpcog,k - %pwl)} (536)
kOO0 gravity-link-list 0 000000000 ¢, 00000000y, 00000000

0 .i 0
mirg" %J(co)g,k = mkgTﬁawi (5.37)
J J

a%jawi (drive-jnt-azxis-derivative), a%jp,pi (drive-jnt-pos-derivative) 0000000000000

(A) 00 6; 000 ¢, 0000000000000000000O000 6,000y, 0000000
(I) 00 ¢, 000000000000000000000O0

0
F9 @ = ae; X ay, (5.38)
J
) 0,
%pwi = ag, Xp,, (5.39)
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(I) 00 ¢, 00000000

J
0
opi = (5.41)

(B) (A)0O0DO0OO0O0O0O
00+ 0006,0000000000000000000000000000006,00000
0000000000 ¢, 000000000000000000000¢;,000000 ¢, 00
000000000000000000000

0
—ay, = 0 5.42
0
— 0 5.43
09, Dy, ( )
a%jpcog,k (centroid-derivative) 0000000000000
(o) kO OO gravity-link-list0 jO000000 ¢; 000000000
(i) 00 ¢; 00000000
0 0.
%pcog,k ae]‘ X pci)g,k (544)
(i) 00 ;00000000
0
aiajpco‘g’k agj (545)
(b) (¢)000000000
kOO0 gravity-link-list0 j 0000000 ¢; 0000000000
0
— 0 5.46
aojpcog,k ( )

return oTI c RNdnve»jomt X N]omL

00
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