Arm Planning
Andrew Lewis

Spring 2012

DH Parameters

1 00 el
1= Paramns = [1 00 92]; (» ai, di, ai, 6 =*)
.5 0 0 e3

This function takes atable of DH paramaters and outputs alist of transformation matrices.

ni= transMatrices[p_] := Mdule[{k, A n, a d, a 6},
n = Di mensions[p][1];
A Tabl e[0, {k, 1, n}];
For [k =1, ks n, K++,

a = pLk, 1I;
d = pk, 2I;
a = plk, 3I;
6 = pIk, 4I;

Cos[e] -Sin[e] Cos[a] Sin[e] Sin[a] aCos[e]
Sin[e] Cos[e] Cos[a] -Cos[e] Sin[a] aSin[e]
0 Sin[a] Cos [a] d
0 0 0 1

A[[k]] =

|E
Ret urn[A]

]

nE= A = transMatri ces[Parans]

ours= {{{Cos[el], -Sin[el], 0, Cos[el]}, {Sin[el], Cos[el], O, Sinfel]}, {0, 0, 1, O},
{0, 0, 0, 1}}, {{Cos[62], -Sin[62], 0, Cos[62]}, {Sin[e2], Cos[62], 0, Sin[62]},
{0, 0, 1, 0}, {0, O, O, 1}}, {{Cos[63], -Sin[e3], 0, 0.5Co0s[63]},
{Sin[e3], Cos[e3], 0, 0.5Sin[63]}, {0, O, 1, 0}, {0, O, O, 1}}}

A[11 // Matri xForm

Cos[6l] -Sin[el] 0 Cos[6l]
Sin[el] Cos[el] 0 Sin[el]
0 0 1 0
0 0 0 1
Lengt h[A]

3
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Forward Kinematics Pose

This function takes in alist of # and d states and transformation matrices and outputs the list of joint position
coordinates.

n4= s = {el, e2, e3, e4, e5, e6, e7, e8};
ds = {dl1, d2, d3, d4, d5, d6, d7, d8};

ne= pose[e_, d_, A ]l:= Nbdule[{n, p, k, rules, T},
n = Lengt h[A];
rules = MapThread[Rul e, {Take[es, n], Flatten[{6}]}];

rules = Flatten[{rules, MapThread[Rul e, {Take[ds, n], Flatten[{d}]1}]1}];
p = Table[0, {k, 1, n+1}];

pPI1T =

= O O O

For[k = 2, k< n, K++,
pIkl = T. pIll;

1
pIn+11 = T.pIil;
p =p/. rules;
Return[p]

-f)
)

p = pose[e, d, A]

{{{0}, {0}, {0}, {133}, {{1}, {0}, {0}, {13},
{{2}, {0}, {0}, {13}, {{2.5}, {0.}, {0.}, {1.}}}

pI21 // Matri xForm
1

0
0
1
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Visual Simulation

n7= to3D[p_] : = Modul e[{k, n, out},
n = Length[p];
out = Table[0, {k, 1, n}];
For[k =1, k< n, K++,
out [k] = Take[Flatten[{pLkDI}1, 31;
1
Ret urn[out ]
]
ner= t02D[p_] : = Modul e[{k, n, out},
n = Length[p];
out = Table[0, {k, 1, n}];
For[k =1, k< n, k++,
out [k] = Take[Flatten[p[kl], 2I;
1
Ret urn[out ]
]

pdraw = N[to2D[p]]
{{0., 0.3, {1., 0.}, {2., 0.}, {2.5, 0.}}

/8
6 = [7r/4];
/2
0
- ()
0

p = pose[e, d, AJ];
pdraw = N[to2D[p]];
g1l = ListPl ot [pdraw, Joined -» True]
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/8
o = [7!'/4J;

/2

[}

p = pose[e, d, Al;
pdraw = N[to3D[p]];
Li st Pl ot 3D[pdr aw]

wn/6
elist = Table[[n/S
n/2

*. 1Kk,

ik,

1, 25,

plist = pose[#, d, A] &/e elist;
plist = to3D[#] &/@ plist;

glist =

G aphi cs3D[{Bl ack, Thick, Dashed, Line[#], Blue, Opacity[.5], Sphere[#[4],

Red, Sphere[Fl atten[x0],

1257},

.5}];

Boxed -» Fal se] &/e plist ;

. 06257,
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Li st Ani mate[gli st , Ani mati onRunni ng -» Fal se]

— MREIE]

Collision Detection

= Minimum Distance

This function gives the minimum distance between a sequentia list of 3d points and a point in 3d space.
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mior= m nDi stance[p_, x0_] := Module[{n, d, d2, ¢, a, b, mnD i, e},
n = Length[p];
mnD = o
For[i =1, i <n, i++,

a=pLl; b=ph+1;
(x0 -a). (b—a)_

C =
Norm[ (b -a)]
(%Print [" - _ "1;
Print["i ->", i, " a->",4a " b->",b " x0->", x01;
Print["c -> ", C]; %)

If[c>0 &% ¢ < Norm[b-a], (xnormal intesects |ine segnentx)
e = Norm[x0 - aJ;
d = Sgrt [e*-c?];
, (xelse d = dist to endptsx)
d = Norm[a-x07;
d2 = Norm[b -x01;
If[d2 < d, d = d27;
]
(xPrint ["d ->", d]; *)
If[d < mnD, mnD = dJ;
|E

Ret urn[m nD]

Li stPlot [ (m nDi stance[#, Flatten[x0]] &/e plist) -.125]

0.6

0.4+ .

0.2 .

m Collision Detection
This function returns true or false for a given arm orientation and list of objects and their radii.



Alewis_armPlanning.nb |7

nop= col I'i sionFree[e_, A, {obj_, rad_}]:=Mdule[{j, pList, r, out, n, rads, objs},
out = True;
pLi st = to3D[pose[e[l]l, e[21, All;
objs = Partition[Flatten[{obj}], 31;
rads = Flatten[{rad}];
n = Length[rads];
For[j =1, j = n, ] ++,
r = mnDistance[pList, objs[jI];
If[r < rads[j], out = Falsel;
1
Ret ur n[out ]
]

cList = collisionFree[{elist[41], d}, A, {x0, .125}]

Fal se

cList = collisionFree[{#, d}, A, {x0, .125}] &/e elist

{True, True, True, True, True, True, True, True, True, True, True, True,

True, True, True, True, True, True, True, True, True, True, True, True, True,
True, True, True, True, True, True, True, True, True, True, True, True, True,
Fal se, Fal se, Fal se, Fal se, Fal se, Fal se, Fal se, Fal se, Fal se, True, True}

Li

st Pl ot [cLi st ]

10leecccccccccccccscsssssssssssssssssssss .o

0.8

0.6

0.4

0.2

Inverse Kinematics

This function provides the joint angles for a 3 rotational dof serial arm for a given 3d point and a specified length
between the first and third joint.
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1= i nver sePose[x0_, params_, 14_]:= I\/bdule[{l, X, Y, e r, a a, B, b, d ¥ 6},
I parans[Al |, 17;
X x0[11; y = xO[21;
e = ArcTan[x, YI;

ro= Sqrt [x*+y?];
1424+r2-] 372

a = ArcCos| |E
214r
| [172 + 142 -1 212
B:ArcOos[[[]]+ [[]]];
21 [17!14
| [302+ 142 - r2
b = Arccos[ =T Ty,
2131714
| 272 +142% - 1 172
d = AI’C(bS[ )
2l 2114
| [172 +1 [272 - | 42
7=ArcOos[[[]]+[[]] ];
21 11! 21
6 = {(e+a+hB), {-(m-¥)}, -(r-(b +d))};
Return[e]
]
1.25
xd = [—.5 ];
0
6 = inversePose([xd, Paranms, 1]
e x 180/
p = to3D[pose[e, d, Al]

Graphi cs3D[ {Bl ack, Thick, Dashed, Line[#], Blue, Opacity[.5],
Spher e [#[4], .0625], Red, Sphere[Flatten[xd], .125]}, Boxed -» False] &/e@ {p}

{{0.978798}, {7833}, {0.0738076}}

({56.081}, {-120}, (4.22887}}
({0, 0, 0}, {0.55802, 0.829827, 0}, {0.997662, -0.0683458, 0}, {1.25, -0.5, 0.}}

-
-

-

.,_...-_-_.‘.

El enent [Fl atten[e], Real s]

True
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RRT Planning

m Connect 1
n12p= connect [{el_, dl1_3}, {e2_, d2_}, A, n_, {obj_, rad_3}]:=

Modul e[{cnct, o, d, configs, cout, diffe, diffd, i, r, pList, j},

(xdet ermi ne discrete configurations between two pointsx)
diffe = (62- 6l1) / n;
diffd = (d2 - d1) / n;
configs = Table[{el + i diffe, d1 + i diffd}, {i, 0, n}I;
cout = {};
For[i =1, i < Length[configs], i ++,
I f [collisionFree[configs[il, A {obj, rad}],
cout = Append[cout, configs[ill;,
(xel sex)
Return[{cout, False}]];
1
cnct = True;
Return[{cout, cnct}]
]
3nx/8
In[76)= @a = [ /4 ]
/2

o i = i)

2
eb = {{1. 0471975511965976" }, {— —}, {-0.5235987755982987" }};
3

0
db = [0];
0

n = 5;

diffe = (6b- ea) / n;

diffd = (db - da) 7/ n;

configs = Table[{ea + i diffe, da + i diffd}, (i, 0, n}]

outiBal= {{{{1. 1781}, {%} (1. 5708}}, ({0}, {0}, {0}}},

(1. 15192}, } (1. 15192}}, ({0}, {0}, {0}}},

}, (0. 733038}}, ({0}, {0}, {0}}},

0003
Ny O

}, (0. 314159}}, ({0}, {0}, {0}}},

[y
5

s
(1. 12574}, {
-
(-

N
QO

(1. 07338}, } (-0. 10472}}, ({0}, {0}, {0}}},

3 o

“|
— O

2

{
{
{{11. 09956},
i
i

(1.0472), {-—}, (-0.523599}}, ({0}, {0}, (0}}}}
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configs[l, 11

{{1. 1781}, {%} (1. 5708}}

connect [{ea, da},

{eb, db}, A, 150,

{configs, c} =
ec = configsfA I, 1T;
pList = pose[#, d, A] &/e ec;

p = to3D[#] &/e pList;
glist2 =

G aphi cs3D[ {Bl ue, Li

Bl ack, Thick, Line[#],

ne[p[A |, 211, Bl ue,
Bl ue, Opacity][.5],

{{xd},

Li ne[p[Al |, 311, Bl ue,
Spher e [#[41,

{-125}}1;

Line[p[A I, 411,
.0625], Green,

Sphere[p[l, 41, .125], Red, Sphere[Flatten[xd], .125]}, Boxed -» False] &/e p;
Li st Ani mate[glist2, AnimationRunning -» Fal se]
obst acl e!
4 DIEFIE]
= RRT Connect
n41= di scel = Table[i, {i, -3x/10, 13x/10, .1}1;
disce2 = Table[i, {i, -5x/8, 5x/8, .1}1;
disce3 = Table[i, {i, -12x/15, 12x/15, .1}];
nel = Length[discel];
ne2 = Length[di sce2];
ne3 = Length[di sce3];
0
0
rrt Connect [ps_, pg_, A, parans_, {obj_, radius_}]:=
Nbdule[{confGoaI, confStart, sTree, gTree, curTree, otherTree, 14, I, f1, f2,
f3, path, pl, pf, dir, k, min, mnK dist, newConfigs, cnctd, dummyTree,
comonConf, cur, gFinal, sFinal, nextSConf, nextGConf, prevConf, rad},
pl =Partition[Flatten[{ps}], 11;

rad = 1.15radi us;
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pf =Flatten[{pg}];
| = paranms[Al |, 11;
14 = .9 ([1] +! [2]);
fl = False; f2 = False; f3 = Fal se;
(xFind start and endi ng configurationsusi ng successively snaller |4x)
Wi le[fl # True,
If[f2 == False, confStart = inversePose[pl, parans, |4]];
(#Check if config is real %)
f2 = Elenment [confStart, Reals];
(*Check if config isn't collidingx)
If[f2 == True,
| f [collisionFree[confStart, A, {obj, rad}], f2 = True, f2 = Fal se]
1
If[f3 == Fal se, confGoal = inversePose[pg, parans, |4]];
(*Check if config is real %)
f3 = El ement [conf Goal, Reals];
(xCheck if config isn't collidingx)
If[f3 == True,
| f [collisionFree[confGoal, A, {obj, rad}], f3 = True, f3 = Fal se]
1
(xdecrease |4 by 90%x)

|4=|4*.9;

fl =12 &f3;

Ifrl4 < (1M1 -1[021) || 14 < 0, Return["No end point configurations"]];
1; (x| oopx)

Print ["start and end configs found"];
path = {confStart, confCoal };

(»initialize RRT storagex)

sTree = {{{confStart, dO}, {confStart, d0}}};
curTree = sTree;

gTree = {{{confGoal, dO}, {confCoal, dO}}};
otherTree = gTree;

dir = {confGoal, dO0};

f1 = Fal se;

cur = 1; (%1 neans cur is start )

(*RRT | oop=*)
cnctd = Fal se;
Wil e[t cnctd,
(»find closest to dir in current )
mn = o
mnK = 1;
For [k =1, k < Length[curTree], K++,
dist =Norm[Flatten[dir] - Flatten[curTree[k, 1711;
I f[dist < min,
mn = dist;
m nK = k;
I
1
(»grow current tree in dirx)
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{newConfigs, cnctd} = connect [cur Tree[m nK, 17, dir, A, 125, {obj, rad}];
(»append new nodes to current Treex)
For [k = 2, k =< Length[newConfigs], Kk++,
curTree = Append[curTree,
{newConfi gs[k], newConfigs[k -11}1;
1
(xfind closest to tip of new branch in otherx)
dir = curTree[-1, 17T;
mn = o
mnK = 1;
For [k =1, k < Length[otherTree], k++,
dist = Norm[Flatten[dir] - Flatten[otherTreek, 17111;
I f [dist < min,
mn = dist;
m nK = k;
1
1
(»grow other tree towards tip of new branchx)
{newConfigs, cnctd} = connect [otherTree[m nK, 1], dir, A, 125, {obj, rad}];
(»append new nodes to other Treex)
For [k = 2, k =< Length[newConfigs], K++,
ot her Tree = Append[ot her Tree,
{newConfi gs[k], newConfigsfk -1]}1;
1
(»Break if two trees are connecteds)
I f [cnectd,
conmonConf = newConfigs[-11;
Break[]
1
(xswap trees and pick new random dir %)
dummyTree = curTree;
cur Tree = ot herTree;
ot her Tree = dumyTr ee;
cur %= -1; (-1 - cur is goal tree, 1 -» cur is sTreex)
di scel[Randoml nteger [{1, nel}]l 0
dir = {| disce2[Randon nteger [{1, ne2}]] ] [0 ]}
di sce3[Randomnl nteger [{1, ne3}1] 0

]; (xend of growth and connection | oopx)
(xconstruct paths)
(xdetermine current treex)

If [cur = 1,
sTree = curTree; gTree = otherTree;,
(»€el sex)

sTree = otherTree; gTree = curTree;
1
f1 Fal se;
f2 Fal se;
gFi nal = conmonConf;
sFinal = {};
next SConf = commonConf ;
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next GConf = commonConf ;
Print ["connected!"];
k = 0;
Wiile[fl # True,
prevConf = next SConf;
next SConf = sTree[Position[sTree, nextSConf][1, 111[I21;
sFinal = Append[sFinal, nextSConf];
I f [Flatten[next SConf] = Flatten[{confStart, d0}], Break[]];
K ++;
I f [k > 1500, Print ["breakl"]; Break[]];
1
k = 0;
Wil e[f2 # True,
prevConf = next GConf;
next GCConf = gTreef[Position[gTree, nextGConf][l, 111[I21;
gFi nal = Append[gFi nal, nextGConf];
I f [Flatten[next GConf] == Flatten[{confGoal, dO0}], Break[]];
K ++;
I f [k >1500, Print ["break2"]; Break[]];
1
pat h Fl atten[{Reverse[sFi nal ], gFinal }7];
pat h Partition[Partition[Partition[path, 11, 31, 2];
Ret urn[pat h]

0 -1 1 .15
ns9= X0 = [1.5]; Xxa = [1.5]; xb = [1]; x1 = [1.75];
0 0 0 0

rad = . 125

outeol= 0. 125

neg= time = AbsoluteTimng[path = rrtConnect [xa, xb, A, Paranms, {x1, rad}]; 1[1]
start and end configs found
connect ed!

outjesl= 23. 1019709

neg= Print ["Length of path -> ", Length[path]];
Print["Time to calculate path -> ", time, " seconds"];
pLi st = pose[#[1l], dO, A] &/e path;
p = to3D[#] &/e pList;
glist2 = Gaphics3D[{
Bl ack, Thick, Line[#],
Bl ue, Opacity[.5], Sphere[#[4], .0625],
Green, Sphere[Flatten[xa], .125],
Red, Sphere[Flatten[x1], rad],
Purpl e, Sphere[Flatten[xb], .125]},
Boxed -» Fal se] &/e p;
Li st Ani mate[glist2, AnimationRunning - Fal se]
Show[gl i st 2[17],
Graphi cs3D[{Bl ue, Line[p[Al, 471, Oange, Line[p[Al, 3]]1, Red, Line[p[Al, 211 }1]
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Length of path -> 410

Tinme to calculate path -> 23.1019709 seconds

=l MREIE]

out[74]=

Out[75]=

Solutions

= One Obstacle
ma
Length of path -> 995

Tinme to calculate path -> 25.4650000 seconds
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_FDIEFIE]

= b
Length of path -> 753

Tinme to calculate path -> 5.8440000 seconds

_FDIEFIE]

out[s1]=
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out[s2]=

mC
Length of path -> 454

Time to calculate path -> 11. 3730000 seconds

_FDIEEIE]

out[59]=

out[60]=
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md
Length of path -> 607

Tinme to calculate path -> 91.1690000 seconds

ol MEEIE]

out[67]=

out[68]=

me
Length of path -> 1005

Tine to calculate path -> 80.8480000 seconds
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DIEFIE]

CJ

out[75]=

out[76]=

mf
Length of path -> 1596
Tinme to calculate path -> 137.1158000 seconds
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out[39]= ‘

out[40]=

=g
Length of path -> 1045
Time to calculate path -> 157. 2480000 seconds



20 | ALewis_armPlanning.nb

ol MEEIE]

out[s1]=

out[52]=

mh
Length of path -> 410

Tinme to calculate path -> 23.1019709 seconds



out[74]=

out[75]=

T e

_FDIEFIE]
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