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022.0000000000000000

Primitives Description

cls Power grip

prc Precision grip

opn Release

roll Rotation(twist) of the wrist

forw Translation(forward) of the hand
gb Garbage (noise absorber)

sil Silent (start or end of the motion)
sp Short pose (no motion)
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023 000000000000000000D0

Gesture Primitives Action

GRIP cls+sp Power-grasp from open
position

PICK prc+sp Precision-grasp from
open position

POUR cls+roll+sp Power-grasp, and roll
the wrist

EXTEND prc+forw+sp  Precision-grasp, move
forward, and back

RELEASE opn+sp Open a grasp hand

GARBAGE gb A filler model for spotting

START,END il Silence at the start and end

goocoolsMmMOOUOOOoOoobOOoooobbOoboOoboobboobDoboooboobobog
goboobooobooooooboo

RELEASE

STRECH

GARBAGE

024 HMMOODOOOOOOO

ooob24000000000000000DOOO0OOOOOOODODOOOOODOD
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Task —_— POUR O—~| RELEASE

Behavior O"@

) Q) Q)
Motor primitive O—»Q—O—Q‘

(HMM)
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W
R CyberGlove: 18 DOF
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02400000000
Left hand | Light Hand

Accuracy | 98.89% 95.56%
N,D,S,I 90,0,0,1 90,0,4,0

% Accuracy = X=L=5=1 5 100%
(N)number of gestures, (D)eletion error,
(S)ubstitution error, (I)nsertion error
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02600000000

Primitive | Description

pick 000 (O0000D000000o0oon)

grsp 00 (O00000D000000ooon)

rls OO0 (@OoO0or0DO0OODOOODO)

grt_r OO00o0(@oO0o0ooo0Dooooooooooooooooooog)

grtl OO00o0(@oO0o0ooo0Dooooooooooooooooooog)
gtwst_r 000000 (oooooooooooooooooooooooon)
gtwst_| 00000 (@QOOooo0ooDoooooooooooooooooog)
twst_r o000 (@ooooooooooooon)

twst_| 000D (oo0oooooooooooon)

crelr OO0 (COoooo0oooo0oooooooooooooooooooooon)
crel_l OO0 (COoooo0oooooooooooooooooooooooooon)
gb Garbage (noise absorber)

sil Silent (start or end of the motion)

sp Short pose (no motion)
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027.000000000000000000DO

Behavior Primitives Action

PICK pick + sp oood

GRASP grsp + sp 00

RELEASE rls + sp oo

POURR grt_r + grt_I + sp oooo

POURL grt_l + grt_r + sp oooo

OPEN gtwst_l +twstr+sp | DO OO0

CLOSE gtwst_r+twstl+sp | D00 00

STIRR crel_r +sp oooo

STIRL crel_l +sp ooogd

GARBAGE | gb A filler model for spotting
START,END | sil Silence at the start and end

GARBAGE

g27-HMMO0OO0O0O0O0O0OO0

gobogboobobooobooobboobuooboobboobooboo
ooooooooooooooooobooooboooobooDbDooboo WMo oQO

gooobobooobobboobobooobobooooboboboboobobo

guoboboooboboobooooboooobbooobuooobbooobboooobooboo
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028:0000:(00000000000)
lInput |0DDO00DO00DOO |
SENT | Correct=28.57 % [H=2, S=5, N=7]
WORD | Corr=89.47 %, Acc=84.21 %
[H=34, D=3, S=1, 1=2, N=38]

% Accuracy = X=L=5=L » 100%
(N)number of gestures, (D)eletion error,
(S)ubstitution error, (I)nsertion error

029:0000:(00000000000 with Garbage)
Input |0DD00D0O00DD0 |
SENT | Correct=12.50 % [H=1, S=7, N=8]
WORD | Corr=89.74 %, Acc=66.67 %
[H=35, D=1, S=3, 1=9, N=39]

% Accuracy = =251 5 100%
(N)number of gestures, (D)eletion error,
(S)ubstitution error, (I)nsertion error

good

0000 HMMOOOOO0O00O0O0O0OOOD 18000000D00DD0O0O 4000 (quaternion
OO0)yjooooo1o0o00)oo0 330000000
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0210:0000(0000000000000)
lInput |0DOODDOOOOOODO |
SENT | Correct=14.29 % [H=1, S=6, N=7]
WORD | Corr=92.11 %, Acc=73.68 %
[H=35, D=1, S=2, 1=7, N=38]

% Accuracy = X=2=5=1 5 100%
(N)number of gestures, (D)eletion error,
(S)ubstitution error, (I)nsertion error

0211:0000(00000000000 with Garbage)
lInput | 00000000000 with Garbage |
SENT | Correct=50.00 % [H=4, S=4, N=8]
WORD | Corr=92.31 % , Acc=84.62 %
[H=36, D=3, S=0, 1=3, N=39]

% Accuracy = X=2=5=L 5 100%
(N)number of gestures, (D)eletion error,
(S)ubstitution error, (I)nsertion error
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gobodgboooboobooobboobooobobooboobboonod
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2133 OODOOOODODO

Stereo vision

Measurement
range
Background
Table
Demonstrator
0290000

goooboobo29000boobobooboobobbodbooboobbooboooOoD
googobobooboboboboobobooobooooboooobobobobo
Oo0oO0oooooooocooOooooo (@ 21000)0

1. 0290000000000DOO00O0CO0O0ODOOUODOODOOODOODOOOOD

Original data Removal of outer range Removal of the table surface

Removal of small regions Object in the color image

021000000
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depth data
’ | SN ‘

intensity data

| Edgel from color image

Edgel from model

Error from depth
Error from edge

02100000000 00000000DOOO0O0DO0OO0DOOODOOO

0)O (g-me;+p—re;) 00000 00000000000 DO0OOOOOODOOO30000
gbooobobobooooogobooo 3gbogboooooboobobogfred <p,q >
O0000o0ooooooo0d me 0000000 27)0O0O0DODO

rp; = q-mp;+p+ 5 (2.6)
re; = q-me;+p-+ o (2.7)

oooop 0O pObOb00o0o3b000o0obooooopobOoOoooOooooo0d< pyg >
0000000000 (2800000000000 0OD0ODDOODODOO0O0

fla.p) = 2| g -mpi+p—rp;|?
+w-X || g-me; +p—re; H2 (2.8)
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- - Lorentzian weight function (2.9)
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0212.00000000
Objects Models

(in Depth Data) | Pack | Dish | Bottle
Pack Histogram | 0.25 | 1.30 0.55
Dish Histogram | 2.08 | 0.65 143
Bottle Histogram | 0.92 | 1.20 | 0.37

02120000000 213300000000 0b0b0b00oooooboboooogoo
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3D Mesh Models

B < W
1:Depth Image 2:process 3DTM 3:Result of the Best Match

0212.0000000000000000O
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12
eval; = ObjG; — w - (Y Model H;[j] - ObjH;lj)) (2.10)
j=1
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0213:00000000000000000000000

Attribute | Priority | Description
Behavior 3(high) | Combination of the action primitives
Grasp primitive | 1 One of the grasp primiteives
Hand 2 Right, Left or Both
ts 1 Absolute start time
te 1 Absolute end time
p 1(low) | Position at the start time in the world coordinate
R Rotation matrix at the start time in the world coordinate

0000000000000000000000000000000000000000
00000000000000000000000000000000000000000
00000000000000000000000000000000000000000
000000000000000000000000

0000000000000 0000000000000000000oooooooooo
00000 State; 0000000000000 0O0O0O0O0O0O000O0O0O0O0OOOOOOOO
000000000 Oo0O0n State; 0000000 State;.t, 0000000000 State;.pd
00 State,, ROOODODDOOO0ODODO0OO0DDOOO0ODOODOODOOOOOODOOOOOOO
0000000000000000000000000000 AP, = State; 0000000
00000000000000000000000000000000000000000
goooQ

00000002140 0000000000000000000000000000000
00000000 image() 0000000000000 OO00O0OOOOOOOOOOO
0000000000000000 AR0D00000OD00DD0N00D0N0O0ooooo
D0000000000000000000000000000000 tysee 000000
image(APts —torrse) 0000005 0000000000000000000O00O0
000000000000000000000000000000000000
0000000000000000 APp, APLROOOO0OOOOOOOOOOODOOOO
OD000000000000 graspefrse 00000000000000000 Py 00O0O
000000000 00000000000000 (“Py)00000 Py, 00000
00000000000000000000000o0no
i=1

repeat

if AP,.behavior == grasping then

Popj = AP,.R graspofgset + AP,.p



Recording
Image Stream

Vision
System

(Color histogram

I

@hape histogram
(3D Tenmplate Matching)

S 8@@ J

0214 000000000000000

A

CPoj = CT Py,
analyze image(AP;.ts - tof est) at € Poy;
endif
until : < N
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1. Rough Analysis
(by Data Gloves)

~m

2. Attention Point Analysis
(by Stereo Vision) -

Action Symbol,
Position,
Time, Arm

+

Color Histogram,
Shape Histogram

%nstruclion of Task Mo%
Hand Info.
Object Info. ¢

0215 0000000000

3.Performance by Robot
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Grasping segment |
Interaction |

| Grasping segment | |
Interaction | Interaction | Interaction |

Demonstration 1

can?date candidate candidate candidate
. [ | [ |
Demonstration 2 [ | | [ | [ 1 |
Demonstration N | | I | [ [ 1 [ - | | l N
7 [/ \\ / N\
v /) N\ / Ny}

Task model

Essential interaction 1

Right hand
Grasped object: C
Env. object: A

Relative trajectory

Mean and variance of
Position(t) t=1 ... 100
Quaternion(t)

HMM

Essential interaction 2

Essential interaction 3

Right hand
Grasped object: C
Env. object: B

Relative trajectory

Mean and variance of
Position(t) t=1 ... 100
Quaternion(t)

HMM

Left hand
Grasped object: A
Env. object: B

Relative trajectory

Mean and variance of
Position(t) t=1 ... 100
Quaternion(t)

HMM
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e

Combination of elements Evaluation
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000000000000000000000000 DPMatchingDODNAOOODOOO
0000000000000000 [71]]0000000000000000 00 DP Matching
O00ONODOODDOOOO0OO0O0DOOODOO000000000000 OFNMoooo
00000000000000000000000000000000000000000
000000000000000000 DPMatchingDOOOOOODOOO0OO0OOO0OOOOOO
0000000000000000000000000000000 DP MatchingOOO0O
goooooooo

0000000000000000000000000000000000000000
00000000000000000000 DPMatchingDOOO NODOOOOODOOOO
oooQ

323 OO0 DPMatchingOOOOOOOOODOOOO

0330000000000000000 Seqi(1 <i < N)OOOOOOOOOODP
MatchingD 00O O00000000000000 (Seq [index],---,Seqy(indexy]) 00 0O
0000000 E(index,---,indexy) 000 000000000000000000000
ooooooo0oo

G(indexy,---,indexy) 000 0000000000000 000000000000O0
000000000000000000000000000000000000000000
000000000000000000000000000000000000

G(indexy,---,indexy) = E(indexy,---,indexy) - path(:i, index)/2 +

INDDODDOO,AkOOOOODOO



Distance
<@~ Normalized vector

Sequence | Sequence 2 ~ cccecc Sequence N

£ dist var + . . 3 Essential
ist van +wvec var = 4 Large §4 Large N Small . Interaction

034000000000

min{U[G(iiy, - -, tin) + E(ii,- -+, din) - path(ii, index) /2]|
index; — S <iiy < indexy,---,indexy — S <idiy < indexy}

00 O Opath(id,index) OO OO0OO0O0O index 0000000000 00000

(\/X, (index;, —44;)?) 000 0000000000000000000000000000
00000000 O00000000000000000000000000000(2)00
000 NSO0O000000D0000000000000000000000000000
0000000000000000000000000000 S000000000000
0000000000000000000000000S-200000000000000
000000000000000000000000000000000000 SO0000
00000000000000000000000000000000000000000
00000000000

324 DPMatchingOOoOoooOod

00000000000000000000000000000000000000000
00000000000000000000000000000000000000000
0000000000000000000000000000 E(index,---,indexy) 00 O
0ooooooood

00000000000340000000000 GOL00000000 Obj;00000
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SN | dist;(GObj, Obj;)

dist_mean; = N
N . . . .
L [dist; bj, Obj;) — dist_ ]2
st den, — FH[ i1s( 0L, Obiy) — dist-mear] -~
N
vec_mean; = normalize <Zveci(GObj, Objj)>
i=1
N
vec_dev; = 2[1.0 — vec;(GObj, Obj;) - vec_mean;] (3.2)

=1

oboob pOD0O0ODOODODOODODODODODOO

function evaluationFunction: real;
var devy, devs, - - -, deVnymber_of_objects- real;
var ik: integer;
begin

k:=1;

repeat

devy, = dist_dev; + w - vec_devj;

until k < number_of _objects;

evaluationFunction := ming{devi|1 < k < number_of objects}};
end;

Ubdwdbooboobobobbboobobobooobobooboboboobooboooo
0340000000000 Objs0000 (GObj,0bjs) DO DOODODLOOO0ODOODOOOO
0000000000000 0 FO0O0OOO0O (GObj,0bjs) 0000000000 devs O
0000000000000 000000O0O000O0O00OO0O0ODOO0O0O00 (GObj,Objs)
guobobobooobobbbooobbooobobobuooobbbooobobooooboobobo
googpbPOUOUODOCbOOODOODLODODOODODOODUODOODUOODDUODOOO
00000000 EO0OO0ODOOOOO0OO0O000D0OO(GOL;,0bj;)(1<:i<3)000000
gogbooboobooobooabooboood
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goobgoobogboboooboobbooboonoo

ugbboodobobooboobooboboboobbobooobbboobbobooobbood
ggbobooobboobboboobboboobbooobobooobboooboboood
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0000000000000000000000000000000000000000
000000000 1<¢+<T7T0000000000000000000000000

00000000000000000000000000000 NOOOODOOOOO00O
000 tactileg[7T][N]DODOO0OO0O0O0O000O000O GRASPING.THRESHOLD 00O OO
000000000000000000000000000000000000000000
0ooooooood

function segmentGrasping: real;
input tactile[T][N]: real;
output grasping segment|[]: real;
var ave[T]: real;
begin
t:=0;
repeat
ave[t] := (N, tactile[t][i]) / N;
ti=t+1;
until t < T;
grasping-segment[] = labelling tactile[] where ave[] > GRASP.-THRESHOLD;
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end;

oboooboboboboobooboboboooobobobobboooobob0on N
guboboooobooooooboooooboooobboooobooobbooobooboo
00000000 ¢t000003000000 pl0000D00CDO000ODODOOOOOODO
ON,OOOOwerf]CO00C0OCOCO0000O0O0OO0OO0OO0OO0O0OO0OOODOOOOODOODODO
gogboobbooobooboobobooobbooboobn

000000000 war[t] 000 MOVELLOW_THRESHOLD DO OO OOO mov-
ing.sgment0 000 0000000OOCOCOOODOO0O0O0000 N,OOOOOooooo
oo0o0bOOo0o00oOoOoooooDoOoooOon MOVEHIGH.THRESHOLD OO OOOODOO
goo

ooooooooooooooooNsO NODOOOOOoboooooo 3o300noo

function segmentMoving: real;
input p[T]: real[3];
output moving_segment[]: bool,
var ave, var: real[3];
begin
t:=0;
repeat
ave[t] := (N, pl[t-No/2+i]) | Ng;
var[t] ;= (Zf\;sl (p[t-Ngl2+1] - ave) - (p[t-Ng/2+1] - ave)) | Ng;
t:=t+1;
until t<T;
moving_segment[] = labelling p[] where var[] > MOVE_.LOW_THRESHOLD;
expand moving_segment[] by N,
shrink moving_segment[] by N,
trim moving_segment[] under MOVE_HIGH_THRESHOLD
end;

3253 O0O0OOOOOOOODOO
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Interaction candidates
& ~ £ Grasp moving
“ Non-grasp

o36e0oopooboonon

03logooogogogogooogongogn 10

Objects | 1 | 2 [ 3 | a4 | 5 | 6 [ 7|
B | Normalized 0.991] 0.779 | 0.988 | 0.365] 0984 ] 0.883| 0.981
vector -0.088 | 0.194 | -0.057 | 0.539 | -0.033 | 0.277 | -0.038

-0.097 | -0.595 | -0.142 | -0.758 | -0.171 | -0.377 | -0.185
Distance [mm] 604 231 691 336 683 548 680
C | Normalized 0.845 | -0.872 | 0.913| -0.736 | 0.917| 0.646 | 0.908
vector -0.533 | -0.287 | -0.393 | 0.253 | -0.360 | 0.243 | -0.371
0.000 | -0.394 | -0.108 | -0.627 | -0.165 | -0.722 | -0.192
Disttance [mm] 291 197 362 311 348 204 347

gooobobooooboboboobobooobooboboooobbobooboobo
goooboooobodooobuooobboboobbooobbboobobooooboo
gogboodoboobooobooboooooaboo



Pour Pour
Seq 11 t Hpa
Seq 2 H | - .
Seq 3H ~E
Seq 4H H ] o
Seq 51 1 2 M 3 ing

Interaction candidates Essential interaction

0 37:000 DPmatchingO OO OOO0O

03200000000000000000000O 40

Objects | 1 | 2 | 3 | 4 | 5 | 6 |
B | Normalized 0.999 | 0958 | 0.999 | 0.967 | 0.652 | 0.997
vector 0.015 | 0.229 | 0.015| 0.064 | 0.307 | 0.042

0.010 | -0.168 | -0.020 | -0.245 | -0.692 | -0.055
Distance [mm] 655 470 718 463 212 673

C | Normalized 0.988 | 0.680 | 0.984 | 0.663 | -0.583 | 0.966
vector -0.008 | 0.408 | -0.004 | 0.069 | 0.195| 0.038
-0.149 | -0.607 | -0.176 | -0.745 | -0.788 | -0.252
Disttance [mm] 367 233 432 235 264 393

33 DO0OOonoooon

331 0000

0000000000000 0000000000000000000000000000
0000000000000000000000000000000000 @ 000)000
0000000000000000000000000000000000 (Tpe(t),” q4(t))
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0000000 %p,(t)0 1x3000000000007q,(t)00 (33)000000 1x4
0000 (quaternion)0 0000000

Taa(t) = (sin (@) Tn(t), cos <@)>t (3.3)

quaternionDDDDDDDDDDTn(t)DDDDD f)D0000O0OOUOoOoDoooos
goboobooooboobooooboobobooboooobo

332 UbOObOOoOoooooogon

polhemus
<PH(t),gh(t)>

038 000000000O00ooooboog

0000000000000000 (py(t),qp(t)000380000000000000
00000000000000000000000000000000000000000
0000000000000000000000000 (pg(t),qe(t) 0000000000
00000000000000000000000000000000000 (pgt),ga(t))
00000000000000000000000000000000000000000
0000000000000000000 21340000000000000000000
(CTM)000000000000000000000 (pe(t),qe(t) 0000000000
000000000000000000000000000000000000000000
000000000000000000 (prer)00000000000000000 (3.4)
0000000000

Tper(t) = a7 - (per(t) — pr) (3.4)
Tao(t) = a7'-qu(t)
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frame 45

frame 148 frame 173 frame 214
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frame 10 frame 45 frame 116

frame 148 frame 173 frame 214

O0310:0000000000DO0O0boooooD

ggboobooobooboooboobooooaoood

333 UbObOOooooooogon

30000000000000000000000000NDOOO < pa,#),T qo,(t) >
(1<n<N)OJOODODOODOO0ODOO0DO000O0000000D0000000000000
0000000000000 D0000D000000000000000(@O0O0 10000)
00D000000000000000D000000000n

00 <T parm®),F qarm(t) > 000 <7 par(t),T qgro(t) >000 (350000000
ooo

N

Tpom(t) = (}: Tme(w>,uv (3.5)
n=1

Tqeim(t) = meanQuaternion()

function meanQuaternion: real[4];
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220 T | T T T T T T T T
Mean trajectory
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var i: integer;
var quat: real[4];
begin
T .
quat := " gy (1);
i:=2;
repeat

quat := interiorDivision( 1.0 / (i+1), quat, " g, (¢) );
until i < number_of_demonstrations;
meanQuaternion := quat;
end;
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