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Stick balancing
stick length
reaction time delay
sensory uncertainty

~ critical length?
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Stick balancing on fingertip
\ LI
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Stick balancing on pingpong racket
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Balancing a linearly driven stick

|
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v
| f my
—_
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segment mass length
upper arm | m, = 1.775kg | £, = 0.2874m
forearm | mgs = 1.015kg | £ = 0.2666m
hand my, = 1.015kg | £, = 0.0821m = my= 2.3kg

(de Leva, 1996)
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Q) =fp®), (), () I e[0,t—1]
For example Q(t) = —k,@(t — 1) — kqe(t — 1)

3 6
TORE FIOEETI0

P A most recent
known time available data T
histgy |
0PN 2 7 E—
desired motion
(p=10,=0) .
t—T t t
delay for visual tracking delay for stick balancing using cross-correlation:
Nasher (1976): 150~250ms Cabrera, Milton (2004): 80~200ms

Miall (1993): 200~250ms
Jordan (1996): 100~200ms
Kawato (1999): 150~250ms
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Reaction delay

blankout tests:

gg 8% 9 51 892 83 84 95 8B 597 Y8 585 10

Milton (2011): {s) SUBJECT 1

~ 230ms £
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G(t) — ap(t) = —kpp(t — 1) — ka@(t — 1) , =39
. 21
D-subdivision: w=0: ky=a (system parameter)
w # 0: ky = (w? + a) cos(wr)
2+a (w7)
o SIN\WT

0
Stable
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¢(t) —ap(t) = —kpp(t —1) — kqpp(t — 7)

=1
a=0.5 a=1 a=1.5 a= 2
3 3 3 3
3 3 3 3
2 2 2 2H 2 \
< 2 < < 2 < 2
1 1
0 0 0 1 0 1
0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3
ke ks ks ke
2
Aerit = 2 (Schiirer, 1948)

Or, for fixed a, Tt = \/g = nTTpi T,,: downward oscillation period

(Stepan, 2009)
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C )
m, ¢
mgy > m
7
= ]
(Q N
Aerit = 3 T
6 T 3
a=5 0=
l — 3972 = 156 l =2 g72 =39
crit—-B — 281" = cm crit—C — ZgT — cm

Experiments: [..i; = 25~30cm (Milton et al., 1990-)
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Loie ~ ==
crit—C 4

Experiments: [..i; = 25~30cm (Milton et al., 1990-)
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Another video

3
lerit-c = ZQTZ = 39cm

Experiments: [..i; = 25~30cm (Milton et al., 1990-)
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; 39 3
B(©) =57 9(©) =~ as()
as. acceleration of stick’s bottom
S
as =% . as(t) = —kpp(t —7) — kqp(t —7)

‘_),r

$O) —ap(t) =—pot—-1)—dp(t—1) , =39
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P(t) —apt) =-pet—1)—det—1)

r =0.3, L =2.0 r=0.3, L =1.0
I I| ) TF ! ' I \' -
'[ uncertainty radii ‘
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e~ -~ 3k _
| “Ad
b &p = —g—
; do+5Ad
1k
: | :
-1 i I 1] 1 -1 i L L L
0 5 10 15 0 ) 10 15
i ]

MUEGYETEM 1782




L
[
i1y
1

Virtual stick balancing '/ Human Balancing Research Group

2 http://hbrg.mm.bme.hu/
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Test Subject

Monitor

PC for

virtual environment

Reaction time
measurement unit

Manipulator

T = TMachine T TNeural T TAdded
122 ms ~250ms  k x50 ms

5F

’, ‘
a "fl’ Al "‘"
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SINGLE INDIVIDUAL
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Virtual stick balancing
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Uncertainty radii

o —r—r—r—————
40| |
PN " n | 3.1~27.6%
’ 22 '..TT!TTTT.TT.!TTTTT.-TT!:T mean: 14.1%
1 27
1) — LIPS IR
X 0y u® um®e um LA REREL B "1 16.8~58.2%
S 207 " = 1 mean: 40.3%
Y 27
Subject
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Ball and beam (rolling cart on a see-saw)

- / .!
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Pendulum-cart and beam (pendulum-cart rolling on a see-saw)
I il
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1, Ball and beam (rolling cart on a see-saw) ]

Manipulated variable:
1.1. angle

1.2. angular velocity
1.3. angular acceleration
1.4. torque

2, Pendulum-cart and beam
(pendulum-cart rolling on a see-saw)

Manipulated variable:
2.1. angle

2.2. angular velocity
2.3. angular acceleration
2.4. torque
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Ball and beam ~ angle

i(t) = —g(t) Y(t) = Poa(t) + Dyi(t)
E(t) 4+ gD, a(t) + gPyx(t) =0
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Ball and beam ~ angle with reaction delay

i(t) = —gi(t) () = Poax(t—7)+D,a(t —7)
E(t) +gDya(t —7)+ gPyx(t—7) =0
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Ball and beam ~ angle with reaction delay

i(t) = —gi(t) () = Poax(t—7)+D,a(t —7)
E(t) +gDya(t —7)+ gPyx(t—7) =0
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Ball and beam ~ angular velocity ;
i (t) = —gu(t) = —gw(t) o000
U‘\
w(t) = Prx(t) + Dya(t) sof 2
T (t) + gDya(t) + gPyx(t) =0
_5;] UL“_D 5
P:
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Ball and beam ~ angular velocity 5
P (t) = —gip(t) = —guw(t) U erhest
z(t) + gD,a(t) + gPyx(t) =0
with reaction delay P, ’
& (t) + gDai(t — 7) + gPpa(t — 7) = 0 \
) _
q f/
2 {]w=0 5 10
P;

Farkas Miklos Alkalmazott Analizis Szeminarium - 28 March 2019




Mode] 1.3 Human Balancing Research Group

2> http://hbrg.mm.bme.hu/

Ball and beam ~ angular acceleration ’
() = —gih(t) = —ge(t) e
e(t) = Ppx(t) + D,a(t) i 2
2@ (t) + gDy (t) + gPya(t) = 0 L
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Ball and beam ~ angular acceleration ’
) (1) = —gi(t) = —g2(t) Nt
£(t) = Pya(t) + D,i(t) :
™) (t) + gD, i (t) + gPyx(t) = 0 L
with reaction delay . 3 5

t W)+ gDi(t —7) + gPex(t —7) =0

u;}(]/
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Ball and beam ~ torque (2 DoF)

0\ . 0
q(t) +

mo

0 64 mog 0

Q(t) = P,x(t) + D, x(t)
+ Pyib(t) + Dy(t

Farkas Miklos Alkalmazott Analizis Szemindarium -
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q(t)
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Ball and beam ~ torque (2 DoF)

mo 0 . 0 mag B 0
0 6 q(t) + mag 0 q(t) =

with reaction delay I
Q(t) = Ppa(t—7)+ Dyi(t—7)
+ Pw LT (i_ o T) —I_ Dt.illf‘ I‘L/‘ (t o T) o0 o -llf]“)_ -5ﬂw_0 0 000 0w -..auw:n 0

_200 | =200

[ S]

I P,
of — 0 : j—
r o, Ly - -
w =0 2 3 70
=100} =100+ 2 3
] T I &
S s Q
200 5 200 T
’ S
Tcrit - 180 ms 300 . . .""":U . 10 w=0
=200 -150 -100 -50 0 =200 -150 =100 =50 0
P, P

Farkas Miklos Alkalmazott Analizis Szeminarium - 28 March 2019

MUEGYETEM 1782




Mode] 2.1 Human Balancing Research Group

2> http://hbrg.mm.bme.hu/

Pendulum-cart and beam ~ angle (2 DoF)

#(t) = ap(t) - gu(t) =29, 00Uy £ )
) mg + 4mo [3(1mg + 4ms)
£(1) = be(t) — G (1
U(t) = Poa(t) + Dyi(t)

+ Pop(t) + Dyo(t) S0 | AR |
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Pendulum-cart and beam ~ angle (2 DoF)

T(t) = ap(t) — gy (t) 0 — 33 b= 6g(mao + m3)
. mg3 + dimy [3(ms3 + 4mo)
B(t) = bp(t) — (1)

with reaction delay
PY(t) = Pox(t—1)+ D, a(t—71)
+ Ppip(t—7) + Dyp(t —7)
Advanced functional differential equation
D()\) = D A\ e 2 +(Poe M +1)A* +(a+g) D A3+
+[(a+ g)Pre ™ — b A2 —bgDy e ™ —bgPre™ "
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Pendulum-cart and beam ~ angular velocity (2 DoF)

5 5
P, = —50, P, = 50,
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Pendulum-cart and beam ~ angular velocity (2 DoF)

2 (t) = ap(t) — gw(t) N — | _:_1___
P(t) = bp(t) — w(t) | |
with reaction delay 3

w(t) = Pyx(t—7)+Dyi(t—7) | . = ]
+P,o(t—7)+Dyp(t—1) | 5

Neutral functional diff. eq. - s 1 5
strong stability: |D,| > 1

D(A) = (1 + Dye ™ T)A° + PuA*e ™ — bA® + [(a + g)A\* — bg] (Py + ADy)e ™"
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Pendulum-cart and beam ~ angular acceleration (2 DoF)
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Pendulum-cart and beam ~ torque (3 DoF)
Mé(t) + Sa(t) = Q" (1)

Q*(t) = (0,-Q(t),0)"

l3 l )

0 g(ma +ms3) 0 mo + ms3 - 3;?13 B 3;?3
1 1 : 2,

S= | 9(ma+ms) —_glsms —glsms M= | B8 L2 a3mg) B
: 4 2 ’ 3

0 ——glams ——glzms [3ms Z%ﬁlg l%mg
: 2 2 3 3
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Pendulum-cart and beam ~ torque (3 DoF)

. * 800 — , : — 800 — e
Mq(t) + Sq(t) = Q" () K Iy 7.~ 100, B, — 800

600 600
3
T L 400 . 400
Q 1 ‘ 9 200 w >0 200 w>0
-0
T 0 0l w=0
— e F ,"1 P . . W= ) ) )
q — (JL- (f) . YW (f) s P (t) ) 400 600 800 0 200 400 600 800
' ) P, P,
800 T " : : 800 T . . :
P, = 900, D, — 50, P, = 300, Dy = 590,
P, = —1400, D, = —800 P, = —1400, D, = —800
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Pendulum-cart and beam ~ torque (3 DoF)

800 " . . : 800

. * 3 P, = —900, D, — 750, ' P, — —300, Dy — 750,
M(t) + Sq(t) = Q*(t) o v O
3
L 4001 | . 400
T = ’ - ’
Q*(t) = (0,—-Q(t),0)
" 1 .
, / 0
0 ol1
w w=0
/ T 0 200 400 600 800 0 200 400 600 800
—_ P L] ETR | e
q= (z(t).¢().e (1))
800 — : : : 800 — , : :
7, = —900, Dy, = —540, P, = —300, D, = 540,
P, = —1400, D, = —800 P, = —1400, D, = —800
600 600
400t 5 . 400
| 4 _ 1
200 w=>0 _—= 200~ Jw = 0
L —3 /,_.2
3
OFs 0 0 w=0

with reaction delay e T R e !
Q(t)=P.x(t—71)+ D, T('{;—T)JrP,L/(I‘—T)
+ Dﬂ'_.-'f,_-";(t —7)+ Pop(t —7)+ D,p(t —7) Terit =0 MS
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Ball and beam

09 Model 1.1 (7 = 1s) 4 Model 1.2 (7 = 1s) Model 1.3 (7 = 1s) Model 1.4 (7 = 0.08s)
: L ‘ " i ‘ ‘ 0F —
3 w=20 — —_— 4
-5 Tepit =00 o w>0 0 01 —
0.15 ] 3 w=0," w>0
!
>0 2 \ s (1 ) -100| Terit = 180 ms
= (0.1 J 5 g U | "
Q \
Q 1 0 Q \\\ Q 2 3
0.05 1 o A 04 50 | -200}
- o ~—
. 2 vl Lo 4 T P, =60, D, = 10 .
] -2 - : ‘ 06l = - T -300 - : =0
-0.05 0 0.05 0.1 0 5 10 -0.1 0 0.1 0.2 0.3 -200 -150 -100 -50 0
P, P, P, P,
Model 2.1 Model 2.2 (7 = 0.01s) Model 2.3 Model 2.4 (7 = 0.01s)
5 5 5 800
P, = 50, 3 P, = 000, D, = 750,
D, =05 P, = —1400, D,, = —800
600
Unstable with infinitely 1 400
50 many unstable po | | S — | 50 Not controlNle 5 1 0
Q (advanced d.e.) Q w=>0 _ _ 2
200 w >0
2
0 —
B ) w=0 . w=0 Tcrit =5ms
-5 - -5 h . . .
-5 0 5 -5 0 5 -5 0 5 0 200 400 600 800
I).J': P" P.l.‘ PJ
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Ball and beam

Model 1.1 (7 = 1s)

0.2
3 w=0
— Tcrit =0
0.15 ]
w >0
. 0.1
1 0
0.05
2
0
-0.05 0 0.05 0.1
P
Pendulum-cart and beam
B Model 2.1 B
() 3]
Unstable with infinitely
50 many unstable po _ Q"’ ot
S (advanced d.e.)
-5 -5
-5 0 5 -5
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Model 1.4 (7 = 0.08s)

0

1 T

Terit = 180 mg

9 2 3
=200+
P, =60, D, = 10 .
-300 - ‘ =0
-200 -150 -100 -50 0
PJ‘
Model 2.4 (7 = 0.01s)
800
) P, = —900, D, = 750,
P, = —1400, D,, = —800
600
. 400 1 0
2 2
200 w >0
0 —
lw=0 | Terit ,—5 ms
0 200 400 600 800
P,




L
[
i1y
1

'/ Human Balancing Research Group
MOdeI I 2> http://hbrg.mm.bme.hu/




Experiments Human Balancing Research Group

2> http://hbrg.mm.bme.hu/

S17, Session 2, Day 1 S17, Session 2, Day 1

Tests by 22 subjects

5-day test series - — 300mms

20 trials per day

T |m]|

Settling time decreases

Overshoot decreases

' R 1 1.5
L [5] H-!'
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