¢)

digital A 77

(timer event)

phase event

tHHA €=

Hybrid EBIRgDEMER (2)

—>

—>

FSM

analog AJJ

(moving border)

digital dynamics

[B] B 0D Y] 6 Il ]

transition rule

B < [0] %
(analog)

analog dynamics

A/D

(comparator)

flow

<

NEe 1§
2014(H26).01.27

event generator

border condition
A set & D set
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. Hybrid[ol gD 5l
O RA4wF, AVINL—%, HmEBEFZSTRLCEE
O ZNZETICHE LU T=[Oig & DEEM

. HybridEIEEDEHFETIL
O FSM&ODERARDERLE

. Hybrid[olE D EETE
O Mi&bEhiz(FSM)AAZEE D1 (ODE)ICE T 3 8(m

. Hybrid[EREDHIEFTRE
O FSM&ENZERZEIR I 5design patternz2< %

(nn




3. Hybrid[ElE D EHNEEITE
1. BFEEFILOERIL
2. LB EZHREZDLS

3. EEEZRELICPoincaréifizExRd S

4 . Poincarébhim L ¢&EE

O 7E 1 R BT

O Bhgb=nfc(FSM)HEZR D7t (ODE)ICEEY % 2% ([%F



N TV REROEEAEIR

HybridEED#FETIL : ODE+FSM

K H
i Pk AN
.| memER £5HER
| ODE Poincaré map
8| . FSM Finite State Machine
i | incanciuousdme | "Gy

ODE : ordinary differential equations: vector field

FSM : finite state machine (BRI EEHAR)
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1. BIR%R

1. EAXRBCEE, borderlFZE (AFE, /dAXVIR)
2. BoEzRAWEARBCH

2. LEDRZILZR

1. ARRICK 55EHIFR
2. 2EFESR
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@ Kousaka’s BC Circuit

timer event
border

S
4 CIOCk S Q
Vy o—+ —
" >—R Q

phase event

| g

o=

ol |
Clock
o— Q
vV o—- —
> e s
comparator
R
: A
vT:: C
N




@ RC circuit vs Integrator

Periodic Input Periodic Input

o A e ]

® h _ Out Vr ¢ N Out
'|'B R . _CD 717' '|'B S Q t
R4§ Comp RS-FF " LED R, § Comp VRS—FF
Wt SR TR
¢ AW\ > v Z
c==1, " N
=1 1 \4 CdV/dt‘l'(Qout - V|)/R:O V|=VCC/2
V

wRzRC Bl i =g i




@ Forced KBC Circuit

Periodic Input

Vce J H H o \

e v
c, [ s Q
Rj
E
7 % A Comp R
+
_ _

| |
R2§ PT Comp  RS-FF sz LED
V ‘ "f;{/" §RD S }
C::TV
V
4 Q
PTOHIELEE 7

square wave, or LED output
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@ BC Circuit with time variant border

Periodic Input

I

Vi o - Out

+B S Q o
Im riant . 7
tme varia Comp  RSFF 7" LED
V
‘ Rj

” I'\Q/V_'« Rp
lC/ MA— i
e—

Cdv/dt+(Qgyt - v))/R=0 Vi=Vee/2




LED7R% L[]

AW E 9

photo Tr Vo

- o
R5 P
ra § SZ LED

Ro
AV £ 9
Vo
—O
Rs %
§ V4 LED

photo Tr

< Ro
rq
\V4

(3) EE& c1: HHD : Bon < Boff, con < aoff

R>
Wy E 9
\Y
._\ 0] photo Tr Vo

(2) [EE& b1: vO=Vcc[v] && Ftd D : aoff < aon

R E
'\M photo Tr
— N < v
. 0 :

v+/.

(4) [ d1: D : Boff < Bon, aoff < con
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LED/R %)L @D [o] g
Ro
MWy E g
light
o——1— Vo photo Tr
Vi / ! -
C] R3§ h §R5
— s
V4 R‘i
dv
CleE +v=F 8
@ 5‘ @ > v
Bon of f 1 Ry dv — 0
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)

mode

0

LED/R~ILD[O)EE : 2 @B{ES

Osc T—K WAHEE LED PhotoTr Parameter Dynamics
Fixas | 0 0 off off \beta_off VT =-vi
FiRdAR2 0 0 off off \beta_off V2 =-v2
Fixes 1 1 Vce on off \beta_off VT =-vIi+1
FiRdR2 0 0 off on _v’2 = -v2
HiReR | 0 0 off on _v’1 = -v]
HiIRER2 ] \V/ele on off \beta off V2 = -v2+]
Fixen | ] Vce on off \beta_off VT =-vIi+1
Fixen2 1 Vce on off \beta_off V2 =-v2+1




|4

)

Hybrid[elig D 7E 14T E

1. #ZF2ETFTILOENL

2. MaESHREZD<D

3. AEZKE LICPoincaréiEZE&Y %
=) D 7E R EE T

4 . PoincaréBhm_E T




@ Kousaka’s BC circuit

timer event 1. digital part -> modes
border

ol LI Q=0(mode0)
>%C: S Q=I(model)
Vp O——— R

Q
Q
o arator 2. analog part -> ode
phase event R mode0 : dx/dt+x =0
! YW model :dx/dt+x = |
VT - ¢ 3. ADC part
— border: phase event

transition rule
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modell

€11 (Timer)

( mode 1 )
e11: Ao —>Dio

A
ep1 (Phase) eqo(Timer)
Y
Doo D
€00:Ao01 >Doo  ypr Tk o $
mode O A
e10:Ago —>Di1o Ny N 00
eoo(Timer) 4
mode(
s :T >
t=0 = time

Poncare section D] 0 U DOO
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Arrival set and Departure set
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@ hybrid% D& &)

Ay ¥ /E mode 3
Ms 3 X?\ /J
A\
—— 1 |e23
A, XN NI !
2 \x(t)i \\5 /631 mode 2
4) : E .
(=2) o (22) L = analog dynamics
Y
Xo: ,X'l
eozl Tezo 4 e]3l Te?ﬂ 7 x %ﬁv mode 1
” M < h T
NN T
S A Ao mode O
Mo S

digital dynamics

hybrid dynamics
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@ arrive an arrival set —> transition —> leave a departure set

collaged phase s

€11 (Timer)

eo1 (Phase) e1o(Timer)

ego(Timer) N

mode transition diagram

= >
t= time

Pﬁfﬁﬁ:ﬁéﬁ’ﬂé%ﬂ@r diagram
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@ B At 2k (collaged mfd)

t=0 t=T t=0 t=T

=D Bl 7R flowZ IR E U THa L) /zcollaged mfd




KiBZEM (Confinor)

e

m

=B I ERIEHYIC (Eblue DFEIEE I Tk UV A 2




Poincaré section

departure set DIEHRES 7 FE R

DOOUDIO —> DIO

Poincaré map Z &€& 9 5

) PI:DI0 —>AI0 —>DI0

2) P2:DI10 —> Al —>
DOl —>A00 —>D10

e1o(Timer)

3) P3: D00 —> A0l U A0O
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@ CIDERBEREDERZESE

Xn+| 4

0.8

alpha=0.85 VI
T1=0.66 L

0.5

04 —

03

0.2 1 l 1 l 1 l L l L l l l 1
0.2 0.3 04 0.5 0.6 0.7 0.8 0.9

[4] N.N. Leonov; Map of the line onto itself, Radiofisica, 2(6), 1959, pp. 942-056
N.N. Leonoy; Piecewise linear map, Radiofisica, 3(3), 1960, pp. 496-510
N.N. Leonov; Theory of discontinuous maps of the line, Radiofisica, 3(5), 1960, pp. 872-886
N.N. Leonov; Discontinuous map of the straight line, Dokl. Akad. Nauk. SSSR, 143(5) 1962,
pp. 1038-1041

Xn
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@ alpha=0.85
f 1=0.66

0 0.2 04 0.6 0.8 1.0
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>

0.1




@ Forced KBC Circuit

R Q a[> w
R, S Comp  RS-FF <" LED
W\/
V o R §RD S }
— T g
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ep2 - Az1 => Do

€32 Apg => D3

FREADTYrHBZEH B[O

state ( modeZ)

A

epz(Phase)

\4

—>
( mode O)

€32

€10

€01

<«

ep3:Azp =>Dpg

eo3: A3z1 => Do

e13: Azzx => D1 Dog

—>
( mode 3)

e
E23

€03

€21

e13(Phase)

em:AOO => D]O tlme

eo1: A11 =>Doo

ez1: Ao =>D2g
Poncare section DOO U DZO

t=0

ep3(Timer)
e13(Phase)
ep1 (Timer)
<X
A\
O O
Do e (Timer)
4
W 4
4
A0
\ “\
Aoo | D1o
t=0 t=T
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modedD 1L

A set, D setldEMICTR D

eq1(Timer)

m e11: Ao —>Djo D1

eo1 - A1 —> Do
eo1 : A12 > Do2 ( mode 1 )

eo1: A13 —>Doo
(phase&timer)

ep1(Phase)

A\ 4

A

eq1o(Timer)

€10 Aoo > D10

Doo
( mode 0O )

U eoo - Ao1 > Doo

ego(Timer) Poncaré section Dgg U Dpq

t=0

epgpo(Timer)

ep1 (Phase)

O\

Do

(
\J

€1 O(Timer)
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@ PoincaréE&RICREHRRDIENS

Xn+ |

Xn

M. di Bernardo, C.). Budd,A.R. Champneys and P. Kowalczyk, Piecewise-smooth Dynamical
Systems, Springer Applied Mathematical Sciences 163,2008; see Chap. 4
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time variant border

e11(Timer)

eo1: A1q > Doy
eo1: A2 > Dgo
(phase&timer)

ep1(Phase)
ep1(Timer)

eoo - Ao1 => Doo
mode O
e10:Apgo =>Dio

epgo(Timer) _
Poncare section D] 0 U DOO

€00 (Tlmm
%
( DO1 Q

N

“\
~ N

“\
\ N
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@ circuit with moving border

$(7’1) = (CL‘O — 1)6_7-1 + 1

337-(7'1) = aT1 + Tro

1 =z(T —11) = :cr(Tl)e_(T—Tl)

L1 — P(CEQ)

Poincare map becomes nonlinear.

t=0 t;ﬂ t=T

o & U T EALmeritDNdHB2DIZED ?
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LED FF with SW forcing term

photo Tr

comparator : p

on: 1

off:0

JEAT L Q

on:1

off:0

on:1

R>
4\]\/\,—
h photo Tr
! \ ? © Vout - P
Vit .
|G RsZ r‘ EAB: g
—_ 3
’ WA
Rs
Ry
4 2

V
mode0 : (g, p) = (0, 0), dx/dt+x =0
model : (g, p) = (I, 0), dx/dt+x = 0, \beta on
mode2 :(q,p) = (0, |), dx/dt+x = |
mode3 :(q,p) = (I, ), dx/dt+x = |

off:0

off:0

off:0




e32 1 Apg => D3p €23 Azp => Dop
ep2 1 Az1 => Do €23 Az1 => Do
e13: Az => Dy
€32
—>
mode 2 €03 mode 3
<«
A A
€21
€02 €20 e13| ey
M €10 M
—>
mode O €01 mode 1
<«—
e]oiAOO => D]O €01 :A1O=> DOO
€20 Ag1 => Daoo €21 : Ay => Doy
e31: Ajo2 => D3y
timer event

phase event

timer and phase event Poncare section Dyg U Dyg U Dy,



E—Kk2

Input: Light: g=0
State:
{p=T, x()}
Dynamics:
X=-x+1
Output: PhotoTr: off
Boff

X(t) < Poff X(t) < Bon
X(t) > o q| && BoxX < Boff
X(t) > o

Input: Light: g=0
State:
{p=0, x(t)}
Dynamics:
X =-X
Output: PhotoTr: off

Boff

E—FO

—

&& Boff<x<oL

— >
<——

q&& x<a

g

gt && Boff<x<oat
—>
«

q]&& x>Poff

E—F3

Input: Light: g=1
State:
{p=1, x(t)}
Dynamics:
X =-X+1
Output: PhotoTr: off
Boff

Input: Light: g=1
State:
{p=0, x(t)}
Dynamics:
X =-X
Output: PhotoTr: on

Bon

E—K1

FKAT q(t)

(04

comparator _
p)=1 ~
Boff

BOh

p(t)=0

Boff

BOH

(04
comparator T
<

7

/"0"?

Z

q(t)=0 q(t)=1
<
= »
Y A dT Y
't:O =(] -d)T
to mode O to mode 1

/" from mode O

from mode 2

777777

from mode 1

fromm mode 3

t=T

N

\

to mode 2

Vi

[

to mode 3




q(t)=0 q(t)=1
< >
to mode 0 to mode 1 J) FEATI Q) Y aT Y
a N
tztn tztp t:tn
comparator _
% NG ode mode 2 mode 3
p(t)=1 / )
Borr ® C C t M 1 WV |
an from mode 0 J.///// < comparator gT )
from mode 1 p(t)=1
glue together
from mode 2 from mode 3 Boff \ O
’ Pon
N
Comparator
B comparator T
ff <
Bon < @ o(t)=0 y > y
to mode 3 0 0
Boff (f
t > Pon —0 5 !
mode O mode 1
t >
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0.8

Example of Poincaré map

/

0.4 — 1 /’

0.3 - //

02 // 1 l 1 [ 1 I 1 l l
0.2 0.3 0.4 0.5 0.6 0.7

red: M| —> M|,
green:M|—>M0

0.8

0.8

/S '
/ |
0 3 L T A LT,
. y ;
'

0.2 s 1 | 1 l 1 | 1 | 1 |

brown: M0 —> MO,
blue:MO0—>M|

0.8



@)’ Poincaré map on torus-like surface

0.8

0.7

0.6

0.5

0.4

03 —

_______________________________________________________________________________

."I"“
;
."‘
/
0.2 —-
.

0.3 0.4 0.5 0.6 0.7 0.8
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@ bifurcation diagrams: duty cycle=0.5

beta_off=0.5
0.50

0.45

beta_on

0.40
0.5

0.8
alpha=0.75 -
0.7
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1.0

0.9

0.8

0.4

0.3

0.2

waveform for T=2.7

2%
('
’ ‘,/' )

Y

7

/ e

{/
: ) ’ ' ‘ ') "l /
eSS
\\\‘//.\0/.&;\\'!:',\\‘,:;';:&;';:?3;'@:‘4;.;//

NI

I

L1 1 1 ' L1 1 1 I Ll 1 1 I Lt 1 1 I Ll 1 1 I L1 1 1

0

0.5 1.0 1.5 2.0 2.5

3.0

1.0

0.9

0.3

0.2

' ' ' ' '
llllllllllllll]llllllllllllll

0 0.5 1.0 1.5 2.0 2.5 3.0
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@ mapping trajectories for T=2.7

0.8

0.7

06

0.5

0.4

0.8

0.4

0.5 0.6 0.7 08 04 05 0.6 07 058
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EE&HI5 : OCO type A [4: 1]

R2 E o
4\/\/\/7
- photo Tr Vo
o —oO
Vi +
A8
C] R3 \ R5 ))'V
\% T — § rs AV LED
o
Rp

V V
comparator : p
photo Tr
on: 1 off:0
on:1 | off:0 on:1
JEAT L Q
off:0 | off:0 off:0

E—K2

Input: Light: g=0
State:
{p=T, x(t)}
Dynamics:
X=-X+1
Output: PhotoTr: off
Boff

Input: Light: g=0
State:
{p=0, x(t)}

Dynamics:
X =-X
Output: PhotoTr: off

Boff

E—KO0

qt && Boft<x<a.
—>
D S—

qi&& X>Boff

T—K3

Input: Light: g=1
State:
{p=T, x(t)}
Dynamics:
X =-X+1
Output: PhotoTr: off
Boﬁ

X(t) < Poff X(t) < Pon
X(t) > o a] && Pox X < Boff
X(t) > o

Input: Light: g=1
State:
{p=0, x(t)}
Dynamics:
X =-X
Output: PhotoTr: on

Bon

E—K1
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@ LED firefly oscillators

RZ E 2
M . A .
%
h photo Tr <®
Vot * © Vout - P R
* {K R4§ o—/\/\/z\, O QE
C R3§ AN Q
V : X T — ] ra Rj3 RD
! WY—o vrete " NJL7502L § -
Rs
, A
V R4 § R5 § Emitterﬁ Av4 ﬂLED
Z type V S type
N Collector NV

RC Square Wave Oscillator Triangular VWave Oscillator



mode 2 mode 3

0, 1) (1, 1) 0, 1) (1, 1)
oy = O O / oy (=0 /
Booft (>{() Booft
B2on -C O \ B> ) \.
0, 0) Bion Brott o (1,0) 0., 0) Bion Brott o (1,0)
0, 1) (1, 1) 0, 1) (1, 1)
o Q O / o FO O ) /
Boott ( ><3 Boott O O
B2 \ B2 \.
0, 0) Bion Biofr oy (1,0) 0, 0) Bion Bioff oy (1,0)
mode O mode 1

modeO0 : (q, p) = (0, 0), dx/dt+x = 0, dy/dt+y=0
model :(q, p) = (I, 0), dx/dt+x t+y=0, \beta2 on
mode2 :(q, p) = (0, ), dx/dt+x t+y=1,\betal on
mode3 :(q,p) = (I, ), dx/dt+x t+y=|I

T
o -
o O
S5

I
o

=<
0
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area preserving map

mode 3

mode 0 mode 1



@) Poincaré section and mapping

mode 2 mode 3 mode 2 mode 3

e ~
N
< DR
™ ILS . N a

C O
A 6

v ¥
c//qemrS N // \
N
>/</OI<901 <

%/

mode 0 mode 1 mode 0 mode 1
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Poincaré#a i3 REAFRIE IC K HIAD

mode 2

Brofe o

Brofr o

mode O

(1.m

(1. 1M

(1.0)

mode 3

o, (1,1
o FO O /

Boofr

Bao O \
©,0) P1 Biofe o (1,0)
o 1,1
o O Q Q /

Boofr O

BZon ) ’> \.
©.0) B1 Brotr o (1,0)

mode 1
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Poincaré#a i3 REAFRIE IC K HIAD

B

mode 2

Brofe o

Brofr o

mode O

(1.m

(1. 1M

(1.0)

0.1

mode 3

oy =O

Boofr

7/

Biofe

o

/O

3
(3]
A
\

ol

7\
7

Boofr

e
\ 4

Biotr
mode 1



N TV KB DE HERERHTE

1. B#FEFILOEIR
a) digital part: mode#D;RE, modeEZDEH
b) analog part: vector field, Bl AERDEH
c) ADC part: mode#HlDiRE, modeEEDEH

c-1) border mfd, phase event, flow®E#izk

c-2) flowDFIEER, HEESZKOmodeER = HIER
c-3) timer eventZzkéHmodeE# = BHHES:

2. B EZHREZD<S
PoincaréfiEmZz &L, PoincaréE{&%z>o< 3%

3. EFDOREM
BEARZTESEZRYD, BEHPHIEEERT S
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