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Future Direction in Control

Realization of High Quality Products
- Solving Social Problems such as
Energy, Environments, and Medicine
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ldea of “Glocal Control” ?

Glocal Control : to achieve desired global behavior
by only local actions of measurement and control

~ N Transportation
NWs

Meteorological
Phenomena

. £ . I- In 4 :m' g T
e Bio-systert
Large-scale AR

& Complex . X

,.\
Vleasuremen Tes

Global
Behaviors
By Locally




Smart Energy NW and Energy Saving
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Smart Energy Network

Electric power network
+ Gas energy network

WEETRILF—Ry b=

Hierarchical Air
Conditioning System
Area. Group of buildings

Building: Set of floors
Floor: Set of rooms




Urban Heat Island Problem

Local Actions of Realization of Global
Measurement & Control Desired Environment
of a Whole City
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business areas Scale of districts/towns



Hierarchical Bio—-Network Systems

\HGMIS(www.ornI.gov)

nCell  Community
= of Cells

¥,
Proteins

Gene
Network

= =

Hierarchical
Bio-Network Systems

~

r§

N

@ Q/Layerszl\AETABouc
/ \

Networks

Layer 2: CELL
Signaling
Networks

Larger Scale

Layer 1: GENE
Regulatory
Networks

~

J

C&,,5 o

> Subsystem 1> : Subsystem 2
> Subsystem 3O

. Subsystem 4
J



Framework for Glocal Control

Realization of Global Functions Real World
by Local Measu b ent and Control =7,
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LTI System with

Generalized Freguency Variable

A unified representation for
homogeneous multi-agent dynamical systems
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OUTLINE

1. Stability Analysis: Review
2. D-Stability Analysis
3. Robust Stability Analysis

4. Application to Gene Regulatory

Networks
5. Nonlinear Stability Analysis

6. Concluding Remarks




Stability Region for L IISWGFV

(Hara et al. IEEE CDC, 2007)

« Define: Domains Q24 = ¢(Cyp), QF =C\Q4

All eigenvalues

I*m /’ ¢(C+)\ Im belong to... |
=
: Re ; >Re Re
./ P(Jw)
Pp(jw)

Q2A: How to characterize the region ?
Q2B: How to check the condition ?




Stability [ ests for L [ ISWGFV

Numeric

Graphical Algebraic (LMI)

Nyquist —type | Hurwitz —type |Lyapunov —type

Fax & Murray (2004) Tanaka, Hara, Tanaka, Hara,
Hara et al. (2007) lwasaki (2009) lwasaki (2009)

h(s) and o(A4) | h(s) and o(A)| h(s) and A

Hurwitz test for Generalized
Characteristic complex Lyapunov Ineq.
coefficients

Polynomial

p(\,s) :=d(s)—An(s) X€o(A) (complex)



Stability Conditions

(Tanaka et al., ASCC, 2009)

Given h(s) = n(s)/d(s), A |H(s) is stable
c(A) CA:={ A€ C|d(s)— An(s) is Hurwitz stable }

Key
lemma : . @
Algebraic condition Loended
o(A) C ﬂ S Criterion [Frank,1946]
k=1
Y ={ A€ C|lL(A)"Prl(N) >0}
(k=1,2,...,v)
E Generalized Lyapunov inequality i fl
Cr ey e(A):=| . |, Le(A) = | .
LMI feasibility problem e i

X = Xg > () s.t. Lk(A)T((I)k ®Xk)Lk(A) >0
foreach £ =1,2,... v




Numerical Example . 29 order (1/2)
2s+1

Given h(s) = o A e R*x"
c(A) CA:={NeC|(s°+s5+1)—A(25+ 1) is Hurwitz stable }
_

| Extended Routh-Hurwitz Criterion (Frank, 1948) )
a(A)CZ:z{)\EC|A1>0andA2>O}

SOERE

Stability region

13




Numerical Example . 29 order (2/2)

| Generalize

e
: "ay
X, X -0 ot u] ({_11 J}@Xm

5 L 10 7 I
X ¢ 0 st | 4 {0 (8 slex || A 0
4 7 8 A 14




Given Data: all coefficients of numerator
Algorithm h2Phi(h(»)) - and denominator of h(s)

blsu—l+_..+bV
Input : h(‘i‘) = p -{-(1131)_1 +---+a,
Output : € and &,

1.poe1,g0 0 2 A1 ¢ m;m 1 until » do
for i < 1 until 2v — 1 do for k < 2 until 2v do Ar((X+ N)/2, (A= A)/2))
if i < v then M  Q@k=1)x(2k—1 (il » do

pi ¢ ai — biv, qi — —biy
else

.
pi 0, ¢; <0 il 4, — 1 do

¢ the coefficient of XX in AL (A, A)

5 rerurn (; and @;.

P2k —i—-2(m-1)

il k—(i-9)2-1d0 RESUIL:
T2k —m)  pag_i—1-2(m-1) .
ApRHLRH2Z k=1 12, k=] (:I)k (k —_— 1, 2, tt V)

2,3,k E+1,k+2,...,2k=1

k41,k42,...,2k—1 1,2, k=1
My ks oy MY

Ag(z,y) « |M]



Numerical Example - 4th order

-
19.2 1 L 21
h(s) = 100(8 T 2)(108 500000° 10)1 Non-mLiJQi?rt]?ﬂephase
(¢ — 1)2(c L 1)\ (< -L 100)

Z Summary 1: LTI System with GFV

*One of nice classes for NDSs
*Stability and robust stability conditions
" Many application fields

i synchronization of coupled oscillators
bio-systems
TR e ¥ - WSS
';/ Re

"\ | Stability
 Region




Further Fundamental Questions

Robustness Issues In
Networked Dynamical Systems
(LTI systems with GFV) ?

Q4 . D-Stability Analysis ?
Stability Margins J

Q5 : Robust Stability Analysis ?
N

[ Homogeneous > Heterogeneous J




OUTLINE

2. D-Stability Analysis




s(s —2)(s+1)(s+5)

. 40-

Why D-Stability Analysis 7
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Unitied Approach to
D-Stability Analysis

| Unified Stability Analysis for
Disks and Half Planes

Derive the stability conditions

@ Intersection

D-stability Condition

oo L F
g




A Numerical Example

2s + 1

s2+s+1

[ Eigenval
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Stability Regions 7




Motivating Example
3° 2° 1°

30

_( s+ 1)(155° — 5005 + 1p) jz
[h(s) G2+ )(s+5) ]..

=10t

Summary 2 : D-Stability Condition
* Complicated but straightforward 1
* Usetul for some control performances

Im  20- \ %
104 s, Y e
Becssiondin Ol 2 3 4 5
Re e R
10+ -
_20_
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OUTLINE

3. Robust Stability Analysis




Multiplicative Perturbations

H(s) = (I 4+ A(s)) - h(s)

{ Nominal : Homogeneous

= = o - -




Three Classes of Perturbations

Multiplicative Perturbation:
H(s) = (I 4+ A(s)) - h(s)

Three Classes:

Full perturbation:

Ay 1= {A() €Ap | [[Alleo <1/7}
Heterogeneous:

Agy = {A(s) € Ay | A(s) : diagonal }
Homogeneous:

A, = {A(s) € Ay | A(s) =6(s)1 }




Ar(s) 272

2T 171 HAGB)—~ T J’wT

O_'h(S)I o),
N\

T ) A « T—l .
ur yr

NpER i = alEg

A: diagonalizable



Homogeneous Perturbations

Polyak, Tsypkin (1996)
Ar(s)

2T 0 ( 8) I/ TUT

o1 diag{\;} ]—W

wp — 2 diag{l)‘h(s) }

Complementary Sensitivity function (h(s), Ai)



Robust Stability Condition for

Homogeneous Perturbations

H(s) = (1 4 6(s)) - h(s)I

! Small Gain Criterion
Theorem: The following three conditions are equivalent.

(i) The system is robustly stable for AM.

(ii) <~v, YVA€o(A)

=5l
(iii) ¢i)\ <v, YVA€o(A),

Voed ={1/h(jw)l weR }.




A . Normal (7 = U: Unitary Matrix)

A € R"X" is normal, i.e., ATA= AAT

[AT(s)]loo < 1/5

* Symmetric

% -
zZ7 U* —A(s) U w Skew .
J Symmetric
O—h(s)I & * Circulant
N = diag{)\;}
U A U*
ur yr

Sufficiency: small gain condition

Necessity: worst case A(s) = 6(s)I




Robust Stability Condition for

Full Perturbations

Hara, Tanaka, Iwasaki (ACC2010)

Assumption
A € R" " is normal, i.e., ATA= AAT

Theorem: The following three conditions are equivalent.

(i) The system is robustly stable for A.
(ii)

vV A€ o(A
|1—MJ <7 co(4)

A
(i) |5 < YA€),

Voed ={1/h(jw)l weR }.




Heterogeneous Perturbations

A(s) = diag{d;(s)}

VD = diag{d;} > 0 s.t. DA(s)D™1 = A(s)

DAD L is normal _ ATl < 1/y
e — LD | , ) i :

|

|

le
Q—'h(S)I o,

yr




Robust Stability Condition for

Heterogeneous Perturbations

Assumption

B dicgonalisit DA s normal

Theorem: The following three conditions are equivalent.

(i) The system is robustly stable for Ag,.
(ii)

VA€ oA
=5l < YA

A
(i) |5 < YA€),

Voed ={1/h(jw)l weR }.




Coprime Factor Perturbations (1/2)

G(s) := { 1;1 } (I —h(s)A)™1 [ h(s)I 1 }
I A=U0*AU
G(s) = | (gk CI) ] [ /I\ ] (I — h(s)N) 1

:h(s)l Jug c])]

A
1

(L=hrN)1 R 1] <,

o0

nwmw@|{

V€o(A)




Coprime Factor Perturbations (2/2)




Analytic Expressions by QE
‘ f EI
D

h(s) =1/(s®>+2s+ 1)
| y=2+y AN
Summary 3 : Robust Stability Condltlons
Class of 4 & Class of 4 3
*Small gain (Hoo-norm) condition is
necessary & sufficient
= D-scaling technique is quite useful
"Some applications
bio-systems
+ (8x> 4+ 62 — 30z — 1)y~ 0
(1623 — 2422 — 152 — 2)z > 0 ;_Ag_%_ 0 |




OUTLINE

4. Application to Gene Regulatory

Networks




An Application - Biological rhythms

Motivation e -

e Biological rhythms
— 24h-cycle, heart beat, sleep cycle etc.

— caused by periodic oscillations of protein concentrati
ons in Gene Requlatory Networks

« Medical and engineering applications

— Atrtificially engineered biological oscillators
(e.g.) Repressilator [Elowitz & Leibler, Nature, 2000]

protein D
protein C
Gene A . ‘ Gene D l Gene G
protein A Ia orotein G TGene |
_ - ene

Gene
4m protein F

37



Gene Regulatory Network Systems

 Biological rhythms: 24h-cycle, heart beat

. . . . . . ;”f
periodic oscillations of protein concentration: »

in Gene Requlatory Networks

—

* Protein synthesis : transcription & translation

=

=

—
trERNSERIIeON

E

=
(R EY

j

| Ligos?§§ i gi

trisansiatiom

ac?lva te or repress

Cycli




Convergence or Oscillations ?

e Numerical simulations
— Changing chemical parameters

it AT XS XN TR
§ | Local Stability | s 0 Local Instability |
S Ll s ) ‘
c c 1
) ()
&) &)
c cC
o o .
O O

Time [s] Time [s]

Q7: What are the conditions for convergence
and the existence of oscillations ?

Nonlinear Analysis




Gene Regulatory Network Model

gene model (¢=1,---,N)

=T
i Tyl _ |74 0 f( ) Di—1 * mz
dt|Pi C,,;; —b; \Pi—1 ~¢ I
p
a;, b = e Degradation rates 5 v

(1/Time constants)

¢;, B; > O © Production rates

O—IO-> >0

f;(p;—1) :Hill function

(Mono. increasing for activation)

filpea) =9 = 101
1+ p? (Mono. decreasing for repression)




Linearized Gene Network Model

Each gene’s dynamics

— 1
hs) = (Tos + 1)(Tys + 1)

N

0 g
1 h(s)In
K <
H

0 0 0 Rzl (p%)]
R3f5(p%) 0 0 0

0 R3fi(p) O 0

0 0 Lo Rzzv N(PN) 0

Interaction structure

OHOH = =0

Protein concentration

e: eigenvalue

il
-
-
-
—

-
-

0(jm)

Protein concentration

8
=
A
2N
o

,
s
K\--\
}& :




Analytic Criteria

. T
 Assumptions: O—HOH .. —|C|> D /cf3
— All interactions are repressive

ase Case 1) /2

Theorem [Hori et al., 09 ’d I y

. : 6iS
The cyclic &F TI!‘I’S; oge IgIKIEN os(%))
: No“' bu tnnts V\’It Q)+u220(51(1)c):os(N)))
whe Ro er|m_ 7/N) — cos(n/N)
EXP cos(m/N)

« Fou al parameters (N, v, R, Q) which
determine the existence of periodic oscillations
e This coincides with [H. E. Samad etal.,05] N=3 ,Q =1



Robust Stability Condition

1
h(s) =
(Tas + 1)(Tys + 1)
: : <Y VA€ o(A)
0 0 0 - &y 1 — AMlleo
ko 0O 0 --- O
A=R?|0 k3 0 --- O
0 0 -y 0 "
. : %
D : diagonal s.t.
)
DAD— ! is normal L
Q . V Ta'l; R e \/618 X
o (Ta+Tb)/2 \/Cbb
N ® : cigenvalue (N=3)
df 1 5
L= H — N X : cigenvalue (N=5)
k=1

More Robust as N,R’,0,L decrease.




Hierarchical Bio—Network Systems

a4 ™
~ +— €--m----------o- \
s . b/
......... %; \g*?‘\;‘ CeII Commumty ‘1 K \5\ ; 44
A ,—, s s "."‘ nf r\ II . 7 . /,/ ///

Summary 4 : Applications to GRNSs
| *We can apply our theoretical results to [
cyclic GRNSs
"We can get new biological insights from |...,
the view point of control

/ Layer 2: CELL
@ Signaling
7 X 7\ Networks

Layer 1: GENE
Regulatory
Networks

,,,,///\

> Subsystem 1 < >: Subsystem 2
/ > Subsystem 3 <>: Subsystem 4
N

Larger Scale
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OUTLINE

5. Nonlinear Stability Analysis




|l inear 2 Nonlinear

Homogeneous

- Heterogeneous
Robust Stability Analysis

Nonlinear Analysis

> N

Interconnection Matrix




(Q S, R) Dissipativity

Definition

A system is called (Q, S, R)-dissipative if there
exists a positive definite function V(x) called
storage function, such that for all x € X

T
V(@(T)) = V(@(0)) < | w(u(®), y(®)) dt

holds for all inputs w € 4 and all finite T' > O,
where w(u,y) is quadratic supply rate given by

w(u,y) =y Qy + 2y’ Su+ u! Ru
with R = R e RmMXm g c RPXmM (O = Q1 ¢ RPXP.

47



Stability for Dissipative Agents

(Hirsch, Hara: IFAC2008)
Agent Dynamics —SISO (@, S, R)-dissipative

T; = fz(ajz) + gz(mz)uz Q = diag{Q;} < 0,
S = diag{s;},
v, = hi(x;) R = diag{R;} > 0.
Theorem (LMI) i V = Zg\le d; - Va}

If 3 a diagonal matrix D > 0 such that /
|

ATDRA+ DSA+ ATSTD 4+ DQ < 0

holds, then the networked system is asymptot-
Ically stable.

If R=0 and S > 0, then
A+ S—1Q/2 : diagonally stable 48



Stability Condition for GRNs

Cyclic Structure with Negative Feedback

oo o ..- -1
1 0 0O --- O _|< >_>_>< )
A=l01 0 --- 0 9 |
_O o .- 1 O_
A+ 5 1Q/2 : :
1 -1/ 0 - O _ > -1 0 --- O
= | o 1 —1/y3 == O diag{1/v}| 0 ~3 -1 .-« O
TR P
Secant Criterion 7 Diagonally Stable

N .
Y1 YN < SGC(’]T/N) (Arcak & Sontag. Automatica, 2006)




Stabilization
Theorem (ILMI)

. X preserves the network structure of A,
since Y is diagonal.



MADS with Cascaded

Dissipative Systems

A class of multi-agent dynamical systems
based on dissipative properties

Sys 1l Sys 2
u diag Z y
> ¥ dia 2 .
{Qi,5;, R;} 9 1%

A |

Interconnection Matrix




Two Cascaded Dissipative Systems

Sys 2

diag {Q;, S;, R} & A=

Stability Condition (LMI)

!

. IN_

_AQ O -

c RQNXQN

Q = diag{Q1, Q2},
S = diag{Sl,Sg},

R = diag{Rl, RQ}

D1@Q1
D151 4+ D2S2A5
0
DoR>A>

D181 + ATS, D5
DoQo
D1 R4
O

0
D1 Ry
o Rk
0

AL Ry D5]
0
0

<0

D1 >0, Dy >0 : diagonal




Gene Regulatory Network

Q = diag{Q1, @2}, T
S = diag{Sq, So}, R =0 EaN
{ Q10> >0
Stability Condition (LMI)
_ D1Q1 D151+ ATDySy <0
51D1 + SoDr A D>Q2

Stabilization Condition (LMI)

Y1Q1 Y181 + X185
S1Y1 + SoX5 Y>Qo

<0 A= Xo¥, !




Dissipative + Integrator

SYs 2 Theorem
1, [ ‘ Suppose R =0 and Q < 0.

Summary 3 : Dissipative Networked Systems
* LMI stability & stabilizability conditions
*Stability and robust stability conditions

15 * D-scaling technique is also useful

*Dissipative - Non-dissipative
-/ . POSILIVE UlidgOlidl S.L.

Asp = DA>D~ 1 is normal. Then,

Ao, Is stable & A, is diagonally stable .




OUTLINE

6. Concluding Remarks




New Framework for System [heory

>h(8)] *diag{hi(s)}—
A B} A B
o cpp © ¢ p} "
1 4h(3)[ o |
. Z(l)I ;] 0 h{pus)I
Multi-
A B .
Y A B U Y c pL U resolved
¢ D Systems
Singular C i\v
2D SyStem Perturbed 56

System



Homogeneous vs Heterogeneous

— Homogeneous |

upper layer |:A 0
Ao

W \eT) =In ® Ao+ KTy 5 To=VoWy

‘ A can be written using Kronecker
lower layer ® prOdUCt

ki1T'o R klMF0:|

knviil'o -+ kmwmlDo

—| Heterogeneous I

upper layer

k11F11 klMFlM

Ay
I )
Anm

= diag {Ax} + KT

@ @ We need Khatori-Rao product (»).

lower la er

leer kMMFMM

57
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Smart Energy NW and Energy Saving

Multi-resolved Hierarchical
Smart Energy Network

Modeling
Electric power network —> Multi-resolved Prediction
+ Gas energy network - Hierarchical Decentralized
Control
= — 154
i i
—
= — #HZR
=y U Tokyo
FRMED B ELBRANE
Ry bDO=2 —— e Tokyo Gas
' . Fujitsu
4 [o 3 Azbll
e L=S0) i :
HR&4

WETIRIVF—Ry FDO—D 58



Harmony with Nature and Social System

Networked Hierarchical
Cyber Physical System

Physical NW Human NW

- -

= o

-
-

Integrated Control NW Economic NW

(Measurement, Prediction & Control) 6
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Framework for Glocal Control
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Image of Glocal Control System

Glocal Adaptor

local reference

Generator for }
commands

|

Desired |
Loca
G|0b§.| ¥__Control
Behavior] input
> —p
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