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Introduction
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Linear dynamic networks
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B D. Materassi and G. Innocenti (2010): Stock market. B TutorialsPoint.com: Artificial neural network.

M D.A. Rudnick & et al (2012): Ecology, habitat patches. M StockPhotoSecrets.com: Social network grid.
M J. Farrell (2011): Democratised electricity system. B S.J. Mason (1956): Electric circuit.
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Representations

Module representation: State-space form:

wi(t) = ) Giw;(t) +1;(t) x(t +1) = Ax(t) + Bu(t)




Research question & approach

Are the module representation and the state-space form
equivalent?

Can they be transformed into one another without losing
any information?

* Module dynamic network
 Abstraction
 Realisation
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Module dynamic network
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Module dynamic network

w; () = z (@wi®) + ) Ry (m(®

k -
Ri1  Rik

wy () lGn _L] wi ()

Gpy o Grl|wi(8)

_WL.(t)_

w(t) =Gw(t)+ Rr(t)




Module dynamic network

w(t) = Gw(t) +Rr(t)
x(t+1)=Ax(t) +Br(t)

w; () = 2 Gii(wi(t) + Z (@7 (6)

0 —Zq LG, D) +Zq B, Im(6)

State-space dynamic network
- all x;(t) are w;(t)

* Gji(q) = q A, 1)
Rix(q) = q7'B(j, k)




Module dynamic network

« Node = measurable state
« Module = transfer

 Hidden state
— Unmeasurable state
— Hidden in a module

« Shared hidden state?!
— Single physical state
— Hidden in multiple modules

1 S. Warnick. (2015). Shared hidden state and network representations of interconnected dynamical
systems. In 2015 53rd Allerton Conference on Communication, Control, and Computing, 25-32. T U e



Module dynamic network

w(t) =Gw(t)+ Rr(t)
wit)=U—-6)"tRr(t)

* Equal: (G1,R,) = (Gy, R3)
e Equivalent: (I — G,)"*R, = (1 -G,)" 'R,




Abstraction
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Abstraction?

wy(t) = Ry (t)| Immersion
wo(t) = Goawy ()
w3 (t) = Ggiwy(t)

VAG] 0 0 07[wi®] Ry,
w, (t) =[Gz1 0 O] wo(E) |+ 0 |1 (t)
ws(t)] LGz1 0 01wy (t) 0

1 N. Woodbury, A. Dankers and S. Warnick. (2017). On the well-posedness of Iti networks.
In 2017 56th IEEE Conference on Decision and Control (CDC), 4813-4818. T U e



Immersion?

 Lift path
 Delete node
 Merge modules

e
GS’Z GZl J32

dynamic models in complex networks with prediction error methods: Predictor input selection. IEEE

1 A. Dankers, P.M.J. van den Hof, X. Bombois and P.S.C. Heuberger (2016). Identification of T U
Transactions on Automatic Control, 61(4), 937-952. e



Single-path immersion

New module per path
SISO structure preserved
Shared hidden states
Network structure changed




Multi-path immersion

« Single new module
 MIMO structure

* No shared hidden states

* Network structure preserved




Multi-path immersion

« Single new module
 MIMO structure

* No shared hidden states

* Network structure preserved
« Constructing sub-networks
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Realisation
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Realisation

State-space realisation
Turn all states into nodes
Find the new modules
Non-unique

Wy




Realisation

e More nodes




Realisation

« Same number of nodes




Generic McMillan degree
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Generic McMillan degree

* McMillan degree for almost all choices of parameters
(all choices except for a set of measure 0)
— No special situations

(q —01)

(q —6)(q — 63)
* Independent modules LT B
— Shared hidden states not taken into account

G(q,0) =

 The degree of a
i Allan degre



Results
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Results

Are the module representation and the state-space form
equivalent?

Can they be transformed into one another without losing
any information?

« Same framework
— Module dynamic network
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Results

Are the module representation and the state-space form
equivalent?

Can they be transformed into one another without losing
any information?

« State-space form - Equivalent module representation
— Lose structural information between hidden states
— Same generic McMillan degree if multi-path immersion

* Module representation - Equivalent state-space form

— Non-unique
— Same generic McMillan degree if minimal realisations
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ldentification

SISO MIMO
modules modules

Hidden states

Topology not completely
identifiable

Shared hidden states

Higher generic McMillan
degree
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ldentification




Summary
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Summary

* Module representation < state space form
* Module dynamic network
« Abstraction
— State-space form — module representation
— Multi-path immersion
« Realisation
— Module representation — state-space form
— Minimal realisations

* Result
— Module dynamic network for system identification

TU/e




On representations of
linear dynamic networks

E.M.M. Kivits
Paul M.J. Van den Hof

18th IFAC Symposium on System ldentification,
11 July 2018, Stockholm, Sweden

QRN T U Technische Universiteit
Eindhoven
eI'C University of Technology

European Research Council
Where innovation starts




Appendix
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Continuous time

* Discrete time
x(t+1) = Ax(t) + Bu(t)
gx(t) = Ax(t) + Bu(t)
x(t) = g tAx(t) + g Bu(t)

e Continuous time
x(t) = Ax(t) + Bu(t)
sX(s) = AX(s) + BU(s)
X(s) =stAX(s) + s tBU(s)
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Disturbances & General measurements
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Disturbances & General measurements

w(t) =Gw(t)+Rr(t) + He(t)
y(t) = Cw(t) + D" r(t) + D° S(t)

w; () = Z (@) + Z Rit(@)rie(®) + Z Hip (@)ep(8)
Y (£) = Z Cni(Dwi() + Z D ()1() + Z Diun(0)3n(8)
x(t+1)=Ax(t)+ B" r(t) + B¢ e(t)

y(t) =Cx(t)+ D" r(t) + D° s(t)

K P

() = Zq L (@) + Z T B(@m(®) + Z T B (@)ey(®)

Ym(6) = Z Cmi(1:(8) + Z D ()T + Z Din(@)3n(8)
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Disturbances & General measurements
w; () = Xiz Gi(@Qwi(t) + Xi=q Rix (@Orie () + Xp=1 Hyp (@)ep (8)
Yn(@®) = Xic1 Cni(@Qw; () + YRz Diie (@1 () + Xn=1 D (@) 5, ()

X (t) = Xieq @ M A (@x () + o1 a7 B (@ne(8) + Xp—1 a7 ' Bf,(0)ep ()
Ym () = Xizq Cmi(@)x(t) + Xitoq Dipe (@1 (8) + Xf=1 D (@) 5n ()

State-space dynamic network
- all x;(¢) are w;(t) (unmeasurable nodes)

* Gji(q@) =q7AG, D)

* Rix(@) =q7'B"(j, k)

* Hj,(q) = q 'B°(j,p)

- all y;(¢) are directly measurable nodes

- all y;(¢) are static combinations of x;(t), r,(t), and s, (t)
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Disturbances & General measurements




Module dynamic network
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