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Dynamic networks
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Module representation

1; external excitation
V; process noise

w; node signal

Gij module
0
G
G=|7
Gy

‘ GL—l,L
Grr-1 0

v = He, white noise e

w(t) = G(g) w(t) + R(q) r(t) + H(q) e(t)

3 P.M.J. Van den Hof et al (2013)
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Identification in dynamic networks

Topology estimation

D. Materassi & G. Innocenti (2010)
A. Chiuso & G. Pillonetto (2012)

Full network identification

J. Gongalves et al (2007)
H. H. M. Weerts et al (2018b) ra

Local network identification

P. M. J. Van den Hof et al (2013)

D. Materassi & M. V. Salapaka (2015)
A. Dankers et al (2016)

M. Gevers et al (2018)

K. R. Ramaswamy & P. M. J. Van den Hof (2019)

Identifiability
H. H. M. Weerts et al (2015, 2018a)
H. J. van Waarde et al (2018)
M. Gevers et al (2019)
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Physical systems

All-Atom
(a)

GND

\
Eyeballs— =4

[ Uppe:‘r lorso ]
L3

:: % Gb % H:"- Arms and shoulders

5 -
Spinal col —
Spinal column Thorax-abdomen

(stiff elasticity)

L
it Pt
5

=
=
" =
3
-1

i
Applied force _—_»I\_—gf_l—_;if“

Vibrating platform

5 Protein structure: Kmiecik et al (2018)
Human body: M.P. Norton (1989)

Power grid: X. Xiong and J. Wang (2011)
Hydrocarbon reservoirs: Mansoori (2014)

TU/e



Basics of physical interconnections

No pre-determined direction of information(!

*\\\®

Resistor Spring

1
1=§(V1_V2) F =K(x; —x3)

Interaction through difference of node signals:| Diffusive coupling

6 [1] J.C. Willems (2010) TU/e



Identification in physical systems?

7 A dynamic network approach to identification of physical systems
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Mass-spring-damper system

Masses Mj

Springs Kj

Input u;

Positions w; (t)

Mw,[t) + 1, w,(t)H ] ) k(wj(t) —M‘1K

v

Q‘%V)l + {(ﬁ]\% (ty + Y ‘/V(‘%} (w] (t) — wy (t)) = u;(t)
W3 i

Wy Ki; + K3 _K12 _K13
Wy | + —Ki» K, uz
W3 _K13 0

10 A dynamic network approach to identification of physical systems TU/e



Mass-spring-damper system

e Masses Mj

* Springs Kj

* Inputy;

* Positions w;(t)

Mw(t)+ D, w(t) + Kow(t)+ D w(t) + Kw(t) = u(t)
(Mp*+Dyp+ Ky w(t) + (D p+ K)w(t) = u(t)

B(p) w(t) + A(p) w(t) = u(t) any order

11 A dynamic network approach to identification of physical systems TU/e



Physical network

[B(p) + A(@)] w(t) = u(t) [Q(p) — P(p)] w(®) = u(t)

B(p) diagonal polynomial Q(p) diagonal polynomial

A(p) Laplacian polynomial P(p) hollow, symmetric polynomial
Q11 = My p® + D15 p + (Kio + K1z + Ki3) Q: elements related to node

Q22 = Mz p* + (D20 + D23) p + K12 P: elements in interconnection

Q33 = M3 p* + (D15 + )p + K3

0 K1, p+ K3
p+ K3 p 0

12 A dynamic network approach to identification of physical systems TU/e



Discretisation

[Q(p) — P(p)] w(t) = u(t)
Q(p) diagonal polynomial
P(p) hollow, symmetric polynomial

dw(t) w(tqTs) —w((tg — DTy)
dt T,

[Q(q) — P(@] w(t) = u(t)
Q(q) diagonal polynomial
P(q) hollow, symmetric polynomial

13 J. Ramos et al (2013) TU/e



Inputs

[Q(q) — P(@] w(t) = u(t)
Q(q) diagonal polynomial
P(q) hollow, symmetric polynomial

[Q(q) — P(q)] w(t) = F r(t) + C(q) e(t)

Q(q) diagonal polynomial

P(q) hollow, symmetric polynomial
F  diagonal, binary

C(g) monic, stable, stably invertible

14 A dynamic network approach to identification of physical systems TU/e
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Module representation

P(g) hollow, symmetric

1Q(q) — P(@)]w(t) = Fr(t) + C(q) e(t) 0(q), F diagonal

w(t) = Q HQP(@ wt) + QT @F r(t) + Q71 (q)C(q)e(t)

Module representation

w(t) = (@ w(t) + R(q) r(t) + H(q) e(t) ~ G(a) hollow

R(q) diagonal

Physical networks are module representations with additional
structural conditions

16 A dynamic network approach to identification of physical systems TU/e



Module representation

G(q) = Q1 (qP(Q
R(q) = Q' (q)F

(: elements related to node
P: elements in interconnection

Node interactions in pairs of modules

Framework for network identification remains the same

Incorporated symmetry in identification

17 A dynamic network approach to identification of physical systems TU/e
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Data generating network

Q°(q) w(t) = P°(q) w(t) + F'r(t) + €°(q) e(t)

Q°(g) diagonal polynomial

P°(g) hollow, symmetric polynomial
F° diagonal, binary, known

C°(g) monic, stable, stably invertible

w(t) = 6°(q) w(t) + R°(q) () + HO(q) e(®)
6°() = (@) (@P°(9) 0°(0) = 1im0°(2)

R°(q) = (@°)'(@)F°
H°(g9) = (Q°) 1 (¢)Q°()C°(q) monic, stable, stably invertible

19 Identification in diffusively coupled physical networks TU/e



Parameterised model

w(t) = G(q,0) w(t) + R(q,0) r(t) + H(q,0) e(t)

G(q,0) =Q '(q,0)P(q,6)
R(q,0) =Q'(q,0)F
H(q,0) = Q7 '(q,0)Q(,0)C(q,6)

Q(q,0) diagonal polynomial

P(g,0) hollow, symmetric polynomial
F diagonal, binary, known
C(g,0) monic, stable, stably invertible
Q(,0) = ZIHEOQ(Z’ @) diagonal

20 [1] H. H. M. Weerts (2018a) TU/e



Consistency

Consistent estimates of
G(q' HN)' R(CI» HN)J H(CI; HN)
by the joint-direct method*! with identification criterion

N
~ 1
_ = T
Oy = arg QONZ e (t,0)e(t,0)
t=

with prediction error
£(t,0) = Q' (0,0)C""(q,0) ([Q(q,0) — P(q,0)]w(t) — Fr(t))

and under general conditions.

21 [1] H. H. M. Weerts (2018a) TU/e



Consistency

If in addition
Q°(g) and P°(q) left co-prime
F° = 0 (atleast 1 7;(¢))

then also consistent estimates of

Q(q' é\N)' P(C[, é\N)' C(q' éN)

G¢°(q) = (Q@°)"'(¢)P°(q)
R°(q) = (Q°)"'(q)F°
H°(q) = (Q°)™'(¢)Q°(0)C°(q)

22 Identification in diffusively coupled physical networks
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Optimisation

In general non-affine in 8 = non-convex optimisation

e(t,0) = Q" (0,0)C™"(q,0) ([Q(q,6) — P(q, )]w(t) — Fr(t))

Linear regression if C°(q)Q° () =1

e(t,6) = [Q(q,0) — P(q,O)lw(t) — Fr(t)

v

T ()6

23 Identification in diffusively coupled physical networks TU/e
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Local network identification

|dentification of one physical interconnection

Identification of two modules G, and Gy

Which node signals to measure?

25 A dynamic network approach to identification of physical systems TU/e



Which signals to measure?

Conditions for invariance of Gj!*:
1. All parallel paths need to contain a measured node

2. All loops around the output need to contain a measured node

26 [1] A. Dankers et al (2016) TU/e



Which signals to measure?

Conditions for invariance of G;, and Gy;:

All neighbour node signals of w;(t) and wy(t) need to be measured

Local identification on the basis of local signals

27 ldentification in diffusively coupled physical networks TU/e



EINDHOVEN
UNIVERSITY OF
TECHNOLOGY

Contents

Physical network
Module representation
Full network identification

Local network identification

TU/e



Summary

Physical networks = module representations + structural conditions

Full network identification:

Consistency
Non-convex optimisation
Linear regression in special case: C(q)Q() =1

Local network identification:

Single interconnection

Neighbour node signals

29 Identification in diffusively coupled physical networks TU/e
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