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Modeling Approaches

White Box

Model structure can be derived
from physical laws

Examples:
» First principle modeling
« Parameter estimation

Interval-Based Identification of Characteristic Curves — European Control Conference (ECC) 2026, Reykjavik, Iceland

Grey Box

Model structure is partially known

Examples:

* First principle modeling
+ Parameter estimation

* Physics informed neural

Black Box

Model structure is unknown and
learned from data

Examples:

*  Maximum likelihood methods
+ Gaussian Process modeling
* Neural networks

networks
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Grey Box

Model structure is partially known

U G(s) Y
x = Ax+ Bu
y=Cx+ Du
Examples:

* First principle modeling
+ Parameter estimation
* Physics informed neural

Black Box

Model structure is unknown and
learned from data

A f@)

Examples:

*+  Maximum likelihood methods
+ Gaussian Process modeling
* Neural networks

networks

Interval-Based Identification of Characteristic Curves — European Control Conference (ECC) 2026, Reykjavik, Iceland
M. Lahme — Carl von Ossietzky Universitat Oldenburg, Department of Computing Science (Group: Distributed Control in Interconnected Syste ms)

- J

& J




Carl von Ossietzky

Universitat
Oldenburg

Guaranteed Uncertainty Bounds

( ) Stochastic Set-based
“s
N\ Y
L} -”
W\
. L
\.-"‘
\ J
Guaranteed uncertainty
bounds
L Not guaranteed ) L Guaranteed )
Slide 6 Interval-Based Identification of Characteristic Curves — European Control Conference (ECC) 2026, Reykjavik, Iceland

July 7, 2026 M. Lahme — Carl von Ossietzky Universitat Oldenburg, Department of Computing Science (Group: Distributed Control in Interconnected Syste ms)




Carl von Ossietzky

Universitat
Oldenburg

Guaranteed Uncertainty Bounds

[yl = |v.7] B
A
| — |
>
B A
] 1
I 1
I 1
I 1
I 1
I 1
1 1
I 1
1 1
I 1
| i
i ; »
>
Slide 7 Interval-Based Identification of Characteristic Curves — European Control Conference (ECC) 2026, Reykjavik, Iceland

July 7, 2026 M. Lahme — Carl von Ossietzky Universitat Oldenburg, Department of Computing Science (Group: Distributed Control in Interconnected Syste ms)




Carl von Ossietzky

Universitat
Oldenburg

ldentification

f(.’L‘) y = f(z)

Y
=

Slide 8 Interval-Based Identification of Characteristic Curves — European Control Conference (ECC) 2026, Reykjavik, Iceland
July 7, 2026 M. Lahme — Carl von Ossietzky Universitat Oldenburg, Department of Computing Science (Group: Distributed Control in Interconnected Syste ms)




Carl von Ossietzky

Universitat
Oldenburg

Slide 9
July 7, 2026

ldentification

[yi]

Y
=

4]

Interval-Based Identification of Characteristic Curves — European Control Conference (ECC) 2026, Reykjavik, Iceland
M. Lahme — Carl von Ossietzky Universitat Oldenburg, Department of Computing Science (Group: Distributed Control in Interconnected Syste ms)



Carl von Ossietzky

Universitat
Oldenburg

Slide 10
July 7, 2026

ldentification

Y
=

4]

Interval-Based Identification of Characteristic Curves — European Control Conference (ECC) 2026, Reykjavik, Iceland
M. Lahme — Carl von Ossietzky Universitat Oldenburg, Department of Computing Science (Group: Distributed Control in Interconnected Syste ms)



Carl von Ossietzky

Universitat
Oldenburg

Slide 11
July 7, 2026

ldentification

Y
=

4]

Interval-Based Identification of Characteristic Curves — European Control Conference (ECC) 2026, Reykjavik, Iceland
M. Lahme — Carl von Ossietzky Universitat Oldenburg, Department of Computing Science (Group: Distributed Control in Interconnected Syste ms)



Carl von Ossietzky

Universitat
Oldenburg

ldentification

f(.’L‘) y = f(z)

Vo €[], Fy € [yi], st.y=f(x)

|
\ :
T f
v\
!
~ ! (i+1) * Cmin [ =
i ~—_ | — Vo* € (max {z;,z; .1} ; min{Z;, Zi11}],
7 :
T~ (f(z") € WD Af(@") € [pira])
B S : S~
|
| -
| :
. !
i : ! » U
: -
4] :
IL‘*
Slide 12 Interval-Based Identification of Characteristic Curves — European Control Conference (ECC) 2026, Reykjavik, Iceland

July 7, 2026 M. Lahme — Carl von Ossietzky Universitat Oldenburg, Department of Computing Science (Group: Distributed Control in Interconnected Syste ms)




Carl von Ossietzky

Universitat
Oldenburg

ldentification

f () y = f(z)

Vo € [z;], Jy € [yi], st.y=f(21)

(i +1) Va* € [max {z;, 2y, b5 min {T;, T }]

~ (f(x*) € [ A(f(=*) € [yisa))
| —~ ﬂ

fa®) € (lyil O lyisal)

Y
=

Slide 13 Interval-Based Identification of Characteristic Curves — European Control Conference (ECC) 2026, Reykjavik, Iceland
July 7, 2026 M. Lahme — Carl von Ossietzky Universitat Oldenburg, Department of Computing Science (Group: Distributed Control in Interconnected Syste ms)




Carl von Ossietzky

Universitat
Oldenburg

|dentification Crt

I [}
I [}
| ] > T » T

1 : ]

I T 1
. 1
A

sk
xT
Slide 14 Interval-Based Identification of Characteristic Curves — European Control Conference (ECC) 2026, Reykjavik, Iceland

July 7, 2026 M. Lahme — Carl von Ossietzky Universitat Oldenburg, Department of Computing Science (Group: Distributed Control in Interconnected Syste ms)




Carl von Ossietzky

Universitat
Oldenburg

ldentification

A
Contractor
S ¢ ([a]) V], C([a]) C [a]
Via], C(la])) NS =]a|NS
la]
» L1
Slide 15 Interval-Based Identification of Characteristic Curves — European Control Conference (ECC) 2026, Reykjavik, Iceland

July 7, 2026 M. Lahme — Carl von Ossietzky Universitat Oldenburg, Department of Computing Science (Group: Distributed Control in Interconnected Syste ms)




Carl von Ossietzky

Universitat
Oldenburg

ldentification

g Measurements h f(x)

:B&t)

/
\H

: »
Interval Observer o
x(t)
&// < 1) =la) - [«
dx
>1 f(x) € [f]([z])

- /

Slide 16 Interval-Based Identification of Characteristic Curves — European Control Conference (ECC) 2026, Reykjavik, Iceland
July 7, 2026 M. Lahme — Carl von Ossietzky Universitat Oldenburg, Department of Computing Science (Group: Distributed Control in Interconnected Syste ms)




Carl von Ossietzky

Universitat
Oldenburg

ldentification

—|—> Syj;tlem —’—5

{ts ym}
)

Interval
Observer

CI nt

For every time-step

Slide 17 Interval-Based Identification of Characteristic Curves — European Control Conference (ECC) 2026, Reykjavik, Iceland
July 7, 2026 M. Lahme — Carl von Ossietzky Universitat Oldenburg, Department of Computing Science (Group: Distributed Control in Interconnected Syste ms)




Carl von Ossietzky

Universitat
Oldenburg

ldentification

4 J— N

—|—> Syj;tlem —’—>

{s ym}
'}

e | o, Hm x mH . }

For every time-step

Slide 18 Interval-Based Identification of Characteristic Curves — European Control Conference (ECC) 2026, Reykjavik, Iceland
July 7, 2026 M. Lahme — Carl von Ossietzky Universitat Oldenburg, Department of Computing Science (Group: Distributed Control in Interconnected Syste ms)




Carl von Ossietzky

Universitat
Oldenburg

Forward-Backward-Contractor

Constraint;:

a=b+c—d

a € lal,b e [b]
c€ld,d e [d]

New information:

Ym = G
‘ J ]

Slide 19 Interval-Based Identification of Characteristic Curves — European Control Conference (ECC) 2026, Reykjavik, Iceland
July 7, 2026 M. Lahme — Carl von Ossietzky Universitat Oldenburg, Department of Computing Science (Group: Distributed Control in Interconnected Syste ms)




Carl von Ossietzky

Universitat
Oldenburg

Computational Effort

A A
(t1) overestimation
AN <t3) |
\ ) \‘. \ l
\\ \‘
~~_ —L_
A
(ta) “
(ts)

> . T

overestimation < threshold
number of boxes < threshold

Slide 20 Interval-Based Identification of Characteristic Curves — European Control Conference (ECC) 2026, Reykjavik, Iceland
July 7, 2026 M. Lahme — Carl von Ossietzky Universitat Oldenburg, Department of Computing Science (Group: Distributed Control in Interconnected Syste ms)




Carl von Ossietzky

Universitat
Oldenburg

Computational Effort

/[ |
/

/
/

/
/
SNV

8
Y
8

Slide 21 Interval-Based Identification of Characteristic Curves — European Control Conference (ECC) 2026, Reykjavik, Iceland
July 7, 2026 M. Lahme — Carl von Ossietzky Universitat Oldenburg, Department of Computing Science (Group: Distributed Control in Interconnected Syste ms)




Carl von Ossietzky

Universitat
Oldenburg

Computational Effort

8
Y
8

Slide 22 Interval-Based Identification of Characteristic Curves — European Control Conference (ECC) 2026, Reykjavik, Iceland
July 7, 2026 M. Lahme — Carl von Ossietzky Universitat Oldenburg, Department of Computing Science (Group: Distributed Control in Interconnected Syste ms)




Carl von Ossietzky

Universitat
Oldenburg

Example: Lithium-lon Battery

a1 : State of charge (T
9 1 UTS Ym -+ UT
I3 U],
\j
— — — 1 —
0 0 0 O
. 1 1
x= |0 Crs(z1)Rrs(z1) 0 X+ | Crs(a) | U voc = 1 (1) 21
0 0 _ 1 __1
i Crr(z1)RrL(z1) | Crr(x1) |
Yy = [?7 (1) -1 —1} X
Slide 23 Interval-Based Identification of Characteristic Curves — European Control Conference (ECC) 2026, Reykjavik, Iceland

July 7, 2026 M. Lahme — Carl von Ossietzky Universitat Oldenburg, Department of Computing Science (Group: Distributed Control in Interconnected Syste ms)




Carl von Ossietzky

Universitat

Oldenburg
Example: Lithium-lon Battery

0-
Ay
:;‘i 01}
-0.15 F As
4 -3.5 -3 Aij(g) ijs—l -1.5 -1 -U.iuﬁ
3 3
A(lo(t)]) € JA(Q]A(Q) = ZICL-AL; ZIC,, =1;¢>0
= L=

Interval-Based Identification of Characteristic Curves — European Control Conference (ECC) 2026, Reykjavik, Iceland
M. Lahme — Carl von Ossietzky Universitat Oldenburg, Department of Computing Science (Group: Distributed Control in Interconnected Syste ms)

Slide 24
July 7, 2026




Carl von Ossietzky

Universitat
Oldenburg

Example: Lithium-lon Battery

’y:[”fl(fﬁl) —1 —1]x

n(x1) € [e11]

True Estimate

[c11] [1.54,23.59] [—50,50]
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Example: Lithium-lon Battery

Crr1 = TAGXy, + TBauy + Ly — CXp) + Ay,
X = Cj, + Ny

= TAdgk + TBquy, + L(yk; - Cik) + ék

Z. Wang, C.-C. Lim, and Y. Shen, “Interval Observer Design For Uncertain Discrete-Time Linear Systems,” Systems & Control Letters, vol. 116, pp. 41-46, 2018.
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Example: Lithium-lon Battery

Constraint:

lvr] = [en1] [z1] — [@2] — [23]

New information:
Ym = UT
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Example: Lithium-lon Battery
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Example: Lithium-lon Battery
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Conclusions

Obiective Uncertainty Obtaining Improving the
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Challenges and Future Work

— Precise state estimation (Wrapping effect)
— State observer design

— ldentifying functions with £(0) # 0

— Extension to nonlinearities that depend on multiple state variables

— Extension to functions with f(0) = 0
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Questions?

Marit Lahme
marit.lahme@uni-oldenburg.de

www.uol.de/en/computingscience/dcis
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