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Application example: hot rolling process
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Outline

Optimal control of edger position in roughing mills
Formulation of state problem
Formulation of optimization problem
Sensitivity analysis with direct differentiation
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Hot rolling — governing equations

= modeling hot rolling process leads to nonlinear hyperbolic IBVP
ouw—V-P(u)=0 in Q2 x (0,7)
+ ICs + symmetry BCs + contact BCs

= frictional contact between slab and rolls described by complementarity conditions or
subdifferentials of indicator functions [Pietrzak, Curnier (1999)]
» normal: impenetrability and compressive contact pressure
» tangential: relative movement of contacting bodies restricted due to Coulomb friction law
= elasto-viscoplastic material model with nonlinear hardening [Simo (1988)]
» based on multiplicative split of deformation gradient into elastic and viscoplastic parts
» plastic yielding described by system of nonlinear ODEs and complementarity conditions
= weak form after Augmented Lagrangian regularization of contact forces

L (ult) )+ P (ult)m) + Fu®) A0 A () =0 ¥neV

v—{ve[n' @] vn =oonr, |
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Optimal control of edger position in roughing mills

= slab head /tail will be cut off at =, /xz; after leaving the roughing mill
= slab shape should in the end be as rectangular as possible

= slab should have a prescribed end width w,,,;

= underwidth much more critical than overwidth

= control ¢(t): zo-position of edger over time interval [0, T’

= assumption: ¢ Lipschitz continuous, i.e. ¢ € C%(0,7T)

G. Leugering (guenter.leugering@fau.de) -  Industrial applications Benasque PDE VII
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Cost function and constraints

Tt I, xp, , 1

min j(C], X, xh) — 4VQ(‘S<(]>) - (xh - xt>wouth0ut + QqR<Q)

(q,2¢, ) € Qua

Qua = { (q, z¢, 71) € CUH0, T) x Rx R
u(T) = 8(q) solves the hot rolling problem,
1+ u(T)(x) <2 — oy Vo €Ty,
n+ap <z +u(T)(x) Ve ely,
SWout < 22+ ws(T)(x) Va €T 1+ wi(T) (@) € [z, 1),
—a; <q<al,
— 1AWy < ¢ < —%A’wmm}
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Regularization of non-differentiabilities

= gradient-based optimization algorithms require cost functional and constraints to be
continuously differentiable with respect to the design variables

= problem: control-to-observation map S : C"(0,T) — V is not differentiable due to
changes of state (elastic «» plastic, separation <> contact, stick < slip)
= solution: regularization of non-differentiabilities

» similar approaches used in [Duvaut, Lions (1976)], [Eck (1996)], [Wachsmuth (2012)]
» typical example: replace min{c, - }, ¢ = const., by smooth regularization, e.g.

.

z if 2 <c—e¢,
: 1
mmg(c;z):<—4—[z—c—5]z+c if 2 € (c—e,c+e),
£
C ifz>c+e

\

» result: regularized hot rolling problem

j—;(@ru(w n) + F7(ult),n) + F(u(t), A (), A (1),n) =0 VneV

» use regularized control-to-observation map &° to replace S in optimization problem
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Sensitivity analysis with direct differentiation

= # (design variables) < # (constraints), path-dependent state problem

= consequence: Direct Differentiation Method (DDM), e.qg. by [Kowalczyk (2006)], in
this case more efficient and less memory-consuming than adjoint methods

= sensitivities are computed simultaneously with solution of state problem

d’ r 0,€ Tc,Ee
5 (0" u(t) [n) + P (u(t), n) + Fo5(u(t), (D), A-(t),m) =0 Vn eV
U (spatial & temporal discretization)
L — o 9 ~ 7 ~ a.e inearization
mM’Um + (1 —ay) {F0’5<un) + F (U, Ay, )\T,n)} = e neanzton
N n
U (direct differentiation)

1 — « du dEF°< dﬁc,a dl/_ﬁms

— M - I — An An )\l/n ATH — Lt
Bu(AL,)? " dq ( Oéf)[ dq (@) + dq (tn; Aviny Arn) dq

=g =[q(t]), ... q(t%q)}T results from piecewise linear time discretization of control ¢
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Numerical results
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Roughing mill — simulation
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Optimal control of edger position in roughing mills

= control: z,-position of edgers, piecewise linear discretization (n, = 29)
= curvature regularization: g, = 0.01

= optimizer: SNOPT (gradient-based SQP algorithm)

= goal: final width w,,; = 1.289 m
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Final slab shape with constant initial control

= control: z,-position of edgers, piecewise linear discretization (n, = 29)
= plot: minimal width of slab over position z7 at final time 7' = 3.3

= red lines: x;-position of cutting planes, final width w,,;, = 1.289 m

= useable volume: 64.98%
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Final slab shape with optimal control

= control: z,-position of edgers, piecewise linear discretization (n, = 29)

= plot: minimal width of slab over position z7 at final time 7' = 3.3

= red lines: x;-position of cutting planes, final width w,,;, = 1.289 m

= useable volume:
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Conclusion and outlook
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Conclusion and outlook

goals achieved:

= application example for model-based control of dynamic frictional contact problems:
optimization of slab shapes in hot rolling process

= mathematically consistent approach: regularization of non-differentiabilities before
calculation of sensitivities with DDM

= implementation of solution schemes and numerical results for real-world examples

useful extensions and open questions:
= application of model reduction techniques to reduce high computation times

= relation between regularized and original state problem, regularity of regularized
control-to-observation map &° and behavior for ¢ — 0

We gratefully acknowledge funding by SI E M E N S
Siemens AG, Metals Technologies. v A I %
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Importance of the planning phase

100%
Degree of inflluence
80% - .
° Lifecycle costs
60% -
Interest & Pay-off
40% -
Operating costs
20% -
Construction costs
Planning costs

5 10 15 20 25 30

Engineering/Planning Construction Operation
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Complexity of the planning process

e Many degrees of freedom:

e Geometry
e Dimensions
e Materials

e Big leverage of the decisions

e Many side constraints and dependencies

e Current trends to extend the scope of planning:

e Sustainability
e Life cycle
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Challenges in the planning phase

Difficulties

e Transformation of requirements e Many specialized planners with
into concrete planning results different know-how and focus
e Optimization of e High complexity:
e Design e Limited amount of
o Equipment e Successive decision-making
e Costs e Missing feedback loops
° Appowﬂ:ments ® Opt|m|zat|0n Of SUbtaSkS
over the life cycle e Limited time
o Settlng the course for optlmal PS Changing side constraints

construction and operation
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Optimization problem

Adherence to
side-constraints

Choice of suitable
decision parameters

Planning problem

Ecology

Sustainability

Minimization / Maximization problem

with a composed objective function

Economy

Social impact
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Goals and Vision of LeOpln

Advancement of the method to a tool mature for practical application:

e Holistic judgement of planning decisions

e Simple evidence for the impact of changes in the plan

e Integrated optimization of planning objects over the life cycle

e Reduction of the investment costs
e Considerable reduction of operation costs for the customer

e Acceleration of the planning process

—> The aim is not to replace the civil engineer
but to assist him in finding holistic solutions!
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Strategy of LeOpln

Development of the methodology based on specific application scenarios:

High-pressure pipe system Building
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Application to buildings

allg. Unterricht

Informatik

Werkraum
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Application to power plants
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Characteristics of the application scenarios

High-pressure pipe system Building

e Defined side constraints
and parameters

e Defined physics
e Structural mechanics
e Fluid mechanics
e Heat transmission
e Material degradation

e Well-defined decision variables:

e Line routing

e Pipe thickness
e Hanger location
e Welding joints
e Pipe bendings

e Combination challenging

e Side constraints
and parameters still unclear

e Easy physics:
e Heat transmission
e Lighting
e Fluid mechanics
e Structural mechanics
of minor importance

e Complex, coupled
decision variables:
e Shape of the building
e Room, area, element location
e Choice of product for the fagade
o TGA

e Abstraction challenging
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Challenges in LeOpln

Scienctific research groups Bilfinger

e Complex, unstructured problem e Reflection of the planning
process
e Hierarchical approach with e |dentification and weighting of
feedback function from lower side constraints, dependencies,
levels influences
e Connection of optimization e Generalization to enable the
methods and physical modelling application of mathematical

optimization methods
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High Pressure Pipe System
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High Pressure Pipe System
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High Pressure Pipe System
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Challenges in high-pressure pipe systems

e Temperatures above 600 degrees
e Pressures up to 300 bars

e Life span of 20 - 25 years

e Pipe cross sections up to 70 cm

e Pipe thicknesses upto 12 - 15 cm
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The task

Goals:

e Optimal connection of the entry
and exit points for a pipe system
in a power plant

e Minimal cost over the life-cycle

e Minimal amount of
CO,-emissions

e Adherence to the
side-constraints:

e Geometry
e Tensions
e Transport restrictions
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1. Pipe routing (subproject B)

Goal: Coarse layout of the pipe routing and placement of hangers
under simple physical side-constraints

—> Minimize the life-cycle costs

Objective function: Kita = Kj 4+ K¢ + Keo,
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2. Topology optimization (subproject C)

Goal: Optimal choice of material, pipe thicknesses, hanger positions,
bending radii, etc., to optimize the pipe system
while respecting all relevant side-constraints, e.g. tensions

.
il

L I:
o l

- ERN l @%‘@
& \é = g‘h;ih
¢ Ny

= 3

e Restrictions with respect to tensions: dimensioning for interior pressures
01, 0o, 03, 04, O5 according to DIN EN 13480

e Geometrical restrictions
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3. Models for material degradation (subproject F)

Goal:

90..,

70-

60-..

40

30

20

5
80 ™
" . _JJ
S

Development of a physically improved modelling of nonlinear effects
and the material degradation of pipe systems

S

F = const, T = const, Bruch
F<F, 03T, < T < 0.5T,

80 -

40" "~

A
Verzerrung

|

X‘\ﬂ

o —
e
_——

Y
20 T =
\ minimale Kriechrate

20

« + | 1nstantane elastische Verzerrung
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e Given a rough outline of a power plant
e Route a pipe through the plant considering physical constraints
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Problem’s ingredients

Combinatorics: Path/Steiner tree

Nonlinearities: Mechanics




NATURWISSENSCHAFTLICHE

Basic problem statement

min Cpipe(X) + Changers(ys u(x,y))

s. 1. Steiner tree(x)
pipe physics(x, y,u(x,y))
hangers(x, y,u(x,y))
industrial standards(x, y, u(x,y))

e x Pipe variables
e y Hanger variables
e u Displacement variables (depend on x and y)
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More than one inlet/outlet — Steiner tree

Definition: Steiner tree problem

Given graph G = (V, E) with vertices V, edges E with weights c: E — R* and a

set of terminal nodes T C V.
Find the cheapest tree S that includes all nodes in T.

e Huge catalogue of Steiner tree models available
e Usually few terminals in our application = Use a flow formulation
e Computational study shows advantage over other models
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Linear 3D Timoshenko beam equations

EAU" 4+ qx =0 EA: extensional stiffness
kGA(MV' —0')+q, =0 kGA: shear stiffness with factor
kGAW" +19')+q,=0 GI,: torsional stiffness
GLip"+m, =0 EI: bending stiffness

ELY" —kGA(W' + ) +my =0
EL,0" + kKGA(V' —8) +m, =0

e Analytical solutions to homogeneous Timoshenko equations as ansatz
functions give rise to proper stiffness matrices (Luo, 2008)

e Global stiffness matrix: K(x) = > ' ; T/K;Tix;
Constraints: pipe physics(x, y, u(x,y))

For hot an cold scenario:

K(X)u = Z giXi + Z ljhj

e G 8 nGVfree
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How to model the hangers?

LLLLLLLa

Source: G. Wossog, Handbuch Rohrleitungsbau, p 594
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Solution approaches

MINLP Model

MiN Cpipe(X) + Changers(Y, u(x, y))
s.t. Steiner tree(x)

pipe physics(x, y, u(x,

hangers(x, y, u(x,

industrial standards(x, y, u(x,

MILP Model MISOCP Model

e Linearize
non-convex terms
&il = Xy

e Can be done
completely or
adaptive

e Replace industrial
standards with
substitute
constraint

e Problem becomes
convex

y))
y))
y))

e Decompose in
master- and
subproblem

e Both problems are
convex
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Decomposition algorithm

Setk =0, best=None, =0, 0 =

while [0 — $| > ¢ do

Solve Masterproblem for a lower bound ¢ and solution x*.
if Check for infeasibility returns False then

Solve Subproblem with fixed x = x*

i Subproblem(x) was feasible then
Get solution y* with costs v (includes costs for hangers and pipe).
if y < 0 then

0=vy
best = (x*, y*)
Add Cost-Cut to Masterproblem

else
~ Add No-Good-Cut to Masterproblem

k=k+1
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Examples — Complete optimization
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Bilfinger piping system (initial)
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A. Martin - Life Cycle Optimization for Civil Engineering October 9, 2015
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Design Variables

shape optimization with
problem-specific parametrization
designvariables are
<«— coordinates of tee
| coordinates of tangent intersect point
radius of pipe bends

force, travel scale,
position of hangers

\ steel grade
} cross-section (parameterized by
! i ; inner and outer diameter of pipe)
>

A. Martin - Life Cycle Optimization for Civil Engineering October 9, 2015

65




NATURWISSENSCHAFTLICHE

Results - academic example

Piping system (initial), costs: 11.352.112 €
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Results - academic example

After shape-optimization, costs: 8.266.301 €

%30
a0
80
10
70
60 L da
50 S
1
-6
40
30
-4
2
0
0 20
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A. Martin - Life Cycle Optimization for Civil Engineering

October 9, 2015
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Results - academic example

Geometry-boxes

0

MC, [Nm]
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Results - Bilfinger piping system

Bilfinger Piping System (initial), costs 26.557.306 €
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Results - Bilfinger piping system

Bilfinger Piping System (full optimization), costs 22.064.639 €, 17% benefit
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Simulation toolbox

e Linear and non-linear beam models:

e straight / pre-twisted elements

e simulation of arbitrary networks (dynamic / quasi-static / static)
e Different types of hangers (linear and non-linear):

e spring hangers (modelled as truss)
e rigid hangers (as stiff beams)
e constant hangers (as dead load or special follower load)

e Different material laws:

e linear visco-thermo-elasticity (Kelvin-Voigt damping)
e plasticity (with linear hardening)
e Creep, creep damage






Modeling of a Pipe

Pipes are thin three-dimensional objects.
]

= Reduction of the full 3D description seems reasonable

This is achieved in two steps:
e Assumptions on how the object can deform: constrained motion

0
u(x) = u(x1) £ A -T(F)
= displacement of centerline + rotation of cross sections

e Insertion into 3D continuum equations and averaging over cross sections
- 000000000000__]
= Description of pipes by just one spatial variable: beam theory!
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Two Beam Models

e Linear approximation Av ~ v + ¢ x v and linear continuum equations
e A € SO(3) and non-linear continuum equations

linear Timoshenko beam (u, ¢) geometrically exact beam (u, A)
poAll — N/ = N poAll — (AN)' = N
poJd — M’ —E; x N =M™ p0l(J, A)—(AM)'—(u+E1) x (AN) = M
N =Gy = Gy — ¢ x Ey) N = Gl = GA' (1 — (A-D)Eq)
M = Cuk' = Cud’ M = Gy Y = Gy vec(AA' — AgAY)

Matrices containing material and geometrical parameters

EA O 0 G 0 O I, 00
G=10 GA, 0 |, Gu=|0 EILb 0|, J=1010
0 0 GAsj 0 O EIs 0 0 Is






Estimation of life cycle

e Multi-faceted problem:

e Material history (plasticity, creep)
e Material degradation (corrosion, erosion)
e Material failure (crack initiation, fracture)

e Huge diversity of approaches and models available
e Occurring effects depend strongly on type of material and loads

Triple material, process and environment substantial

= for the choice of describing model
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Creep Stages

1 F = const, T = const, o < 0Oy, 03T, < T <0.5T} fracture

c=onxn, c=F/A

strain (&)

I minimum creep rate

[ instantaneous elastic strain &/

time (t)
(Figure: Modeling of High-Temperature Creep for Structural Analysis Applications,

Konstantin Naumenko, 2006)






Creep Model

Implemented model reproduces the three relevant creep stages.

e Simple Bailey-Norton model (power creep law) describes second creep stage

e Third stage of accelerated creep until rupture is modeled by introducing a
damage variable

e For the fist stage (of decelerating creep) hardening terms are added
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Creep Model

Evolution equations for creep strain have to be coupled to beam equations
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Creep Damage — Real System (detail analysis)
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Creep Damage — Real System (detail analysis)
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Creep Damage — Real System (detail analysis)
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Creep Damage —

damage
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Raumprogramm
Art Anza jeweils gm
hi

Allg. Unterrichtsraum fir GS 08 66
Allg. Unterrichtsraum fir HS (Regelklassen und 08 66
spezielle Regeklassen)

Allg. Unterrichtsraum E-Zug 02 66
Gruppenraum 05 42
Mehrzweckraum 01 89
Lehrmittelraum insg. 50
PCB-Saal 01 70
Vorbereitung Physik/Chemie 02 17.
Musiksaal 01 70
Zeichensaal 01 70
Nebenraum Zeichensaal 01 20
Werkraum 01 66
Werkraum 01 75
Nebenraum Werken 01 20
Maschinenraum (bislang nicht vorhanden) 01 33
Textilarbeitsraum 01 60
Textilarbeitsraum 01 60

Aufriss
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Side-constraints in the planning of buildings

e Estate with building line, height restrictions, etc.

e Specific side-constraints for different kinds of room utilization

e Escape routes

e Environmental factors (e.g. outside temperatures, solar imissions)
e Technical dependencies

e Costs (material costs, operating costs, CO»-emisions)
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Selection of the material

e Limited choice of materials and technical facilities
e Average values for material parameters and production costs

MATERIALKENNWERTE HERSTELLUNG Wzmm_Wﬂzzﬁ ﬁm_mm%wm
ALUSSEMNWAMD-Materialien —— T
arme - e . ]
= Dicks fahighsit Robdichiep | Vwarmespeicher- |  Herstellungs- i Lsbensdsusr | Wartung +
Tragende Schicht ) fahigkeit kosten Emissionen Inspektion
[em] [Wiimik] [Efm7] [hg'm’] [=] [E/m?a]
Stzhlbstan varizbel 23 2388 280 500 £/m* 208 Ky 5 0,10%
Porenbetonsteine ) 0,18 400 1000 LS. 2Ll o LAl
5 74,36 70,08 = 0,10%
175 52,8 43,5575 = 0,10%
Kalksandstein 2 0.79 1500 880 0.3 el =l LAl es
0 714 74,67 = 0,10%
55 873 50,8485 =0 0,10%
24 57,58 22 3776 5 0,10%
Hochlochziegs! E 0.1 740 1000 B3 85 27 972 0 0 10%
%5 78,07 14 0328 = 0,10%
) 513 25 1 =0 0,10%
Warmedammzisgel {mit Perlit ge fillty 0,08 505 1000
38,5 109,14 45 355 fili] 0.10%
175 528 43 5575 = 0,10%
Hiittenstzin {Herstellungskosten und 24 0E4 200 1000 60,3 59 T35 50 0,10%
Ci0z-Emissionen angenommen wie K5) 30 : 734 74,87 5D 0,10%
85 873 50,8485 = 0.10%
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Energy Balance

— Calculation based on DIN EN 18599

® Demand for heating:
C:_c,w = Cm_:x —n- Omocqom — DCP@

e Subdivision of the building into zones with
different utilization requirements

® Demand for cooling:
OPFWH (1 |ﬂ: - Qsource | Hitzungsart Wo.:::ﬂ:- -
® Consideration of the demand in . - ) el
heating/cooling for inlet air recyclin SInze o 2l e ]
eating g ycling Biiro (2-6 Arbeitsplatze) 21°C >
e Consideration of losses in heating/cooling | Besprechungszimmer 2iC 3
energy at generation, distribution, delivery ”._.M: Teekuiche JArchiv Mm M
e Consideration of the demand in electrical T bt 5

energy of the facilities

Calculation methods of DIN EN 18599 very complex with many case distinctions

—> Simplifications necessary!

® Restriction to specific types of facilities, ® Generalizations, e.g. no special
e.g. only variable-volume-flow-systems for calculation of the pressure losses of the

the air transport selectable duct system
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Minimization of costs and COs-emissions

= Room alignment and orientation = Materials and energy system

Transmission and air infiltration heat loss

ey + 90T Solr

iin
| | |
@

! -@._ :@u .@_.
I Internal heat
and — | _ »
orientation S _ARAR U |

Wall structure
and materials

Heating and cooling
energy / facilities
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Mathematical modeling of the problem
Description of the solution space

e Reducing the problem to grid graphs

tar Raul
> unbeheizter Raum
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Mathematical modeling of the problem
Description of the solution space

e Constraints
e Property specifications
e Space allocation plan

e Further constraints

e static requirements
e windows
e stair cases and evaluators

e guidelines for escape routes

—> Modeling with continuous and integer variables
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Mathematical modeling of the problem
Obijective function

Accounting model:

e heat transmission

e radiant heat

e air conditioning

e radiation of opaque components
e internal heat sources

= Determining heat, cooling and air conditioning demand
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Optimization of the planning of buildings

Objective function:
_ASS_ — _A5<mm§m2 + _Ao_uma:_o:

Investment cost function:

Ky = _A_:m_o_m._.i\u mat, OOmv -+ _Aocﬁm_o_m._.?\, mat, OONV + _AEso_mBmzi\u mat, OONV +
_A<<_so_0<<mﬁ>_ mat, OOmv + _Aom___:oc\u mat, OOmu + _A_ﬁoo;/\u mat, OONV +
_A:ooﬁOo<m::@ﬁ>_ mat, OONV + _A:mmﬁ_:@ﬁv\bmu power, OONV T

_Aooo__soﬁv\_omu power, OONV + _Am:_:z_:mﬁ_osﬁv\bm_ POWEr, OONV -+

_A__oz_soﬁv\_om_ power, OONV + _Am_m<mﬁoqﬁ<_omu Tstoreys: mat, OONV +

Kstairs (Tistoreys, Mat, CO2) + Kriger(Mstoreys, mat, CO»)

Operating cost function:
_AO — _Am:mq@<Oo:mc39_03:m<v + _Ao_mma:@ﬁ_ns -+ _ABmm:ﬁm:omt:momoﬁ_o:ﬁ<<:
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Solving the mathematical model
Difficulties showing up

The whole model results in an MIP (MIXED INTEGER PROGRAM)

minc'x
Ax <b
x € 7ZP x R"VP

mitce R, AcR™™" beR™ pe{0,1,...,n}

—> MIPs are inappropriate for floor planning problems (2D bin packing)

Alternative Procedure: Combination of deterministic and random approach
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Alternative Procedure

Solutions generated by Simulated Annealing

Example with quadratic shape of the floor plan:

costs: 177.305 €

__

costs: 161.970 €
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Alternative Procedure

Solutions generated by Simulated Annealing

Example with quadratic shape of the floor plan:

Kosten: 161.970 €

— Kosten: 161.055 €






NATURWISSENSCHAFTLICHE

Alternative Procedure
Solutions generated by Simulated Annealing

Example with quadratic shape of the floor plan:

Kosten: 161.055 € — Kosten: 158.620 €
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Alternative Procedure
Solutions generated by Simulated Annealing

Example with two floors with quadratic shape of the floor plan:
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Optimization scheme

Klimadaten

1000

7 20
g 15

_ . . W {400
climatic data

[
j @ goal: cost minimization

design variables == |balance model | ==)> | cost function
Q

Globalstrahlung

room configuration

possible installations

possible materials jV
o

simulation result u(c) costs K(a,u(a))

Tabelle 9

Fenster lerstellungs- Primar-

kosten energiebedarf

[€/m?) (kwh/m?) [key/

gradient-based optimization

Doppelgiasig.
Dreifachglasig






Entire optimization model

Design variables

e Wall materials, windows, ...
e Variables for choice of installations (heating, cooling, ventilation, ...)

Objective function

e Investment costs for installations
e Operation costs for installations
e Material costs

Simulation

e Simulation response by balance model
e Possible extension: simulation by 3D heat equation
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Academic example

First floor with optimized wall materials and windows (thermal resistance)

2.00
2.00

2.00

1.80
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Academic example

Breakdown of costs

Type of cost Costs (init) Costs (opti) +/- (Absolute)
Material 847.202€ 890.100 € -42.898 €
Inst. investment 576.987 €  178.992 € 397.995 €
Inst. operation 1.146.153 € 421.212 € 724.941 €
Total 2.570.342 € 1.490.304 € 1.080.038 €

Calculation time: <1 s
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Real building (WTZ 1 Heilbronn)

Building (3D) with cube structure
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Real building (WTZ 1 Hellbronn

First floor with optimized wall materials and windows (thermal resistance)

1.80

1.80

1.80

1.80

1.80

1.80

1.80

1.80

1.80

1.80

1.80
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Real building (WTZ 1 Heilbronn)

Breakdown of costs

Type of cost Costs (init) Costs (opti) +/- (Absolute)
Material 2.047.529 € 1.690.270€  357.259 €
Inst. investment 1.026.904 € 328.894 € 698.010 €
Inst. operation 1.941.475€ 717.823€ 1.223.652 €
Total 5.015.909 € 2.736.987 € 2.278.922 €

Calculation time: 15 s
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Motivation for Model Reduction

There are many applications in which the calculation time is a critical issue:
e Simulation of very large systems (Temperature in a building, damage of high
pressure pipes, ...)
e Real time simulations of physical processes
e Optimization based on complex physical models

= In all this applications we want to reduce the computation time

Use model reduction techniques to reduce the computation time
significantly
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The reduced basis method

Consider a discretized parabolic PDE with u(t), f(t) € R* and A € R™"

0

P u(t) + Au(t) = f(t)

Assume we have a basis @4, ..., ©,1 << n with (®;, ®;) = 6;;. Additionally we
define A = (@4, ..., @) as a matrix containing the basis functions columnwise.

Approximating the solution u(t) ~ M zi(t)D; = Az(t), z(t) € R! and

projecting the system onto the mccmbmom m_om::mo_ by @4, ..., D, we get:
0

%NE + ATAAz(t) = ATF(t)
A
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The reduced basis method

Consider a discretized parabolic PDE with u(t), f(t) € R* and A € R™"

0

P u(t) + Au(t) = f(t)

Assume we have a basis @4, ..., ©,1 << n with (®;, ®;) = 6;;. Additionally we
define A = (@4, ..., @) as a matrix containing the basis functions columnwise.

Approximating the solution u(t) ~ M zi(t)D; = Az(t), z(t) € R! and

projecting the system onto the mccmbmom m_om::mo_ by @4, ..., D, we get:
0

%NE + ATAAz(t) = ATF(t)
A
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Offline/Online Decomposition

The reduced basis method can be decomposed into two phases:

Offline-phase
e Construction of basis functions
e Calculate all parts which are independent of input parameters (A, ...)
e Has to be calculated only once
e High computation time

Online-phase
e Calculate all parts which depend on input parameters (if necessary)
e Solve the reduced problem
e Low computation time






Proper orthogonal decomposition

|ldea: Calculate the best approximating functions for the given problem

T l
min % [u(t) = (ult), @2 dt

D1,...,01€R™ Jo 1
W.r.1. AeT eu.v = N.v:.

The first order necessary optimality condition leads to the eigenvalue problem

.ﬁ
% ACT&, ewv::w Qﬁ” vﬁef <H”._ ,..JH
0
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Proper orthogonal decomposition

To calculate the eigenfunctions numerically we use the following procedure.

Calculate the solution u of the PDE for different time instances (snapshots)
to, t1, ..., tx and summarize them columnwise in a matrix

Y = (ulto), ulty), ...ulty)).

Solve by using singular value decomposition
YI'YO; = \D;, Vi=1,..,1
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Networks of PDEs

e Networks are represented by edges and nodes in the one dimensional case
e A PDE is defined on each edge of the network

e Different PDEs are coupled by coupling conditions on the nodes

e Boundary conditions can be defined on each node






Model reduction on networks

e Reduce the whole network
e Easy to apply model reduction techniques
e Reduced model can only be applied to one specific case
e Extremely high offline computation times

e Piecewise reduction of the network
Construct reduced model for subdomains which can be used multiple times
in networks
e Adapted algorithms are necessary to construct reduced models
e Reduced models can be used to calculate different scenarios
e Relatively small computation cost in the offline phase

= The second possibility is of great interest due to flexibility






Basis Construction on a Subdomain

Problem formulation on Q;

0 :
%Eﬁxu t) — kiAui(x, t) = fi(x, t) in O
W = gy on _MU
U, = \C‘__Jwﬁ on —Jwﬂ
H_AAOV = Qm on Q;

Problems:
e The boundary condition on T'* requires the solution of the network problem

e How can we ensure that the continuity coupling condition is also satisfied in
the global reduced setting






Basis Construction on a Subdomain

Problem formulation on Q;

Ui = gi on _JwU
w =h(p) onT
w;(0) = uf on ()

Problems:

e The boundary condition on 'S requires the solution of the network problem

e How can we ensure that the continuity coupling condition is also satisfied in
the global reduced setting
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Example: 2D Heat equation - Office Building

e Divide domain in small blocks
e about 1.4 million pts, 140 blocks

e 16 types for every block
(depending on the wall position)

e Parameter: only boundary
parametrization

e POD basis: 50 per Element
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Example: 2D Heat equation - Office Building

Comparison: full solution — reduced solution

full solution reduced solution
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Example: 2D Heat equation - Office Building

ﬂ —— Relative Error: 6.89¢ 3

computation times [s]
J Offline phase: 1641
Online phase: 314

FEM solution: 1765
| = time saving: 83%

Relative error






Summary

Question at the beginning

Proof-of-concept study: “Can planning problems be solved via mathematical
optimization problems?*

Answer

No, but ...

e We have proven that mathematics helps to push solutions for particular civil
engineer problems to a new quality

e |t is necessary to combine all fields of applied mathematics: numerics,
continuous and integer optimization (and stochastics)

e a fascinating new appplication field for mathematicians with great challenges
e a topic that stays important for our society in the next decades
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