w—
d

i

MATHEMATICAL STUDY GROUPS
WITH INDUSTRY

2 71 8281 82 84 er"vl)m. m\d)ynq\,\

= > 4
‘-‘,s}

Rostock N ov 30 2016

P. G. Hjorth
Department of Applied Mathematics
and Computer Science
Technical University of Denmark



What is
d

Mathematical Study Group with Industry ?
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A Mathematical Study Group with Industry

is workshop where researchers from industry
submit real-world mathematical problems,
and then work with academic mathematicians

to solve those problems.
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Study Groups began in Oxford, UK
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In 1968, two Oxford applied mathematicians,
Alan Taylor and Leslie FoXx, organised the first
meeting of this kind, inviting industry contacts

to challenge university mathematicians with
problems of modelling or computation.

Alan Tayler Leslie Fox
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The meetings became annual events in the 1970’s
and the 1980’s.

They began to be conducted at other UK universities.
In the 1990’s Study Groups began to be organised
at universities outside the UK.

In agreement with ECMI (European Consortium for
Mathematics in Industry), the meetings were referenced

as ESGIs (European Study Groups with Industry), and
enumerated.
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The number of Study Groups conducted in various
European contries has grown rapidly; and in spring
2014 the 100’th Study Group was conducted,

(very appropriatly in Oxford). For upcoming study
groups, see, e.g.,

https://ecmiindmath.org/study-groups/
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https://ecmiindmath.org/study-groups/

WHY

STUDY GROUPS
?
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By GARY LARSON

D 1967 FarWorks, Inc. AF Rights Heservad
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. STORY PROBLEMS
GALORE

MORE
B PROBLEMS

Hell’s library



consider

a spherical cow
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Win/Win

Companies:

Get their problems ‘flash fried’ in one week by intensive work by
independent experts

Establish contact with academics, as well as students (potential recruits)

Academics:

Test their skills on real-world problems. Get new ideas for research and
teaching.

Establish contact to companies, where students can do projects.




Sunday

Monday

Tuesday

Wednesday

Thursday

Format of a typical ESGI week:

Friday

Participants
arrive

Problem
Presentations

Group
Presentations

Progress Summary

Report prep




“Modern Methods of Industrial Mathematics”

DTU course 02940:

A typical ESGI week:

5 ECTS
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Sunday Monday Tuesday  Wednesday Thursday Friday
Problem . Work Work Work Group
Presentations Presentations
Groups
form
Work Work Work Work
begins

Report prep

Participants

Progress Summary

arrive

+ coursework for phd students



EUROPEAN STUDY GROUP with INDUSTRY

August 15 - 19, 2016 DTU
o

TECHNICAL UNIVERSITY of DENMARK
o
T

11. + 12. + 15. August:

phd course “Modern Methods in Industrial Mathematics”



125th European Study Group with Industry (ESGI)

1st Study Group with Industry In Cyprus
5-9th December 2016, Limassol, Cyprus

Committees Register Programme Problems MI-NET Meeting

Committees

Local Organising Committee

Dr Katerina Kaouri, Cyprus University of Technology (Chair, MI-NET member)

Dr Margarita Zachariou, Cyprus Institute of Neurology and Genetics (Co-Chair, MI-NET member)

Dr Paul Christodoulides, Cyprus University of Technology

e Dr Andreas Kyprianou, University of Cyprus

Scientific Board

(The Scientific Board consists of distinguished experts who assist the Local Organising Committee in

selecting the Study Group problems and also provide expertise to the teams during the Study Group as
necessary):

e Dr David Allwright, Smith Institute for Industrial Mathematics and Systems Engineering (University of

Oxford), UK
¢ Prof. Georgios Georgiou, Department of Mathematics and Statistics, University of Cyprus

¢ Prof. Christoforos Hadjicostis, Department of Electrical and Computer Engineering, University of Cyprus
(Dean of the Engineering Schaoal)

« Prof. Poul Hjorth, Department of Applied Mathematics and Computer Science, Technical University of
Denmark, Denmark (Executive Director of the European Consortium for Mathematics in Industry (ECMI))
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www.ecmiindmath.rod

EUROPEAN CONSORTIUM FOR
MATHEMATICS IN INDUSTRY

Em

EDUCATION  PUBLICATIONS

STUDYGROUPS ~ RESEARCH

ABOUTECMI  NEWS  ECMINODES

About
European Consortium for Mathematics in Industry

The European Consortium for Mathematics in Industry (ECMI) is a consortium of academic
institutions and industrial companies that acts co-operativaly with the following aims:

= To promote and support the use of mathematical modelling, simulation, and optimization

in any activity of social or economicimportance.

CONFERENCE ~ ABOUTTHIS BLOG

Official Opening of the 1st Study Group
with Industry in Cyprus (ESGI 125)
November 25, 2016 By Joanna Jordan Leave

a cComment

5 December 2016, Limassol, Cyprus PART I
‘USING MATHS TC SOLVE INDUSTRIAL and

BUSINESS CHALLENGES: EFFECTIVE


http://www.ecmiindmath.rod
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THE FOLLOWING PREVIEW HAS BEEN APPROVED FOR

APPROPRIATE AUDIENCES

BY THE MOTION PICTURE ASSOCIATION OF AMERICA, INC,

THE FILM ADVERTISED HAS BEEN RATED

RESTRICTED

EXPLICIT INTERGRALS,
CRUDE APPROXIMATIONS, '
ELEMENTS FROM PHYSICS

Under 17 Requires Accompanying Parent or Adult Guardian |ESS

www.filmratings.com www.mpaa.org




Examples of Problems

Greenwood Engineering

LEGO: How to build with LEGO
NOVO: design of pharmacophores
DSB S-train planning

Scroll Compressor & Moineau Pump
BAE Systems: WLAN frequencies

Penguin Eggs
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Greenwood Engineering:
Bearing Capacity of Roads

P Lead
(Half axle load)

Contact stress

Asphalt concrete (wearing course)

Asphalt concrete (Base layer)

+—

Hotizontal asphalt strain

subbase (gravel)
A

Wertical str baorad
Subgrade (natural soil) Brtical slress on subgrade

The condition and
durability of an asphalt
road can be estimated
from the deflection caused
by a given load.




The principle of Greenwood Engineerings Highspeed Deflectometer is to
measure deflection velocities using doubler lasers (presently only three).

Deflection velocity

 Absolute deflection

J =CI200

¥ [ 1/1000 mm]|

-

Position in basin

Greenwood asked for an
extrapolation method based on a
mechanical model of the road.




The Study Group suggested a two-parameter model:
A

i1

With a point load at x = 0, the resulting beam equation is

d*d(x) F
dx*  E

o(x) + gd(x).

This results in a two-parameter (A, B > 0) family of solutions for the
displacement d(x): :

d(x) = —%GBX(COS(BX) + sin(Bx))
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LEGO:
how to build with Bricks

LEGO asked for algorithms to output optimal building
instructions for arbitrary 3D design shapes.

The Study Group provided:

Optimal Building algorithms for simple shapes: boxes, sheets, and beams.

Arguments why the general optimal problem is extremly
difficult (possibly np).




NOVO: Design of Pharmacophores

Systematic molecular design = find connected lattice
graphs having vertices at selected points and no edges
through anti-points.

Examples




NOVO asked for a systematic description based on a
diamond lattice of graphs that contain nodes and anti-nodes
(possibly weighted), as well as a measure of the ‘goodness’
of the solutions.

The ESGI group employed methods from Topology
Optimization. The graphs are generated iterativly by a
computer code which takes into account known nodes and
anti-nodes, and optimizes simple functionals.

The algorithm was implemented in MATLAB and tested on
known examples. It worked.

See J. Chem. Inf. Comput. Sci. 2004, 44, 856-86 |
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DSB: S-trains

Work schedule for S-train drivers

The situation prior to ESGI:

Efficency
(time driving the train)/(total time at work) = 60%

Robustness = 2 minutes (if a driver is more than two
minutes late for his break, he is not allowed to drive the next

train).




The situation after ESGI:

Efficient increased up to 83 % (without violating union rules).

A driver can stay on the same line with a “standard-plan” which fits 73% of all
departures.

This “standard plan” has an efficiency of 80 %.

The “standard plan” has a robustness of 9 minutes.

The rubustness can be increased to |3 minutes with a slightly lower effciancy.

The phd student working on the problem was later hired by S-train company.

=
—]
f—

i



Danfoss:
Scroll Compressor

Patent by Leon Crux (1905)

Danfoss asked for a mathematical
description that would facilitate
design experimentation.

In particular higher compression
was needed for use in refrigirators and freezers




Answer

Use tangent direction as function of arc length
to describe the wall of the moving spiral.

S
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e(p) = (cos(yp),sin(p))
rQ f(ip) = (—sin(p), cos(¢))

(¥ 1s monotone and can be used as
parameter.

Radius of curvature as a function of &
determines the entire geometry of the
scroll compressor.

Wall thickness, volume of compression chamber can be shown to be polynomial
expressions in ¥, leading to closed analytical expressions.




A 2004 Danfoss prototype:

G}((b.'—Rm:.r'z)

Figure 3 Geometry of the prototype compressor Ficure 4 Moving seroll V1.0

See: SIAM Review 43,pp | 13-126 (2001)




Grundfos:
Moineau Pumps

Patent by J. L. Moineau (1932)

Dex. 27, 1932, K 1L NONEA
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A series of chambers
of constant volume are
pushed up (or down)
the pump chamber by
the contimous motion
of the excentrically
moving pump shaft.




Rolling a circle of radius one on the inside
of a circle of radius two will make a point
fixed on the inner circle trace out a
diameter of the outer circle

Expanding the point to a disk we get the disk
moving in an excentric motion in a fixed
“canal’ around the diameter.







Hypo-Cycloid 3:2 construction
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If we roll the previous construction
inside a circle of radius 3, the point
fixed on the smallest circle will trace
out a hypocycloid.

‘fattening’ the diameter of the radius 2
circle gives us the pump chamber
shape







But there is a problem.The hypercycloid shape has infinite curvature at the cusps,
-- and this problem remains present in the fat’ pump chamber shape.




Grundfos asked for a mathematical description of
the Moineau pump, allowing for design
experimentation and a possible avoidance of
singularities.

The study group provided a description in terms
of the support function h( ¢).




COS
sin ¢
— sin ¢]

| COS O

(e(9),f(®)) is a rotating frame.

x(¢) = h(¢)e(s) + W (2)f(2),

(6) = (h(8) + H'()F(6) = 3t

So f is the tangent, e is the normal, h= x - e is the support,

dop 1
ds = h(g) + H(g)

- d
=4

K = is the curvature, and

; = h(p) + h" (&) is the radius of curvature.

If h + A" # 0 then the curve is regular.
Any planar curve without inflexion points can be given by its support
function.




The study group proved that the singular
curvature problem is unavoidable for all
Moineau constructions.

The support function description also permitted

the design of an optimal construction, now in use
by Grundfos.




Office building freequencies (BAE Systems, Inc)

An office building has several companies placed in rooms on various floors.

All these companies have WLAN - wireless networks. Two companies with ajecent
walls or floors should have WLAN running on different frequencies.

Every WLAN domain can thus be seen as a node on a graph, whose edges are the company
crossing wall-and floor boundaries.

ESGI was asked to provide an estimate of the maximal number of frequencies needed;i.e.
the cromatic number of the associated graph.
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Figure 5: An arrangement of blocks in a cross-section showing some blocks up to one of Type 4 in the
(z, z)-plane (left), and how they might look in 3 dimensions (right).

Hence this example shows that the chromatic number required to colour the adjacency graph of n cuboids

can grow at least as fast as loglogn/log log log n.
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Answer:

The chromatic number x(n) has a lower bound which increases with n,
the number of companies. There is no upper bound for x(n).

In prectice, one finds relativly small values for x(n).

New (mathematical) questions:

How can one improve the estimate

loglogn
41] 1
log log log 1 < x(n) < 4logy(n) +

which is really wide

How can one find a rapid (optimal?) algorithm for coloring ?



Penguins

Spheniscus demersus.

w—
d

i



Bristol Zoo asked for an analysis
of the gravity-driven internal motions

of a penguin egsg.

We consider a spherical egg.




time scales

12-15 min = 800-1000 s
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Temperature diffusion ?

thermal diffusion time scale

RQ
T ~ —

K

4 x 104
1.4 x 107

3 x 10° s

- probably not -
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Buoyancy time scale !

The yolk is lighter than the white

S

Ap = 0.005

force balance:

Am 3 pVy "4%/
— 7y gA =

buoyancy force friction force in thin-film motion

Vy%5><10_‘LE — T=—2=4s
S Vy

- probably not -



Rotational time scale ?

S

Ty W
TB = rygAm T = K7

w

buoyancy torque viscous torque

1 2
— ~ 9 X 10% s
W
- bingo ! -
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why rotate the yolk ?
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shear-driven diffusion

zone depleted
in nutrients

m2

D,, ~107Y —
S

diffusion length scale \/D,.t = 107° m

molecular diffusitivity
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Some cracking ideas on egg incubation

Problem presented by

Duncan Bolton
Bristol Zoological Gardens

Problem summary and abstract

The preservation of rare and endangered species of birds requires finding
efficient, and above all successful, methods of breeding them in captivity.
One strategy adopted is to remove eggs from the mother, making her lay
more eggs, and then incubating the removed eggs artificially. Of course,
artificial incubation machines must attempt to replicate the conditions of
natural incubation as closely as possible. Aside from careful control of




9 The role of shearing in improving the diffusion of
nutricnts and wastc products

Abruotly Embrvo rcturns
turned to top

Figure 12: How a shearing flow can help to diffuse wast2 and nutrients

IIere we attempt to explain why the tuming of the egg and subsequent spinniag of the
yolk Dy the lighter embryo Lnproves access Lo nutrients and disoersss waste ellectively.
The left-hard diagram of figure 12 shows the inside of an egg with the embryo resting
at the top. We assume the radius of the yclk is a* ~ 10~m and tha: the width of the
surrounding albumen layer is §° ~ 10 °m. After some time at rest, the embryo expends
the nutrierts in the neighbouring albumen, leaving & strip (marked in black) o albumen
that has beccme full of waste products and devoid of nutrients. Assuming this strip to
be of size d* x §* and the molecular diffusion ccefficient to be D ~ 107%m?s~ ! (as given
in section 5H.3) then the time taken to for this strp to diffuse away will be of the order




In & ‘ew cases. an analytical scluticn to the egg-turning model can be cbtained. Two
examples arc presented below.

Neutrally buoyant yolk with embryo spin-up

For a neutrally buoyant yolk, g%, = pi., she yolk force equations (21) and (22) become
rrelevent. The density differences must ncw be non-dimensionalised with pj. — p}.
leading to Am = 1 in (20]. Taking the yolk to be pcsitioned in the centre of the
egg (X,Y) — (0,0), we have h(0,t) — hy from (18) and the squeeze-film equation (19)
just leads to dP/df = 0. Frem (20) we obtain the governing equation

o7 6 (1)

cos p(t) = he

Integrating this with the initial condition ¢ = &g at ¢ = 0 leads to the solution

£
v

_ 2_7rln|:secé+tan¢ ]

ho

Note that it sakss an infinite time for the embryo to get to the top, where ¢ = /2.

sec ¢y + tan oy

Buoyant yolk with no horizontal displacement and no embryo spin

In this case, we assume that the embryo stays at the sop throughout, é(¢) = 7/2, and
that the yo k has no horizontal displacement, X = 1. In other words, we are jnst going
to examine the yolk floating to the top of the egg frem some initial vertical displacement
Y. From the squeeze-film equation (19), we find

8P  12Y (t)cosb
A0 [hy—Y(t)sinb]*
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