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In the beginning... there was find theorems
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Hundreds of developments: The Archive of Formal Proofs.




But search in massive datasets exists!
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Search engines in the Isabelle landscape...

This is getting out of hand. Now
there are two of them!




FindFacts: A play in three acts



Act |. To find a fact

lemma median_const:
assumes "k > 0"

e R thy: Median
have b: "sorted (map .
by (subst sorted wrt Cmd Iemma
have a: "sort (map ()] .y )
by (subst sorted so entltles
have "median k (A1 € + /
by (subst median_re
also have "... = a" J
apply (simp add:med
apply (subst nth_mag

using assms by simp klnd faCt

finally show ?thesis §

qed name:

Results

median_const




Act Il. Revenge of the dump

Indexing

| Data

; Preparation

K "/

Isabelle
Component

Search
4 N )
Deployment User
Search Engine g |
O o T
> £ G <> &
- 1 : "_|‘
C© —g c
P @ o
i___U_)___: m L

/

Solr

Scala + Play

Web



Act lll. Integration and salvation
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Drill-down Facets Authors
Cofiiiiand No results
codatatype (1) definition (79)  fun(1) function (1) Topics
locale (2) partial_function (1) primcorec (10) N It
0 results
Entity Kind
 Constant (95)  Fact (463)  Type (1) FindFacts Results
- 95 Constants
- 463 Facts
95 Blocks Found - 1Types
Entries
Gaussian_Integers.Gaussian_Integers
definition divide_gauss_int :: "gauss_int
"divide_gauss_int a b = round_complex ( Gaussian Integers

Manuel

USED BY USES Bl . " g
The Gaussian integers are the subring Z[i] of the

complex numbers, i. e. the ring of all complex
Gaussian_Integers Gaussian_Integers numbers with integral real and imaginary part.
definition gcd_gauss_int :: "gauss_int = Thi< article nrovide< a definitiaon of thic ring ac




Demo

https://search.isabelle.in.tum.de



https://search.isabelle.in.tum.de
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Drill-down Facets

Entity Kind Constant (155) Fact (1798) Type (5)

2467 Blocks Found

Prime_Distribution_Elementary.Prime_Distribution_Elementary_Library

lemma smallest_prime_beyond_eval:
"prime n = smallest_prime_beyond n = n
"-prime n = smallest_prime_beyond n = smallest_prime_beyond (Suc n)"
proof -
assume “"prime n"
thus "smallest_prime_beyond n = n
by (rule smallest_prime_beyond_eq) auto
next
assume "-prime n"
show "smallest_prime_beyond n = smallest_prime_beyond (Suc n)"
proof (rule antisym)
show "smallest_prime_beyond n =< smallest_prime_beyond (Suc n)"
by (rule smallest_prime_beyond_smallest)
(auto intro: order.trans[OF _ smallest_prime_beyond_le])

next
have "smallest_prime_beyond n # n"
usina nrime smallest prime bevondlof nl <=prime n» bv metis
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Drill-down Facets

Entity Kind + Constant (155) Fact (1798) Type (5)

155 Blocks Found

Dirichlet_Series.Dirichlet_Product

locale multiplicative_dirichlet_prod’
f: multiplicative_function' f f_prime_power f_prime +

g: multiplicative_function' g g_prime_power g_prime
for f g :: "nat = 'a :: comm_semiring_1" and f_prime_power g_prime_power f_prime g_prime
begin

Constants: 1

USED BY USES

Dirichlet_Series.Multiplicative_Function
locale multiplicative_function' = multiplicative_function f for f :: "nat = 'a :: comm_semiring_1" +
v 9" and f prime :: "nat:= '"a"

fixes f prime power :: "nat = nat = 'a
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155 Blocks Found

Dirichlet_Series.Dirichlet_Product

locale multiplicative_dirichlet_prod' =

f: multiplicative_function' f f_prime_power f_prime +

g: multiplicative_function' g g_prime_power g_prime

for f g :: "nat = 'a :: comm_semiring_1" and f_prime_power g_prime_power f_prime g_prime
begin

Constants: 1

USED BY USES

Dirichlet_Series.Multiplicative_Function

locale multiplicative_function' = multiplicative_function f for f :: "nat = 'a :: comm_semiring_1" +
fixes f prime power :: "nat = nat = 'a" and f prime :: "nat = 'a"



FindFacts SEARCH  HELP  EXAMPLES  FEEDBACK  ABOUT

Index

default (Isabelle2021-1/ A

v

Search

Source Code —

prime

Session
{ v [Enter phrase to filter for. X

© FILTER

Drill-down Facets

Entity Kind v Constant (155) Fact (1798) Type (5)

155 Blocks Found

Dirichlet_Series.Dirichlet_Product

locale multiplicative_dirichlet_prod' =
f: multiplicative_function' f f_prime_power f_prime +
g: multiplicative_function' g g_prime_power g_prime
for f g :: "nat = 'a :: comm_semiring_1" and f_prime_power g_prime_power f_prime g_prime

begin

Constants: 1

USED BY USES
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Drill-down Facets

Command

Entity Kind

Session

abbreviation (2) class (1) corec (2) definition (23) lift_definition (1) locale (6) qualified (2)
v Constant (37) Fact (543)

Auto2_HOL (1) HOL-Algebra (6) HOL-Computational_Algebra (12) HOL-Corec_Examples (2)
HOL-Nonstandard_Analysis-Examples (1) HOL-Number_Theory (11) HOL-Proofs-Extraction (1) HOL-SMT_Examples (2)

HOL-ex (1)

37 Blocks Found

HOL-Corec_Examples.Small_Concrete

corec prime_numbers where
"prime_numbers known_primes =
(let next_prime = head (fold (%n s. remove_multiples n s) known_primes (tail (tail all_numbers)))
S next_prime (prime_numbers (next_prime # known_primes)))"
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Index

Sea rC h default (Isabelle2021-1 / A
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Drill-down Facets

Command abbreviation (2) class (1) corec (2) + definition (23) lift_definition (1) locale (6) qualified (2)
Entity Kind v Constant (23) Fact (23)

Auto2_HOL (1) HOL-Algebra (2) HOL-Computational_Algebra (7) HOL-Nonstandard_Analysis-Examples (1)
Session
HOL-Number_Theory (8) HOL-Proofs-Extraction (1) HOL-SMT_Examples (2) HOL-ex (1)

23 Blocks Found

HOL-Computational_Algebra.Factorial_Ring

definition prime :: "'a = bool" where
"prime p < prime_elem p A normalize p = p

Constants: 2
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HOL-Computational_Algebra.Factorial_Ring
491 definition prime "'a = bool" where
92 "prime p - prime_elem p A normalize p = p

USED BY USES

HOL-Number_Theory.Eratosthenes

382 definition smallest_prime_beyond_aux :: "nat = nat = nat"
383 where
384 "smallest_prime_beyond_aux k n = smallest_prime_beyond n"

Constants: 1 Facts: 1

USED BY USES

HOL-Proofs-Extraction.Euclid

125 definition all_prime :: "nat list = bool"
126 where "all_prime ps - (VpEset ps. prime p)"

USED BY USES

HOL-Algebra.Ring_Divisibility

53 definition ring_prime :: "('a, 'b) ring_scheme = 'a = bool" ("ring'_prime1")
54 where "ring_primesRs a « (a # OsRs) A (prime R a)"

Constants: 1

USED BY USES

HOL-Number_Theory.Eratosthenes

345 definition smallest_prime_between :: "nat = nat = nat option"
346 where
347 "smallest_prime_between m n =

- 3
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Index
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Source Code

Uses definition prime a = bool" where

“prime p « prime_elem p A normalize p = p" %

© FILTER

Drill-down Facets

Entity Kind Constant (56) Fact (855)

856 Blocks Found

HOL-Computational_Algebra.Factorial_Ring

lemma not_prime_8 [simp]: "-prime @" by (simp add: prime_def)

USED BY USES

HOL-Computational_Algebra.Factorial_Ring

lemma not_prime_unit: "is_unit x = -prime x"
using prime_elem_not_unit[of x] by (auto simp add: prime_def)



What do people search for? 16K Queries:

‘prime”

1T 3L

“ring”
“‘comm™”
“pigeonhole”

“matrix”

“ﬂ”
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The Isabelle Libraries

oot

Archive of Formal Proofs: 3,396,200 lines of code (as of April, 2022



The Isabelle Libraries and AFP

e Theories are formed using many (interconnected) artefacts
- Theorems, lemmata, corollaries, definitions, axiomatisations.

- Locales, sublocales, classes and subclasses + interpretations, instantiations
and abbreviations.

e Potentially daunting for new Isabelle users
“I'm looking for Harmonic (numbers), where do | even start?”
1. Novice users might have an idea of what is needed to complete proof.

BUT not enough experience with library organisation and naming
conventions to find what they need.

2. Modern search users expect an experience akin to a google search box.

e.g., input a “bag-of-words” search in a search box



The SErAPIS Search Engine

e SErAPIS: Search Engine by the Alexandria Project for ISabelle

e Designed to help new Isabelle users navigate the Libraries and AFP

- A Concept-oriented (NL) search engine.

- Aims to minimise user input with “intelligent” retrieval algorithms
doing the work

e Designed to facilitate research into Isabelle retrieval

Replaceable components.
Index and front-end support multiple retrieval models.

Anonymised session and query tracking.

S S

Supports relevance feedback directly in the Ul.



A Tool for New Isablelle Users

— »
S@y@@ \—P@ Menu ~ T T T w T AnyfacT v Me!hodS(HierarchTConcept &

i rtefact Retri |

Concept Topic Theory arte etrieva

Keyword inputp filter filter kind algorithm
Input selector

e \What are “concepts”?

- words or phrases that refer to mathematical ideas (e.g., objects and structures)
- most concepts are nouns or noun phrases pre-modified by adjectives.

Let P be a parabolic subgroup of GL(n) with Levi decomposition P =
M N, where N is the unipotent radical. Let T be an irreducible representa-
tion of M(Z,) inflated to P(Z).

e \What do we mean by concept-oriented?

- “understand” the mathematical concepts/ideas behind a search.
- Associate closely related notions.



Architecture to Support Research - |

Session Concept
/ abstracts / / dictionary / Wlklped/a

Per theory I l Per theory
______________ et
: Y |
. Fact Natural | 1 Theory :
I%a:jb:]"e pelel  Feature el Language * Feature |
P . | Extractor Mapper | | | Extractor | Theory

I s SRR

I I
' | Retrieval Code Index

i | model data [ snippet [ butilder

[ caching generation I
I I



Architecture to Support Research - |l

Apache Solr (read-only)

———————————————— , e Index can expose multiple fields for models
' FactIndex  Theory Index |
! Feature Kind |Description
| l 1 [name String [The name of the fact
I [ 2 |kind String | The kind of the fact: theorem, lemma, definition or axiom.
| 3 |theory_key String |Identifier for the source theory in Library_Theory format.
I 4 |theory_name String | The name of the source theory, produced from its filename.
| . o e e o e e o — _I 5 [comments Text |Comments above the fact in the theory file.
Query 6 |incomments Text |Comments appearing inside the fact’s body.

Result .
| I N 13|proofblocks Integer| The number of “proof” blocks in the fact’s body.
| | @ 14|byblocks Integer| The number of “by” blocks in the fact’s body.
I Fro nt Ret”eval i E 15|proof_commandvec| Vector |Commands used in the proof block of the fact
I end LOglC ] g 8 and the frequency of their evokation.

(&] .
] | c 2 .

Q
| I Q ] )
- ____ <3 e Front end can interface to multiple models
Relevance Search Tho Method 8 ierarchical Gokse
data data
FEE_E_,_EE_E__—_—— i | Method 1 (term and concept vector sum)
| I Method 2 (TF-IDF term and concept selection)
| Method 3 (Maximal term and concept overlap)
I | Method 4 {Text keywords only, no concepts)
[ Method & (Method 1 with concept expansion)

| | Method 6 {Method 3 with concept expansion)
| . o o o e e L L . 1 Method 7 (Hierarchical Concept iIndexing)

v Method 8 {Hierarchical Concept Indexing with concept expansion)

MySQL (write-only)



Architecture to Support Research -

18 algebra_intersection lemma [Mathematics/Frobability_theory] (aFP) Ergedic_1heory. 5G_Library_Compemen: @ O

sl by

e User-provided relevance
judgements

e Clickthrough data

e Sessions: Evolution of
queries

Crgodic_Taecry SG_Library_Complament.sigma_algebra_irtarsecton

HOL Analysis Sigma_Algebra.algebra_ifl_Ln

Prev ew sippet

lemma algehra_ntersachon

assumes "algebra (I A~

"algebra D B°

shows "algeara 22 (A n B)"

apply (sukstalgebra_ff_Un) using assms by (aum simp add: algebra_iff_un)

mark result '18'
¥l-€——as relevant to your

query

18 algebra intersection lemma [Mathematics/Probability theory] (AFP) Ergodic_Theory.SG_Library Complement @

unmark result '18'
Ergodic_Theory.SG_Library_Complement @ Ei--€——as relevant to your
query

18 algebra_intersection lemma [Mathematics/Probability theory] (AFP)



A Peek Inside the Box

Session Concept [i .. .
/ abstracts / / dictionary | : Wikipedia

!

Natural
Language
Mapper

Current Implementation

Concept Index for
Wikipedia Mathematics
articles

Fact features + Abstracts
for each fact.

Top 20 most relevant Wiki
articles for each fact.



Mapping Concepts to Facts - |

meet_dual
(HOL-Algebra/Lattice.thy)

Cauchy_Schwarz_ineq
(HOL-Analysis/Inner_Product.thy)

Rank Title Rank Title
1 Cauchy-Schwarz inequality 1 Join and meet
2 Augustin-Louis Cauchy 2 Langlands dual group
3 Cauchy-Riemann equations 3 Petrie dual
4 Cauchy sequence 4 Lattice (order)
5 Schwarz list 5 De Groot dual
6 Cauchy momentum equation 6 Reductive dual pair
7 Cauchy—Kowalevski theorem 7 Complete lattice
8 Cauchy surface 8 Heyting algebra
9 Cauchy product 9 Free lattice
10 Albert Schwarz 10 F-algebra
11 Schwarz lemma 11 Boolean algebra (structure)
12 Binet—Cauchy identity 12 Capelli identity
13 Cauchy theorem (group theory) 13 Skew lattice
14 Cauchy-Rassias stability 14 Closure operator
15 Schwarz refiection principle 15 0,1-simple lattice
16 Schwarz—-Ahlfors—Pick theorem 16 Comparison of topologies
17 Abstract additive Schwarz method 17 Fixed-point combinator
18 Schwarz minimal surface 18 Distributive lattice
19 Schwarz triangle function 19 Semimodular lattice
20 Cauchy theorem 20 Birkhoff representation theorem




Mapping Concepts to Facts - I

Rank Title

Top 20 Wikipedia Math
Articles

Y -

Decision/Selector
Function

57 Term Vector

& Term vector for the field: conceptvec
Term Freq. |l
completeness theorem 20
deductive system 19
formula 18
logic 13
theory 13
proof 10
theorem G
compactness theorem 8
language 8
completeness 7
model |7
OK
Distributional

representation



Demo

https://behemoth.cl.cam.ac.uk/search/SErAPIS online_user_guide.pdf


https://behemoth.cl.cam.ac.uk/search/

3\
S@@ \'{;@ Menu ~ Keywords harmonic number HOL-Analysis.Complete_Measure | Any fact «| | Method 8 (Hierarchical Concept |-

Will you provide us with relevance feedback for this query?

Please indicate whether you will be providing relevance feedback on the first 10 results for this query by clicking on the button.

1 WILL Help!

1 harm definition (Libraries) HOL-Analysis.Harmonic_Numbers @ 0O

Used by

Preview snippet

definitions74ag important harm :: "nat = 'a :: real_normed_field" where
"harm n = (Jk=1..n. inverse (of_nat k)"

2 harm_expand lemma (Libraries) HOL-Analysis.Harmonic_Numbers @ 0O

Used by
Uses
Preview snippet

lemma harm_expand:

"harm 0 = 0"

"harm (Suc 0) = 1"

"harm (numeral n) = harm (pred_numeral n) + inverse (numeral n)"

proof -
have "numeral n = Suc (pred_numeral n)" by simp
also have "harm ... = harm (pred_numeral n) + inverse (numeral n)"

by (subst harm_Suc, subst numeral_eq_Suc[symmetric]) simp
finally show "harm (numeral n) = harm (pred_numeral n) + inverse (numeral n)" .
qed (simp_all add: harm_def)

3 harm_pos lemma (Libraries) HOL-Analysis.Harmonic_Numbers @ O

Used by
Uses

Preview snippet



or Collection (AFP,

S%S ‘%{é Menu Keywords asymptotic density »

Will you provide us with relevance feedback for this query?

| Any fact “| | Method 8 (Hi ical Concept |-

1 lower_ ic_density_i i lemma [Math ics/Probability_theory] (AFP) Ergodic_Theory.Asymptotic_Density @ 0O

Uses

Preview snippet

lemma lower_: ic_density_il ion:

"lower_asymptotic_density A + lower_asymptotic_density B < lower_asymptotic_density (A N B) + 1*
using upper_asymptotic_density_union[of "UNIV - A" "UNIV - B"]
unfolding lower_upper_asymptotic_density_complement by (auto simp add: algebra_simps Diff_Int)

2 upper_asymptotic_density_in_01 lemma [Mathematics/Probability_theory] (AFP) Ergodic_Theory.Asymptotic_Density @ 0
Used by
Preview snippet

3 upper_asymptotic_density_lim lemma [Mathematics/Probability_theory] (AFP) Ergodic_Theory.Asymptotic_Density @ O

Preview snippet

4 upper_asymptotic_density_subset lemma [Mathematics/Probability_theory] (AFP) Ergodic_Theory.Asymptotic_Density @ O

Uses

Preview snippet

lemma upper_asymptotic_density_subset:




S%S \*‘f;@ Menu ~ Keywords pigeon hole principle m |Anyfact -/ Method 8 (Hierarchical Concept |

Will you provide us with relevance feedback for this query?

1 ramseyl lemma (Libraries) HOL-Library.Ramsey @ 0O

Uses

Preview snippet

lemma ramsey1: "3N::nat. partn_Ist {..<N} [q0,q1] 1"

proof -

have "3i<Suc (Suc 0). 3Hensets {..<Suc (q0 + q1)} ([q0, q1] ! i). f* nsets H (Suc 0) < {i}"
if *f € nsets {..<Suc (g0 + 1)} (Suc 0) — {..<Suc (Suc 0)}" for f

proof -

define A where "A=\i. {q. q <q0+q1 A f{q} =i}"

have "AOQuA1={.q0 +q1}"

using that by (auto simp: A_def PiE_iff nsets_one lessThan_Suc_atMost le_Suc_eq)
moreover have "AONA1={}"

by (auto simp: A_def)

ultimately have "q0 + q1 < card (A 0) + card (A 1)"

by (metis card_Un_le card_atMost eq_imp_le le_Sucl le_trans)

then consider "card (A 0) = q0" | "card (A 1) = q1"

by linarith

then obtain | where "i < Suc (Suc 0)" "card (A ) = [q0, q1] ! I"

by (metis One_nat_def lessl nth_Cons_0 nth_Cons_Suc zero_less_Suc)

then obtain B where "B € A i* "card B = [q0, q1] ! i" *finite B"

by (meson obtain_subset_with_card_n)

then have "B € nsets {..<Suc (q0 + q1)} ({90, g1] ! ) A f " nsets B (Suc 0) < {i}"
by (auto simp: A_def nsets_def card_1_singleton _iff)

then show ?thesis

using 4 < Suc (Suc 0) by auto

qed

then show ?thesis

by (clarsimp simp: partn_Ist_def) blast

qed

subsubsection (Ramsey's theorem with two colours and arbitrary exponents (hypergraph version)»

2 pigeonhole_principle lemma [Computer_science/Data_structures] (AFP) List-Infinite.Setinterval2 @ o

Preview snippet

X | Kruskal A Vv [ ] Highlight Al [ | Match Case [ | Match Diacritics | | Whole Words 1 of 18 matches




Q%@ \{656 Menu ~ Keywords cosine x Any fact - | Method 8 (Hi ical Concept |-

Will you provide us with relevance feedback for this query?

Please indicate whether you will be providing relevance feedback on the first 10 results for this query by clicking on the button.

1 WILL Help!

1 summable_pre_sin lemma (Libraries) HOL-Real_Asymp.Multiseries_Expansion @ 0O

Uses

Preview snippet
2 cos_conv_pre_cos lemma (Libraries) HOL-Real_Asymp.Multiseries_Expansion @ 0O

Uses

Preview snippet

lemma cos_conv_pre_cos:

"cos x = powser (msllist_of_msstream cos_series_stream) (x A 2)"

proof -

have "(An. cos_coeff (2 * n) * x A (2 * n)) sums cos x"

using cos_converges[of x]

by (subst sums_mono_reindex[of "An. 2 * n"])

(auto simp: strict_mono_def cos_coeff_def lim!: evenE)

also have "(An. cos_coeff 2*n)*xA (2 *n) =

(An. mssnth cos_series_stream n * (x A 2) A n)"

by (simp add: fun_eq_iff mssnth_cos_series_stream cos_coeff_def power_mult)
finally have sums: "(An. mssnth cos_series_stream n * x? A n) sums cos x" .
thus ?thesis by (simp add: powser_def sums_iff)

qed

3 sin_conv_pre_sin lemma (Libraries) HOL-Real Asymp.Multiseries_Expansion @ O

Uses

Preview snippet




g%@ éﬁ@ Menu v Keywords cauchy-schwarz inequality | Theory ~| | Method 8 (Hi ical Concept |-

Will you provide us with relevance feedback for this query?

Please indicate whether you will be providing relevance feedback on the first 10 results for this query by clicking on the button.

| WILL Help!

1 C ySch Cauchy.Cauchy Cauchy [Mathematics/Analysis] (AFP) @ 0O

2 No_Cloning lIsabelle_Marries_Dirac.No_Cloning Isabelle_Marries_Dirac [Computer_science/Algorithms/Quantum_computing Mathematics/Physics/Quantum_information] (AFP) @ O
3 CauchysMeanTheorem Cauchy.CauchysMeanTheorem Cauchy [Mathematics/Analysis] (AFP) @ 0O

4 Example_Metric HOL-Eisbach.Example_Metric HOL-Eisbach (Libraries) @ O

5 Equality CTT.Equality CTT (Libraries) @ o

6 Wfd CCLWfd CCL (Libraries)y © O

7 Imp _Quick HOL-I

perative_HOL.Imperative_Quicksort HOL-Imperative_HOL (Libraries) @ O

8 RG_Tran HOL-Hoare_Parallel.RG_Tran HOL-Hoare_Parallel (Libraries) @ o

9 Correctness IOA-ABP.Correctness |IOA-ABP (Libraries) @ 0O

10 Metric_Arith_Examples HOL-Analysis-ex.Metric_Arith_Examples HOL-Analysis-ex (Libraries) @ O

11 Big_Step_Value CakeML_Codegen.Big_Step_Value CakeML_Codegen [Computer_science/Programming_languages/Compiling Logic/Rewriting] (AFP) @ 0O
12 Correctness2 JinjaDCl.Correctness2 JinjaDCl [Computer_science/Programming_languages/Language_definitions] (AFP) @ 0O

13 SC_Cut Propositional_Proof_Systems.SC_Cut Propositional_Proof_Systems [Logic/Proof_theory] (AFP) @ O

14 Impl_RBT_Map Collections.Impl_RBT_Map Collections [Computer_science/Data_structures] (AFP) @ 0O

15 BVSpecTypeSafe HOL-MicroJava.BVSpecTypeSafe HOL-MicroJava (Libraries) @ O

16 Hash_Table Separation_Logic_Imperative_HOL.Hash_Table Separation_Logic_Imperative_HOL [Computer_science/Programming_languages/Logics] (AFP) © O
17 Comb HOL-Induct.Comb HOL-Induct (Libraries) @ O

18 Ramsey ZF-ex.Ramsey ZF-ex (Libraries) @ O

19 BVSpecTypeSafe JinjaDCI.BVSpecTypeSafe JinjaDCl [Computer_science/Programming_languages/Language_definitions] (AFP) @ 0O

20 Forcing_Theorems Forcing.Forcing_Theorems Forcing [Logic/Set_theory] (AFP) @ 0O



Closing Remarks

e Ongoing and Future Work
1. Migrate from Isabelle Dump to Isabelle-Scala and Isabelle build.
2. Keep index up-to-date with Isabelle + AFP releases.

3. Develop new NL mapping functions.
4. Build a Test Collection for evaluating Isabelle NL search.

e Links
- SErAPIS search engine:

-  SErAPIS User Guide:
https://behemoth.cl.cam.ac.uk/search/SErAPIS_online_user_guide.pdf

https://behemoth.cl.cam.ac.uk/search/

- My website:  https://www.cl.cam.ac.uk/~yas23/
THANK YOU to Angeliki-Koutsoukou Argyraki, Fabian and the

e Acknowledgements:
organisers for their invitation!



Questions?
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