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Abstract: The vast and growing number of publications in al disciplines of science cannot be comprehended by a single human researcher. As a
consequence, researchers have to specialize in narrow subdisciplines, which makes it challenging to uncover scientific connections beyond the own
field of research.

In my talk, | will present a possible solution: I demonstrate the development of a semantic network for quantum physics (SemNet), using 750,000
scientific papers and knowledge from books and Wikipedia. | use it in conjunction with an artificial neural network for predicting future research
directions. Finally, | show first indications how individual scientists can use SemNet for suggesting and inspiring personalized, out-of-the-box ideas.

| believe that computer-inspired scientific ideas will play a significant role in accelerating scientific progress, and am looking forward hearing your
thoughts and ideas about this crucial question.
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On Computer-Inspired Science

Goal:

Make a computer program which
inspires surprising and interesting ideas.

What does it mean that something is surprising or interesting?

Very subjective; depends on one’s knowledge.

How to get this knowledge
into a computer??
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On Computer-Inspired Science

Choosing experiments to accelerate
collective discovery

Andrey Rzhetsky®"“", Jacob G. Foster?, lan T. Foster”®, and James A. Evans”™

f,1

Edited by Yu Xie, University of Michigan, Ann Arbor, Ml, and approved September 8, 2015 (received for review May 18, 2015)

A scientist’s choice of research problem affects his or her personal career

trajectory. Scientists’ combined choices affect the direction and efficiency

of scientific discovery as a whole. In this paper, we infer preferences that

shape problem selection from patterns of published findings and then __Efficiency of Search StrateEies
quantify their efficiency. We represent research problems as links be- : ) o}ocﬁg:n?:;régagg:\‘;ﬁ:u
tween scientific entities in a knowledge network. We then build a gen- /
erative model of discovery informed by qualitative research on scientific
problem selection. We map salient features from this literature to key
network properties: an entity’s importance corresponds to its degree
centrality, and a problem’s difficulty corresponds to the network dis-
tance it spans. Drawing on millions of papers and patents published
over 30 years, we use this model to infer the typical research strategy
used to explore chemical relationships in biomedicine. This strategy gen-
erates conservative research choices focused on building up knowledge
around important molecules. These choices become more conservative
over time, The observed strategy is efficient for initial exploration of the J
network and supports scientific careers that require steady output, but is i ) [ & is iE To
inefficient for science as a whole. Through supercomputer experiments A S

on a sample of the network, we study thousands of alternatives and

identify strategies much more efficient at exploring mature knowledge

networks. We find that increased risk-taking and the publication of

experimental failures would substantially improve the speed of discov-

ery. We consider institutional shifts in grant making, evaluation, and

publication that would help realize these efficiencies.

Search strategles

Experiments

I
2
5
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Concept List of Quantum Physics

Krenn, Zeilinger "Predicting Research Trends with Semantic and Neural Networks with an application in Q.Physics”, PNAS 117(4), 1910 (2020).
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Concept List of Quantum

WIKIPEDIA QUANTUM
Entries in Category CONCEPT LIST
Quantum Physics

human-compiled 6368 quantum physics
concepts concepts

PHYSICS BOOKS
Entries in Indices

each concept
forms a node

arXiv Quantum
100.000 papers 'F_rom / interaction-free mini SE M N ET
Quantum Physics Co-appearance measurement 20
A 1
= of concepts 3g?,‘3"/ | \\\\.,__ : "---5._______ Leggett-Garg
APS papers forms edge cigle ‘ g . %, - . inequality
650.000 papers from Photois s s 0 s
01.1919-12.2017 O O |
d_"\‘\‘ T~ ».___304 \\\ |I
— N\ | ‘3 \'. temporal
("P\\\ |I 2013 “~._. comelations
Mic eEo-r-r___ R Fabry—_F'erot
Interferometer gy
Phys. Rev. Lett. 74, 4763 (1995): Phys. Rev. A 88,023812(2013): Phys. Rev. X 5,011003 (2015):

[..] The fraction of “interaction-free” || We study the quantum dynamics of a | | [..] Measuring temporal correlations of the
measurements can be arbitrarily close to | | Michelson interferometer with Fabry- | | position of single atoms performing a
1. Using single photons in a Michelson | | Perot cavity arms and one movable end quantum walk, we observe a 60 violation of

interferometer, we have performed a || mirror, and driven by a single photon— | | the Leggett-Garg inequality. [.] The
preliminary demonstration of some of || an optomechanical device previously interaction-free measurement is based on
these ideas. [...] studied by Marshall et al. as a device a novel atom transport system, which

that searches for gravity decoherence. | | allows us to directly probe the absence

) rather than the presence of atoms at a
chosen lattice site. [...]

Krenn, Zeilinger "Predicting Research Trends with Semantic and Neural Networks with an application in Q.Physics”, PNAS 117(4), 1910 (2020).
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Semantic Network of Quantum Physics

Krenn, Zeilinger "Predicting Research Trends with Semantic and Neural Networks with an application in Q.Physics”, PNAS 117(4), 1910 (2020).
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Semantic Network of Quantum Physics
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Some History of Quantum Physics

Emerging Concepts

Number of Papers

with Concept

Krenn, Zeilinger "Predicting Research Trends with Semantic and Neural Networks with an application in Q.Physics", PNAS 117(4), 1910 (2020).
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Some History of Quantum Physics

Connections

Emerging

Number of Papers
with Connection

80

60

40

20

1990

MK, Zeilinger "Predicting Research Trends with Semantic and Neural Networks with an application in Quantum Physics", PNAS 117(4), 1910 (2020).
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Future of Quantum Physics Research

Which unconnected pairs of concepts will be investigated
together in 5 years?

Neural Network — but how?

Way too large and complex as a direct input

Solution: Network Properties of pairs of concepts

For each concept pair:

* #(papers of concept)

* #(connections of concept)

* #(shared Neighbors)

* Network Distances

» #(Paths of Length 2, 3, 4 over last 3 years)

Krenn, Zeilinger "Predicting Research Trends with Semantic and Neural Networks with an application in Q.Physics", PNAS 117(4), 1910 (2020).
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Future of Quantum Physics Research

Link Prediction
via Neural Networks

Krenn, Zeilinger "Predicting Research Trends with Semantic and Neural Networks with an application in Q.Physics”, PNAS 117(4), 1910 (2020).
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Future of Quantum Physics Research

Quantify Quality of Prediction - ROC:

(Receiver Operating Characteristic)

6000x6000=36 Mio unconnected concepts
1 Sorted from likely to unlikely

True positive rate

0 0.5 1
False positive rate

MK, Zeilinger "Predicting Research Trends with Semantic and Neural Networks with an application in Quantum Physics", arXiv:1906.06843
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Future of Quantum Physics Research

Quantify Quality of Prediction - ROC:

(Receiver Operating Characteristic)

6000x6000=36 Mio unconnected concepts
: | >>> Sorted from likely to unlikely

True positive rate

0 0.5 1
False positive rate

MK, Zeilinger "Predicting Research Trends with Semantic and Neural Networks with an application in Quantum Physics", arXiv:1906.06843
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Future of Quantum Physics Research

Quantify Quality of Prediction:

(Receiver Operating Characteristic)

1 -
Area Under Curve: ; i
2| . — 2017
% that random true element is g | / e 2005
ranked higher than random false one. Eél 0s —
O [
= |y —— random
Here: AUC=85% i
0 05 1

False positive rate

Krenn, Zeilinger "Predicting Research Trends with Semantic and Neural Networks with an application in Q.Physics", PNAS 117(4), 1910 (2020).
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Towards personalized Suggestions

Problem: The growing number of publications
in all disciplines of science cannot be comprehended
by a single human researcher.

quant-ph arXiv papers per month ML+AIl arXiv papers per month

800 2 !
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600 }
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400 2000}
200 10005.
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Krenn, Zeilinger "Predicting Research Trends with Semantic and Neural Networks with an application in Q.Physics”, PNAS 117(4), 1910 (2020).
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Towards personalized Suggestions

Pscientist ( Cj ) — Z]jvf(\fz 23_7‘ )
M(c;
ptotal(ci) — Zj jfj(ij)

. - ) — . I -
T'scientist ( Ci ) — p;ftle?tis(t f(ls; )% )
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Krenn, Zeilinger "Predicting Research Trends with Semantic and Neural Networks with an application in Q.Physics”, PNAS 117(4), 1910 (2020).
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Towards personalized Suggestions

Concepts used in papers by Roger Melko

* Used ~104 papers
« ~918 different concepts used, out of 27.067 total concepts (comparison: i used ~500)

Concepts C: ryoo.(C)
monte carlo: 2167

spin ice: 1142 N ( C%- )
transverse field ising: 1028 - = ( : ) _
liquid phase: 727 pSCIGnUSt C?/ Z] N ( Cj )

guantum monte carlo: 685
boltzmann machine: 596 M ( C;q )

ground state phase: 457 p s ( C ) ) —

spin configuration: 421 tOtdl L Z] M ( Cj )
lattice boson: 380

spin liquid phase: 380 p ( C )
valence bond solid: 380 . . : — C1 i '
machine learning approach: 380 TSClentlSt ( C?z ) — Lscientist L
quantum monte carlo simulation: 360 ptota] ( C".i )
supersolid state: 342

generative model: 336

spin liquid: 316

quantum spin liquid: 302
topological sector: 285
reconstructing quantum state: 253
deep network: 253

Krenn, Zeilinger "Predicting Research Trends with Semantic and Neural Networks with an application in Q.Physics", PNAS 117(4), 1910 (2020).
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Towards personalized Suggestions

Concepts used in Roger’s papers—
with other physical concepts — What is predicted?

Roger’s predictions:

Predicted:

1: quantum phase transition, quantum key distribution
2: quantum phase transition, hidden variable

3: finite temperature , quantum network

4: critical point, fault tolerant

Unorthodox (small degree centrality and cos-Similarity):

1: bose hubbard model, single photon detector

2: zero temperature, reverse reconciliation

3: triangular lattice, markovian open gquantum system
4: scale invariant, optical quantum information

Unpredicted:

1: deconfined quantum critical point - casimir density

2: quantum monte carlo, quantum dot cellular automaton

3: numerical linked cluster expansion , individual quantum trajectory

Krenn, Zeilinger "Predicting Research Trends with Semantic and Neural Networks with an application in Q.Physics”, PNAS 117(4), 1910 (2020).
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Extension: Science4Cast competition

A Machine Learning Challenge in the Science of Science

o SN W 72 Submiissions!

Graph-Neural Networks
Transformers

Pure Network Theory
Automated feature engineering

Concluding Special Session: =
17.Dezember (Next Friday) —11.00 ET

15 Stackid LT Edupad ERTRES

Krenn, Zeilinger "Predicting Research Trends with Semantic and Neural Networks with an application in Q.Physics”, PNAS 117(4), 1910 (2020).
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Conclusion & Future

Future:
Personalized suggestions (see before)

- Surprising suggestions
(network theory or anomaly detection)
Prediction-Degree-Similarity of

100.000 personalized Concept Pairs

Fruitful suggestions
(application of proxy of P
success, e.g. citations) P

Preditions new research directions
via Semantic & Neural Networks

interaction-free m i n | S EM N ET

measurement
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Questions:
How does a human scientist define new research projects?

How can an "automated idea finder" be evaluated?

Krenn, Zeilinger "Predicting Research Trends with Semantic and Neural Networks with an application in Q.Physics”, PNAS 117(4), 1910 (2020).
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