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Scientific literature in the service of mankind
since 1665

* Transactions of the Royal
Society, first published March
1665

* “giving some accompt of the
present undertakings, studies
and labours of the ingenious”
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The first academic journal
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Here are some statistics

& The size of the world population over the last 12.000 years

I I? 7 billion in 2018

7 bilian ---- 7 billion in 2011
£ billian #6 billion in 1999
5 billion I &5 billion in 1987
4 billion I ¢4 billion in 1975
3 billian I &3 billion in 1960
2 billion b -2 billion in 1928
I 1.65 billion in 1900
Il -
olan 990 million in 1800
600 million in 1700
The gvarage growdh rate fom 10,000 BCE 190 million in the year 0 Wi 1[h century: The Black Daath
4 million in 10,000 BCE to 770G was st (L09%, per vear panddihic in Europe kills 200 millen people
1CI oo ECE E- 000 ECE 6,000 BCE 4 00‘) BCE 2,000 EGE 0 2000
Based o eslimeaias the MHetony Dafabase Hobal Ermaroamand (HYDE) and tha Linited Mations. On QuiWorldinData,ong you can downkoad the anmusal data
This s B Weuakzatior -:FI .ll."1|'1| _'I-F‘-‘Jl."fg 3 yioud fimd data and ressarch an how the word = changing. I cersed under CC-BY-SA by thar Max Rosar
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Some more statistics

GDP per capita in England since 1270

Adjusted for inflation and measured in British Pounds in 2013 prices
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Source: Broadberry, Campbell, Klein, Overton, and van Leeuwen (2015) via Bank of England (2017)
Note: Data refers to England until 1700 and the UK from then onwards.
OurWorldInData.org/economic-growth » CC BY
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Summary

* The scientific literature has caused all of human development

* We should be proud.

* Making life better for humans one paper at a time for 354 years!
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How did it do it?

A personal perspective

(with apologies to professional librarians and Journalistas)
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The success rests on 3 pillars

|. Disclosure
— Creating an environment where people freely share (disclose) their ideas
e Create incentives...

* Citations

2. Qualitation
— (needed an English word for the act of assuring quality, sorry)
— Ensuring some level of quality of the work
° peer review
* reproducibility of work

3. Curation
— Two aspects to this
* Persistence of the information

* Access to the information
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The problem

* For 350 years, we have designed the scientific literature to be read
by humans

* ... and humans are so 20" Century!

Now we need a scientific literature that can be read
by machines (and humans)
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Side note

* People are building machines that can read the existing literature

* A process called Natural Language Processing (NLP)

* | am not talking about that

| want a literature that can be read by machine directly
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Wait, did | just rediscover the database?

Well, yes, but | think that integrating
complementary roles of databases and journals we
can do much more.
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What kinds of things can we do if we have a
literature that can be read by machines

Two examples from my group:

* Obtaining the space-group of a structure from its atomic pair
distribution function (PDF) using Machine Learning

* Discovering candidate structures to fit to the PDF of an unknown
structure
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What is a PDF?
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i Structure function
I |
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Intra-domain structure Inter-domain structure
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A PDF is from a powder diffraction pattern.
Why can’t we index it!

Same information as the powder diffraction pattern

Different encoding!
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Can we get the s.g. just by looking at the PDF?

* | don’t know an person who can look at a PDF and tell

the s.g. (except perhaps if it is an fcc material or
something)

Question:

* Can we train a Machine Learning model to recognize it?

Answer:

* Yes!

Liu, Chia-Hao, Tao, Yunzhe, Hsu, Daniel |., Du, Qiang,
and Billinge, Simon |. L.. Acta Crystallogr.A .To be

ublished. (2019)
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Teaching the machine

|. Have a database with 100,000 solved structures in it

3. Divide the structures into a set of 80,000 for learning and 20,000
for testing

4. Show the ML algorithm the learning set: give it the PDF (a set of
intensity-position pairs) and tell it the right answer. It will adjust
its internal parameters so as to predict the right answer as often
as possible

5. Check how well it did by showing it the 20,000 testing sets
without telling it the right answer, but checking its answer

6. Tweak the learning till it is doing well on the test

/. The algo is ready....give it some real data and it will tell you the
space-group
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Details

*  Work of Yunzhe Tao and Chia-Hao Liu

* PDF itself is the input feature vector

101,802 structures in 45 space-groups

e Train on 80% of data, 20% retained for testing

Input Feature maps Feature maps
OF 256@209x1 1D convoltion 64@200x1
| 32x1kernel
* [ _ N |

]
]
| Batch normalization —— |
]

”M M\; 1D convolution .
I ' 32x1 kernel : I |

d Ll | + — P
Batch normalization 1D max-pooling
2x1 kernel
+
Dropout
Output: -
Space group Fully Fully o 1
connected connected Flatten [ 1]
R-3c D':'u o :
Cmem " LN —
Pnma Qutputs Hidden units Hidden units Feature maps
45 128 6656 64@104x1
R-3m
") COLUMBIA UNIVERSITY HTTP://thebillingegroup.com

I THE CITY OF NEW YORE



1.0f
Space Groups from |
0.8 :
PDFs .
“ 0.6} :
. - . 3 Tt e o
* First try, Logistic Regression % | > P :
© . ®
O e . °,
0.2} o
®-. .
0.0E } . } } .
1.0f :
@
o oo
. o ® 0 °l -
* Second try, Convolution s |l @ ‘e
- 06 '. °e ¢
Neural Net g °
e L B 0.4 ° .,
— Classification ratio’s are for o : o ;
finding the right s.g. in the top 02k <o "
6 (b)
0.0 ks : . . .
0 50 100 150 200
Space group order
‘;i;}? COLUMBIA UNIVERSITY HTTP://thebillingegroup.com

I THE CITY OF NEW YORE



onfusion

Matrix

Rows: true

label

Columns:
predicted

label

C2/c

Pbcn

Pbca

P2,/c

P2,2, 2,

P2,

&2 COLUMBIA UNIVERSITY

I THE CITY OF NEW YORE

iue auer

Predicted label

& _ _® — - g
= MM =3 -5 29
— —_ = - — ~ ) o - o -5 i =~
= = R P N =2 g 2= C nganﬁfﬂin‘”ﬁﬂ"“
s SE8mcaN°IZI@BgoBEEtEs8e;E TPt Egaeag
- = 2 4 = - - = 8 o = - D =) L= = =] o )
s E TS e N EEE 2 e  EE2 R T EEEEE RIS T EEEES £ EEE
S @S ECH oAy E cos e EveEEES EcN g cEECPMBMERmM®mT® &3
Tl o N A I NN FESES R EEEEEE NS SSIEE D Eand 00 BT EE D
s RO ORAORESEEERELESSCEST I I ST doeacR8R8 80888
P-1(2) U 00 0.010.01 0.03 0.00 0.25 0.05 0.01 0.00 0.00 0.00 0.00 0.000.000.010.02 0.000.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.000.000.000.000.000.00 0.00 0.00 0.00 0.00

P271(4)-(J.(]EBJSDDDDDl(].OADDlmG.GYUDIDDZUDlDD(]!]DGD!]EIDDUDDDU.GSDDDDDU!]DDDDUDDDDDDDDDDUDDDDDDDDDIUUDDDDUDDDDDUDDDD(]UDEIDU}DDDDDD!]DDDDIDDUDDDDDIUDDDDU

Cc (9) 0.080.02 0.02 0.04 0.01 0.20 0.14 0.02 0.01 0.01 0.00 0.00 0.00 0.000.02 0.010.01 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.02 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00

P2_1/m (11) .06 0.01 0.0 0.04 0.00 0.16 0.05 0.01 0.00 0.00 0.00 0.00 0.01 0.000.01 0.090.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.000.000.01 0.00 0.00 0.00 0.00 0.00 0.00
C2/m {12) ©.050.00 0.00 0.02 (110,00 0.08 0.05 0.01 0.00 0.00 0.00 0.00 0.00 0.000.00 0.06 0.03 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.03 0.00 0.000.00 0.00 0.010.00 0.00 0.00 0.00 0.00 0.00
P2/c {13) ©.18 0.00 0.02 0.01 0.05[1251 0.15 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.000.02 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 .00 0.01 0.00 0.00 0.01 0.00 0.000.000.00 0.010.00 0.00 0.00 0.00 0.00 0.00

P2_1/c (14) 020001 0.01 0.01 0.02 0.00[E]0.06 0.01 0.01 0.00 0.00 0.00 0.00 0.010.02 0.07 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 .00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.000.00 0.00 0.00 0.00 0.00 0.00
C2/c (15) 015 0.00 0.03 0.01 0.04 0.01 0.20 /51 0.01 0.00 0.00 0.00 0.00 0.00 0.000.01 0.040.01 0.00 0.00 0.00 0.00 0.00 .00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.02 0.00 0.000.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00

P2_12_12_1 (19) 0.130.01 0.00 0.02 0.05 0.00 0.06 0.00 0.01 0.00 0.00 0.000.000.02 0.06 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.000.000.01 0.00 0.00 0.00 0.01 0.00 0.00

Pna2_1 (33) ©.09 0.01 0.01 0.00 0.03 0.00 0.17 0.04 0.01 [:1]0.01 0.00 0.01 0.01 0.000.01 0.14.0.02 0.00 0.00 0.01 0.00 0.00 0.00 0.0 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.010.02 0.01 0.02 0.00 0.00 0.01 0.00 0.00 0.00
Cmc2_1 (36) 0.04 0.00 0.00 0.01 0.05 0.00 0.08 0.04 0.02 0.01 [£740.00 0.00 0.00 0.000.00 0.13 0.03 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.04 0.04 0.00 0.02 0.01 0.00 0.00 0.00 0.00 0.00
Pmmm (47} -0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 (K000 0.00 0.000.000.000.010.00 0.04 0.00 0.00 0.00 0.00 0.12 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.000.00 0.02 0.010.00 0.00 0.00 0.00 0.00 0.00
Pbam (55) <0.02 0.00 0.00 0.01 0.03 0.00 0.03 0.03 0.00 0.01 0.00 0.00 (4001 0.000.01 0.10 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.000.00 0.00 0.010.00 0.00 0.00 0.00 0.00 0.00
PAnm (58) 0.02 0.01 0.00 0.03 0.11 0.00 0.07 0.05 0.02 0.01 0.00 0.00 0.01 (£1:10.01 0.00 0.05 0.010.00 0.01 0.03 £.01 0.00 0.00 0.00 0.00 0.03 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.03 0.00 0.01 0.01 0.00 0.00 0.00
Pbcn (60) .11 0.00 0.00 0.02 0.06 0.00 0.15 0.07 0.03 0.02 0.00 0.00 0.00 0.00{£10.01 0.05 0.03 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.000.00 0.00 0.010.00 0.00 0.00 0.00 0.00 0.00

Pbca (61) 0.100.00 0.01 0.03 0.04 0.00 0.08 0.02 0.00 0.00 0.00 0.00 0.00 0.00{" - [1/0.06 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.000.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00

Pnma (62) .03 0.00 0.00 0.02 0.03 0.00 0.10 0.03 0.01 0.02 0.00 0.00 0.00 0.00 0.000.01 [J10.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Crmem (63) <0.02 0.00 0.00 0.02 0.05 0.00 0.03 0.02 0.00 0.00 0.01 0.00 0.00 0.00 0.000.00 0.05[X340.01 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.02 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00
Cmce (64) .04 0.00 0.01 0.01 0.08 0.00 0.08 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.000.01 0.06 0.03 8E! 0.01 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.010.01 0.000.01 0.00 0.00 0.00 0.00 0.01 0.00

Cmmm {65) .00 0.00 0.00 0.00 0.05 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.000.00 0.05 0.08 0.01[XF10.01 0.00 0.00 0.00 0.02 0.02 0.01 0.02 0.01 0.00 0.01 0.00 0.01 0.02 0.00 0.01 0.00 0.02 0.02 0.00 0.00 0.02 0.01 0.00 0.00
Immm (71) .00 0.00 0.00 0.00 0.04 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.000.01 0.080.070.01 0.01 [ 0.00 0.00 0.01 0.02 0.01 0.00 0.06 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.02 0.02 0.00 0.00 0.01 0.00 0.00 0.00
14/m (87) .01 0.00 0.00 0.01 0.02 0.00 0.04 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.000.01 0.07 0.03 0.00 0.00 0.00[80.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.000.000.01 0.00 0.00 0.01 0.03 0.00 0.00
14_1/a (88) 0.05 0.02 0.00 0.00 0.03 0.00 0.06 0.03 0.02 0.00 0.00 0.00 0.00 0.000.000.00 0.05 0.00 0.00 0.00 0.00 0.00(JCF1 0.02 0.00 0.00 0.00 0.01 0.02 0.01 0.01 0.00 0.00 0.00 0.00 0.02 0.00 0.000.01 0.00 0.00 0.00 0.00 0.01 0.01
I-42d (122) -0.01 0.00 0.01 0.00 0.02 0.00 0.04 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.000.000.010.010.00 0.00 0.00 0.00 0.00{RJY 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.01 0.000.00 0.00 0.000.01 0.08 0.00 0.02 0.00 0.00
P4/mmm (123) <0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.00 0.00 0.000.000.000.01 0.00 0.01 0.00 0.01 0.00 0.00 %X 0.02 0.00 0.06 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.000.000.00 0.00 0.00 0.00 0.04 0.02 0.00 0.00
P4/nmm (129) ©0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.000.000.00 0.02 0.02 0.00 0.00 0.00 0.01 0.00 0.01 0.02[E:l¥ 0.00 0.06 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.000.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00
P4_2/mnm (136) 0.00 0.00 0.00 0.01 0.02 0.00 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.000.00 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0001 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.000.00 0.00 0.00.0.00 0.00 0.00 0.00 0.00 0.00
14/mmm {139) .00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.000.00 0.010.00 0.01 0.00 0.01 0.01 0.00 0.00 0.03 0.03 0.00{EE! 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.000.000.000.01 0.00 0.00 0.01 0.01 0.00 0.00
14/mcm (140) <0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00.0.00 0.02 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00[$:M0.00 0.00 0.00 0.00 0.00 0.01 0.000.000.00 0.02 0.00 0.00 0.04 0.00 0.00 0.00
14_1/amd (141) ©0.01 0.00 0.00 0.01 0.01 0.00 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.000.00 0.02 0.030.00 0.00 0.01 0.00 0.01 0.01 0.00 0.02 0.00 0.02 0.00 (R} 0.01 0.00 0.01 0.01 0.00 0.010.00 0.01 0.02 0.01 0.01 0.00 0.01 0.03 0.00
R-3 (148) <0.03 0.00 0.00 0.00 0.02 0.00 0.04 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.000.00 0.040.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00[£&&Y0.00 0.02 0.01 0.02 0.000.00 0.00 0.02 0.02 0.00 0.00 0.01 0.00 0.00

R3m (160) <0.00 0.00 0.02 0.01 0.01 0.00 0.01 0.03 0.01 0.00 0.00 0.00 0.00 0.00 0.000.00 0.02 0.020.00 0.01 0.00 0.00 0.00 0.02 0.00 0.00 0.01 0.02 0.01 0.00 0.01 [JEF10.01 0.10 0.00 0.00 0.03 0.00 0.04 0.00 0.02 0.03 0.04 0.00 0.00
P-3m1 (164) .00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.000.00 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 [WF]0.08 0.00 0.000.02 0.02 0.06.0.00 0.01 0.02 0.02 0.00 0.00
R-3m (166) ©0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.000.00 0.02 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.02 0.02 0.02 (ELI0.00 0.00 0.01 0.00 0.06 0.00 0.00 0.00 0.01 0.01 0.00
R-3¢ (167) ©.01 0.00 0.00 0,01 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.000.00 0,02 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0,00 0.00 0.00 0.04 0.00 0.01 0.01 [E:240.00 0.00 0.00 0.01 0.00 0.00 0.02 0.01 0.00 0.00
P6_3/m (176) .00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.000.01 0.04 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 [FE0.010.000.02 0.00 0.00 0.00 0.00 0.00 0.00
P6_3mc (186) 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.000.000.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.03 0.00 0.00UNL10.01 0.09 0.00 0.00 0.00 0.00 0.00 0.00
P&/mmm (191) .00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.000.00 0.000.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00XL10.03 0.00 0.00 0.00 0.00 0.00 0.00

P6_3/mmc (194} .00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.000.00 0.010.02 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.04 0.04 0.00 0.000.02 0.03 [} 0.00 0.00 0.00 0.00 0.00 0.00

Pa-3 (205) .04 0.00 0.00 0.02 0.03 0.03 0.07 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.000.02 0.04 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.000.00 0.00 0.03 {¥3:10.01 0.00 0.05 0.00 0.00
F-43m (216) <0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00.0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.000.000.00 0.00 0.00(J&2 0.01 0.07 0.05 0.00
Pm-3m (221) ©0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.000.00 0.000.000.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.01 0.00 0.00 0.000.00 0.00 0.00 0.00 0.03 (R} 0.14 0.00 0.00
Fm-3m (225) ©.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.000.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.000.00 0.01 0.07 0.13 K1 0.00 0.00
Fd-3m (227) .00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.000.00 0.000.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.00 0.02[JEH 0.00

Ia-3d (230) ©.01 0.00 0.00 0.01 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.000.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 473
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Automating modeling

* Can we think about how to make modeling more automated, and
possibly introducing it into the pipeline?
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Standard approach

| PDF

| model

e 20 parameters

* Vary the parameters
until the model agrees ¢
as well as possible
with the data.

* Emphasis on
parameter estimation,
not on model

selection T N T [ I T
10 20 30 40 2 3 4 2 3 4

° Cha”enge IS fmdmg interatomic distance, r (A)
the right model
t? COLUMBIA [NIVERSITY HTTP://thebillingegroup.com
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New approach:
Structure-Mining

| PDF

* many models

* few parameters

* Iterate over large
numbers of models

* Emphasis on model
selection

* Advantage: find multiple
nearby models!

* Challenge: structure
must be in the
structure-mine
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Structure-mining: An automated
screening of large numbers of
candidate structures to the atomic
pair distribution function (PDF)

Long Yang, Pavol Juhas, Maxwell W. Terban, Simon ]. L. Billinge
Acta Crystallographica A (2019) in review
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Y OF NEW YOR
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Introduction

R,, sorted structure-mining result

No. R, formula space.group Ball,r OUjr Ti Uyt
0.143308 Ba2 06 Ti2 Amm?2 0.002085 0.018062 0.008006

20

21 0.144425 Ba2 06Ti2 Amm?2 0.002027 0.017803  0.008684
22 0.145316 Ba2 06 Ti2 Amm2 0.001999  0.017465  0.009089
26
30

Crystal structural database

0.146433  Ba2 06 Ti2 Amm?2 0.001973  0.016756  0.009420
0.148121  Ba2 06 Ti2 Amm?2 0.001957 0.017870  0.009978
33 0151343 Ba2 06 Ti2 Amm?2 0.002535 0.006989 0.008263

2 0.155847 Bal O3Til P4mm 0.002735 0011571  0.006421

8 0.161942  Bal O3 Til P4mm 0.002634 0.016226  0.008579

0 0.161942 Bal O3 Til P4mm 0.002634  0.016226  0.008579

31 0163028 Bal 03 Til R3m 0.002704 0.016278 0.007618

29 0.163086 Ba2 06 Ti2 Amm?2 0.002827 0.002921 0.005437

28 0.163120 Bal O3Til R3m 0.002699 0.016083  0.007675

27 0.163405 Bal O3 Til R3m 0.002681 0.015975 0.007887

25 0.163844 Bal O3Til R3m 0.002663 0.015968 0.008149

17 0.163934 Bal O3 Til R3m 0.002649 0.015838  0.008251

24 0.164318 Bal O3 Til R3m 0.002630 0.015253  0.008431

16 0.164382 Bal O3 Til R3m 0.002639 0.015667 0.008449

18 0.164820 Bal O3 Til R3m 0.002614 0.015019 0.008652

32 0.165866 Bal O3 Til R3m 0.002599 0.014932  0.009055

- : 3 0.165928  Bal O3 Til P4mm 0.002610  0.015074  0.009552
Materlals ProleCt abase 9 0166332 Bal O3Til P4mm 0.002616 0.015758  0.009675
Crystal |ography Open atabase 4 0.167933 Bal O3 Til Pmm2 0.002485  0.015098  0.009475
P D F f. 23 0.169423 Bal O3Til P4mm 0.002625 0.016343  0.010339

- 11 0170180 Bal O3 Til P4/mmm 0.002643 0.017426  0.010542

a‘ Uto re I n e m e n 10 0.170180 Bal O3 Til P4/mmm 0.002643 0.017426 0.010542

15 0210176 Bal O3 Til Pm-3m 0.004582 0.017209 0.013186
1 0.210176  Bal O3 Til Pm-3m 0.004582  0.017209 0.013186
13 0210176 Bal O3 Til Pm-3m 0.004582 0.017209 0.013186
12 0210176 Bal O3 Til Pm-3m 0.004582  0.017209 0.013186
5 0.210176  Bal O3 Til Pm-3m 0.004582 0.017209 0.013186
14 0210176 Bal O3 Til Pm-3m 0.004582 0.017209 0.013186
6 0.366657 Bal O3Til Pm-3m 0.005790  0.079941 0.012610
7 0573221 BabOl8Ti6 P6.3/mmec  0.006970 0.046913 0.004137
19 0.707676 Bal O3 Til P4mm 0.004186  0.047858  0.248950

Example result of BaTiO3 nanoparticle heuristic- |

DiffPy-CMI
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27
BaTiO; nanoparticle

* Heuristic I: BaTiO;
e Heuristic 2: Ba-Ti-O
e Heuristic 3: Ba-Ti-O-*

e Heuristic 4: Ba-*-* or even *-*-*

&2 COLUMBIA UNIVERSITY HTTP://thebillingegroup.com

I THE CITY OF NEW YORE



ok

Heuristic- |

10“ ..%. ' = | T T T T T T =
0.8} (@) 4 (b) -
MPD ¢ COD
0.6f, T . ]
cf e
0.4} T o -
0.2F 4+ © o 0000 -
QA o® O @ 000 0000 000 oo 000,000400, | ©
b
0.0% : - - 1 1 v v v
0 5 100 5 10 15 20 25 30

Structure Index

COLUMBIA [JNIVERSITY
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(b)

(d) .

Phih

10 15 20
r(A)

PDFs from representative satisfactory and
unsatisfactory structures from the MPD (3, c)
and the COD (b, d)
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29
Heuristic-1 (search for BaTiO,)

No. R, formula space_group Bal,,r Ol Ti U1

20 0.143308 Ba2 06Ti2 Amm?2 0.002085 0.018062  0.008006

21 0.144425 Ba2 06Ti2 Amm?2 0.002027 0.017803  0.008684

22 0.145316 Ba206Ti2 Amm?2 0.001999 0.017465 0.009089

S g . Am m 2 26 0.146433 Ba2 06Ti2 Amm32 0.001973  0.016756  0.009420
‘O 30 0.148121 Ba2O6Ti2 Amm32 0.001957 0.017870  0.009978
33 0151343 Ba206Ti2 Amm?2 0.002535 0.006989 0.008263

e (Candidate structures

2 0155847 BalO3Til  P4mm  0.002735 0011571 0.006421

8 0161942 BalO3Til  P4mm 0002634 0.016226 0.008579

0 0161942 BalO3Til  P4mm 0002634 0.016226 0.008579

31 0.63028 Bal O3 Til R3m 0002704 0.016278 0.007618

29 0163086 Ba206Ti2  Amm2  0.002827 0.002921 0.005437

28 0163120 Bal O3 Til R3m 0002699 0.016083 0.007675

Gribisihsmine 27 0.163405 Bal O3 Til R3m 0002681 0.015975 0.007887

25 0.163844 Bal O3 Til R3m 0002663 0.015968 0.008149

17 0163934 Bal O3 Til R3m 0002649 0.015838 0.008251

24 0164318 Bal O3 Til R3m 0002630 0.015253 0.008431

16 0164382 Bal O3 Til R3m 0002639 0.015667 0.008449

18 0.164820 Bal O3 Til R3m 0002614 0.015019 0.008652

32 0.165866 Bal O3 Til R3m 0002599 0.014932  0.009055

3 0165028 BalO3Til  P4mm 0002610 0.015074 0.009552

9 0166332 BalO3Til  Pdmm 0002616 0.015758 0.009675

4 0167933 BalO3Til  Pmm2 0002485 0.015098 0.009475

23 0169423 BalO3Til  P4mm 0002625 0016343 0.010339

® I 11 0170190 BalO3Til  P4/mmm 0002643 0.017426 0.010542

etragona 10 0170190 BalO3Til  P4/mmm 0002643 0.017426 0.010542

Rhombohedral 15 0210176 BalO3Til  Pm-3m 0004582 0017209 0.013186

Figures are from: Fujioka, J., et al. Scientific 1 0210176 Bal O3 Til Pm-3m  0.004582 0.017209 0.013186

13 0210176 BalO3Til  Pm3m 0004582 0.017209 0.013186

reports 5 (2015). 12 0210176 Bal O3 Til Pm-3m 0004582 0.017209 0.013186

5 0210176 BalO3Til  Pm-3m 0004582 0.017209 0.013186

Lombardi, J., Yang, L., Pearsall, FA., Farahmand, N., 14 0210176 BalO3Til  Pm3m 0004582 0.017209 0.013186

] od e 6 0366657 BalO3Til  Pm-3m 0005790 0.079941 0.012610

Gai, Z,, Billinge, S. J., & O'Brien, S. P. (2019). 7 0573221 Ba6OI8Ti6 P63/mmc 0.006970 0.046913 0.004137

Stoichiometric control over ferroic behavior in 19 07676 BalOSTH P4mm 0004189 0047358 0.248950
Ba(Ti,_Fe,)O; nanocrystals. Chemistry of

Materials. structure-mining finds them all.
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Heuristic-2 (Ba-Ti-O)

(] S T T s e O LB —
o ® 0@ © 0 ®%e
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Structure Index

* H-2 found all the structures that were found with H-1, as expected
* It additionally returned some oxygen deficient models
*  MPD No. 43 (BaTiO, 5;)
*  MPD No. 44 (BaTiO, ;)
* COD No. 4 (Bayg,Tig30,9)
* oxygen is most likely deficient in the nanoparticle samples, which was missed in the original
structure refinements (Lombardi et al., 2019), but is suggested by the structure-mining .
* Models with stoichiometry far away from |:1:3 results in poorer fit.



Heuristic-3 (Ba-Ti-O-*)
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Structure Index

Most of the best fit structures in H-3 have slightly worse Rw (~ 0.2) than those in heuristic-1 and 2 (~
0.14).

The new structures pulled are mostly Ba or Ti site doped by another element and they also have an
approximate stoichiometry | 13.
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Heuristic-4 (Ba-*-*)

0070200 800 1200 1600 0 400 _ 800
Structure Index

* The normal BaTiO3 perovskite structures are still ranked at the top.

* Following that, it additionally returns some perovskite structures that have Ti
replaced with other species with similar x-ray scattering power to Ti, such as
MPD No. 1660 (BavVO;), MPD No. 1268 (BaMnO;),and COD No. 683
(BaFeO;).These gave agreements of R, ~ 0.2 to 0.1433 for the best-fit
structures (BaTiO;).

* So the structure-mining is able to distinguish these nearby but incorrect

structures from the ones with correct atom species.



33
Nanowire NaFeSi,O

* Alarge amount of labor and time were spent to manually determine the structure of the
pyroxene-type silicates with a generic composition of XYSi206 (wherein both X’ = mono- or
divalent metals and Y’ = diva- lent or trivalent metals).

e The prior work found that the structure is most likely NaFeSi,O, (s.g.: C 2/c).

Table S1: Information for all structures tested against the PDF data is tabulated. The results of
the Pearson correlation calculation between model and experimental PDFs are shown. The most
highly correlated model results are highlighted (red > orange).

[ Composition Name
Database #
1| AMCSD_| 0009492 |Na Sc Si2 06 Penvisite
2 _COD | 8000393 [Co2 (SI04) [Co-olivine
3| COD | 9005438 |NaFe Si2 06 |egirine
4 COD | 8007046 [Fe2 04 Si Fayalite
5| IC: 844 Fe2 (Si 04) Spinel-A2MgO4
6 _IcsD 845 [Co2 (Si0d) Spinel-ARMgO4
7|_icsp 4353 __|Fe2sioa [Olivine-Mgz2sioa
g IcsD 4369 |Nab Fe (Al4 Si8 026)
o icsD 6248 |Co2 (S104) Olivine-Mg2Si04
10 IC 8132 |Co2Si04 Mn2Ge04
1[_IcsD 9362 _|Co3 04 SpineFAZMgO4, reduced symmetry | -
12 I 9671 a Fe Si2 06 Pyroxene-CamMg(Siozs)2
]j CSD 10480 |LiA5 08 Spinel-LiFe508
1 icsD 15386 |Na2 (S1 03) Naz2SI03
15[ icsp 17054 |Co (Si03 Pyroxene-MgSiO3 (cabaltian)
16 IcSD 34669 _|Na2 (Siz O5) 11751205
1| icsp 34688 _|Na2 (Si2 05) NE2Si205 ( . n .
A ewis, Crystal S,, et al. "Synthesis
18| IcsD 41257 |(Fe2.38 C00.62 04) Spinel-Al2MgO4 [) o9 . )
20| IcSD 62594 |Nad (Si 04) NadSiod
211 icsD 64802 _|Fe1.58 (51 04) Laihunite 3M
22l icsD 66759 |(CoFe2) 04 |[CoFez0a . .
21 Icsb 68984 |Na (Fe 02) NaFeO2(beta)
R characterization, and grow
25 IcsD 65986 |Na0.95 (Fe0.95 S10.05) 02 NaFeO2(beta) )
26| _IcsD 68987 _|NaD.925 (Fe0.925 Si0.075) 02 NaFeO2(beta)
27| ICSD 66988 |Na0.9 (Fe0.9 Si0.1) 02 aFeO2(betal
28] ICSD_| 68989 |K (GaO2) AID2 M M M
o o N eommesor s mechanism of motits ot ultrathin
B 74640 _|Na2 (Si O3 a2Si03
[ ICSD 80378 |Na2 (Si2 OS] Epsilon sodium silicate
32| ICSD 81134 |Na2 (Si3 O7) 825130 7(mS48)
3 IC 82410 |Na2 Si (Si3 O9) . .
34 _icsD 84819 _|Na2 Co (Si4 010) KNaFeS14010
s icsD 85551 _|NaB Si (Si6 O18) O - u I u I
3| icsD 96551 |(C00.465 Fe0.535) (CoL.535 Fe0.465) 04 |Spinel-AIZMgO4
37 IC: 98564 |Na2 (Si2 O INa25i205(0P36)
38 IcsD 98710 |Na2 (Si2 O5) . n
39| ICSD_| 109044 |CoFe204 Spine-AZMg04
ESE nanowires.” CrystEngComm 20
41 ICSD 166645 [Na0.628 ((C00.97 Fe0.03) 02) NaxCoO: . .
42| IC: 200805 |K2 Na2 Fe2 (Si4 O10)2 KNaFeS14010
a3 _ICSD | 240870 |K2 Na2 Fe2 (514 O10)2 KNaFeS14010
aa| ICSD | 250222 |K2Na2 Fe2 (Si4 O10)2 KNaFeS14010

2 (2018):223-236.
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Heuristic-4 (*-*-Si-O)
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Structure Index

 Structure-mining found the same model as in prior work, MPD No. 1003
(NaFeSi,O,) and COD No. 2983 (NaFeSi,O),s.g.: C 2/c.

* It also returns some structures with space group C 2, such as MPD No. 998
(Na, g3FeSi,Oy), which may be viewed as a very similar structure but with a lowered
symmetry and deficient atoms at some sites

* ltalso returns some structures substituting at Na or Fe sites by other elements. For
example, MPD No. 1021 (NaGaSi,Oy).
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. MPD COD
No. R, formula space_group No. R, formula space_group
1021 0341109 Ga2 Na2 O12 Si4 C2/c 709 0.344690 Gad Na4 024 Si8 C2/c
377 0.349254 Cal Ni2 O12 Si4 C2 2935 0.344690 Ga4 Na4 024 Si8 C2/c
294  0.352749 Cal Co2 O12 Si4 C2 2809 0.344713 Ga4 Nad4 024 Si8 C2/c
658 0.356962 Cr2 Na2 012 Si4 C2/c 2810 0.345004 Gad Nad 024 Si8 C2/c
998 0.361981 Fe6 Na5 036 Sil2 2 2811 0.345617 Ga4 Nad4 024 Si8 C2/c
360 0.362239 (Cal Mn2 012 Si4 2 2813 0.345751 Ga4 Na4 024 Si8 C2/c
1003 0.364362 Fe2 Na2 012 Si4d C2/c 2812 0.345756 Ga4 Nad 024 Si8 C2/c
322 0364513 Cal Fe2 012 Si4 2 2983 0.347616 Fe4 Na4 024 Si8 C2/c
990 (.380528 Fe2 Nal 012 Si4 2 2513 0.348362 Fe4 Na4 024 Si8 C2/c
1600 0.385671 Na?2 012 Si4 V2 C2/c 2512 0.350588 Fe4 Na4 024 Si8 C2/c

......
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PDF in the cloud

PDF IN THE CLOUD

structureMining

Auto search for the best structures from an experimental PDF.
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What would a machine-readable journal look
like?

* It would look like a database!
* Why do we need it, don’t we already have databases!?

* We do, but they are limited (and despite their limitations, they are
so powerful!)

* Imagine if every table in every paper in the literature could be read
(and understood) by a computer

* And if every plot could be viewed (in .pdf or .png format) by a
human, but the data and plot metadata (so it knows what it is a
plot of) could be read by a machine

* We could do so much more science!
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Proposal

* IUCr has a tradition of taking the lead in scientific computing and
scientific information science (CIF!)

* Let’s do it again!
* Prototype a machine-readable journal in the IUCr family

* There are many hurdles, including some we don’t know about yet,
but if we don’t start the journey we will never get there.
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Random thoughts I:

How do we get there
|. Database infrastructure

2. Schema that will grow, mechanism to grow it
3. REST-API
4. Browser access

5. Load all the IUCr back-catalog of cifs in there, or partner with

databases to pull from them!?
6. Infrastructure to deliver cif data as documents (e.g., json)

/. Infrastructure to capture usage
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Vision: Raw data, tables and figures available
through the API

* Create an infrastructure that

— Makes it easy to upload crystallographic structure factors and measured
intensity data

— Creates tables from data in different forms (excel spreadsheets, web-forms,
python pandas dataframes or numpy arrays)

— Similarly for figures

— Metadata schema to capture as much information about the
experiments/calculations as possible

— Access to these through the API

Gt2 COLUMBIA UNIVERSITY | HTTP://thebillingegroup.com
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Finally, let’s return to the 3 pillars

|. Disclosure
— Creating an environment where people freely share (disclose) their ideas

* Citations

2. Qualitation
— (needed an English word for the act of assuring quality, sorry)
— Ensuring some level of quality of the
° peer review
* reproducibility of work)

3. Curation
— Two aspects to this
* Persistence of the information

* Access to the information

II'1"F:-
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How would HMR literature impact these!?

It will be disruptive, can we make it positively disruptive!

* Disclosure
— Incentives to share data:
» Citecoin? Get citecoin when someone pulls yo
— Incentives to take the effort to put data into standard form:

* Tools that make it easier (lower the cost)

e Qualitation

— Much more validation on data because it is much easier to do on
standardized data!

— Easier to detect plagiarism and fraud? Use ML to flag suspicious data?

— Capture the raw data, analyzed data, and the analysis
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Data analysis/modeling as pipes

%?', ‘v ..(;‘_:.—"_‘_’ -
fﬂfhm"‘J \:‘_‘E_
o il = o — f';:-

'"f"wu»mm

?




Data as streams through those pipes

\ Sink; append / \ Sink; print/
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Take inspiration from the Open Source
Software community

* They have largely solved the problem of maintaining integrity of
codes that are developed over time by large groups of people
— Versioning software now very sophisticated (Git)

— Workflow software and workflows now sophisticated (GitHub, release
management, continuous integration)
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(sean > Save the complete
analysis!

@ * A map node carries out a

transformation on the data

\Sink; append/ \Sink; print/

* Save pipeline in a database with a
uuid

* Analyses can be “published”

by linking a doi to the uuid
* Users can search for this and pull

it from the db and rebuild it using

properties of Cl * (uuid is universal unique ID)

e Users can adapt it then resave it
to the database (with a NEW
uuid)
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xpdAn/xpdtools

L + a9 = B L 8 ®E o B

Data and metadata capture, combined with
{ st m, streaming data analysis pipelines, produces live

“br_safd®: “IMEr4",

bt s smmtere-: [-shme, mmeriees, e, e, d@tA VISUAlIZation and structure refinement.

“sp_endingT*y 338, 1

G A

“plan_pattern®: °Llnspace®, . _— L . . . =
~ianple phase~: {"see": L8}, —— I —_— il |

- Ao MW o — 1
*uid"i 4301266 - 4708 -4460-BcA0-484bBTabaBCT ", —d - == T - % ¢+ +axe b T
“calLbration md®: -:-:'-_‘;j- ;_"'__n, '_- e 18 it et | omn
“canterk®: 207, ASMEXTESH,...}, '"'——'?\ o A - I b S . B
., T _r-— T (vey S R ey i 4. = | lm=Snamar  penzivs
l: 1490577714, TRAR112 . —_—T T = - * =z @+ + B 0w e B
"fpmet T & B - S — I el I BN aeelld £F

. -+

Ssp sTArtingT=: g5, ——— H,_H_. \___.Mn.__:>_
*nif_staps®: 50, (pf_m—h; . |

e High quality data and metadata, are required for data
mining, machine learning and automation

k] e The software stack is designed to be BT ——
Sample holder o Easy to use and automated o
mounted In goniometer o Capture rich and accurate metadata with minimal user o
ﬂ";’ overhead — w e
o Software stack (GitHub and conda) includes: = i
wmybeam o XpdAcq for data/metadata acquisition -
o xpdAn for live data analysis lsn _
o xpdtools for analysis tools R S ===
o SHED for streaming the data analysis with provenance ——
r (A
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