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»Complexity and data dimensionality

» Mathematics of dimensionality reduction

» Crystallography...beyond 3 dimensions

» Extracting features from crystallographic information

» Impact: data driven modeling and simulation
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Crystal Chemistry and Informatics

Mackay, Alan L. (2002) Generalized crystallography. Structural Chemistry 13 (3-4) 215 - 220

P e, It has been remarked that Linus Pauling, who formulated
the principles of structural crystal chemistry, used only a perhaps a
thousandth of the information now available, but nevertheless
produced rules which have not required significant correction.

» The IUC have adopted a somewhat retrograde definition of
crystal ......an undue emphasis to Fourier analysis and periodicity.

) . "a crystal is a structure the description of which is much

(4

smaller than the structure itself”.............
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Information Carrier

In a typical inorganic crystal the information about the structure of the crystal is carried in an
non-localized form by the rules of interaction between the particular atoms present.

(MacKay,1986)
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Rule Based Crystal Design: a high dimensional problem

Phillips-van Vechten Plot
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Computational Strategy

*Crystallographic descriptors / semi-empirical electronic structure parameters / property data
eDescriptors for each element in compound...weighted by stoichiometry?

DATA INPUTS

A 4

: PCA

Reduce
dimensionality

A4

<

Rank & reduce
descriptors:
loading plots
&entropy
calculations

Krishna Rajan:

/‘

DATA MINING

Structure classification

*PCA bi —plots, SVM, Frequency Association Mining & Clustering analysis : New
structure maps/ classifications:

*PCA + GA + NN hybrid techniques : Classification structural distortions

*Establish design rules:

*Recursive partioning using Shannon entropy criterion for classification: “if-
then rules” / Recursive partioning for prediction

e PLS: Discovery of new descriptors

Structure-property prediction
* PLS & SVM- QSAR for inorganic crystals

Structure prediction:
*Screen clusters of compounds from above procedures- down select those for
energy calculations

Complexity Workshop- APS/ANL
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Dimensionality Reduction

M compounds, N descriptors

O x

Q x1

Descriptor n

PC3, l

Descriptor 1

PC2

Krishna Rajan:
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Qx2 _ N-dimensional
Descriptor 2 4 ataspace

Data matrix:
latent variables/response metrics

Goal is to find a projection that
captures the largest amount of

l Principal component analysis:
variation in data

Dimensionality reduction

Principal component (eigenvector) space:
Each PC is described as a linear
combination of the weighted

contribution of each variable

Binning/clustering:

Each data point represents a
correlation position of the compound,
as influenced by all descriptors

Seek patterns of clustering in PCA
space which may involve other
statistical and data-mining
techniques: integrate info materials
science interpretation for knowledge
discovery

IOWA STATE UNIVERSITY
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Mathematical Basics

@ Clustering: Given {Xi,..., X, }, build a function

frX —{1.... k).

@ Dimensionality reduction: Given {Xi,..., Xn} € RP . build a

function f : RP — R¢

@ Semi-supervised: Given {Xj

X,} and {Yq,.... Y} with

m << n, build a function f : A — Y

@ Supervised: Given {(Xi, Y7)

Krishna Rajan:

(Xn, Yo}, build £: X —
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Connectivity and Complexity

Table 1. Varieties of the connectivity matrix for N points
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MacKay: Acta Cryst. (1974). A30, 440
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Input Data

Huang et.al. IEEE-Cybernetics- 2009
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Geometrical Complexit

Balachandran & Rajan (2010)

Apatite crystal structure (P6./m
Search Space P _ (P6s/m)

Spatial distribution of atoms
Atomic coordinates
A(l),, A(l),, A(lN), , B,, B, O(1),, O(1),,
0(2),, 0(2),, O(3),, O(3),, 0(3),, X,

!

: Minimum energy
# of atoms per apatite unit cell — 42 solution

# of independent bond geometrical parameters — 16

# of chemical/physical descriptors for each element — 25

# of nossible low symmetry modifications — 5 space groups
Complexity Workshop- APS/ANL

16 bond geometrical parameters were
developed for describing one apatite

/o
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Information Partioning

-Each compound in a AB, database, S{s,, s, ...,
s}, is characterized by | parameters, V = V(v,,
U,, ..., U;), V being the parameter space, are
assigned to one of the classes, ¢, C={c,, c,, ...,
c.} (i.e., structure types), where i {1, ..., m}.

*A classification @ = {®,, ©,,..., ®_} is
constructed via recursive partioning of high
dimensional data with the objective is to make
the minimum number of dissimilar classes in
each partitioned subspace.

ePartition-based classification is carried out to
sort out different crystal structures, where
information entropy serves as a splitting
criterion. The classification model is built based
on the information of the probability function
achieved using existing data set.

eDistribution of compounds in m-dimensional
parameter space is described by means of the
probability, p(c;|t), the frequency of the
occurrence of a class, c; at a subspace ¢

*Resulting classification as a mapping process
(M), M: S—C, uncovers patterns in the data
that can be developed as sets of useful rules

Covalency
Yes? No? Crystal structure
l .

pathway

“
l >109 =109
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http://cst-www.nrl.navy.mil/lattice/struk/l1_0.html�
http://cst-www.nrl.navy.mil/lattice/struk/d0_19.html�

Clustering and Patterns
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K. Rajan et al.: Materials Informatics Tools

Statistical Analvsis and Data Mining, Vol. 1 (2009)
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Defect Detection

Agarwal et. al
Mater. Manuf. Proc. ( 24 2001-8 2009)

Krishna Rajan:
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Complexity — Uncertainty Tradeoff

Agi— <16c Bioa — Asp asf
ASU - A48f

Ag, — Aig?"”'“'s Bi6s = Bisas Biea— Zi6c
Agy — Biea- Bioa — As. Bigy — L\ig_f‘”'”'
Agy — Aga. Agq — Agy

(N35, — N35, )¢ (“unshared™ anions)
(N35, — Nay, )o (“shared™ anions)
(N33, — N3j, )3

Agy, — N3y,

(Aggr — Nag, )y

(Aszr — Nage )

<16c —Nag,

BL, n/BLgy (or Ag,-Nay, /Big;-N3y,)
Bond order between A (or B)

and N (BO,y, BOgy)
Relative stabilization energy per

formula unit (AE)**
Burdett’s parameters based on Zunger’s
total sizes of the effective core of atoms
A B
(r;> and r;) [10, 1]
Zunger’s parameterization scheme for AB
compound (for nitrides, R":;N and REN] |

Krishna Rajan:
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et
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Voer ™ Complexity

Lattice constant (a)

Anion parameter (i)
A-N bond length (BL, \y = Ag, — N3y, )*
B-N bond length (BLyy = Bigs — N3, )*
Effective charge on each atom (O}, Q... OX%)
Total crystal bond order (BO,,)
Petterson et.al.
Mater. Manuf. Proc. (2009)
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Discovering New Complexities

Ay . —
\ ® CSi,N g
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Lattice constant (A
Origin of descriptors Descriptors and its ID
Ab initio derived 1. a (lattice constant), 2. u (anion parameter), 3. BLa n=~AgaMN32s,
parameters by Ching ef al* 4. BLg n=Biga—Naze, 5. Q@ 4 (effective charge), 6. Qg, 7. Q1.
8. BOg,, (bond order of crystal), 9. BOxy, 10. BOgy
Pseudopotential orbital radii 1. rA 12, rB13. R 14, RWN 15 RAN 16, RN 17. R,, 18. R,,
2406, 28,29,32,33 a g LI a ®_! F ' "
related parameters 19. PR (weighted differences of Zunger's
pseudopotential radii sums)
Crystallographic parameters 20. Aga—1ge OF Biga—Agp asr, 21. Aga—Aggp, 22. Aga—AZ"E M0
(bond lengths and polyhedral BigaBiga, Of Biga—l1ec, 23. AgaBiea, BigaAan, OF Bmd—ﬁ“nd -
volumes) from a and u asi 24, Aga—Paa OF Aga—Agp, 25. (NaosTNase)t, 26. (Nasg—Nase)s,
27. (Nass—Naoe)s, 28. Agp-Nase, 29. (AagrNaoe)1, 30. (AasrNase)o,
31. U1ge-Naze, 32. BLaw/Blpy, 33 VA8, 34, VAR, 35
|I/_A—4£if| et 36. V(B—16d| . 37. |l/l3—16moml 38. V(Nﬂgc_lom
Interbond angles from 39. tf == "PTDCE6 " "chardTA-N-A,
spinel structure 40. tf == "P7DC6"chardTN-B-N,
4. tf == "PTDCE "chardTB-N-B, 42. t f == "PTDCE"chardTA-N-B, . .
Y tf == "PTDC6" chardTN-A-N (constant=109:471°) Suh and Rajan -Materials
Derived parameters (combinations 43. Q'w-Q's, 44. Q' —-Q 4, 45. AEN (from electronegativity of elements), Science and Technology (2008)
of parameters or miscellaneous)®® 46. By (from prediction of partial least squares)
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Dimensionality Reduction Strategies

| NLDR

| H . ]

I F
I Gez?et Other

: Distance Topology AA NN

| i
. Geodesic Other PDL DDL
Euclidian
(eg. IsoMap) (eg. KPCA) (eg. SOM) (eg. LLE)
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Non-linear Dimensionality Reduction

1.0 =
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S \ e PCA
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Balachandrran & Rajan (2010)
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............

Comparing Manifolds e

Input Data

Huang et.al. IEEE-Cybernetics- 2009

Krishna Rajan:
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Comparison of Similarity Metrics
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Summary and Prospects

PLS Prediction with Space Group Descriptors
T T T T T

-ldentification of new crystal chemistries for R
experiments - i-m‘;? i -
-Dynamic experiments for newly identified -
structure-bonding relationships e
- Creation of data based simulations e ]
N we .‘ 2';02: N
vemsne 1 -

Measured M-O Bond Length

& ™

<a’+b? c?>a’+b?

Orthorhombic | Case 1 Orthorhombic | Case 2 Orthorhombic | Case 3

Rajagopalan and Rajan. CRE Press -2005 Rajagopalan et.al . Applied Catalysis-2003
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