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Material solutions for modern challenges 

Ø New and better materials can fundamentally change our future 
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Accelerating design & discovery of materials

Ø Improve materials timeline from decades to a few years



Nanomaterials in everyday life…

Omrani, M., Keshavarzi, R., Abdi-Jalebi, 
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Digitization of experimental material synthesis
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Digitization of experimental material synthesis
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Optimizing experimental frameworks

x1
x2
x3 vs

Ø Challenge: Blackbox optimization and Comparing spectral data
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Comparing spectra – Euclidean distance
<latexit sha1_base64="Hnz9i+hV88PzAExktkh5GhL4Br0="></latexit>

d(y, y⇤) =
nX

i=1

(yi � y⇤i )
2

Blue : 3.34

Red : 3.34

Green : 3.01

⁉

Ø High-dimensional Euclidean is 
not the “right” representation

⁉
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Comparing spectra – Functional Data Analysis

Ø Shape mismatch = distance along y-axis + x-axis

x

f(x)

Amplitude distance

x

f(x)

Phase distance
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Amplitude distance

Ø Shape mismatch = distance along y-axis + x-axis

x

f(x)

Amplitude distance

<latexit sha1_base64="lSiPPrfRyNqiMBobGfefQmfdjF0=">AAACE3icbVBLSgNBFOyJvxh/o+LKTWMQ4ibMiL+NEHTjMoL5QDKEnk5P0qTnk+43YhjmGB7ArR7Bnbj1AJ7Aa9hJZmESCx4UVa94j3IjwRVY1reRW1peWV3Lrxc2Nre2d8zdvboKY0lZjYYilE2XKCZ4wGrAQbBmJBnxXcEa7uB27DcemVQ8DB5gFDHHJ72Ae5wS0FLHPBjia9xWQwlJuxtC4qWlp5O0YxatsjUBXiR2RoooQ7Vj/ug0jX0WABVEqZZtReAkRAKngqWFdqxYROiA9FhL04D4TDnJ5P0UH2uli71Q6gkAT9S/iYT4So18V2/6BPpq3huL/3mtGLwrJ+FBFAML6PSQFwsMIR53gbtcMgpipAmhkutfMe0TSSjoxmauRP2R4lSlBd2MPd/DIqmflu2L8vn9WbFyk3WUR4foCJWQjS5RBd2hKqohihL0gl7Rm/FsvBsfxud0NWdkmX00A+PrFzzmnlU=</latexit>

q =
q

ḟ(x)

Ø Measures how fast the curve changes

Ø Distance using function norm
<latexit sha1_base64="VqgLFy224cv0Hr6ZBNsdqt6JHK4="></latexit>

d(q1, q2) =

Z 1

0

⇣
q1(x)� q2(x)

⌘2
dx
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Phase distance & Warping functions

x

f(x)

1 2 3 4 5 6
x

f(x)

1 3 4 56 2 1 2 3 4 5 6

2

3
4
5
6

Ø Has identity, inverse, and a transformation – Group!
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Differential geometry of Warping functions

<latexit sha1_base64="ErZLrlVSsWEWMuh5aJbn1sp+dRM="></latexit>

� : [0, 1] 7! [0, 1] with �(0) = 0 and �(1) = 1

<latexit sha1_base64="SW+hMFaO27uVqRVr3RBG0tPvebQ="></latexit>

kq�kL2 =

Z 1

0
q2�(t) dt =

Z 1

0
�̇(t) dt = �(1)� �(0) = 1

<latexit sha1_base64="1QSGVSUZRJiO3qaKHSO84okeqZ0=">AAACB3icbVBLSgNBEK3xG+Mv6tJNYxAEIcwEfxsh6MZlBPOByST0dHqSJj09Q3ePOIQcwAO41SO4E7cewxN4DTvJLEzig4LHe1VU1fNjzpS27W9raXlldW09t5Hf3Nre2S3s7ddVlEhCayTikWz6WFHOBK1ppjltxpLi0Oe04Q9ux37jkUrFIvGg05h6Ie4JFjCCtZHcp3b5NG2X0TVyOoWiXbInQIvEyUgRMlQ7hZ9WNyJJSIUmHCvlOnasvSGWmhFOR/lWomiMyQD3qGuowCFV3nBy8ggdG6WLgkiaEhpN1L8TQxwqlYa+6Qyx7qt5byz+57mJDq68IRNxoqkg00VBwpGO0Ph/1GWSEs1TQzCRzNyKSB9LTLRJaWZL3E8VI2qUN8k48zksknq55FyUzu/PipWbLKMcHMIRnIADl1CBO6hCDQhE8AKv8GY9W+/Wh/U5bV2yspkDmIH19Qs3ppjU</latexit>

x2 + y2 = 1
<latexit sha1_base64="Sw5EHgoEmyJeZwt68qGe86UNuw4=">AAACDXicbVBLSgNBFHzjN8ZPRl26aQyCIISZ4G8jBN24jGA+kExCT6cnadLzobtHHIecwQO41SO4E7eewRN4DTvJLExiwYOi6j3qUW7EmVSW9W0sLa+srq3nNvKbW9s7BXN3ry7DWBBaIyEPRdPFknIW0JpiitNmJCj2XU4b7vBm7DceqJAsDO5VElHHx/2AeYxgpaWuWXjslE8SPU+dMrpCdtcsWiVrArRI7IwUIUO1a/60eyGJfRoowrGULduKlJNioRjhdJRvx5JGmAxxn7Y0DbBPpZNOHh+hI630kBcKPYFCE/XvRYp9KRPf1Zs+VgM5743F/7xWrLxLJ2VBFCsakGmQF3OkQjRuAfWYoETxRBNMBNO/IjLAAhOlu5pJiQaJZESO8roZe76HRVIvl+zz0tndabFynXWUgwM4hGOw4QIqcAtVqAGBGF7gFd6MZ+Pd+DA+p6tLRnazDzMwvn4BQ5eaYg==</latexit>

x2 + y2 + z2 = 1
<latexit sha1_base64="XNiV8QAO+VNSu/7x6BeuRVDEPRI=">AAACF3icbVDLSsNAFJ3UV62vqCtxM1gEVyURX8uiGzdChb6gDWEynbRDJ5MwMxFCCH6HH+BWP8GduHXpF/gbTtogtvXAwLnn3Mu9c7yIUaks68soLS2vrK6V1ysbm1vbO+buXluGscCkhUMWiq6HJGGUk5aiipFuJAgKPEY63vgm9zsPREga8qZKIuIEaMipTzFSWnLNg36A1AgjljYzN/0t7rLMNatWzZoALhK7IFVQoOGa3/1BiOOAcIUZkrJnW5FyUiQUxYxklX4sSYTwGA1JT1OOAiKddPKFDB5rZQD9UOjHFZyofydSFEiZBJ7uzG+U814u/uf1YuVfOSnlUawIx9NFfsygCmGeBxxQQbBiiSYIC6pvhXiEBMJKpzazJRolkmKZVXQy9nwOi6R9WrMvauf3Z9X6dZFRGRyCI3ACbHAJ6uAWNEALYPAInsELeDWejDfj3fiYtpaMYmYfzMD4/AH81qD7</latexit>

TM

<latexit sha1_base64="ht8+vrUJ+ctgBIaAQ6HDu3zzbaE="></latexit>

dp = cos�1

✓Z 1

0

p
�̇(t) dt

◆
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Comparing spectra – Amplitude-Phase distance

Blue : 0.21

Red : 0.34

Green : 0.32

Ø AP distance clearly captures 
the shape based similarity

<latexit sha1_base64="lMU/c0LAFU07UBR4HVHze8qbPGI="></latexit>

d(y, y⇤) = damplitude + dphase
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Solution : Batch synthesis + Bayesian opt.

x1

x2

Sample design space Synthesize & Measure Similarity to target
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Solution : Gaussian process as surrogate

x1

x2
Feedback

Distance Uncertainty
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8D Optimization – Gold nanoparticles

Experimental Design Space

Reagent Concentration 
Range (mM)

CTAB 0 – 75

Gold Chloride 0 – 0.15 

Silver Nitrate 0 – 0.06

Ascorbic Acid 0 – 0.64

Gold Seeds 0 – 0.06

Hydrochloric Acid 0 – 14

Sodium Hydroxide 0 – 7.2

Sodium Chloride 0 – 14

Huat Thart-Chiang
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Using Euclidean distance as target

Iteration 0 Iteration 1 Iteration 2
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Using Euclidean distance as target

vs. . .

It
er

at
io

n 
6

Ø We make almost NONE that looks like our target
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Using Amplitude-Phase distance as target

Iteration 0 Iteration 1 Iteration 2
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Using Amplitude-Phase distance as target

vs. . .

It
er

at
io

n 
6

Ø We make almost EVERYTHING that looks like our target
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PCA for functional data

Ø Low-dimension projection of vectors  
<latexit sha1_base64="ls2yh8q/8rD3R8KYLB9IxT85mCY="></latexit>

eXnxd = V Ynxq

Ø Minimal covariance projection 
<latexit sha1_base64="RaXkQ1ZhCYWDgcm9KgVaP18pFmM="></latexit>

V = SVD
⇣
Var( eX)

⌘

Ø PCA for Functional data: 
<latexit sha1_base64="f04idvlDYJ9Fdw5QYn+Ns9y87Bw="></latexit>

µ = argmin
f

nX

i=1

dist(f, fi)
2

Amplitude variance:
<latexit sha1_base64="4eJBnFXMIedp4s0+n6m7UYEnzd0="></latexit>

Var({f̃i})

Phase variance:
<latexit sha1_base64="4L6gHzQaoKP2ec0YWDwHtXUWFGk="></latexit>

Var({µ � �i})
<latexit sha1_base64="nk/tijRO32uHqiaqcHHOzLQ6YhY=">AAACKHicbVDLTgIxFO34RHwAunTTSEyMCzJjfC2JunBjxCiPBAjplAs0tJ1J2zGZTPgEt/oPfo07w9YvscAsBLxJ05Nz78255/ghZ9q47thZWV1b39jMbGW3d3b3cvnCfk0HkaJQpQEPVMMnGjiTUDXMcGiECojwOdT94e2kX38FpVkgX0wcQluQvmQ9Romx1HNLRJ180S2508LLwEtBEaVV6RScXKsb0EiANJQTrZueG5p2QpRhlMMo24o0hIQOSR+aFkoiQLeT6a0jfGyZLu4Fyj5p8JT9u5EQoXUsfDspiBnoxd6E/K/XjEzvup0wGUYGJJ0J9SKOTYAnxnGXKaCGxxYQqpi9FdMBUYQaG8+cSjiINaPaGrkDa1DBgxV7DEERE6jTpEVUXzA5StIfZ22E3mJgy6B2VvIuSxdP58XyTRpmBh2iI3SCPHSFyugeVVAVUdRHb+gdfTifzpfz7YxnoytOunOA5sr5+QUCgKZN</latexit>µ

<latexit sha1_base64="948PvSoVUpiQKT1A9bn+3UEDieY=">AAACL3icbVDLSgMxFM34rPXV6tJNsAjiosyIr2VRF25EBWuLbSl30ts2mGSGJCOUYf7Crf6DXyNuxK1/YVpn4etCyOHcezn3nDAW3Fjff/Wmpmdm5+YLC8XFpeWV1VJ57cZEiWZYZ5GIdDMEg4IrrFtuBTZjjSBDgY3w7mTcb9yjNjxS13YUY0fCQPE+Z2AdddsegJTQTYOsW6r4VX9S9C8IclAheV12y95quxexRKKyTIAxrcCPbScFbTkTmBXbicEY2B0MsOWgAommk05OzuiWY3q0H2n3lKUT9vtGCtKYkQzdpAQ7NL97Y/K/Xiux/aNOylWcWFTsS6ifCGojOvZPe1wjs2LkADDN3a2UDUEDsy6lHyrxcGQ4M87IKTqDGs+d2EWMGmykd9I26IHkKkvznxZdhMHvwP6Cm91qcFDdv9qr1I7zMAtkg2ySbRKQQ1IjZ+SS1AkjijyQR/LkPXsv3pv3/jU65eU76+RHeR+fxH6pPA==</latexit>�1

<latexit sha1_base64="SY526clmnBiwpYz2GJOClq+g5Ck=">AAACMHicbVDLSgMxFM34rPXRVpdugkUQF2VGfC2LunBTrGBVaIvcSW/b0EwyJBmhDP0Mt/oPfo2uxK1fYabOwteBkMM593LvPWEsuLG+/+rNzM7NLywWlorLK6trpXJl/dqoRDNsMSWUvg3BoOASW5ZbgbexRohCgTfh6DTzb+5RG67klR3H2I1gIHmfM7BOancisEMGIm1M7spVv+ZPQf+SICdVkqN5V/FKnZ5iSYTSMgHGtAM/tt0UtOVM4KTYSQzGwEYwwLajEiI03XS684RuO6VH+0q7Jy2dqt87UoiMGUehq8x2NL+9TPzPaye2f9xNuYwTi5J9DeonglpFswBoj2tkVowdAaa525WyIWhg1sX0Y0o8HBvOjDvkDN2BGhtu2EWMGqzSu2kH9CDicpLmPy26CIPfgf0l13u14LB2cLlfrZ/kYRbIJtkiOyQgR6ROzkmTtAgjijyQR/LkPXsv3pv3/lU64+U9G+QHvI9P8mKp2g==</latexit>

M

<latexit sha1_base64="16W2MkZGrcoSH4nqMS/d7OPPho0="></latexit>

TM𝛾!
𝛾"

𝛾#

<latexit sha1_base64="IDt7VQygYBQ5o2wWCCBVq3N30FM=">AAACE3icbVDLSsNAFJ34rPVVFVduBovgxpKIr41QdOOygn1AE8pkctMOnUnCzEQpoZ/hB7jVT3Anbv0Av8DfcNpmYVsPXDiccy/ncvyEM6Vt+9taWFxaXlktrBXXNza3tks7uw0Vp5JCncY8li2fKOAsgrpmmkMrkUCEz6Hp929HfvMRpGJx9KAHCXiCdCMWMkq0kTqlffeJBaAZDyBrDfE1bp24Iu2UynbFHgPPEycnZZSj1in9uEFMUwGRppwo1XbsRHsZkZpRDsOimypICO2TLrQNjYgA5WXj94f4yCgBDmNpJtJ4rP69yIhQaiB8symI7qlZbyT+57VTHV55GYuSVENEJ0FhyrGO8agLHDAJVPOBIYRKZn7FtEckodo0NpWS9AaKUTUsmmac2R7mSeO04lxUzu/PytWbvKMCOkCH6Bg56BJV0R2qoTqiKEMv6BW9Wc/Wu/VhfU5WF6z8Zg9Nwfr6Bff/niY=</latexit>

eX = X � µ
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Data exploration using Functional PCA

Ø Fitting a linear ‘generative’ model to functional data
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Exploratory studies 
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Functional k-means clustering

Ø Learn templates and assignment rules based on Euclidean distance
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Functional k-means clustering

Ø Learn templates and assignment rules based on Shape distance

Ø Similarity to XRD/SAXS phase assignment: shifts via lattice 
expansion or broadened peaks are not a characteristic of the structure
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Phase regions -- design of 
experiments & knowledge extraction

DOI: 10.1039/D3DD00105A (Paper) Digital Discovery, 2023, 2, 1471-1483

Karen Li
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https://doi.org/10.1039/D3DD00105A
https://doi.org/10.1039/2635-098X/2022
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Conclusions

Ø High Throughput Experimentation 
needs new computational tools

Ø Combine autonomous decision-making 
with automation to unlock the full potential

Ø A careful rethink of surrogate models 
and data representations

Ø The geometry of functions -- encode 
the ‘physics’ into data-driven workflows
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Thank you!

kiranvad@uw.edu kiranvad.github.io
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Resources


