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A Personal Perspective on Al

* The Al community has always been

* Visionary

* Broad
* Inclusive
* Interdisciplinary
* Determined
* And dare | say

e Successful
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A Personal View of Watershed Moments in Al:
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A Personal View of Watershed Moments in Al:
1990s

1990: Sphynx shows speaker independent large vocabulary continuous speech recognition — used it to write my PhD thesis

1992: Soar flies helicopter teams in simulations and is indistinguishable to commanders from human-controlled

aircraft

1992: TD-Gammon autonomously learns to play backgammon at human player levels

1995: SKICAT identifies five new quasars in the Second Palomar Sky Survey

1995: Navlab is the first trained car to drive autonomously on highways to cross the United
Ctatac

1997: Deep Blue defeats human chess world champion and gets grandmaster-level rating

1999: RAX flew a spacecraft autonomously, demonstrating planning, monitoring, and fault repair
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A Personal View of Watershed Moments in Al:
2000s

2000: The Gene Ontology is shown to describe over 15,000 gene products for drosophila, mouse, and yeast

2000: Kismet demonstrates and recognizes emotions

2003: USC ISI’s statistical machine translation prototype beats hand-crafted commercial systems

2004: RDF semantic specifications become W3C recommendations for the GGG (Giant Global Graph)

2007: Stanley wins $1M for first autonomous high-speed off-road driving

2007: First robot soccer team against human players in exhibition game at RoboCup

2009: Pragmatic Chaos ensemble learning wins S1M competition to predict user film ratings

https://commons.wikimedia.org/w/index.php?curid=374949



A Personal View of Watershed Moments in Al:
2010s

2010: Siri voice-activated personal assistant is released as a smart phone app

2011: CMDragons team of 10 soccer robots coordinate plays for routine passing, interception, and goal
scorinf

2011: Watson takes first place in Jeopardy O/A game defeating two human champions

2012: AlexNet scores improved 10 percentage points in the ImageNet visual recognition challenge

2013: Cognitive Tutor shows 8 percentile points average improvement in algebra in 25,000 students study

2016: Knowledge Graph used as semantic backbone in one third of 100B monthly searches

2019: Wikidata records 8 billion triples and over 880 billion edits, surpassing Wikipedia as most edited Wikimedia

site

WIKIDATA

https://www.youtube.com/watch?v=4QtBSDSC2pk



Diversity and Breadth of Advances in Al

Vision
Robotics

Speech Sensing

Language

Representation

Search
Planning

Reasoning

Matching

Constraints

Perception

o Prediction
Coordination

https://commons.wikimedia.org/w/index.php?curid=70268939

Creativity
Commonsense
Ethics
Explanation
Discovery
Knowledge
Learning
Cognition
Teamwork
Dialogue

Understanding



Al to Address Major Future Challenges
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The Imperative for Al in Science



Al and Scientific Discovery

e [Lenat 1976]

* [Lindsay et al 1980]

* [Langley 1981]

e [Falkenhainer 1985]

e [Kulkarni and Simon 1988]
 [Cheeseman et al 1989]

e [Zytkow et al 1990]

e [Simon 1996]

e [Valdes-Perez 1997]

e [Todorovski et al 2000]

e [Schmidt and Lipson 2009]

Computation,
Causation,
Rt oty




Human Limitations Curb Scientific Progress [Gil DSJ'17]

Chemical shifts from( ) ch ulatin; gproduu s that i Pmschoolgamespmmo(c
NMR samples target gut microbiomes p. 30 math skills in India p. +7

* Not systematic

* e.g., [Peters et al PLOS 2014] SClenCe

* Errors
e e.g., [Herndon et al CJE 2013]

* Biases . TRANSFORMS
* e.g., [Anderson et al ACS 2014] .« -, SCIENCE

p.16

* Poor reporting
e e.g., [Garijo et al PLOS 2013]




GOMMUNICATIONS
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Computational Sustainability: Computing for a
Better World and a Sustainable Future
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Unsupervised word embeddings capture latent
knowledge from materials science literature
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Capturing Scientific Knowledge



Scientific Knowledge
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Supporting Compositionality of Scientific Knowledge

» Data formats
» Physical variables

» Constraints for use
» Adjustable parameters
> |Interventions




Capturing Scientific Knowledge
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Capturing Scientific Knowledge
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Low-Cost Creation of Scientific Vocabulary Standards %

[Gil et al ISWC 2017; Khider et al PP 2019; Emile-Geay et al PAGES 2018]

Work with Deborah Khider, Julien Emile-Geay,
Daniel Garijo (USC); Nick McKay (NAU)

Problem: Diversity of requirements for metadata

Approach: Semantic technologies used for
controlled crowdsourcing facilitate creation of
community standards to describe highly
heterogeneous scientific data

* Organic growth: As scientists annotate their
datasets, they propose new metadata
properties

s/ Gommonsaviimedaorgi/Fiean_ce_ore_segment g * Crowdsourcing: Scientists proposed properties
for reuse, vote on priorities

A G' [ 100 ADVANCING « Editorial oversight: Editors decide what
g SPACESCIENCE properties will be in future versions

https://commons.wikimedia.org/wiki/File:Gravity-corer_hg.png Results: A new Standard for paleoclimate (PaCTS

4 n\ Il‘:*k 225 1%\ £Y
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Controlled Crowdsourcing:

Continuous Ontology Growth

Africa-LakeTanganyi.Tierney.2010
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Living with a Live Ontology %
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The Paleoclimate Community reporTing Standard (PaCTS)
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Capturing Scientific Knowledge
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Workflows




Semantic Workflows

[Gil et al JETAI 2011; Gil et al IEEE IS 2011; Kim et al JETAI 2010; Gil IEMS 2014]

 Workflow constituents
(step, input data, results,
parameters) are assigned
an identifier that can be
referenced in constraints

* Input datasets have
metadata that can be
referenced in the
constraints

e Constraints are used to
customize a workflow to a
given dataset:

* Set parameters

* Generate new metadata
* Choose steps

* Validation

i

<dcdom:

- <dcd?
FilterTimestampsAndData <dcddmlii
om:

B

/<dcdom:

- <dcdom:
_F|IteredData / <dcdom:

— </dcdom:

dtStrtdfdttyp dt '>2011-04-27</dcdom:dateStart>
forSite dfdttyp thST/ddmf rSite>

gDepth rdf:datatype="float">4.523957</dcdom:avgDepth>
gFlow rdf:datatype="float">2399</dcdom:avgFlow>

2) CHoice

Birationparams >,
[
| MetabollsmCalcEmplncal |[|
MetabolismEDM >,
CreatePlots

& & & & =

=] .o
{ReaerationEmpirical} |[i-

o
33333333

of mqdels

3) Metadata\Qf

new results

Metabolism_Results rdf:ID="Metabolism_Results-CDEC-04272011">
siteLong rdf:datatype="float">-120.931</dcdom:siteLongitude>
isitelatitude rdf:datatype= ﬂt37371/ddm iteLatitude>
dtStrtdfdttyp “date">2011-04-27</dcdom:dateStart>
:forSite rdf:datatype="string">| MST/ddmf rSite>

numb rOfDayNights rdf:datatype="int">1</dcdom:numberOfDayNights>

avgDepth rdf:datatype="float">: 4523957 </dcdom:avgDepth>
gFI w rdf:datatype="“float">2399</dcdom:avgFlow>
Metabolism_Results>

\

\
\
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Example: Semantic Constraints on Workflows

* The alighment step (TopHat) and the | Step
assembly step (Cufflinks) must be done | Component Manager | = aCufflinks *
with the same reference genome “) Sove £ Reload

e Species, build, and version

Data

= I/O | @& Rules | [5] Documentation | %

| Data Manager | [ TCGA-A6-3807-01A-22-2150-27.zip ~ % Input Data
2> Reload O Add @ Delete
Metadata = Provenance | _ Component Manager aCufflinks = | D Name TYPE
Name =~ Value X £ Reload .
hasDatasetID COADREAD | i=1/0 | < Rules | [ Documentation | woata dcdom:BAMFile —
Component Rules | Inherited Rules @ fefAnmt dCdom:GTFFlle —>
hasGenomeReferencelD | hgl9

hasOmicsType RNA
hasParticipantID TCGA-A6-3807
hasSpeciesName HS

1 { sameRefGenomeID:
?  (zc rat:type acdom:Genomeassemd | | | | [[7] = assemblyParams = dcdom:AssemblyParamFile
(?c acthasInput ?inl)
(2inl ac:hasArgumentID 'aligned! ) i ) )
(?c ac:hasInput ?2?in2)
(2in2 ac:thasArgumentID 'refAnnot')
(?inl dcdom:hasRefGenomeID ?vall)
(?in2 dcdom:hasRefGenomeID ?val2) °
: notEqual(?vall ?val2) co n St ra I nt
10 -> (?c ac:isInvalid 'true'”"xsd:boolean)
11 print(<Cannot> <run> <workflow> <if> <alignedData> <and> <refAnnot> <don't> <have> <the> <same> <RefGenomeID>)



Abstractions in Semantic Workflows
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i unified well-formed req.

WINGS: WOrkﬂOW COmpOSitiOn Seed workflow from request

seeded workflows

Il
<

Workflow reasoning algorithms use constraint-based planning

to generate executable workflows from high-level workflows v
Data source selection

binding-ready workflows

> @‘ , 2 = x>
[ ——— ] ,' SO - o bound workflows

configured workflows
workflow instances

ground workflows

Y
= = = top-k workflows
Sliacs - -

http://wings-workflows-org

avecltitable workflows



Reproducing Work in Population Genomics
__[Gil et al 2012]

Work with Christopher Mason (Cornell University)

Workflows for population genomics

Association Tests CNV Detection Transmission Disequilibrium Test
Variant Discovery from Resequencing
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e oy oy nricr. ety A P ey e ) Haver. Cormecticut: “Detartment of Newnbiolory Yale Universiey School
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3 of e .
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-
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thae trneteryintectiret] trsard Fath htc @ swral aswe oaf (e sty




Learning Reusable Workflow Fragments
[Garijo et al FCGS 2017; Garijo et al eScience 2014]

AR to Field grouping

crantum.loniucla.edu

[ J
Save common air files

crantumldoniucia.edu

Collapsed
groupings

Kffine mean image
craniumoni.ucta.eduy

Reslig )
o e
:

NL-reglstered to affine mean
raniumon.

mposnte Geometric Averaging
mon grid

Hard Mean

cranium.lonLucla.edu

f 1
. Composlca Geom%c Averaging

Work with Daniel Garijo (USC) and Oscar Corcho (UPM)

—— ——————— — ———————

Y

compose vector fields (1st grid)

Affine mean image G .
e rouping
l}
/ KL_MI_deform
l{l. MI 4-step multiscale / attocton.uca.edu
............... / . A
sesé. 0 __--" e
_.{ﬁ _~ composw;otrk Averaging

'\‘..-.-‘."-j'cw Tria
°
Hard Mean
NL-registered to previous mean medullaton.uca.edu

4step v NL- registered to previous me
medullaloniuciaedu

Hard MQID modu | adoniuetaodu \

medulla to <iaodu

% { 3-step MDT

meduliatoniuciaedu
v 4-step MDT
medullaloniudaedu




Capturing Scientific Knowledge

Sars?

a

Crowdsourced
vocabularies

\ S /T

Scientific data —> ’?% WINGS
repositories

M Onto
WIKIDATA ‘Q

Common Software and
entities models

W3C PROV

Provenance

Collaborative

Data analysis o
processes \ L

<
'i . "
‘*"orn\ d 1S I( m Itrg].tt

Open reproducible A.utomat.ing Model
publications discoveries integration




The W3C PROV Provenance Standard

[Gil and Miles 2013; Groth and Moreau 2013; Moreau et al 2014]

wasInfluencedBy /
| xsd:dateTime wasQuotedFrom / xsd:dateTime
| wasRevisionOf / '
generatedAtTime ] hadPrimarySource invalidatedAtTime
Xvalue O
Agent Entity 7 alternateOf /
N N O specializationOf
Person Collection | ~ Bundle ’ Plan
Organization L f
|
SR ) | wasStartedBy / |
wasEndedBy Location

https://www.w3.org/2011/prov/



Capturing Scientific Knowledge

= ‘II || I to = PROV
a WIKIDATA th
Crowdsourced Common Software and Provenance
vocabularies entities models
Scientific data — > ’?% WINGS >
repositories

Data analysis Collaborative

processes methods

®disk mint.

Automating Model
discoveries

&"’%
)
N §‘

OF THE

Open reproducible
publications

integration



www.scientificpaperofthefuture.org

[Gil et al ESS 2016; Essawy et al EMS 2017; Goodman et al PLOS CB 2014]

Scientific Paper of the Future AR P

SA

American Geophysical Union

[

u Y Earth and Space Science

4 Modern Paper N (0 Open Science )

Sharing:
Deposit data and software
(and provenance/workflow)

Text:
Narrative of the method,
some data is in tables,

NATURE REVIEWS | NEUROSCIENCE

figures/plots, and the in publicly shared repositories Scanning the horizon: towards
software used is mentioned transparent and reproducible
Open licenses: neuroimaging research
Data: Open source licenses for
ata: d d f Russell A. Poldrack’, Chris I. Baker?, Joke Durnez'-3, Krzysztof J. Gorgolewski',
Include data as ata and software Paul M. Matthews*, Marcus R. Munafo>¢, Thomas E. Nichols’, Jean-Baptiste Poline®,
supplementary materials (and provenance/workﬂow) Edward Vul® and Tal Yarkoni'
d . Towards the neuroimaging paper of the future
an pomt.ers 'FO In this Analysis article, we have outlined a number of
data repositories Metadata: problems with current practice and made suggestions
\ j Structured descriptions of the for 1rn.provements..Here., we outline what we W(?uld .hke
L to see in the neuroimaging paper of the future, inspired
characteristics of data and software by related work in the geosciences’'.

) (and provenance/workflow)

(Reproducible Publication
- 4

(E@ SOCIETY OF EXPLORATION =
Software: SE Al m
For data preparation, data f Digital Scholarship R A\ SEO R ag aZI ne
analysis, and visualization GeoPHYsics Call for Papers . .
Persistent identifiers: Reproducible Research: On ReproduCIble Al
Provenance and methods: F (()r d;ta, Software,/ and lazlfllthO)rS Geophysics Papers of the Future Towards Reproducible
: and provenance/workflow
Workflow/scripts specifying “ Research, Open Science, and
dataflow, codes, o . . ..
configuration files, Catons (ations: Digital Scholarship in Al
t ttings, and itations for data and software . .
prz:lrrzlatrinn(;:eegsg e;zii czii:s (and provenance/workflow) Publications
\\ _/ - J j Odd Erik Gundersen, Yolanda Gil, David W. Aha
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Automated Discovery: Hypotheses and Lines of Inquiry @d isk

[Gil et al ACS 2016; Gil et al AAAI 2017; Garijo et al 2017; Srivastava et al PSB 2019; Mallick et al 2020]

L New With Parag Malick, Ravali Adusumilli, Hunter Boyce (Stanford); Arunima Srivastava (OSU);
R sl Daniel Garijo, Varun Ratnakar, Rajiv Mayani (USC/ISI); Thomas Yu (Sage Bionetworks)
Formulate .
line of inquiry | MZ;&;:::IIZSSIS | [ Hypothes|s } Revised
(dita + method) S

\ hypothesis

T

Lines of Inquiry

’ . Run
Retrieve

data V(“;z‘;ffg:)s Specify relevant analytic methods (workflows),
N type of data needed, and how to combine results

Query to
Retrieve
Data

« Analytic \\ £ Meta-Workﬂows\
\ Workflows

1 | [ Confidence }

Estimation

[ Workflow } [ ]
Library Benchmarking /
_ / S




Automated Discovery in DISK disk

hypothesis |Protein PRKCDBP is expressed
in samples of patient P36

lines of inquiry | o
@ Lines of Inquiry data revision

L T PRKCDBP mutation
is expressed in P36

Name

Protein association with patient

Description
This line of inquiry is used for protein->patient association

Query (Ctrl-Space for suggestions) _/

1 ?x :expressedIn ?sample

2 2sample :collectedFrom ?p

4 ?p a :Patient

5 ?sample a :Sample

6 ?el :experimentedOn ?sample
7 ?e2 :experimentedOn ?sample
8 FILTER(?el != ?e2)

S ?el :produceData ?d1
10 ?e2 :producedData ?d2

meta-
,li :g; : ;:Ij:ss&‘;p;ecoata Workfl OWS

2 s
N Spess ™
Workflows to Run + __/ A ” : (-
. L S SaeeneN\ 3—% &
i proteogenomic_analysisBasic et e (@ ‘
"% Variable Bindings: InputFASTQ = ?d2, input-file = 7d1 f

o Proteomics._analysis _  — - = -y
Variable Bindings: input-file = 7d1 .
W3C PROV
mWorkﬂow repository

workflows

Meta-Workflows to Run +

8% Protein_Diff_WF




Integrating Knowledge through Workflows ®disk

ANALYSIS & SYNTHESIS

-
i




Representing Hypotheses ®disk

________________________________________________________________

/| HGI ST TTTIIEEREEEIIIICTTTTTTTTT oS \\“
: : ( : Execution 1 :; S :
Statement ; : S -- . X
| . wasGeneratedBy '
Qualifier : | /|
|
| s--"TTT—"TFT—""f+T—"~""T™""™""™"""""""""T7T"~ =T =TT T ~
. ' [ Hs1 Associated ‘,
| |
EVIdence : : [ Protein With Colon J E
' ' EGFR
Evolution & J { Coneer )
____________________________________________ revisionOf §
" HG2 :
: :
| ]
| |
: wasGeneratedBy :
| s - - T-T"T"TT"TFTT"T"T""=—"="="="="="="="—"=—"=—"=-= N |
: | HS2 Associated oo \h Confid 1)
I I . With olon !: asConjiaence - . p !
DISK Hypothesis Ontology: :[ HOPR I ' [ o }:Report o
yp gy: ‘\\ ! SubtypeA ) " asConfidencelevel )

________________________________________________________________

http://disk-project.org/ontology/disk



Reproducing a Seminal Cancer Omics Paper

a Proteomic subtype

‘ nature International weekly journal of science

il

> B =]
. . . o = ~= : - -]
Proteogenomic characterization of 8 2 ==
5] = ==
ke . == ="
human colon and rectal cancer : BEEL
© - o =
:
Bing Zhang, Jing Wang, Xiaojing Wang, Jing Zhu, Qi Liu, Zhiao Shi, Matthew a ; =y
@ - 8 -~ -
C. Chambers, Lisa J. Zimmerman, Kent F. Shaddox, Sangtae Kim, Sherri R. g = B - s S e
T : - = = =
Davies, Sean Wang, Pei Wang, Christopher R. Kinsinger, Robert C. Rivers, o = e -"ih?-? =
Henry Rodriguez, R. Reid Townsend, Matthew J. C. Ellis, Steven A. Carr, R e e o
David L. Tabb, Robert J. Coffey, Robbert J. C. Slebos, Daniel C. Liebler & the e e e e S
NCI CPTAC b .
Proteomic subtype || HNNINININNS L0000 ARIRNRARURARURERRRRRRRRARRRRRnRRRn AR
Affiliations | Contributions | Corresponding author TcGAmRNAsubtype | IIIIE NN MUMARNRRERRAND RORS) il ][]
rot.27 sovoe NNE T VO 00
Ref. 26 subtype [{{{{11] . ACCECTTERTTI COL T
Nature 513, 382-387 (18 September 2014) | doi:10.1038/nature13438 Methylation subtype | | 11
Received 19 September 2013 | Accepted 02 May 2014 | Published online 20 Hypermutation [{{{] | | 111}
July 2014 MSI-high [T SO

POLE mutation [l 1 1 1}
BRAF mutation [III1 1 | 1110

LRI RH]
AU R
l

KRAS mutation UL | 1 IERREARRROSORS NN DRORRRRNRE ) IRNRDE R |
7P53 mutation JJI1 | | VREREREEEREND DORREDVDNRNEEROD IRREDARERE RN |
18qloss | || R e e Il 1

http://www.nature.com/nature/journal/v513/n7518/full/nature13438.html




Patient Proteomic Subtyping

®disk

Original
[Zhang et al 2014]

e TCGA_mRNA_subtype Sadanandam_subtype DeSousa_subtype Methylation_subtype cancer MLH1_silencing Hypermutation MSI_high POLE BR/

| KN Enterocyte/Goblet-like ccst M civMP-high [ colon | No I No " No T No [
Invasive M nflammatory . ccs2 I CIMP-low B Rectum Yes Yes Yes Yes
W vsicivP Stem-like W ccs3 Cluster3

| B | Cluster4

Proteome

Relative 2

Protein
Abundance 1
(log2) B8 >

TCGA_mRNA_subtyj
Sadanandam_subty
DeSousa_subtype]

MILH1_sitencingl T
Hypermutation_ .
MSI_high

loss_18q .

Relative protein abundance (log,)

Reanalysis
[Mallick et al 2020]

Proteomic subtype




Large Differences in Protein Identification @®disk

10% Differen
Peptides

ce

10% to 5% Difference

Protein Groups

Original , Reanalysis

Protein Groups




Multi-Omics: Sensitivity to Methods/Software ®disk

X!Tandem

MSGF+

35% of protein
identifications are not
robust to changing just
one analysis step

Myrimatch === === e==msm=—"

MSGFPlus

Magplus Peptome

i

Myrimatch XTandem

Detection of important proteins in colorectal cancer:
# search engines

Protein | MSGF+ | Myrimatch | X!Tandem

000

APC Found Not found Found 4000 "
%) c
PIK3CA | Found Not found Not found .%3000 E, 000
+ O
VTI1A Found Not found Found © 2000 S
o = 1000
PMS1 Found Not found Not found #1000

o

NTHL1 Found Found Not found 0 .--
1 2 3 4

#Search Engines




Multi-Omics: Method Sensitivity ®disk

Different Parameters NCBI vs UCSC Reference DB

Protein Groups Peptide Groups

SAAVs Variant Peptides




Revising Hypotheses with Additional Data disk

100

Proteome Subtype

751

count

50

25

CRC95
CRC100
CRC105
CRC110
CRC115

CRC115_BE



Analyzing and Comparing Different Datasets @) disk

12000+

9000+
6000 -
3000-

0 -
CRC95 NCI60 BRCA

# Proteins

CRC95+

OV

BRCA-

0 1000 2000
Number of SAAVs



Benchmarking for DREAM Challenges disk

equencer : e . C rison of aligned
Output o TopHat o Component ( 10 r::izaa;ogsos:mgplgs

K (STAR/TopHat) -
CHALLENGES ! \ " o & o wm s> Aligned data Ese
Align Quantification| == .ii. |Quantification BE ¢
NCI-CPTAC DREAM Proteogenomics . components L : = = |components g g 3
D] SheNnge 9 " (FeatureCount =) "= |(Cufflinks §5°
i Y Wil Aligned - and EdgeR)| s sis! "= |suite) ®
Thi I usi oo Reads ’ 2 i : ‘E: \ Samples )
- o o 4'—) Quantified and normalized data
Quantify ——— Abstract Prediction
. * s oo o wn Component arlap of genes identified  Gene-wise ccrrelalion\
Predict protein abundances . “@® Frem | s w= == == (Generic Model/ 5 |
from mRNA and genetic data Tralr;‘slzlrlpt G- == ¢ ¢ | Gene-Specific Model) - g
eneric : [
® % - . .
Predict ——
! = Protein level prediction i 17
Predicted K sGen-:'- T — ] \* e T i )
protein levels ﬁfﬂe‘c & Correctness scoring pamar .
& = ﬁ)ynamic range comparison \
Protein éo. N e
> 5 protein
C P T A c ‘l:redi:::ze: g;%j;: Itzvel
DATA SETS Alignment Quantification Predictive Model Correctness Score Time Taken
) STAR FPKM Linear 0.2161 ~29 hrs "/
ke Breast . STAR RPKM Linear 0.2155 ~20 hrs
cancer .
.'. STAR FPKM Gene-Specific 0.9064 ~29 hrs
. @ STAR RPKM Gene-Specific 0.9124 ~20 hrs
Ovarian TopHat RPKM Linear 0.2053 ~103 hrs
cancer TopHat RPKM Gene-Specific 0.9080 ~103 hrs




Al for Automating Discovery

Projection of Data Volumes in 2025

Data Phase Astronomy Twitter YouTube Genomics
Acquisition 25 zetta-bytes/year 0.5-15 billion 500-900 million hours/year 1 zetta-bases/year
tweets/year
Storage 1 EBlyear 1-17 PBlyear 1-2 EB/year 2-40 EB/year
Analysis In situ data reduction Topic and Limited requirements Heterogeneous data and analysis
sentiment mining
Real-time processing Metadata analysis Variant calling, ~2 trillion central
processing unit (CPU) hours
Massive volumes

Distribution Dedicated lines from antennae ~ Small units of
to server (600 TB/s) distribution

Major component of modern user's
bandwidth (10 MB/s)

All-pairs genome alignments, ~10,000
trillion CPU hours

Many small (10 MB/s) and fewer massive
(10 TB/s) data movement

doi:10.1371/journal.pbio.1002195.t001

rlw “

3

Cumutig soroa

Analytic Complexity for Each Type of Data

> Z0~HprHCRZON

Fausee transtorm lon cyciotrn MS (FRACR)
Liques chromaogragtty MS (LC-MS)
imagin M5

108 manity M5

Tangem masa spactromaty (MSn)
Colision-nduced dnsocation (CO)

Post-aoucs dacay (FSD)

Siloed
Expertise

Tasfum cfoside, Sroorium danide
Lacin atinty.

 Bosnition

doi: 10.1038/nbt.1658

YL ELEY:
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MINT: Model INTegration

[Gil et al IEMS 2018; Garijo et al eScience 2019] i

Collaboration with Daniel Garijo, Deborah Khider, Craig Knoblock, Ewa Deelman, Rafael Ferreira (USC/ISI), Vipin
Kumar (UM), Scott Peckham (CU), Chris Duffy & Armen Kemanian (PSU), Kelly Cobourn (VT), Suzanne Pierce (UT)

oum

Food-Energy-Water
Nexus

https://www.pexels.com/photo/bird-birds-blue-sky-drought-1178291/




Integrated Modeling

\' o : 4

Mmint

model integration

Agriculture

Models

Economic
Models

Infrastructure

Social
Models

Models

B Takes months/years
B Currently a craft
B Increased demand

Mediation at
many levels

Modeling
scope

B,

Sirth: 113
Death:. 194

Birth: 136 Birth: 141} Sith: 144 Bt 148 Birth: 155
Death216Death:228 Death.214 Death:241 Death. 245

TG
Birth: 75 Binh. 79
Death.163 Death 154
8. { B, ) B,
Brt: 101 Birth: 107 Birth: 103
Death 174 Deah 177 Death: 187
= -
o ]@ 4 @ gzl |
Brth: 125 [ Bieth: 127 Sieth: 135
Death 208 Deah:205 Death:211
1 r 1
4 cheldren. \ 3 children, 2 chidren... |

transpiration

precipitation

Model
set up

Variable
mapping

Data
ingestion

Spatial
gridding
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mint

model integration

Supporting Compositionality of Scientific Knowledge

» Data formats
» Physical variables

» Constraints for use
» Adjustable parameters
> |Interventions

http://www.pihm.psu.edu/pihm_home.html



Ontologies for Unambiguous Physical Variables

mint

model integration

* Ontology of standard scientific names

Work by Scott Peckham and Maria Stoica (CU)

* Eg SSN: watershed outlet water volume outflow rate is
more precise than “streamflow” or “discharge”

cycles_soil

Label

RV

Dz

SLOPE

LAYER

SOM

SILT

BD

CLAY

Long Name

rock
volume

soil layer
thickness

slope of
the field

soil layer
number

soil organic
matter

silt
percentage

bulk
density

clay
percentage

Description

Rock volume expressed as volume over
total volume

Soil layer thickness

Average slope of field of interest

Soil layer number from 1 to an integer
that is user defined (or database defined)

Soil organic matter per unit of non-rock
soil expressed as percentage over total
mass

Silt mass per unit of soil mass (no rocks)
and expressed as a percentage

Soil mass dry and wihtout rock divided by
the sampled volume

clay particle size fraction size fraction of
each soil layer in %.

Standard Name

soil_rock__volume_fraction

soil_layer__thickness

land_surface__slope

soil_matter~organic__mass_fraction

soil~no-rock_silt__mass_fraction

soil~no-rock~dry__mass-per-volume_density

soil_clay_particle__volume_fraction

Cycles soil description file. Soil files typically have a suffix of .soil, but any naming convention can be used as long as it matches the soil file nz

Units

m3 m-3

Mg m-3

%



Spatial Datasets of Varying Quality

model integration

Temperature Precipitation Crop prices Production

25°0'0"E 30°0'0"E 35°0'0"E 25°0'0"E 30°0'0"E 35°0'0"E 25°0'0"E 30°0'0"E 35°0'0"E
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% e R Teompe i s A South Sudan - Precipitation anomaly South Sudan
Z Relative difference to Long Term Average - Dekad 3, February 2018 P :

5 £ g Retail prices in Juba South SUdan
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8 i :

] 8 o R Cereal production
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http://www.scirp.org/journal/Paperinformation.aspx?paperlD=76775
pifl p-org/] /Pap prepap http://www.fao.org/giews/countrybrief/country.jsp?code=SSD

Land use Agricultural potential Aquifer productivity and recharge
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Diao, X. et al. DOI: 10.5772/47938 Diao et al DOI:10.5772 /47938 http://earthwise.bgs.ac.uk/index.php/Hydrogeology_of_Sudan



mint

model integration

Work by Craig Knoblock, Yao-

Automated Data Transformations
Y1 Chiang Jay Pujara (USC)

Create a saturation file
for each mesh cell Cycles.REINIT file

Time | Mesh1 | Mesh2 _|.. | Meshn VARIABLE VALUE
1440  3.595513  6.534754 .. 3.771523 1 1 INFILTRATION 0.0

2880 3.5¢ 509 6.534728 .. 3.771488 1 1 SATURATION_L1 0.0
4320 3.5¢ 505 6.534702 .. 3.771453 1 1 SA ION_L2 0.012

pg.gw file

Create a data graph

Write the data
for each cell

graph as a row

pihm:SoilDepth_1

Saturation cycle:Variable_1

transformation

depth doy

var_name

recordedAt meshid I \o
value year

Hydrology model gives depth until ground water Agriculture model requires saturation




Creating Virtual Gauges When No Data Available \‘[

4
mint
gration

model integration

High

Use of Scientific Theory

Low

Work by Vipin umar and Ankuah Khandelwal (UM)

| ir B
| 8.
|

|

Theory-guided data science
Incorporates biophysical
laws into machine learning
from remote sensing data

Soybean Corn Corn Soybean Soybean  Corn

A

Theory-guided
Data Science Models
(TGDS)!

Theory-based Models

Data Science Models

Mar 18, 2016

Low Use of Data High



Mapping Models to Interventions and Deasmns

. Work by Armen Kemanian
Dr“[e 'sd nd and Yuning Shi (PSU)
adjustable

Response
parameters _
variables
Weather
Crop typeS https://commons.wikimedia.org/wiki/File:Phosphorus _Cycle copy.jpg Crop yleld
Fertilizer Model parameters
Planting dates Nitrogen stress
Weed factor Soils

Land use Solar radiation



Rich Representations of Models

model integration

mint

model integration

Model Catalog

Work with Daniel Garijo, Deborah Khider,
Varun Ratnakar, Maximiliano Osorio (USC)

Q. Search models ;Zalic::;t v
The Soil & Water Assessment Tool (SWAT) & -

> The Soil & Water Assessment Tool (SWAT) is a small watershed to river

basin-scale model used to simulate the quality and quantity of surface and
ground water and predict the environmental impact of land use; land
management practices and climate change (https:/swat.tamu.edu/ 2019)

Data formats

Input files
Name Description

cycles_weather Cycles weather file

Value on setup @

Format

weather

Physical variables...... ...

cycles
cycles.

reruuzer rate

Output file o

Cycles configuration (version 0.9 4) exposing additional parameters such as weeds fraction and fertilizer rate

Name Authors: Rafael Stva
« Tima interval: 1 day
cycles_| « Grid details:
sl + Type: PointBasedGrid
cycles, = Dimentions: 00
---------- » Spatial resolution: Point

Nitrogen i and

cycles_
» Download: cycles-0.04-alpha zip?raw-true

. i Biomass growth, Humification. Transpiration,
Nitrogen uptake, Precipitation. Solar radiation. Management. Nitrogen transport

r i ¥ w T 5
Category: Agriculture
Type: Theory-

) .-v === Keywords: Soil. watershed, surface water, ground water, en.. More details
2 versions Cycles & 4+

Cycles simulates the productivity and the water-carbon and nitrogen
balance of soil-crop systems subject to climate conditions and a large
array of management constraints

Keywords: agriculture, cycles, crop growth, weather, soil, cr.. More details

4 versions

Category: Economy
Type: Theory-

Economic aggregate crop supply response model (EACS) =%
The Aggregate crop supply response model (EACS) describes the
aggregate crop supply response model for the country of South Sudan.
This is a regional-scale aggregate model of agricultural supply for a
specified set of crops (cassava; groundnuts; maize; sesame seed; and
sorghum).

Keywords: economy, land use, crop production, fertilizerc..  More details

cycles.
S Selected configuratiol L
===+ Constraints
planting dates, Wk
Cycles calibrated nmild re L L¥]
file can be chosen S &
Authors: Rafael Sit
+ Region: Pong crop nome Name of the crop Lo run the simulation for Maize (dofault)
» Time intervall
— stort_planting day Davy of the year whaen the planting started 100 (delaun)
The range is from 1 to 365
eed_planting do of the when the anded 140 (dolault)
et Adj rameter
~ Adjustable parameters
weed_froc cycles_weather  Cycles weather file ~
]
Label  Long Name Descriptior Standard Name
RHn lati lat phere_air_water-vapor__min_of_relative_si
humidity humidity
minimum minimum
Solar solar Shortwave land_surface-horizontal_radiation-incoming-shot
radiation of incoming
the day radiation on
a horizontal
surface at
elevation of
the location
Wind  wind speed Wind speed land_surface_wind__speed
CISES)




MINT: From Models to Solutions

mint

model integration

The Soil & Water Assessment Tool (SWAT) & -
The Soil & Water Assessment Tool (SWAT) is a small watershed to river
basin-scale model used to simulate the quality and quantity of surface and
ground water and predict the environmental impact of Land use; land
management practices and climate change (https:/swat.tamu.edu/ 2019)

Keywords: Soil. watershed, surface water, ground water, en.. More details

- s T
Category: Agriculture
Type: Theory-

Cycles & -
Cycles simulates the productivity and the water-carbon and nitrogen
balance of soil-crop systems subject to climate conditions and a large
array of management constraints

Keywords: agriculture, cycles, crop growth, weather, soil. cr.. More details

4 versions

Category: Economy
Type: Theory-

Economic aggregate crop supply response model (EACS) -
The Aggregate crop supply response model (EACS) describes the
aggregate crop supply response model for the country of South Sudan.
This is a regional-scale aggregate model of agricultural supply for a
specified set of crops (cassava: groundnuts; maize: sesame seed:. and
sorghum).

More details

Keywords: economy, land use, crop production, fertilizer c...
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Work with Deborah Khider (USC); Suzanne Pierce and

Lissa Pearson(UT); Chris Duffy and Lele Shu (PSU)

Data formats

Input files

Name Description Valueonsetup @  Format

cycles_weather Cycles weather file weather

cycles.

o o
+={ Physical varia
oS- Outputfiles ¢ Paramotors 8
reruuzer rate
Cycles configuration (version 0.9 4) exposing additional parameters such as weeds fraction and fertilizer rate
Authors: Rafael Stva

« Time interval: 1 day

Output file

- Constraints

Cycles calibratec miid
file can be chosen
Authors: Rafael Sit

o

The range is from 1 to 365

cycles_ « Grid details:
b + Type: PointBasedGrid
cyc|es = Dimentions: 00
A= . Spatial resolution: Point
cycles. . i Nitrogen i and Biomass growth, Humification. Transpiration,
cycle Nitrogen uptake, Precipitation. Solar radiation. Management. Nitrogen transport
+ Download: cycles-0.0 4-alpha zip?raw-true &
cycles.
—— - Selocted confguratia

+ Region; Fong] Crop nome Name of the crop Lo run the simulation for
+ Time interval
—— stort_planting day Davy of the year whaen the planting started

w“

Maize (dofault)

100 (delauin)

e

Sines Meons

« Subsidies for sorghum fertizer wil decrease sesame production
« Ifsorghum prices fal, sesame and maize producton increase

«  If sesame prices fal, groundnuts production wil increase

| [

Mm

eed _planting do of the whaen the anded 140 (dolault)
.
« Adjustable parameters
wead_froc cycles_weather  Cycles weather file ~
]
Label  Long Name Descriptior Standard Name
RHn lati lat phere_air_water-vapor__min_of_relative_si
humidity humidity
minimum minimum
e Solar solar Shortwave land_surface-horizontal_radiation-incoming-shot
radiation of incoming
the day radiation on
a horizontal
i surface at
| elevation of
| the location
G - Wind  wind speed Wind speed  land_surface_wind__speed




Model Portability: Data Scarce Regions
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mint

model integration

Height Above Natural Drainage Model (HAND)

F PrepareModels  BrowseDatasels  UseModels  Prepare Reports
egions

Results provide first

The following map show:

; South Sudan

Hydrology

5 the current areas of interest for ydrology modeling in Ethiopla
e, eie

.....

Selected region; Awash lid TfasluvBR: wvazmsc

Ethlopla | Awash Basin

pass vulnerability for
flood risk

Pixels with colors on
right of scale (brighter
red) indicate higher
change of inundation
or flooding

Bounding boi 37: 97573503 39743833146 Downbo-do

HAND Mode! procedure
e
N + ] .
v v
%3 K . 7l
i o ]
ponnDn
o)
L L 00 with Drainage. Nearest Orainage Map
N ]
) 42 {4850/ 36 EIC
E 2l o
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HAND Model

Work with Suzanne Pierce, Daniel Hardesty Lewis, David
Arctur Paola Passalacgua (UT), David Tarboton (Utah
State); Misty Porter, Mary Hill (KU)

.......

Pl

[Fichange...

~\(colorramp I

~ISymbol - Value Legend

A ] -1 -1
v 0 0

v 1.5 1.5
vE 3 3

VAL 4.5 4.5
va 6 6

= 7.5 7.5

922.0684204101562 922.0684204101562




Model Portability: Data Rich Regions mint
-

Work with Suzanne Pierce, Daniel Hardesty Lewis, David Arctur and Paola Passalacgua (UT)

Combining
* Terrain (10 m)

* Population
e Urban Land Use

........

Comparison: Williamson County

Manually Constructed Buyout Map MINT Generated Vulnerability Ma
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/  (Phase1-Buyouts)
’." Status as of 2162018
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A Perspective on the Future



Tackling Complex Scientific Phenomena

Large number of Community
co-authors as author

Single authorship Co-authorship

Evolution of the scientific enterprise from [Barabasi, 2005] extended with the
ATLAS Detector Project at the Large Hadron Collider [The ATLAS Collaboration, 2012].






Consider the Atlas Collaboration

Atlas collaboration

SCle‘ﬁqe
& * Approximately 4,000 authors

E)-é"';f . t y/
s e, . . .
iy, @ ot W &  Worked in subgroups that coordinated
e s ' BREAKTHROUGH  + 2 \§ with one another
| :' YEAR Lokt
L_,

HIGGS £

* Collaboration lasted many years

BQSON 5

Today, large scientific collaborations take
significant time and effort and therefore
are not very frequent

How can we change this?




The Importance of Process

i ."'.'* = +8
Freestyle Chess Champion
Anson Williams

“The winner was revealed to be not a grandmaster
with a state-of-the-art PC but a pair of amateur
American chess players using three computers at
the same time. Their skill at manipulating and
“coaching” their computers to look very deeply into
positions effectively counteracted the superior
chess understanding of their grandmaster
opponents and the greater computational power of
other participants.

Weak human + machine + better process was
superior to a strong computer alone and, more
remarkably, superior to a strong human + machine
+ inferior process.”

- Garry Kasparov, 2010




Future Al Systems as Partners for Discovery

[Gil DSJ 2017]

Thoughttul Al: Principles for Partnership

Rationality
Context
Initiative
Networking
Articulation

Systems
Ethics

Behavior 1s governed by explicit knowledge structures
Seek to understand the purpose and scope of tasks
Proactively learn new knowledge relevant to their task
Access external sources of knowledge and capabilities
Respond with persuasive justifications and arguments
Facilitate integration & collaboration with humans/systems

Behavior that conveys scope and uncertainty



Al Write the S

cientific Papers of the Future?

@l‘lto W3C PROV
WIKIDATA oft
Crowdsourced Common Software and Provenance
vocabularies entities models

Scientific data -
\

repositories .
P Data analysis
/ processes

Collaborative
methods

Ry’ ®disk mint
Open reproducible AAutomatAing Model
publications discoveries integration

—_______\

{ Thoughtful AI: Principles for Partnership I
Rationality Behavior is governed by explicit knowledge structures

I Context Seek to understand the purpose and scope of tasks
Initiative Proactively learn new knowledge relevant to their task

I Networking ~ Access external sources of knowledge and capabilities
Articulation  Respond with persuasive justifications and arguments I
Systems Facilitate integration & collaboration with humans/systems

‘ Ethics Behavior that conveys scope and uncertainty ,

e e e e - e s
- Em Em En =,

YOUR IDEAS HERE!

o= m— oy

I I I S e S e -

(

Scientific Paper of the Future

-

Modern Paper

>

Text:

Narrative of the method,
some data is in tables,
figures/plots, and the

software used is mentioned

Data:

Include data as
supplementary materials
and pointers to
data repositories

&

>

(R

eproducible Publication)

Software:
For data preparation, data
analysis, and visualization

Provenance and methods:
Workflow/scripts specifying
dataflow, codes,
configuration files,
parameter settings, and
runtime dependencies

~

Open Science

Sharing:
Deposit data and software
(and provenance/workflow)
in publicly shared repositories

Open licenses:
Open source licenses for
data and software
(and provenance/workflow)

)

Metadata:
Structured descriptions of the

characteristics of data and software

(and provenance/workflow)

N

/)

Digital Scholarship

Persistent identifiers:
For data, software, and authors
(and provenance/workflow)

Citations:
Citations for data and software
(and provenance/workflow)




Formulating Grand Challenges

COMMUNICATIONS E——————— .
M January 2019 Al magazine Spring 2016

REVIEW ARTICLES

Intelligent Systems for Geosciences: Artificial Intelligence to

An Essential Research Agenda . .

By Yolanda Gil, Suzanne A. Pierce, Hassan Babaie, Arindam Banerjee, Kirk Borne, Gary Bust, Michelle Cheatham, Imme Wln the NObel PrlZe and Beyond:
::l;r::SRiiadl‘::.y’Y::nLai:,scal:'l;i:t'NsO':‘:'IS.h\iﬁ;;Oerk:::kI’a(ius, Shanan Peters, Beth Plale, Allen Pope, Sai Ravela, Juan Restrepo, Creating the Engine for

Ebert-phoff, Carla Gomes, Mary Hill, John Horel, Leslie Hsu, Jim Kinter, Craig Knoblock, David Krum, Vipin Kumar, Pierre
Many aspects of geosciences pose novel problems for intelligent ° ° °
systems research. Geoscience data is challenging because it tends SClentlﬁC Dl SC Over} 7
to be uncertain, intermittent, sparse, multiresolution, and multi-
scale. Geosciences processes and objects often have amorphous
spatiotemporal boundaries. The lack of ground truth makes
model evaluation, testing, and comparison difficult. Overcoming
these challenges requires breakthroughs that would significantly

transform intelligent systems, while greatly benefitting the H iroa ki K i tano
geosciences in turn. Although there have been significant and

Al reproducing articles Al as research assistant ) Al as co-author




The Next Two Decades

2025: Al can generate automatically new complex scientific analyses using open data

2025: Al detects when it is missing knowledge and can seek and read new scientific papers on target topics

2030: Al can generate and test sophisticated hypotheses about complex physical phenomena

2030: Al can reproduce the results in 80% of the articles in a scientific journal

2035: Al can describe a scientific experiment and discuss sophisticated aspects of it

2035: Al can compare scientific experiments and papers and contrast their merits

2040: Al can teach advanced theories in some scientific domain effectively to students

2040: Al can formulate research questions and generate novel contributions in some scientific domain

Al reproducing articles Al as research assistant ) Al as co-author

2030 2035 2040



Al to Address Major Future Challenges
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Diversity and Breadth of Advances in Al

Vision

Robotics

Sensing
Language

Representation

Search
Planning

Reasoning

Generation

Matching

Perception

predict
Speech rediction

https://commons.wikimedia.org/w/index.php?curid=70268939

Creativity
Commonsense
Ethics
Explanation
Discovery
Knowledge
Learning
Cognition
Teamwork
Dialogue

Understanding



Will Al Write
the Scientific Papers of the Future?

* The Al community
has always been

* Visionary

* Broad

* Inclusive

* Interdisciplinary
* Determined

* And dare | say
e Successful

So... the answer may be yes?

https://www.flickr.com/photos/losalamosnatlab/22043600248
http:/ /www.thechessdrum.net/blog/2007/12/21/anson-williams-king-of-freestyle-chess /



Will Al Write
the Scientific Papers of the Future?

Al researchers have e Humans:
been:

« Visionary * Not systematic

* Broad

* Inclusive * Errors
* Interdisciplinary

[ J

Determined e Bigses

* And dare | say

. Successful Poor reporting

So... the answer may be yes? So... the answer is definitely yes?

https://www.flickr.com/photos/losalamosnatlab/22043600248
http:/ /www.thechessdrum.net/blog/2007/12/21/anson-williams-king-of-freestyle-chess /



Will Al Write
the Scientific Papers of the Future?

: Maybe the answer is no: :
* The Al community o * Not systematic
has always been B NN

* Visionary * Errors
* Broad

* Inclusive ol :

° Interdisciplinary Pennicillin discovery * Biases
e Determined resulted from human error...

- And dare | say * Poor reporting

e Successful

So... the answer may be yes? So... the answer is definitely yes?

https://www.flickr.com/photos/losalamosnatlab/22043600248
http:/ /www.thechessdrum.net/blog/2007/12/21/anson-williams-king-of-freestyle-chess /



Will Al Write
the Scientific Papers of the Future?

: Maybe the answer is no: :
* The Al community A * Not systematic
has always been Ry W L3

* Visionary
Broad

[ ]

* Inclusive P
. Interdisciplinary Pennicillin discovery * Biases
o resulted from human error...

* Errors

Determined

* And dare | say * Poor reporting

e Successful

So... the answer may be yes? So... the answer is definitely yes?

unique contributions...

https://www.flickr.com/photos/losalamosnatlab/22043600248
http:/ /www.thechessdrum.net/blog/2007/12/21/anson-williams-king-of-freestyle-chess /



J.PMorgan

Varun Ratnakar, Daniel Garijo, Deborah Khider, Maximiliano Osorio, Hernan Vargas (USC)
Workflows: Jihie Kim, Ewa Deelman, Karan Vahi; Rafael Ferreira, Rajiv Mayani, Hyunjoon Jo,
Yan Liu, Dave Kale (USC); Ralph Bergmann (U Trier); William Cheung (HKBU); Oscar Corcho
(UPM); Pedro Gonzalez, Gonzalo Castro (UCM); Paul Groth (UA); Ricky Sethi (FSU); Carole
Goble (UM); Chris Mattmann, Paul Ramirez, Dan Crichton, Rishi Verma (JPL); Natalia
Villanueva (UTEP)

Linked Earth and Organic Data Science: Julien Emile-Geay, Deborah Khider (USC); Nick McKay
(NAU); Felix Michel and Matheus Hauder (TUM); Chris Duffy (PSU); Paul Hanson, Hilary
Dugan, Craig Snortheim (U Wisconsin); Jordan Read (USGS); Neda Jahanshad (USC)
Biomedical workflows: Phil Bourne, Sarah Kinnings (UCSD); Chris Mason (Cornell); Joel Saltz,
Tahsin Kurk (Emory U.); Jill Mesirov, Michael Reich (Broad); Shannon McWeeney, Christina
Zhang (OHSU); Parag Mallick, Ravali Adusumilli, Hunter Boyce (Stanford U.)

Geosciences workflows: Paul Hanson (U Wisconsin), Tom Harmon & Sandra Villamizar (U
Merced), Tom Jordan & Phil Maechlin (USC), Kim Olsen (SDSU); Suzanne Pierce (UT); Chris
Duffy & Armen Kemanian (PSU); Scott Peckham & Maria Stoica (CU)

And many others!




