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Data Science

DOMAIN - specific	data	applications	and	problems

Complexities Intelligence

ANALYTICS	&	DATA/KNOWLEDGE	ENGINEERING
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Value,	impact	usability Data	to	decision	&	actions

DATA	PRODUCTS,	KNOWLEDGE	&	INSIGHT
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Adapted from Cao, L. (2017). "Data Science: A Comprehensive Overview." ACM Comput. Surv. 50(3): Article 43.
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Scientific Machine Learning

• Machine Learning algorithms should be:
§ Domain-aware
§ Interpretable
§ Robust
§ Data-intensive
§ Scalable, deployable

• Machine Learning must contribute to:
§ Enhance current modeling and simulation
§ Automation and decision support

DATA
(Features)

MODELS
(Algorithms)

DOMAIN
KNOWLEDGE
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Data
• Data products

§ Beyond raw data
§ Models, workflows

• Data governance and data 
stewardship
§ Define process and procedures
§ Ensure compliance and security
§ Manages data, tools and processes
§ Comprehensive policies

• Data quality
§ Metrics

• Privacy preservation
§ Privacy-preserving analytics
§ Privacy-preserving AI/ML
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Data Representation

• Structured vs unstructured data
§ e.g., knowledge extraction from literature sources

• Efficient data structures
§ graphs

• Feature engineering
§ feature selection
§ feature synthesis 

• Representation learning
§ interpretability
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Opportunities for Accelerating Scientific Discovery 
with AI/ML

Domain-awareness

Reproducibility & Robustness

Interpretability

Automation

Scalability and Deployment
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Domain-awareness

• Knowledge representations
§ Equations
§ Knowledge graphs
§ Causal models
§ Distributed knowledge models

• Domain-aware features

• Knowledge embedding
§ Constraints
§ Loss function
§ Coupling with simulations
§ Model structure
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Coupling limited experimental data with physics 
models improves accuracy and reduces the risk of 
model overfitting in subsurface transport modeling.

He Q et al.. 2020 Physics-informed neural networks for multi-physics data 
assimilation with application to subsurface transport. Advances in Water 
Resources (2020) 141.
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Domain-aware features

• Coupling autoencoders with:
§ Clustering algorithms
§ Classification algorithms

µ
s

• Variational autoencoders with:
§ Predefined priors

ℒ 𝑥, $𝑥 + 𝜆!'
"

𝑎" + 𝜆#ℒ$%&'()*"+,
$%-''".")*

Classifier

Clustering

• Domain-informed prior
• KL term in the loss function enforces the

desired probability distribution

e.g., topology preservation
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Biodegradability-aware embeddings

t-sne projection: (a) raw data; (b) autoencoder; (c) 
clustering ; (d) classification

H. Hu (UW), Y. Liu (UW), Y. Chen (UW), R. Rallo (PNNL)
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Integrated multi-modal features

• Heterogeneous data
• Domain-informed stacked autoencoders à integrated features

𝐿 = 𝐿! + 𝐿"#$
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• Medical knowledge / Knowledge graphs

Knowledge embedding

K. Agarwal, T. Eftimov, R. Addanki, S. Choudhury, S. Tamang, R. Rallo, KDD – Workshop DSHealth, 2019 (https://arxiv.org/abs/1907.08650)
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Model structure

• Reservoir computing
§ Generalization of recurrent neural networks
§ Dynamical systems
§ Maps inputs onto a high-dimensional space
§ Hardware implementation

• Elements
§ Input layer

ü random weights
§ Reservoir

ü Random sparse connectivity
ü Non-linear activation

§ Readout layer
ü Linear transformation of the reservoir state
ü Fast adaptation using ridge regression

Domain-awareness

Structured reservoir Graph analytics
Network Science
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Reproducibility

• Provenance tracking in AI/ML workflows

• Metadata on:
§ Task
§ Data
§ Algorithms
§ (Hyper)parameters
§ Performance

• Artifacts
• Packaging
• Deployment
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Interpretability:
Integrated Domain-informed frameworks

CHEMISTRY BIOLOGY

Multiple levels of biological organization

MULTISCALE
DATA

INTEGRATION

Roca CP, Rallo R, Fernandez A, Giralt F. Nanoinformatics for Safe-by-Design Engineered Nanomaterials. In Towards Efficient Designing of Safe 
Nanomaterials: Innovative Merge of Computational Approaches and Experimental Techniques, Leszczynski J and Puzyn T (Eds.), 2012, RSC Publishing 
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Automation

Interfacing with scientific 
instruments
• Edge computing for in-situ processing.
• Opportunity to leverage existing real-time 

control and optimization capabilities. 
• Optimal exploration of large combinatorial

spaces.

Beyond automation: autonomy
• Hypothesis generation, validation and 

refinement.
• From machine learning to machine

reasoning
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Scalability and Deployment

• Rethinking software engineering
§ Composable software systems
§ Heterogeneous computing

• Connecting “Software 1.0” with 
“Software 2.0”

• Managed and scalable deployment 
of AI/ML models
§ Lifecycle management
§ Reproducible results
§ Model governance
§ Monitoring and operational use

Adapted from: 
The fundaments of MLOps – The enabler of quality outcomes in production environments

https://radiant.digital/the-fundamentals-of-mlops-the-enabler-of-quality-outcomes-in-production-environments/
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Summary

DATA
GENERATION
• Synthesis
• Physicochemical 

characterization

DATA
MANAGEMENT

• Data Repositories
• Data annotation
• Data quality
• Ontologies
• Provenance
• Data governance

KNOWLEDGE
EXTRACTION

• Data mining
• Hypothesis generation

MATERIALS 
MODELS

DISTRIBUTED 
HIGH-THROUGHPUT 

COMPUTING

SCIENTIFIC COLLABORATION PLATFORM

new hypothesis

new hypothesis

Optimal design of experiments

Cu
ra

te
d 

da
ta

Data-driven
• Machine Learning
• Deep Learning

Simulation
• Multiscale/multiphys
• Multifidelity

Raw
data

Active learning

Better 
understanding of 

bio-nano 
interactions

Enhanced
predictive

capabilities
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