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How do we discover
solutions to complex
problems?
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The scientific method has been our best tool for
discovery...

Iterate

Question Study Hypothesize Test Assess Report

Iterate




The scientific method has evolved over time

—

1st Paradigm

Empirical
Science

* Observations
* Experimentation

Pre-Renaissance

2nd Paradigm

Theoretical

Science
» Scientific laws
* Physics

* Biology
» Chemistry

~1600s

3rd Paradigm

Computational
Science

* Simulations
* Molecular dynamics
* Mechanistic models

~1950
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4t Paradigm

Big data-driven
Science

* Big data

» Patterns

« Anomalies
 Visualization

~2000




We are entering a new era of discovery
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1st Paradigm

Empirical
Science

* Observations
* Experimentation

Pre-Renaissance

2nd Paradigm

Theoretical

Science
» Scientific laws
* Physics

* Biology
» Chemistry

~1600s

3rd Paradigm

Computational
Science

* Simulations
* Molecular dynamics
* Mechanistic models

~1950
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4t Paradigm

Big data-driven
Science

* Big data

» Patterns

« Anomalies
 Visualization

~2000

New Era

Accelerated
Discovery
e Data + AI/ML
* Hybrid Cloud

» Quantum Computing
» Automation & autonomy

2020s



Automating and Accelerating Scientific Discovery

Extraction, integration and reasoning
with knowledge at scale

Tools help identify new questions based
on needs and gaps in knowledge

Machine representation of knowledge
leads to new questions
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Generative models propose new
hypotheses and automatically explore
vast discovery spaces

Robotic labs automate experimentation
and bridge digital models and physical
testing

Al surrogate models integrated with
simulation fill in missing information



The same AI breakthroughs
happening in language are
changing scientific discovery

Natural Language Processing (NLP)

M' Foundation

Language
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Data T
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AI Models
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Language
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Foundation models are powering new capabilities

Accelerated Chemistry

Chemical

Foundation
Models

Chemistry

T

Properties/Reactions
Data i

A Molecules

T

Atoms

AI Models

IBM RXN

Chemical Reaction Prediction*

Improved
Chemistry
Tasks




Discovery Technology Foundational Building Blocks

Accelerate scientific discovery through consumable “general purpose” discovery tools and platforms

Deep Search Simulation (ST4SD) Generatzve Models (GT45SD) | Synthesis & Testing (RXN)
(Simulation Toolkit for Scientific Discovery) (Generative Toolkit for Scientific Discovery)
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https://www.research.ibm.com/covid19/deep-search
https://pages.github.ibm.com/st4sd/overview/
https://github.com/GT4SD
https://rxn.res.ibm.com/rxn/robo-rxn

https://ds4dsd.github.io

Deep Search: Structuring and Reasoning with Scientific Knowledge
Large-scale curation and insight-extraction from unstructured multi-modal documents

Deep Search can parse large collections of scientific articles Discovers entities and allows search via knowledge graphs

Paper gl 1BM Corpus Processing Service KG-prod Search  Results  Workflows  Downloads )

S e Report  Don B

. Execution of this
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Deep Search Deep Search

Experience Toolkit
https://deepsearch- https://github.com/DS4SD/de
experience.res.ibm.com/ epsearch-toolkit
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https://deepsearch-experience.res.ibm.com/
https://github.com/DS4SD/deepsearch-toolkit

Simulation Toolkit for Scientific Discovery (ST4SD)

Filling knowledge gaps with Al-enriched modeling and simulation

STA4SD runtime

A runtime for simulation workflows that includes
memoization and surrogate support as well as
pluggable HPC backends

Al surrogates

Includes and enables Al surrogate and hybrid
workflows including configurable strategies for
performance monitoring and risk management

Virtual experiment registry

Includes pre-built workflows and building blocks
for composing and hosting virtual experiments

STA4SD experience

User interactive tool with pre-packaged
experiments

IBM Research

Simulation
Experience

Abstracted
Interfaces
and

Composable
Web UI

Marketplace
+ Low/No
Code
Integration

Domain toolkits
configure ST4SD for
domain and link to
broader AD warkflow

ST4SD Toolkit

Virtual Experiment Al
Accelerators

Deployable

Al Surrogates .
environment

Bayesian Optimization ﬂ for modeling
Quantum-Classical ~ and
_ _ o  simulation
Vlrtl.:lal Experiment - workflows
Registry =
. -0
High performance —
containercodes 3
Standardisation D
Developer view
Simulation Data
Store
Federation
Metadata Capture
ST45D technology Platform and Systems
Consumes platform tech Develops platform tech
and provides simulation and novel h/w solutions
specific functionality to which are consumed by

domain toolkits ST4SD



Generative Toolkit for Scientific Discovery (GT4SD) k| e
Open-source library to accelerate hypothesis generation in scientific discovery

G4T - e f— i Study -==9% Hypothesize -=--? Test
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1. Train generative models O

Applications include hypothesis generation
for inverse design and discovery of materials

gtd4sd-trainer ——training_pipeline_name paccmann-vae-trainer ——epochs Zt

2. Create inference pipelines Example molecules generated using GT4SD
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https://github.com/GT4SD/gt4sd-core

Generative models are a powerful tool for molecular inverse design and discovery

Learn from data to generate hypothetical and novel candidates for targeted properties

IBM Research, “Molecular Inverse-
Design Platform for Material
Industries”, KDD, Aug 2020

IBM Research, “Accelerated
antimicrobial discovery via deep
generative models and molecular
dynamics simulations,” Nature
Biomedical Engineering 2021

IBM Research, “Target-Specific
and Selective Drug Design for
COVID-19 Using Deep
Generative Models,” May 2020

Explore

novel drug
candidates
for COVID-19

Target Affinity (AFF)

[ Target Affinity (AFF)

[] Synthetic Accessibility (SA)

IBM Research

13


https://covid19-mol.mybluemix.net/
https://www.nature.com/natbiomedeng

IBM RoboRXN —intelligent lab automation for the cloud

AI + Hybrid Cloud + Robotic Labs for automated synthesis prediction and execution

35,000

Users via cloud

Action 2

Adding C,H,F,0,S

Overview

Methyl trifluoromethane @ 3
C.H,F.0S
F
[ ] [ ] O \/F
9+ Million |
[e]
Reaction et isoromatane suorate 2 rown i
. . methylating agent, also known as methyl triflate.
predictions
* Now
7 &=
Industrial =
partners




IBM RXN for Chemistry uses Al foundation models to predict chemical
reactions and chemical procedures

Chemical Reaction predictions

o
| CH3 |
Nt H3C
= . +
1 o 0 Synthesis H3C N CHs 0¢N o
)J\ N 7 H3C CH3
o) o)
CH3
CH3 o) Cl

Chemical Procedure (recipe) predictions

Add 2,2,6,6-Tetramethylpiperidin-1-ol (2.0 g) Stir for 1 hour at -10°C

Mix 4-nitrophenyl chloroformate (1.1 g) and  Quench with aqueous Na,CO; (15 ml)

dichloromethane (5 ml) in a separate vial Extract with dichloromethane (20 ml)

. . - (o]
Add mixture dropwise at -10°C Concentrate



Well chosen representations can simplity complex problems

Example from the world of signal processing

AB ‘ ._ Data represented in the frequency
/A\TAVA S domain can reduce complexity for
AN/ filtering and denoising
W

FT

Time Domain Frequency Domain
> q Yy
s(t) S(w)

Frequency-domain

Time-domain

-1 Time-domain
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Story of Al has also been a story of data representations

1980s Bigdata 1980s to ~2010 | Massive labeled data

+
Compute

Rule: IF-THEN |-

S /
Engine
g @ Feature design

Expert Systems Machine Learning Deep Learning

Hand-crafted symbolic Task-specific hand-crafted Task-specific learnt feature
representations feature representations representations

IBM Research



Foundations models are an emerging class of representation that is
changing the AI landscape

1980s | Bigdata 1980s to ~2010 @ Massive labeled data 2017+@ervision@

* Massive unlabeled data
Compute N
Compute

T e e S,
Rule: IF-THEN \ Foundation Model
A o 7

S Inference /
@ Feature design
Expert Systems Machine Learning Deep Learning Foundation Models
Hand-crafted symbolic Task-specific hand-crafted Task-specific learntedfeature Generalizable & adaptable

representations feature representations representations learned representations
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Success of Foundation Models for Language from self-supervision at scale
Enabled by a novel learning architectures + data + compute

) CNNs ... Attention Bi-LSTM ... Transformers
Deep learning

architectures

Transformer architectures learn
generalizable language representations
from large unlabeled data sets

Unsupervised learning

Unlabeled
data

Number of

Priorto 2018 | 2018 | 2019 | 2020 @ 2021+  model params
(=)

S

GPT-3 PY 1000
® Megatron- 100
T-NLG
10
Megatron 1
Elmo LM
AlexNet 0.1

RER\E 0.01

IBM Research



Training foundation models from SMILES in chemistry are enabling downstream
learning for molecule design, property prediction, reaction prediction, and more

Product prediction Molecule generation:

—M New 0=C(0)C(C0)=0
) Ret thesi molecules [loSSLesl
I ' SHBEUITHIES S ' o=clcceecl

in
cNlc(c)ceec(o)cl

i A A A F ) chemical .
) . | | | | | Generation S SMILES
Large Chemlstry I, GCLCCCCCLEAAAAAAA molecules

data SetS' GocC(clccceccl)=0EA |
| eseaw  Learn representation

Inverse design

GCN1cen(c(o)o)ccl
E.g, GDB-17 (166B), \ for molecules )
ZINC-15 (200M), Language molecule Properties:
ChEMBL’SPugChem’ representation E.g., model learns basic Property prediction - water solubility?

USPT molecules (E.g., SMILES) chemistry from data « metabolic stabiiity’9
including valency, ring : : « toxiCity? '

structures, positioning of Virtual screening /s

bonds, etc.

IBM Research & Oxford, “Accelerated antimicrobial discovery via deep generative models and
molecular dynamics simulations,” Nature Biomedical Engineering 2021
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https://www.nature.com/natbiomedeng

Multi-modal foundation models can potentially enable a broader field of downstream

tasks in materials, chemistry, biology, and more

« Comprehensive reusable representation across domains — breaks down silos of independent modeling

« Integration of multiple modalities fuses diverse sources of knowledge and data

Phenol
Caffein Graph ¥ / ) eee vO | i

Graph OJ\J:I:/\ SMILES cleceecl(O)

Sre——— 3D electron
SMILES RS density image

Fundamental J:HERF

properties Mw:: 194 S “Colorless-to- \
descrintion NRWIEEETE . .
pure, but ...”" g-|n W|th
Text “Caffeine is a alkaloid t t k
. .. found in the seeds, ]
description [ \ ream tasks

Struvite

IR
spectrum

1 6. V
Fundarr_1ental Muw: 545
properties
“crystallizes in the

gg:zription ortorhombic Multi-modal multi-task representation learns from
materials and chemistry data across modalities

yellowish or ..."

IBM Research

Generative model

Generate new materials’ information
with multiple modalities (image, text
description, etc.)

Target properties with limited data
Interpretable generation

Predictive model

Predict properties in small/zero
data domains
Interpretable prediction

Simulation accelerator

Intellectual speculative skip of
simulation steps by orbital
information (surrogate model)
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IBM Research tools and infrastructure for foundation models training,
fine-tuning and inferencing

Training Fine tuning Inference
Foundation model training jobs Fine tuning jobs Inference jobs
= 1 = OO0Ogd
| | | 1]

Foundation Model Pipelines and Tools
(Pre-built workflows, trust algorithms, evaluation
metrics, testing & validation flows...)

Scale-out Middleware
(Serverless ML, Workflows/Pipelines, AI Automation...)

Red Hat_
Hybrid Cloud Platform Openshift
(Distributed resource manage, placement, scheduling)

Scale-out Infrastructure
— GPUs
I:IEI Compute Cluster Al Accelerators
(- High speed networking

Scale-out infrastructure

— Optimized container networking implementations
— Al accelerators

Scalable middleware stack for distributed training

— Store and compute disaggregation

— Elastic and fault-tolerant distributed training

— Data caching

— Efficient resource management (job placement & scheduling)

Tools and workflows for train, test, and consume

— Tools to support data scientist productivity

— Standardized reusable pipelines for train, test, validate, fine tune
— Tools for automatic metric collections for trust and quality control
— Scalable tools for model exploration & evaluation

https://research.ibm.com/topics/foundation-models

IBM Research 22


https://research.ibm.com/topics/foundation-models

For more information ...

Accelerated Discovery

What’s next in computing: The
era of accelerated discovery

To meet the growing challenges of an ever-shifting world, the ways we
have discovered new ideas in the past won’t cut it moving forward. A
convergence of computing revolutions taking place right now will help
accelerate the rate of scientific discovery like nothing before.
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& Quantum, Al & Hybrid Cloud converge: The future of computi...

Watch on (3 YouTube

https://research.ibm.com/blog/
what-is-accelerated-discovery

Accelerating discovery for
societal and economic impact

Much of the world's ability to mitigate the effects of climate change will
come down to our ability to quickly identify new materials that can be
created, consumed, and recycled with minimal environmental impact.

https://research.ibm.com/blog/n
ew-sustainable-materials

Foundation Models

IBM Research unveils two key
advances for foundation models

What are foundation models?

The future of Al is flexible, reusable AI models that can be applied to
just about any domain or industry task. At this year’s Ray Summit, researchers at IBM showed off two features,
running on top of Ray, that make it easier to set up and run foundation

models for AT workloads.

https://research.ibm.com/blog/r
ay-summit-codeflare-
foundation-models

https://research.ibm.com/blog/
what-are-foundation-models

IBM Research
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https://research.ibm.com/blog/ray-summit-codeflare-foundation-models
https://research.ibm.com/blog/what-are-foundation-models
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https://research.ibm.com/blog/new-sustainable-materials
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