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ABSTRACT

Connecting scienti ¢ instruments and robot-controlled laboratories with computing and data resources at
the edge, the Cloud or the high-performance computing (HPC) center enables autonomous experiments,
self-driving laboratories, smart manufacturing, and arti cial intelligence (Al)-driven design, discovery and
evaluation. The Self-driven Experiments for Scieht@&erconnected Science Ecosystem (INTERSECT)

Open Architecture enables science breakthroughs using intelligent networked systems, instruments and
facilities with a federated hardwaseftware architecture for the laboratory of the future. It relies on a

novel approach, consisting of (1) science use case design patterns, (2) a system of systems architecture, and
(3) a microservice architecture. This document introduces the science use case design patterns of the
INTERSECT Architecture. It describes the overall background, the involved terminology and concepts,

and the pattern format and classi cation. It further details the 12 de ned patterns and provides insight into
building solutions from these patterns. The document also describes the application of these patterns in the
context of several INTERSECT autonomous laboratories. The target audience are computer,
computational, instrument and domain science experts working in the eld of autonomous experiments.
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1. INTRODUCTION

The U. S. Department of Energy (DOE)'s Arti cial intelligence (Al) for Science report [23] outlines the
need for intelligent systems, instruments, and facilities to enable science breakthroughs with autonomous
experiments, self-driving laboratories, smart manufacturing, and Al-driven design, discovery and
evaluation [29]. The DOE's Computational Facilities Research Workshop report [1] identi es intelligent
system#acilities as a challenge with enabling automation and reducing human-in-the-loop needs as a
cross-cutting theme.

Autonomous experiments, self-driving laboratories and smart manufacturing employ machine-in-the-loop
intelligence for decision-making. Human-in-the-loop needs are reduced by an autonomous online control
that collects experiment data, analyzes it, and takes appropriate operational actions to steer an ongoing or
plan a next experiment. It may be assisted by an Al that is trained onlideramdine with archived data

andor with synthetic data created by a digital twin. Analysis and decision making may also rely on
rule-based approaches, causal or physics-based models, and advanced statistical methods. Human
interaction for experiment planning, observation and steering is performed through appropriate
human-machine interfaces.

For example, both the rate and output of traditional materials synthesis and discovery are currently too slow
and too small to e ciently provide needed advances. An autonomous robotic chemistry laboratory (ACL)
(Figure 1-1) can operate 2Awith high precision to greatly accelerate materials discovery and innovation.

It relies on the design of a laboratory utilizing robotic and autonomous tools for the manipulation of
laboratory equipment and characterization tools. A robotic platform with three major components is used:

a mobile base, a robotic arm, and softwaharacterization tools including integratiéeedback with Al.

Figure 1-1. The INTERSECT autonomous robotic chemistry laboratory operates 2# using analysis
of experimental data for the design of experiments.

A federated hardwarsoftware ecosystem (Figure 1-2) for connecting instruments with edge and center
computing resources is needed that autonomously collects, transfers, stores, processes, curates, and
archives scienti ¢ data in common formats. It must be able to communicate with scienti ¢ instruments and
computing and data resources for orchestration and control across administrative domains, and with



humans for critical decisions and feedback. Standardized communication and programming interfaces are
needed that leverage community and custom software for scienti ¢ instruments, automation, work ows
and data transfer. Pluggability is required to permit quickly adaptable and deployable solutions, reuse of
partial solutions for dierent use cases, and the use of digital twins, such as a virtual instrument, robot or
experiment. This federated ecosystem needs to follow an open architecture standard to enable adoption.

Figure 1-2. The INTERSECT ecosystem vision connects instruments with edge and center
computing resources.

Oak Ridge National Laboratory (ORNL)'s Self-driven Experiments for Sciéherconnected Science
Ecosystem (INTERSECT) architecture project (Figure 1-3), titled “An Open Federated Architecture for the
Laboratory of the Future”, creates an open federated hardsedingare architecture for the laboratory of

the future using a novel system of systems (So0S) and microservice architecture approach, connecting
scienti ¢ instruments, robot-controlled laboratories and ddegter computingglata resources to enable
autonomous experiments, self-driving laboratories, smart manufacturing, and Al-driven design, discovery
and evaluation.

The project describes science use cases as design patterns that identify and abstract the involved
hardwarésoftware components and their interactions in terms of control, work and data ow. It creates a
SoS architecture of the federated hardusofiware ecosystem that clari es terms, architectural elements,

the interactions between them and compliance. It further designs a federated microservice architecture,
mapping science use case design patterns to the SoS architecture with loosely coupled microservices,
standardized interfaces and multi programming language support. The primary deliverable of this project is
an INTERSECT Open Architecture Speci cation, containing the science use case design pattern catalog,
the federated SoS architecture speci cation and the federated microservice architecture speci cation.

This document introduces the science use case design patterns of the INTERSECT Open Architecture

Speci cation. The basic template for a science use case design pattern is de ned in a loop control problem
paradigm. At the moment, there are two classes of science use case design patterns, based (1) on high-level
solution methods using experiment control architecture features at a very coarse granularity and (2) on

more speci ¢ solution methods using hardware and software architecture features at a ner granularity.

The classi cation scheme itself is open for extension, such as for adding new patterns for each class or new
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