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Abstract

Artificial intelligence (AI) has the potential for vast societal and economic gain;
yet applications are developed in a largely ad hoc manner, lacking coherent,
standardized, modular, and reusable infrastructures. The NSF-funded Intelligent
CyberInfrastructure with Computational Learning in the Environment Al Insti-
tute (“ICICLE”) aims to fundamentally advance edge-to-center, Al-as-a-Service,
achieved through intelligent cyberinfrastructure (CI) that spans the edge-cloud-
HPC computing continuum, plug-and-play next-generation Al and intelligent CI
services, and a commitment to design for broad accessibility and widespread ben-
efit. This design is foundational to the institute’s commitment to democratizing
Al The institute’s CI activities are informed by three high-impact domains: ani-
mal ecology, digital agriculture, and smart foodsheds. The institute’s workforce
development and broadening participation in computing efforts reinforce the
institute’s commitment to democratizing AI. ICICLE seeks to serve as the national
nexus for AI and intelligent CI, and welcomes engagement across its wide set
of programs.

Successful Al solutions for one use case rarely directly gen-
eralize to other use cases, or even the same use case with a
slightly different context.

Institute rationale: Artificial intelligence (AI) is trans-
forming every sector of society, from transportation and
autonomous vehicles to biodiversity and wildlife conserva-
tion to food production and smart foodsheds. It will be the
driving force for the next information revolution. However,
there is a massive gap between available Al techniques and
end-user availability to various application domains. The
ad hoc development of many AI applications lack coher-
ent, standardized, modular, and reusable infrastructures.

Infrastructure implementation necessitates proper Al
abstractions. Concomitant with generalizability chal-
lenges, as the cyberinfrastructure (CI) grows increasingly
complex, end users face bewildering choices when purpos-
ing AI toward insightful analytics, modeling complex sys-
tems, or developing automation. In environment-focused
settings, scientists studying natural/managed ecosystems
and resource flows necessarily deal with complex dynam-
ics represented by a wide array of public and private data
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FIGURE 1 Overview and scope of the ICICLE project.

sources. Efficiently using Al infrastructures requires nav-
igating model choice, cloud-or-local compute decisions,
privacy and data protection, and heterogeneous architec-
tures.

Addressing the challenge: The ICICLE (Intelligent
CyberInfrastructure with Computational Learning in the
Environment) Al Institute (ICICLE 2023) addresses these
challenges by building the first and foremost edge-to-
center Al-as-a-service enterprise, advancing foundational
Al research and next-gen CI for Al (CI4AI), while using Al
techniques in building this CI (AI4CI). This CI supports Al
democratization, extending the accessibility and benefit of
Al to a wider population (Figure 1) and across the comput-
ing continuum—from traditional large-scale HPC systems
and data centers to newer activity in edge- and near-edge
devices as well as cloud resources.

Development and deployment of this next-gen CI
is driven by use-inspired research in three high-impact
domains: animal ecology, digital agriculture, and smart
foodsheds. ICICLE’s design extracts both common and dif-
ferentiated workflows across use cases, inspiring new CI
for AI and enabling new discoveries in these domains.
End users and AI application developers must be able to
keep data access appropriately authenticated or private,
and choose where computation occurs (e.g., data centers,
the cloud, or edge devices). Thus, the “E” in ICICLE—
environment—reflects two interacting themes within the
institute: end use cases from real-world environments uti-
lizing AI and in expanding computational environments.

INTELLIGENT CYBER INFRASTRUCTURE WITH
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The team: Realizing ICICLE’s vision requires a
highly cohesive and interdisciplinary team of scientists,
engineers, and practitioners from thirteen universities
and research institutes. Team expertise spans CI (high-
performance computing, networking), AI (statistical
machine learning, computer vision, knowledge graphs,
and conversational AI), data privacy and trust, visualiza-
tion, and use-inspired science in animal ecology, digital
agriculture, and smart foodsheds. Additionally, ICICLE
team members have expertise in the areas of broadening
participation, workforce development (WFD), knowledge
transfer, and collaboration. Under the umbrella of the
ICICLE Institute, these diverse, individually talented,
and individually focused researchers have formed a
cohesive team capable of taking up the grand challenge of
solving our proposed plug-and-play Al vision by tackling
cross-cutting problems in CI, Al, and use-inspired science.

Building connections: The diverse expertise in ICI-
CLE is being harnessed to grow the next generation
of scientists, scholars, and workers—from kindergarten
through professionals—using an inclusive plan that is
synergistic with NSF’s overall WFD portfolio. ICICLE’s
broadening participation in computing (BPC) plan lever-
ages both the foundations of the NSF CISE BPC program
and our own institutional resources to impact WFD, partic-
ularly reaching out to women, historically disadvantaged
persons, and persons with disabilities.

As a national scale AI Institute, ICICLE also leverages
NSF-funded infrastructure including Tapis from the Texas
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Advanced Computing Center, Jetstream from Indiana Uni-
versity, and Voyager from the San Diego Supercomputer
Center, thus bringing together multiple organizations to
synergistically work together as a nexus for this collabora-
tive effort.

VISION AND RESEARCH DIRECTIONS

ICICLE addresses a crucial reality: today, applying Al tech-
niques to any specific use case is a nontrivial task for
Al experts, let alone for users whose expertise lies in the
domains outside AL The vision of the ICICLE Institute is
to empower users to seamlessly plug-and-play Al models
in any given local computing environment across multiple
use cases.

ICICLE aims to provide conversational and
visualization-powered user interfaces where users
are able to ask questions about the essential underlying
context, available computational resources, and other
information in a natural language much like speaking
to agents such as Siri and Alexa. Next, ICICLE includes
a novel realization of an AI model commons, that is, an
ecosystem for producing, profiling, sharing, and distribut-
ing AI models. The commons will use existing models,
exploit available unified semantic data representation
provided by expansive knowledge graphs to create new
models, and direct users to models most relevant to their
needs. Finally, ICICLE is environment-aware: it manages
Al holistically across the computing continuum from the
edge and on-premise devices used for data collection to
model training, curation, and storage at large HPC/cloud
centers. Recognizing AI’s inherent contextual sensitivity,
adaptivity in ICICLE is an essential property for Al
deployment with innovations for automated or human-
in-the-loop adaptation to different application contexts
(including tasks, environments, and user preferences) at
the edge.

Research directions: All these foundational systems
Al innovations will be powered by an intelligent CI
that will provide high-performance model training, data
management, edge intelligence, and wireless control and
coordination for the computing continuum, which is in
turn continuously improved by advanced Al techniques.
Throughout, ICICLE includes cross-cutting design con-
siderations to manage data privacy, accountability, and
integrity, as well as visual analytics for explainability.

The institute itself provides an opportunity to study Al
ethics because of its unique multimodal orientation on
CI for AI, AI for CI, and on the democratization of Al
Through dialog, thought experiments, and a mapping exer-
cise we asked “Where could issues of Al ethics arise in Al
infused CI infrastructure for AI?” Through this exercise,

we categorized concerns as falling into six areas: democra-
tization, fairness, accountability, trustworthiness, privacy,
and the unknowns that arise from the use of the CI,
(manuscript under review). In a step then towards opera-
tionalizing the project’s statement of ethics, we developed
a Al ethics framework. The framework, a living document,
proposes a collection of guiding principles that are tailored
to render ICICLE as a responsibly designed and managed
CI. The guiding principles are a work in progress; they,
however, must be complemented by outreach and WFD
effort focused on the unique challenges of AI ethics in
research infrastructure.

To empower plug-and-play Al, ICICLE must provide
abstraction layers to shield users and AI and CI devel-
opers from the pervasive heterogeneities in the full Al
development and application life-cycle. Such successful
abstractions require the following advances in founda-
tional systems Al: knowledge graphs as the knowledge
backbone to provide a semantically rich abstraction for
addressing data heterogeneity; a model commons to pro-
vide the abstraction for addressing model heterogeneity
and improve discoverability, matchability, and interop-
erability of AI models; adaptive AI to enable in situ
adaptation of AI models at the edge; federated learning
to support edge-to-center across the computing contin-
uum, decentralized, and privacy-preserving learning; and
conversational Al to provide unified and user-friendly
interfaces for human-machine interaction and improve
the accessibility and usability of the entire ICICLE sys-
tem. All these systems’ Al research areas embrace and aim
to address the full complexity and heterogeneity in the
environment-bound, edge-to-center, and user-supporting
scenarios targeted by ICICLE.

The ICICLE Institute brings under one roof a broad
range of experts, institutions, and partners to develop
next-generation AI and CI allowing for democratized
and plug-and-play AI modeling across the comput-
ing continuum to rapidly impact salient use-inspired
projects while training the next generation of Al-aware tal-
ent. Following the mantra “today’s Al is tomorrow’s CL,”
the ICICLE Institute is integrating tenets of foundational
Al into CI in a virtuous cycle, whereby Al innovations
in areas such as conversational AI and federated learn-
ing become integrated into the CI, while foundational CI
research supports Al innovation by improving the ability
to rapidly train, deploy, and secure models and data.

HIGHLIGHTED ACCOMPLISHMENTS

Even early in the life of the ICICLE Institute, we are start-
ing to see synergistic accomplishments that advance our
ambitious goals of combining foundational AI research
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with CI ecosystem advancements. ICICLE must be a sus-
tainable, transformational nexus of collaborations among
the AI, CI, and domain sciences while at the same time
BPC and developing an Al-savvy and ethically aware work-
force.

Institute research outputs, outcomes, and impacts take
place across several dimensions but are oriented towards
contributions to application domains (animal ecology,
digital agriculture, smart foodsheds).

Animal ecology: Two guiding applications for this area
are smart camera traps that can intelligently monitor ani-
mal behavior from a fixed (typically remote) location, and
drone-based observations that can monitor behavior more
dynamically. Early results include the release of bench-
mark datasets and models, as well as the release of a
reference simulation application (camera traps). Research
foci include knowledge graphs, resource profiling, model
training, and model commons.

Early outreach and interactions include the Ohio
Department of Natural Resources, and Division of
Wildlife. Collaboration with the NSF-funded HDR DIRSE
Imageomics Institute has resulted in contributions to the
Experiential Field Course in Kenya, focusing on animal
behavior inference from drone videos.

Digital agriculture: This application area enables
democratized access of Al technologies to digital agri-
culture services. Its guiding applications are aerial crop
scouting, crop health modeling, and autonomous in-
field machinery; this requires HPC model training and
inference, edge wireless, model commons (Figure 2).
Early results include released data sets and AI mod-
els on soybean crop health (Ockerman et al. 2023). The
digital agriculture group has initiated collaborative out-
reach to the Ohio Soybean Council, AgAID, AIFARMS,
Tata Consulting Services and other industry partners.
We have also establised the US-Indo research collabora-
tion with Technology Innovation Hub on IoT (with IIT-
Bombay).

Smart foodsheds: This application area envisions
democratizing Al for food systems workers of the future

through access to computational workflows and tools. It
strives to achieve this goal by means of a standardized
ICICLE Integrated Knowledge and Learning Environment
(IKLE) that serves as an entry point for food systems
planners to explore their own ontologically encoded data
sets and eventually mixed with public data (Tu, Wang,
et al. 2023b). The group’s early research results include the
Persons-Projects-Organizations-Datasets (“PPOD”) ontol-
ogy, now publicly available on GitHub. It is developing a
conversation agent and federated data capabilities. They
have worked with the visual analytics research thrust on a
prototype visualization platform for exploring KG and food
flow data.

Al foundations: Within this thrust, the team is
developing plug-and-play technology to allow construc-
tion of systems utilizing key Al infrastructure compo-
nents, including models from model commons, knowledge
graphs, federated learning and adaptive AI techniques.
One example is a new holistic transfer learning method-
ology (Tu, Chen, et al. 2023a) that allows adaptation of
pretrained models to new distributions without disrupt-
ing the original performance; when used in the smart
camera traps setting, this empowers ecologists to adapt
species classification models to work in new locations
with few data. Similarly, information access in food system
knowledge graphs will soon be driven by new adap-
tive conversational AI technology that provides effective
few-shot in-context learning for knowledge-base question
answering with large language models (Gu, Deng, and Su
2022).

CI4AI: Within the CI4AI thrust, early results include
new top-k gradient sparsification methods and all-to-all
sparse communication algorithms for high-performance
model training that is 20% faster than SOTA method on
BERT training with convergence (Hussain et al. 2022). The
novel solution includes a new distributed scheduling algo-
rithm for ensuring Al-adaptive, probabilistic per-packet
real-time guarantees has the potential for improving net-
work capacity by a factor of 5-20x. Finally, an intelli-
gent resource provisioner with reinforcement learning has
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reduced average wait time by 54.2% on three production
GPU clusters (Ding et al. 2023).

AT4CI: Within the AI4CI thrust, early results include
a hybrid analytical/ML model for searching functionally
equivalent CUDA code (Xu et al. 2022), a family of CNN
architectures for the detection of soybean defoliation (Ock-
erman et al. 2023), and improved predictive capability
of the ML-based resource prediction models (Vallabha-
josyula and Ramnath 2023). Within visual analytics, early
results include reusable software components for explor-
ing knowledge graph data that allow bi-directional interac-
tion between multiple-coordinated views to gain a deeper
understanding of the graph data. These components have
been used to create an interactive knowledge and learning
environment for smart foodsheds (as mentioned above),
and also for visualizing loss landscapes of multiple train-
ing clients in a federated learning system (Tu, Wang, et al.
2023b).

PADI: Within the “privacy, accountability and data
integrity” thrust (PADI), early results include novel
privacy-preserving techniques applied to sequential data
sharing (Jiang, Yilmaz, and Ayday 2023), the sharing of
summary statistics from sensitive databases, and collabo-
rative quality control for research databases (Dervishi et al.
2023). In ongoing research, we are leveraging model cards
and model ontologies for accountability AI models and
their use.

CI/SOFTWARE DEVELOPMENT AND
RELEASE

The ICICLE team is also focused on translating research
to publicly available CI/software components. It has
embarked on a robust Cl/software development, testing,
and release plan thanks to strong cooperation between the
software thrust members and the developers of various
Cl/software components. Many of these components are
being integrated with the TAPIS framework (TAPIS 2023)
to provide solutions in the computing continuum envi-
ronment. Multiple rounds of releases with more than 20
components have been released so far (ICICLE-Software
2023). The team plans to continue periodic releases in
realizing the edge-to-center Al-as-a-service enterprise.

OVERVIEW OF THE BROADER IMPACT
ACTIVITIES

The ICICLE Institute is committed to an inclusive environ-
ment for all. Its code of conduct guides all members of the
ICICLE community regardless of position or seniority and
includes a mechanism for reporting and addressing issues

that might arise. The institute further hosted a 3-h facili-
tated workshop on inclusion at its 2022 All Hands Meeting.
Attendees were asked to make a personal pledge to take
action to ensure inclusive academic spaces with follow-up
surveys to evaluate effectiveness.

The strategy adopted for realizing the broader impacts
goals of the institute is anchored in the Collective Impacts
model where a single backbone group works collectively
across WFD, BPC, and knowledge transfer on shared goals
and shared measures.

The institute’s overriding goal for WFD is an ethically
aware AI workforce. We begun by defining an ICICLE
Ethical AI Framework, before applying the framework
to professional development of ICICLE team members
themselves, to professional training opportunities, and
to research experiences for undergrads, and K-12 stu-
dent immersive experiences. The BPC goals are twofold:
(i) making BPC part of the fabric of the institute, and
(ii) building awareness and fostering actions leading to
broadened participation.

Broader impacts are realized by ICICLE through deep
interaction with stakeholder communities. The institute
has diverse engagement vehicles including a student
affiliates program, an academic affiliates program, an
industry partners consortium for industry partners, and
a stakeholder roundtable. The institute is flexible to new
engagements and research interactions that we envision
as it accelerates in its software availability and CI plat-
form offerings.

Broader impacts programmatic activities are having
early success in extending the impact of the institute.
In particular, the ICICLE NexGens, an affiliate group
composed of ICICLE students, is increasing student
voices on institute decisions and increasing a students
sense of belonging. The ICICLE Educational Fellows
program (Indiana University 2023), which awarded its
first cohort of five fellows in 2023, brings to the project
an external perspective on stakeholder engagement and
democratizing Al

NEXUS OF COLLABORATION ACTIVITIES

The institute is actively becoming the nexus of multidis-
ciplinary and multi-organizational collaborative activities
for creating intelligent CI to democratize AI. Representa-
tive activities include (i) leading the CI resource concierge
service for all Al institutes; (ii) leading a Special Interest
Group (SIG) on Al Ethics across all Al institutes; (iii)
collaboration between ICICLE and AI4Opt Al institute,
optimizing food logistics for the USDA-LFPA program;
(iv) Joint ICICLE-TIH-Bombay (India) Digital Agricul-
ture activities; (v) diverse set of users using the released
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CI/Software components; (vi) joint cross-cutting research
and publications across groups/thrusts/organizations;
and (vii) new research grants/proposals leveraging
ICICLE activities.

FUTURE ACTIVITIES

Over the course of its first 5 years, ICICLE will estab-
lish itself as a leading institute for CI in the field of
Al Its impact will resonate within the domains of high-
performance computing, AI and machine learning (ML),
as well as in the application-inspired disciplines of animal
ecology, digital agriculture, and smart foodsheds. There
will be a notable influence on the foundational systems
of Al and the interdisciplinary approaches that inherently
incorporate Al for enhanced performance and robustness.
Given ICICLE’s emphasis on carefully selected projects,
rubrics and assessment metrics are employed at the con-
clusion of every virtuous cycle to measure the scholarly
impact on both foundational and translational domains.
In addition, ICICLE is focused on training and engaging
an Al informed and ethically aware workforce by means
of efforts that are broadly inclusive. The broader impacts
efforts complement technical developments to ensure that
both research products and people associated with the
institute enter the world accounting for and reflecting
different perspectives.

CONCLUSIONS

ICICLE is positioned as the nexus for foundational and
use-inspired Al for CI and CI for Al research among its col-
laborating institutions, domain scientists, and other NSF
Al Institutes, along with external partners. Our overarch-
ing objectives are to (i) facilitate collaboration and synergy
between CI researchers, Al researchers, and domain sci-
entists; (ii) involve stakeholders throughout the research
process; (iii) build and support a community of AI4CI
and CI4AI activities; (iv) support the adoption of ICICLE
technology, and (v) engage and partner with external orga-
nizations for technology transfer and commercialization.
ICICLE aims to create a robust and effective ecosystem
that accelerates both AI and CI research while maxi-
mizing their utility across various scientific disciplines
and industries.
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