xGFabric: Coupling Sensor Networks and HPC Facilities with
Private 5G Wireless Networks for Real-Time Digital Agriculture

Liubov Kurafeeva, Alan Subedi, Ryan Hartung, Michael Fay, Avhishek Biswas, Shantenu Jha, Ozgur
O. Kilic, Chandra Krintz, Andre Merzky, Douglas Thain, Mehmet C. Vuran, Rich Wolski

ABSTRACT

Advanced scientific applications require coupling distributed sensor
networks with centralized high-performance computing facilities. Cit-
rus Under Protective Screening (CUPS) exemplifies this need in digital
agriculture, where citrus research facilities are instrumented with
numerous sensors monitoring environmental conditions and detecting
protective screening damage. CUPS demands access to computational
fluid dynamics codes for modeling environmental conditions and
guiding real-time interventions like water application or robotic re-
pairs. These computing domains have contrasting properties: sensor
networks provide low-performance, limited-capacity, unreliable data
access, while high-performance facilities offer enormous computing
power through high-latency batch processing. Private 5G networks
present novel capabilities addressing this challenge by providing low
latency, high throughput, and reliability necessary for near-real-time
coupling of edge sensor networks with HPC simulations. This work
presents xGFabric, an end-to-end system coupling sensor networks
with HPC facilities through Private 5G networks. The prototype con-
nects remote sensors via 5G network slicing to HPC systems, enabling
real-time digital agriculture simulation.
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1 INTRODUCTION

The ability to couple large-scale computing facilities with scientific
instruments and sensors (of all scales) so that they can function
together as a single system has emerged as a key requirement for
new scientific discovery. Mitigating the effects of climate change
on agriculture and ensuring U.S. energy independence both re-
quire modeling and responding to dynamically changing physical
phenomena (e.g. pathogen virulity, propagation and their depen-
dence on external conditions, etc.) that are difficult to predict. While
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Figure 1: End to End Coupling of Sensor Networks and HPC

xGFabric provides an end-to-end system for coupling sensor networks
through edge servers to HPC facilities, navigating extraordinary differ-
ences in reliability, performance, and responsiveness across the layers.

predictions of the relevant phenomena will improve, key to this
improvement is the ability to study such phenomena at ever smaller
time scales in as close to real time as possible.

CUPS (Citrus Under Protective Screening) is an example of a
novel digital agricultural application poised to benefit from the end-
to-end coupling of sensor networks with HPC capability. CUPS is a
new pest-remediation strategy under study by the citrus industry
as a sustainable way to protect citrus orchards from huanglongbing
(HLB) “citrus greening” disease [14]. Careful monitoring and control
of the growing conditions inside a CUPS facility is critical to their
commercial success at scale. CUPS can make use of HPC for large-
scale sensor data processing and for advanced modeling, simulation,
and machine learning applications that support sustainable farming
practices in this complex setting.

To prototype this concept, we have constructed xGFABRIC, a
novel distributed system that combines an agricultural sensor net-
work in a facility located in a remote area, connected by a Private
5G wireless network to the commodity Internet. Sensor data from
the CUPS is collected, summarized, and conveyed over the Private
5G network via the CSPOT (Serverless Platform of Things in C)
distributed runtime system, where it is distributed to HPC facilities
at both campus infrastructure and national computing facilities.
The arrival of data triggers the execution of a Computational Fluid
Dynamics (CFD) simulation of the airflow and heat transfer inside
the CUPS (a 100,000 cubic meter screen house) to predict internal
conditions based on sensor measurements at the boundaries. These
results can be returned to the site operator to guide the application
of water, pesticides, or to detect failures of the protective screening.

We evaluate the capability of the xGFaBRIC prototype in several
dimensions. We measure the performance and capacity of the Pri-
vate 5G wireless network, the performance of reliable data delivery
via CUPS, and the runtime and speedup of CFDs on multiple HPC
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Figure 2: Citrus Under Protective Screening

CUPS is an agricultural research pilot for testing control of huang-
longbing citrus greening disease. The facility is equipped with a sensor
network for detecting local conditions.

platforms. We observe that the end-to-end performance meets the
real-time requirements to satisfy the CUPS facility.

Our contributions are to demonstrate that Private 5G networks
offer novel capabilities that can be exploited and extended to pro-
vide the low latency, high throughput, and reliability needed to
perform the near-real-time coupling of edge sensor networks with
simulations running in HPC facilities. Specifically, the coupling
of large-scale systems with scientific instruments, sensors, and
actuators at all scales requires a new approach to adaptive work-
flow management and new system software abstractions. We also
demonstrate the capabilities of a new software fabric that unifies
resources at all device scales — from sensors to large-scale, batch
controlled machines — across different network infrastructures.
This full-stack platform is capable of delivering “in-the-loop” high-
performance computing capabilities to distributed applications to
support decision making in real time.

2 APPLICATION: CITRUS UNDER
PROTECTIVE SCREENING (CUPS)

The citrus production industry is currently developing remediation
strategies for the Asian citrus psyllid which carries the huang-
longbing (HLB) “citrus greening” disease. HLB has devastated the
commercial citrus industry in Florida and Texas with an annual
cost of more than $1B US [14]. From a biosafety perspective, HLB is
a significant vector. Pesticides and disease-resistant cultivars have,
so far, proved ineffective. Its effect on citrus production in the south
has been rapid and irreversible.

In California, where the disease is present but not yet epidemic,
growers are experimenting with siting orchards inside large, protec-
tive screen houses. The Citrus Under Protective Screening (CUPS)
project is an at-scale pilot for screen-house citrus production located
at the Lindcove Research Extension Center in Exeter, California,
shown in Figure 2. While CUPS is specifically testing HLB control,
it represents an approach that is effective against any insect-born
pathogen for which typical husbandry practices are ineffective.

The goal of CUPS is to understand the growing environment and
commercial agricultural viability of screen-house citrus production.
Citrus trees have useful production lifetimes that exceed 20 years.
CUPS is effective as long as the trees that are introduced into the
screen house are disease free and the screen remains in tact. For
commercial viability, the screen houses must be large (covering
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several acres each) and they must accommodate tree canopy and
harvesting equipment that require 25 to 30 feet of vertical space.

Detecting and rapidly repairing screen breaches in the commer-
cial scale CUPS is a critical open problem. While industrial accidents
that cause screen damage can be detected and rapidly reported by
workers, unobserved events (e.g. bird strike, foraging fauna, dam-
age concomitant with theft, etc.) can cause screen breeches that
must be detected.

Our team has been working to instrument and analyze the grow-
ing environment within the at-scale CUPS structure in Exeter. As
part of that on-going work, we have developed a Computational
Fluid Dynamics (CFD) model that can model to predict airflow
within a CUPS screen house in near real-time based on instanta-
neous wind, temperature, and humidity measurements taken and
the screen boundaries (both inside and outside). Analytically, the
goal of the model is to provide growers with decision support for
input events such as pesticide or fertilizer spraying, frost preven-
tion, etc. where the grower must make a decision regarding timing,
location, and quantity of input to apply.

However, we are also exploring whether the model can detect
screen breech. Specifically, once the model is calibrated, a deviation
between predicted and measured airflow can portend a possible
screen breech and, perhaps, an area of the structure where the
breech may have occurred. Note that we plan to structure the
coupling of real-time senor data with CFD as a “digital twin” in
which the true atmospheric conditions within the structure are
“twinned” by the results of the CFD model for the interior of the
structure. The model results will inform both modality changes in
the sensing infrastructure and data calibrations (back tested against
historical data) that are necessary to maintain model accuracy.

Our team will also be deploying a Farm-NG [8] wheeled robot
with autonomous-driving capability within the CUPS structure. As
a driver for XGFABRIC research, our plan is to investigate whether
it will be possible to detect a potential breech (using a large-scale
HPC machine to run the CFD model which is parameterized by real-
time in situ boundary conditions), compare the modeled airflow to
measurements taken for the same time period within the structure,
and if they do not match, dispatch the robot to surveil the region of
the screen where a breech may have occurred using an on-board
camera. The xGFaBric digital-physical fabric will incorporate robot-
based sensing and robot route planning, thereby linking it to, and
augmenting the CFD-based digital twin for the screen structure.

This ambitious application illustrates how a digital-physical fab-
ric can enable new biosecurity capabilities. However, to bring it to
fruition requires the ability to amalgamate computational resources
at all scales, and to “close the loop” between sensing, computing
and storage, and actuation.

3 XGFABRIC ARCHITECTURE

The xGFABRIC architecture is shown in Fig. 3. To the best of our
knowledge, xGFABRIC is the first end-to-end distributed system to
seamlessly integrate field wireless sensor networks with high-
performance computing (HPC) workflows in real time. This
integration results from a full-stack, multi-scale software approach
unifies devices using a private 5G wireless network architecture,
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